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Abstract

 

Bone mineral density is directly proportional to compressive strength, which affords an opportunity to estimate

 

in vivo

 

 joint load history from the subchondral cortical plate of articular surfaces in isolated skeletal elements.

Subchondral bone experiencing greater compressive loads should be of relatively greater density than subchondral

bone experiencing less compressive loading. Distribution of the densest areas, either concentrated or diffuse, also

may be influenced by the extent of habitual compressive loading. We evaluated subchondral bone in the distal

radius of several primates whose locomotion could be characterized in one of three general ways (quadrupedal,

suspensory or bipedal), each exemplifying a different manner of habitual forelimb loading (i.e. compression,

tension or non-weight-bearing, respectively). We employed computed tomography osteoabsorptiometry (CT-OAM)

to acquire optical densities from which false-colour maps were constructed. The false-colour maps were used to

evaluate patterns in subchondral density (i.e. apparent density). Suspensory apes and bipedal humans had both

smaller percentage areas and less well-defined concentrations of regions of high apparent density relative to

quadrupedal primates. Quadrupedal primates exhibited a positive allometric effect of articular surface size on

high-density area, whereas suspensory primates exhibited an isometric effect and bipedal humans exhibited no sig-

nificant relationship between the two. A significant difference between groups characterized by predominantly

compressive forelimb loading regimes vs. tensile or non-weight-bearing regimes indicates that subchondral appar-

ent density in the distal radial articular surface distinguishes modes of habitually supporting of body mass.
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Introduction

 

Joints are a crucial adaptation in the vertebrate 

 

bauplan

 

as they create greater capacities for performing move-

ments. A segmented skeleton creates additional

functional challenges, however, such as the need to

transfer mechanical loads across joints. Although direct

measurement of 

 

in vivo

 

 mechanical load is possible

for certain parts of skeletal elements, such as long bone

diaphyses (Lanyon et al. 1975; Burr et al. 1996; Demes

et al. 1998, 2001), the use of strain gauges or load cells

to measure 

 

in vivo

 

 forces in joint surfaces would com-

promise their structural integrity by disrupting articular

cartilage. Thus, alternative methods are required for

estimating force transmitted through articular surfaces.

The magnitude of force that crosses a joint often is

assessed by quantifying trabecular architecture under-

lying the subchondral bone of an articular surface (e.g.

Fyhrie & Carter, 1986; Carter et al. 1987, 1989; Pidaparti

& Turner, 1997; Fajardo & Müller, 2001; Ryan & van

Rietbergen, 2005). Relatively less attention has been

directed toward subchondral cortical bone of a joint

(but see Müller-Gerbl et al. 1989, 1990, 1992; Eckstein

et al. 1995, 1999). Because compressive strength of bone

is directly proportional to its mineral content (Vose
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& Kubala, 1959; Ascenzi & Bonucci, 1967, 1968, 1972;

Currey, 1969a,b), mineralization of the subchondral

cortical plate in an articular surface may reflect the

‘loading history’ experienced by a joint, where mineral

distribution reflects a materialized field of stress caused

by the distribution of loads over the entire joint sur-

face (Pauwels, 1965). Müller-Gerbl et al. (1989, 1992)

pioneered the use of computed tomography osteo-

absorptiometry (CT-OAM) to assess such patterns in sub-

chondral cortical plates of synovial joints. Radiographic

methods such as CT-OAM factor tissue (e.g. mineralized

matrix) and internal spaces (e.g. Haversian canals and

lacunae) into output (e.g. Hounsfield units). Thus,

optical densities, which are visualized as white, black

and 254 intermediate shades of grey, are most analo-

gous to measures of apparent density because internal

spaces are included, i.e. bulk mass per unit volume. CT-

OAM has proven to be quite successful in assessing

‘long-term stress distribution in the subchondral bone’

(Eckstein et al. 1999: 96), as indicated by its adoption in

subsequent clinical studies of human shoulder (Müller-

Gerbl et al. 1990; Oizumi et al. 2003), elbow (Eckstein

et al. 1995), wrist (Iwasaki et al. 2000; Hoogbergen

et al. 2002; Giunta et al. 2004), metacarpophalangeal

(Meirer et al. 2004), hip (von Eisenhart-Rothe et al. 1997),

knee (Müller-Gerbl et al. 1992), ankle (Müller-Gerbl et al.

