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CORRELATION BETWEEN COMPRESSION
OF THE PROXIMAL TIBIA AND GROSS EXTERNAL

INDICATORS OF JOINT DEGENERATION

Andrew A. White: Archaeological Survey, Indiana University-Purdue University at

Fort Wayne, 2101 E. Coliseum Boulevard, Fort Wayne, Indiana 46805

ABSTRACT. Previous research conducted on the dynamics of trabecular bone suggests that changes in

the dimensions of the proximal metaphysis of the tibia would be consistent with joint degeneration of a

mechanical etiology. Data on the circumference of the proximal metaphysis were collected from 44 tibiae

exhibiting various degrees of degeneration of the proximal surfaces. Statistical analysis indicates that the

broadness of the proximal metaphysis is positively correlated with the degree of observable joint degen-

eration as scored by Jurmain's (1975) method. Circumference to length ratios in the metaphysis are higher

in specimens with a greater degree of observable joint degeneration, and correlation between bone length

and circumference is less.
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Recent anthropological studies of activity

patterns in human skeletal populations have

generally focused on either cortical bone dy-

namics (e.g., Ruff 1987: Ruff & Hayes 1983)

or joint degeneration (e.g., Bassett 1982:

Bridges 1989, 1991, 1994: Jurmain 1977,

1980, 1990: Ortner 1968). While research on

the dynamics of cortical bone is increasing in

sophistication, little emphasis has been placed

on refining the study of joint degeneration in

skeletal populations. This imbalance may be

due in part to an ignorance of and disinterest

in trabecular bone dynamics among physical

anthropologists. Experimental and clinical ev-

idence (e.g., Radin & Rose 1986: Radin et al.

1973) suggests that trabecular bone in the me-
taphyses plays an integral role in the initiation

and progression of joint degeneration of a me-
chanical etiology.

The role that trabecular bone plays in the

initiation and progression of joint degenera-

tion suggests that mechanical stresses can

cause observable and quantifiable internal and

external remodeling of joints prior to signifi-

cant or total cartilage loss and the subsequent

appearance of more conspicuous bony chang-

es. The term "joint degeneration
,,

is used here

to refer to a suite of bony changes observable

in joints as the result of mechanical stress and/

or other conditions. It is not meant to refer

exclusively to osteoarthrosis, osteoarthritis, or

any other specifically defined medical condi-

tion, diagnosis of the severity of which re-

quires the presence of soft tissue.

Gross changes of the joint surface, such as

pitting, eburnation, and marginal lipping, are

commonly used to identify and characterize

joint degeneration in skeletal populations.

These changes occur subsequent to significant

or total deterioration of the articular cartilage

(Ortner & Putschar 1985). In archaeological

studies, the degree of joint degeneration is of-

ten scored using an ordinal scale. Such studies

have generally interpreted observed differenc-

es in the distribution of degenerative joint dis-

ease as the result of particular activities: the

use of tumplines (Bridges 1994), atlatls (An-

gel 1966), and grinding stones (Miller 1985),

for example, have been suggested as "causes"

of joint degeneration. These studies often cite

"general wear-and-tear" (e.g.. Bridges 1991:

Jurmain 1977, 1990) as the primary cause of

joint degeneration, and fail to discuss the spe-

cifics of activity-related joint stress that might

be of use in more clearly defining the behav-

ioral implications of joint degeneration (see

Miller 1985 for an exception).

Some of the shortcomings of the current ap-

proach to joint degeneration in skeletal pop-

ulations can be addressed by recognizing

"non-pathological" changes in the proximal

tibia that are related to joint degeneration of

a mechanical etiology. Specifically, the basic

dimensions of the proximal tibia are examined
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in relation to Jurmain's (1975) method of

scoring the degree of joint degeneration in

skeletal remains.