1989) and tarsometatarsal joints (Linsenmaier et al. 2003).

Several studies have noted an association between

bone mineralization and human performance activities

(e.g. Kannus et al. 1994; Haapasalo et al. 1998; Heinonen

et al. 1998; Kontulainen et al. 1999; Taaffe & Marcus,

1999; Proctor et al. 2002; see recent review in Pearson

& Lieberman, 2004). Fewer studies, by comparison,

have investigated analogous relationships among

non-human primates (e.g. Burr, 1979a,b; Schaffler &

Burr, 1984; DeRousseau, 1988; Ahluwalia, 2000; Carlson,

2002, 2003; Kikuchi et al. 2003; Patel & Carlson, 2005).

Non-human primates exhibit a wide spectrum of

locomotor behaviours that potentially involve vastly

different loading regimes. For example, forelimbs can

be used to support body mass above substrates, or to

suspend body mass beneath superstrates (Hunt et al.

1996; Fleagle, 1999). Primate locomotor diversity

therefore provides a ‘natural experiment’ for assessing

subchondral apparent density in relation to habitual

loading in forelimb joints.

By extending CT-OAM beyond human clinical research,

issues regarding primate locomotion and bone material

properties can be addressed. Supporting body mass above

substrates, on the one hand, creates predominantly

compressive loads during quadrupedalism owing to

joint reaction forces arising both from contraction of

muscles that bridge the joint and from gravitational forces

operating on the supported body mass. Suspending

body mass from superstrates, on the other hand, restricts

joint reaction forces generated from forelimb compres-

sive loads primarily to those originating from muscle

contractions. Humans are unique among primates as the

adoption of a habitual bipedal gait frees the forelimb

from any body mass support function, leaving only joint

reaction forces that arise from muscle contractions.

The distal radius is a critical location in which to inves-

tigate the transmission of force through the forelimb

because among many vertebrates, particularly primates,

it contributes a majority of the forearm articular surface

in the wrist joint. The wrist (i.e. radiocarpal joint) has

more congruous articular surfaces in comparison with

other forelimb joints (e.g. the elbow), thus minimizing

the presence of bending loads experienced by subchondral

bone and warranting application of the CT-OAM approach

(Eckstein et al. 1999). Given the diverse array of behavioural

repertoires exhibited by free-ranging non-human

primates (e.g. quadrupedalism vs. suspensory locomo-

tion), subchondral apparent density of the distal

radius may be quite variable among taxa. The goal of

the present study is to evaluate the primate distal

radius for patterns in such potential variation. This will

improve current understanding of habitual loading

and force transmission through the primate wrist by

providing additional data on morphological manifesta-

tions of habitual forelimb loading regimes.

Two specific questions are addressed here. Acknow-

ledging that some intragroup variation in apparent

density may be expected as a result of demographic

factors such as age and sex, do groups characterized by

relatively more habitual compressive forelimb loading

(e.g. quadrupedal primates) exhibit more area of high

apparent density, whereas groups exhibiting relatively

less habitual compressive forelimb loading (e.g. sus-

pensory and bipedal primates) exhibit less area of high

apparent density? In addition to comparing the extent

of areas of high apparent density, distribution of

such areas may differ between groups. Thus, the second

question is whether groups such as quadrupedal primates

that experience more habitual forelimb compressive

loads display more concentrated areas of high apparent

density in the distal radial articular surface, whereas groups

such as suspensory and bipedal primates that experience
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less habitual compressive forelimb loads display more

diffuse areas of high apparent density?

 

Materials and methods

 

Sample selection

 

The comparative sample consisted of 55 right radii from

adult specimens (Table 1). Only specimens that exhib-

ited epiphyseal closure on all observable long bones

were used. Growing individuals normally exhibit lower

apparent density of bone than adult individuals based

on age differences alone (Martin et al. 1998; Currey,

2002). Of the available adult specimens, specimens

exhibiting signs of degenerative joint disease (e.g.

osteophytes around articular margins, eburnation on

articular surfaces or marginal lipping of joints) were

avoided (Ortner & Putschar, 1981). Osteophytes are

particularly diagnostic of osteoarthroses (OA) (Amir

et al. 1992). Specimens also were excluded when exhib-

iting traumatic injury in the postcranial skeleton; when

distal radial articular surfaces were abraded post-

mortem; and when specimens were excessively greasy.

The presence of significant grease can alter optical

density values acquired through radiography (Ruff &

Leo, 1986). Females and males were pooled within taxa

for two reasons. First, sexual dimorphism in behavioural

repertoires within quadrupedal, suspensory or bipedal

taxa is not as distinct as behavioural differences between

females or males of any two of these taxa (Fleagle,

1999). Furthermore, specimen sex was not always

reported in museum records, nor was it estimated readily

from skeletal indicators in monomorphic primate taxa

(e.g. 

 

Hylobates

 

).

 

Digital data acquisition

 

Medical CT was used to generate digital images of

distal radii. A GE Lightspeed 16 medical CT scanner was

used to acquire data from a majority of the samples,

while a second scanner was used for acquiring data from

four 

 

Pongo pygmaeus

 

 specimens (Siemens Somatom

AR™). Relevant scanning parameters on GE/Siemens

scanners included tube voltage, 120 kV/110 kV; tube

current, 70 mA/63 mA; and scan time, 1.0 s/1.3 s. All

radii were scanned and reconstructed such that only one

radius appeared within the field of view (FOV). This

was necessary as optical density values were desired and

inclusion of more than one specimen within the FOV

potentially lessens the range of grey values represent-

ing a specimen. In other words, when two specimens

are included within the FOV, only one specimen will

establish the maximum grey value. All image recon-

structions were made using a standard reconstruction

algorithm (e.g. abdomen) rather than a bone algorithm.

We chose a standard algorithm because bone algorithms

artificially inflate Hounsfield units of pixels at steep

gradients (i.e. bone edges), which in turn would alter

optical densities.

We used the following slice thicknesses during image

data acquisition: GE (0.625 mm) and Siemens (1.0 mm).

Ideally, slice thickness could be held constant to promote

similar precision in modelling articular surfaces, but

different manufacturer specifications often require

Table 1 Comparative sample details
 

Taxon n Source Gait category Avg. body mass (kg)*

Homo sapiens 10 SBU Bipedal
Pongo pygmaeus 5 AMNH, NMNH Suspensory � = 35.8; � = 78.5
Hylobates hoolock 7 AMNH Suspensory � = 6.9; � = 6.9
Gorilla gorilla 6 AMNH Quadrupedal � = 71.5; � = 170.4
Pan troglodytes 5 AMNH, RS Quadrupedal � = 33.7; � = 42.7
Cercopithecus neglectus 3 RS Quadrupedal � = 4.1; � = 7.4
Colobus guereza 4 AMNH Quadrupedal � = 9.2; � = 13.5
Erythrocebus patas 2 AMNH Quadrupedal � = 6.5; � = 12.4
Mandrillus sphinx 3 AMNH Quadrupedal � = 12.9; � = 31.6
Nasalis larvatus 3 AMNH Quadrupedal � = 9.8; � = 20.4
Papio ursinus 7 AMNH, RS Quadrupedal � = 14.8; � = 29.8

AMNH = Department of Mammology, American Museum of Natural History, New York, NY, USA; NMNH = Department of Mammology, 
National Museum of Natural History (Smithsonian), Washington, DC, USA; RS = Randall Susman private collection; SBU = Gabor Inke 
Anatomical Sciences Laboratory, School of Medicine, Stony Brook University, Stony Brook, NY, USA.
*Reported in Smith & Jungers (1997).
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different slice thicknesses, as was the case here. The

FOV was minimized to the maximum extent possible

while safely ensuring that complete articular surfaces

were captured: values ranged from 95 to 100 mm for

all but three specimens 

 

Pongo

 

. We recommend using

the minimum allowable slice thickness and FOV values

in order to partition articular surfaces into as many pixels

as possible. This is useful for identifying precise differences

in apparent density patterns, as well as for identifying

bone–air boundaries when using a standard filter.

A sheet of foamed polystyrene (e.g. Styrofoam®)

3.0 cm in thickness was placed directly on the scanner

bed, levelled with standard built-in devices available

in CT scanners (i.e. lasers or lights), and temporarily

attached to the bed so that further positioning could

be accomplished from the scanner console. Bones were

positioned on the levelled sheet such that their distal

articular surface was perpendicular to the scan plane.

Thus, scan planes effectively became sagittal planes

of diaphyses rather than coronal planes (for further

details see Ahluwalia, 2000). Because minimum slice

thickness settings are dependent upon CT manufacturer,

and can exceed the thickness of the subchondral

cortical plate in taxa of smaller body sizes, sagittal scan

planes help reduce partial volume averaging artefacts

when representing depth of the subchondral cortical

plate. Because pixel dimensions (i.e. width and height)

are dependent upon FOV rather than slice thickness, it

is possible to use even more precision in modelling

the depth of the subchondral plate by adopting this

protocol (e.g. minimum depth of 0.188 mm in a sagittal

plane vs. 0.625 mm in a coronal plane). All images were

inspected after acquisition for scanning artefacts such

as ‘streaking’ and beam hardening (Zollikofer & Ponce

de León, 2005).

 

Image analysis

 

Digital images were imported into ImageJ software,

which is available as a free download at http://

rsb.info.nih.gov/ij. The distal articular surface of the

radius was cropped from each image in a series such

that most underlying trabecular bone was excluded

from analyses (Fig. 1). Cropped images were stacked,

digitally re-sliced in a direction perpendicular to the

original plane of section, then rotated 90

 

°

 

 such that the

articular surface could be viewed. A maximum intensity

projection (MIP) map was constructed from each re-sliced

and rotated stack. A MIP represents a three-dimensional

(3D) data volume (voxels) compressed into a 2D image

(pixels) in which each pixel represents the maximum

brightness value (i.e. optical density) achieved along

a line of sight leading through those voxels in the same

line perpendicular to a pixel in the 2D image plane.

Although some trabecular bone immediately underlying

the subchondral cortical plate could not be excluded

during subsequent steps, this would not factor into

MIP brightness values as trabecular bone is known to

exhibit lower apparent density than (subchondral)

cortical bone (Martin et al. 1998).

After generating the MIP, optical density patterns

were visualized using false-colour maps restricted to

eight colours (Fig. 2). Each colour represented a range

of 32 grey values (except white, which was 31) where

the lowest bin (white) represented the lowest optical

densities (e.g. grey values 224–254) and the highest bin

(black) represented the highest optical densities (e.g.

grey values 0–31). Background pixels in the image

(e.g. grey values of 255) were subtracted before pixel

counting. False-colour maps of MIPs were projected

onto corresponding virtual reconstructions of distal

radii that were generated using Slicer 3D software

(www.slicer.org). This provided a reliable means of

Fig. 1 Magnified sagittal view of a distal radius. ‘C’ indicates 
the subchondral cortical plate. ‘T’ indicates trabecular bone 
underlying the plate. A dashed line indicates the approximate 
border between these two regions of subchondral bone. The 
proximal location along which images were cropped is located 
approximately at the solid vertical line. Although trabecular 
bone could not be eliminated entirely, trabecular bone has 
a lower apparent density relative to (subchondral) cortical 
bone, making it unlikely that underlying trabecular bone 
would set values in maximum intensity projections (Martin 
et al. 1998).
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identifying articular surface boundaries in false-colour

maps. Once an articular surface was identified in an

MIP, extraneous areas of the MIP were removed by

using manual eraser tools available in Adobe®

Photoshop®. Subsequently, MIPs were subjected to pixel

counting procedures.

 

Statistical analysis

 

In order to assess the size and concentration of areas of

high apparent density, MIPs were compared between

locomotor groups. The pixels in each of the eight bins

(i.e. colours) were counted using custom-written macros

for ImageJ and commercial spreadsheet software

(e.g. MS Excel). The sum of all bins was recorded as the

number of pixels in the articular surface. Areas were

quantified as the percentage of pixels in a given bin

relative to the number of pixels in a given articular

surface. Comparing percentages is more appropriate

than comparing raw pixel counts because pixel sizes

occasionally varied between specimens for reasons

previously stated (e.g. different CT parameters). In

addition, an individual with more pixels in the articular

surface (e.g. larger articular surface) could exhibit more

pixels in the highest bin (i.e. black) simply because

there are more overall pixels within the articular sur-

face. Group differences in mean percentages were

evaluated with Student’s 

 

t

 

-tests. Reduced major axis

(RMA) regression was used to investigate potential

group differences in the effect of articular surface size

on the number of high-density pixels.

In order to assess whether high apparent density

was concentrated or diffuse, we defined a cluster using

three criteria: (1) pixels in the cluster had to be in the

highest range of the false-colour map (i.e. black), (2)

pixels in the cluster had to be adjacent, by sharing at

least a side or a corner, and (3) the number of pixels in

the cluster had to exceed 1% of the total number of

pixels in the articular surface. Counting pixels in a clus-

ter was performed in ImageJ by setting the scale to

measure in pixels (i.e. not mm per pixel), using the

wand tool to select adjoining black pixels, and then

using the measure option. Although the choice of

cutoff value (1%) was somewhat arbitrary, it cor-

responded with qualitative assessments as to what

appeared to be a discrete cluster vs. a random scatter.

Concentrations were ordinal data, and thus non-

parametric Mann–Whitney 

 

U

 

-tests were used to evaluate

group differences in the number of concentrations.

Statistical significance was assigned when 

 

P

 

 < 0.05.

Student’s 

 

t

 

-tests and Mann–Whitney 

 

U

 

-tests were

performed in SPSS 11.0 (SPSS, Chicago, IL, USA). RMA

regression routines and tests were calculated using the

program (S)MATR (Falster et al. 2003).

 

Results

 

Relative extent of apparent density

 

Patterns of subchondral apparent density in the articular

surface of the distal radius differed between groups

Fig. 2 Maximum intensity projection (MIP) maps for radii 
superimposed upon 3D virtual reconstructions of the same 
distal radii. The three images from top to bottom are: a 
human, representing a bipedal primate; an orang utan (Pongo 
pygmaeus), representing a suspensory primate, and a gorilla 
(Gorilla gorilla), representing a quadrupedal primate. Note 
the relative absence of high apparent density area in the 
human (black pixels), while the orang utan has an intermediate 
area in comparison with the human and the gorilla. Also note 
the tendency for the orang utan and gorilla to exhibit more 
defined clusters of high apparent density area (black pixels), 
while the high apparent density area is more dispersed in 
the human. Images are scaled to the same size for the sake of 
visual comparisons.
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(Table 2, Figs 2 and 3). Groups with larger articular

surfaces exhibited tendencies towards greater area of

high apparent density (i.e. black pixels), although this

trend was less obvious in suspensory (closed symbols)

and bipedal (asterisks) primates than in quadrupedal

primates (Fig. 3). However, even after controlling for

potential articular surface size effects (i.e. by com-

paring percentage maximum pixels), group differences

in the extent of high apparent density remained readily

apparent (Fig. 4).

Quadrupedal primates generally had the most pro-

portionately extensive area of high apparent density,

whereas suspensory and bipedal groups exhibited

proportionately more articular surface area with

lower apparent density, e.g. areas represented by

bins 2–5 (Table 2). When comparing percentages of

areas of high apparent density within articular sur-

faces, suspensory and bipedal primates exhibited sig-

nificantly smaller areas than quadrupedal primates

(Table 3). Percentage area of high apparent density

in bipedal primates was smaller relative to that in

suspensory primates, but the difference between

the group percentages was not statistically significant

(Table 3).

Table 2 Apparent density areas represented by pixels in maximum intensity projections
 

Total pixels % max % 2nd % 3rd % 4th % 5th % 6th % 7th % min
No. of 
concentrations

Bipedal 
n = 10

7916.5 (2379.5) 3.7 (2.6) 16.0 (7.9) 28.3 (6.5) 28.3 (6.4) 14.9 (8.9) 3.6 (2.4) 1.8 (0.3) 3.4 (0.5) 0.4 (0.5)

Suspensory 
n = 12

5777.0 (4509.7) 6.0 (2.9) 17.9 (7.2) 30.2 (8.0) 25.7 (7.7) 9.9 (8.6) 3.1 (1.8) 2.3 (0.5) 4.8 (1.3) 1.3 (0.8)

Quadrupedal 
n = 33

6528.6 (3589.3) 16.2 (8.2) 23.3 (10.7) 27.3 (7.4) 19.8 (11.7) 5.3 (4.1) 2.1 (1.0) 1.9 (0.7) 4.1 (1.4) 2.0 (1.0)

Values are mean (1 SD). Percentages were calculated as the number of pixels in a bin divided by the total number of pixels in the articular surface.

Fig. 3 Scatter plot of high apparent density area (pixels in the 
black bin) vs. the overall 2D articular surface area (pixels in the 
articular surface). Bipedal primates are depicted by asterisks, 
suspensory primates by solid symbols and quadrupedal 
primates by open symbols.

Fig. 4 Box and whiskers plot of the high apparent density 
area (pixels in the black bin) as a percentage of the overall 
2D articular surface area (pixels in the articular surface). Boxes 
contain 50% of the observed values for each group. Thick 
horizontal lines (within boxes) indicate group median 
values. Vertical lines extending outwards from boxes 
indicate extreme high and low values observed for each 
group. Note that group differences in high apparent 
density area remain apparent even after adjusting for the 
size of articular surfaces.



 

Subchondral density and wrist loads, K. J. Carlson and B. A. Patel

© 2006 The Authors 
Journal compilation © 2006 Anatomical Society of Great Britain and Ireland

 

665

 

The bivariate relationship between logged high-

density area (i.e. black pixel counts) and logged articular

surface size (i.e. total pixel counts) did not explain a

significant amount of variation within the observed

values of the bipedal group, unlike for either quadru-

pedal or suspensory groups (Table 4). The difference in

significance could be influenced by a greater range of

articular surface sizes in the quadrupedal and suspen-

sory groups resulting from combining taxa (Table 2,

Fig. 3). The suspensory group exhibited a slope that

was not significantly different from isometry, whereas

the quadrupedal group exhibited a slope significantly

greater than 1 (Table 4). Thus, there was a positive allo-

metric effect between articular surface size and area of

high apparent density among quadrupeds only. Given

these differences, it is not surprising that group RMA

slopes were heterogeneous (i.e. no common slope existed

for bipedal, suspensory and quadrupedal primates)

(Test statistic = 8.449, 

 

P

 

 = 0.010).

 

Relative concentration of apparent density

 

Discrete areas of high apparent density in articular

surfaces were more numerous in the quadrupedal

group (i.e. African apes and monkeys) than in bipedal

primates (i.e. humans), whereas suspensory primates

(i.e. 

 

Pongo

 

 and 

 

Hylobates

 

) exhibited an intermediate

number (Table 2). Paired comparisons of group mean

counts revealed that each group showed significant

differences in mean concentration numbers from other

groups (Table 5).

 

Discussion

 

Apparent density of subchondral bone in the distal

articular surface of the radius discriminated habitual

loads in the primate wrist joint, specifically the radiocarpal

joint. Three groups of primates – bipedal, suspensory and

quadrupedal – were differentiated. A ‘natural experi-

ment’ comparing the relative amount of area of high

apparent density in these three groups, as well as the

distribution of these areas, demonstrated significant

group differences, presumably due to different forelimb

loading regimes. The presence of a functional signal

in subchondral apparent density of the primate distal

radius is consistent with previous studies that have

identified a functional signal in bone material pro-

perties from other skeletal locations (e.g. Burr, 1979a,b;

Schaffler & Burr, 1984; DeRousseau, 1988; Ahluwalia,

2000).

Table 3 Pairwise comparisons for percentages of high 
apparent density area within articular surfaces
 

t  d.f. P

Bipedal vs. Suspensory −1.887 20  0.074
Bipedal vs. Quadrupedal† −7.544 40.730 < 0.001*
Quadrupedal vs. Suspensory† 6.156 42.998 < 0.001*

*Significant at P < 0.001 (two-tailed).
†Assuming unequal variances as the comparison failed a Levene 
test for equality of variances.

Table 4 Reduced major axis regression results for logged maximum pixels regressed on logged total pixels in articular surface
 

Group Slope 95% CI Intercept R2 P F* P*

Bipedal 3.54 1.78–7.03 −11.390 0.171  0.235 – –
Suspensory 1.06 0.69–1.64 −1.488 0.593  0.003 0.082  0.780
Quadrupedal 1.64 1.27–2.11 −3.257 0.515 < 0.001 16.901 < 0.001

95% CI = 95% Confidence Interval for slope.
*Test results comparing individual group RMA slopes with the theoretical value for isometry (1). Note that the bipedal group was not 
compared with the theoretical value for isometry as the relationship between logged maximum pixels and logged total pixels was 
non-significant.

 

Mean ranks
Mann–Whitney 
U-statistic P

Bipedal vs. Suspensory B = 7.8; S = 14.6 23.0  0.007**
Bipedal vs. Quadrupedal B = 8.2; Q = 26.2 27.0 < 0.001**
Quadrupedal vs. Suspensory Q = 25.7; S = 15.6 109.5  0.017*

*Significant at P < 0.05 (two-tailed); **significant at P < 0.001 (two-tailed). 

Table 5 Pairwise comparisons for 
concentrations of high apparent density 
area within articular surfaces
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African apes and monkeys (i.e. quadrupedal primates),

which predominantly support their body mass on

substrates such that this mass generates a habitual

compressive force in the forelimb, collectively exhib-

ited both greater area of high apparent density and

more discrete concentrations of these areas as com-

pared with the suspensory and bipedal groups. The

significance of this pattern was robust despite substantial

differences in the amount of observed intragroup

variation. It is noteworthy that individuals within any

given taxon, including quadrupeds, were frequently

similar in their area of high apparent density (Table 2,

Fig. 2). This suggests that interspecific trends are visible

despite the likelihood of intraspecific variation due to

factors such as age and sex. Understanding the basis of

potential intraspecific variation in subchondral density

patterns would be worthwhile as modelling and

remodelling rates are known to vary with age, while

hormonal differences between adult males and females

also probably affect material properties of subchondral

bone by modulating remodelling rates (Martin et al.

1998). Although it is conceivable that variation among

quadrupeds could be attributable to having a larger

sample, there are potential functional explanations

worth considering. For example, quadrupedal primates

exhibit variable forms of habitual hand postures during

terrestrial locomotion (e.g. digitigrady, palmigrady,

knuckle-walking), each of which could impact subchondral

apparent density in the distal radial articular surface

differently. This could contribute to higher variability

in subchondral apparent density patterns within qua-

drupedal primates relative to suspensory and bipedal

primate groups. We are actively investigating this

possibility.

Suspensory primates habitually use their forelimbs

to suspend their body mass from superstrates such that

their forelimbs experience a predominantly tensile force

(Swartz et al. 1989). This effectively limits compressive

loads experienced by subchondral bone of their distal

radius to those caused by muscle contractile forces

(e.g. digital flexors). Compared with quadrupedal pri-

mates, suspensory primates exhibited relatively less area

of high apparent density, as well as a relatively more dif-

fuse area of high apparent density. Bipedal primates,

which do not typically involve their forelimb during

support of body mass, were convergent on suspensory

primates in their relative amount of high apparent

density. Taken in the context of the difference either of

these groups exhibited relative to the quadrupedal

group, the similarity between suspensory and bipedal

primates could suggest that habitual tensile loading

and non-weight-bearing loading of the forelimb,

respectively, do not differentiate relative amounts of

high apparent density areas of subchondral bone in the

distal radial articular surface. This lack of differentiation,

however, did not extend to discrete clusters of high

apparent density area as suspensory primates exhibited

significantly more clusters than bipedal primates.

What would seem to be less substantial or absent

compressive joint reaction forces, respectively arising

from supporting body mass in suspensory and bipedal

primates relative to quadrupedal primates suggests

that the effect of the joint reaction force due to muscle

contraction is isolated more readily in the former two

groups. 

 

Pongo

 

 and 

 

Hylobates

 

 have massively muscled

forelimbs relative to humans (Tuttle, 1972). Similar

proportionate areas of high apparent density in sus-

pensory and bipedal primates, however, indicate that

muscle contractile forces may not have a significant

impact on subchondral apparent density in the distal

radial articular surface, or at least that this signal is

less dominant than the signal attributed to compressive

joint reaction forces arising from support of body mass

on substrates (i.e. weight-bearing). Interestingly, this

is counter to the idea that muscle forces have greater

contributions than body weight when considering whole-

bone strength (Frost, 2001).

Although discussion of a functional signal thus far

has emphasized a positive association between the

magnitude/frequency of compressive loading of the

distal radial articular surface and its apparent density,

proximate tissue-level mechanisms (e.g. fluid flow

gradients) ultimately must be considered. Consider, for

example, Frost’s Mechanostat hypothesis in which

minimum effective strain (MES) for the remodelling

threshold operates via a negative feedback mechanism

(Frost, 1990a,b, 2001; Skedros et al. 2001). When strain

magnitude falls below a remodelling threshold, bone

turnover is initiated. Increased bone turnover is associated

both with higher porosity because Haversian canals

become more numerous during remodelling and with

new matrix that has a lower mineral content relative to

the replaced mature matrix (Martin et al. 1998; Currey,

2002). Both porosity and mineral content factor into

measurements of apparent density. Suppression and

initiation of remodelling may even be a local phenom-

enon within an articular surface. Histomorphometric

studies of subchondral bone in the distal radius of
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these groups, however, are necessary in order to clarify

which material properties (e.g. porosity or mineraliza-

tion) could be most responsible for the observed

patterns in apparent density.

Collagen fibre orientation reflects habitual loading

regimes in cortical bone (de Margerie, 2002; Skedros

et al. 2003). Collagen fibres are predominantly longitu-

dinal when tensile loads are high and transverse when

compressive loads are high. Typically, collagen fibre

orientation is determined by observing different

opacities in bone thin sections. Collagen fibre orientation,

however, was beyond the scope of the present study

because CT-OAM, as a radiographic method, does not

provide an accurate means of quantifying it. It is at least

plausible, however, that collagen fibre orientation could

have a role in mediating observed subchondral appar-

ent density differences between the three groups.

In early studies of osteoarthrosis (OA), increased

apparent density of subchondral bone was proposed to

increase stress in the overlying articular cartilage (Radin

et al. 1970, 1972). Radin and colleagues suggested that

a lack of accommodation to impact stresses over time

resulting from the increased stiffness of subchondral

bone overwhelmed self-repair mechanisms of the

articular cartilage, thus leading to the onset of OA. Sub-

sequent studies of OA pathogenesis have suggested

that mineral density of the subchondral cortical plate

decreases as bone turnover increases, but that thick-

ness of the subchondral bone plate increases (Grynpas

et al. 1991; Burr & Radin, 2003; Bailey et al. 2004). In

fact, debate continues over whether alterations in

subchondral bone precede the initial degeneration of

articular cartilage, or whether they occur subsequent

to the onset of this degeneration (Carlson et al. 1996;

Dequeker & Luyten, 2000; Day et al. 2004; Wang et al.

2005). Although our study was not designed to address

OA pathogenesis explicitly (cf. DeRousseau, 1988),

examining subchondral variability within non-human

primates of variable locomotor types helps to address

‘the lack of information about joint tissue adaptation

and disease [that] has hampered objective studies of

osteochondral tissues’ (Kawcak et al. 2001).

Given that the sample was derived from multiple

sources, it was not possible to standardize the manner

in which radii were harvested from specimens, nor were

radii stored under ideal conditions for studying bone

material properties (e.g. frozen and/or placed in solution

upon harvesting). Nearly all specimens came from a

single museum collection, however, which minimized

variation in specimen treatment protocol to some extent

(Table 1). In addition, it is important to note that rela-

tively little intraspecific variation was observed among

either the five 

 

Pongo

 

 or the seven 

 

Papio

 

 specimens,

both of which were represented by specimens from

multiple sources and incorporated the full range of

FOV values (see Fig. 3). The small amount of intragroup

variation in these taxa suggests that the functional

signal in subchondral apparent density is relatively

robust to specimen treatment and slight variations in

CT parameters, and that CT-OAM can be applied to

specimens from museum collections.

Extending patterns in apparent density of subchondral

bone to additional taxa may offer further insights into

the nature of joint loading regimes. For instance, inves-

tigation of other primate and non-primate taxa would

be a worthwhile pursuit, as would be the investigation

of additional articular surfaces in these taxa (e.g.

DeRousseau, 1988). The distal radial articular surface

in two primate vertical clinger/leaper (VCL) individuals

(

 

Indri indri

 

 = 10.1% max., 

 

Propithecus diadema

 

 = 7.7%

max.), when compared with corresponding values in

Table 2, provides preliminary evidence that VCLs resemble

suspensory primates (mean % max. = 6.0) more than

quadrupedal primates (mean % max. = 16.2), as would

be expected based on their minimal forelimb involve-

ment during take-off and landing from vertical sub-

strates (Demes et al. 1996, 1999).

Applying this technique to fossil taxa may be useful

if it can be shown that subchondral material properties

can be studied in joint surfaces of fossil specimens.

Although it is unclear whether inorganic mineral exchange

during the fossilization process could leave intact

mineralization gradients in subchondral bone, examin-

ing other material properties, or perhaps subchondral

thickness, ultimately could prove to be useful. Because

it is conceivable that variable subchondral thicknesses

could attenuate X-rays differently, CT-OAM may provide

a means of assessing localized thicknesses within articular

surfaces. We currently are investigating this possibility

in order to determine whether, and if so to what extent,

patterns in subchondral bone thickness mirror observed

patterns in subchondral apparent density for the distal

radial articular surface.
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