MECHANICAL STRESS AND JOINT
DEGENERATION

All bone is generally classified as either

cortical bone or trabecular bone. The two

kinds of bone are differentiated on the basis

of their porosity: cortical (compact) bone po-

rosity varies from 5-30%; trabecular (spongy)

bone porosity varies from 30% to over 90%
(Carter & Hayes 1977). Cortical bone is the

dense bone that forms the outer shell of most

bones and makes up the diaphyses of long

bones. Trabecular bone is a "three-dimension-

al lattice composed of plates and columns''

(Carter & Hayes 1977) that is found in the

medullary cavity of most bones. In the long

bones, trabecular bone is concentrated in the

metaphyses and epiphyses.

The distribution of cortical and trabecular

bone in the long bones is determined by bio-

mechanical stresses, and contributes to the

overall strength of the bone. Trabeculae are

generally oriented along lines of stress (i.e.,

Wolff's Law). While the formation and me-
chanics of trabecular architecture are complex

(e.g., Carter et al. 1989; Fyhrie & Carter 1986;

Heft 1994), it is widely agreed that metaph-

yseal trabecular bone is most sensitive to forc-

es transmitted in the direction of the long axis

of the bone (axial forces). Interestingly, Ruff

& Hayes (1983) note that resistance to axial

loading (compression) is the least critical de-

terminant of diaphyseal shape in lower limb

bones. The shape of long bone diaphyses is

influenced by bending (shear) and torsional

loads (Ruff 1987), and the thickness of diaph-

yseal cortex in the axial plane forms a struc-

ture that is virtually impervious to fracture by

a compressive load under normal circumstanc-

es (Cowin 1995). As trabecular structures are

much more elastic than the denser cortical

bone, the concentration of trabecular bone in

a long bone metaphysis functions as a "bum-
per" to absorb forces transmitted across the

joint.

Because the elasticity of trabecular bone

plays an integral role in joint mechanics,

changes in the elasticity of trabecular bone are

of consequence to the normal functioning of

a synovial joint. Many studies have suggested

that the compressive strength and elasticity of

trabecular bone is related to its density (e.g.,

Bartley et al. 1966; Bell et al. 1967; Carter &
Hayes 1977; Weaver & Chalmers 1966). If

trabecular bone becomes too dense (too strong

in the axial plane), it becomes inelastic and

cannot function as a shock absorber. If trabec-

ular bone is not dense enough (too weak in

the axial plane), it cannot absorb normal forc-

es and is in danger of fracture (hence the oc-

casionally mentioned mutual exclusion of os-

teoarthrosis and osteoporosis [e.g., Bun* et al.

1983]). Research conducted since the 1960s

has investigated a number of other relation-

ships between the density, contiguity,

strength, organization, and number of trabec-

ulae (e.g., Carter & Hayes 1977; Carter et al.

1989; Goulet et al. 1994; Parfitt et al. 1983;

Pugh et al. 1973a, b; Pugh et al. 1974; Radin

& Rose 1986; Radin et al. 1973).

Radin & Rose (1986) and Radin et al.

(1973) suggest that the initiation and progres-

sion of mechanical joint degeneration (osteo-

arthrosis) is intimately related to the dynamics

of metaphyseal trabecular bone. There is evi-

dence that the deterioration of articular carti-

lage is preceded, and even caused, by changes

in the subchondral bone and trabeculae which

underlie it. Using live rabbits, Radin et al.

(1973) demonstrated that repeated axial load-

ing of knee joints produced fractures of indi-

vidual trabeculae. These fractures subsequent-

ly healed, with a resulting increased stiffness

of the subchondral bone. By studying the tim-

ing of changes in both cartilage and subchon-

dral bone, Radin et al. (1973) showed that

stiffening of the subchondral bone preceded

degenerative changes in the articular cartilage.

The compressive strength of normal trabecular

bone is related to its density: the more bone

present per unit of volume, the stiffer the

bone. As the trabeculae fracture and heal,

bone is added and the trabecular structure los-

es elasticity (Radin & Rose 1986). Thus the

loss of elasticity brought about by the stiff-

ening of the subchondral bone can cause the

cartilage to degenerate as it is exposed to forc-

es normally absorbed by the underlying tra-

becular bone.

Additional studies have supported the con-

tention that trabecular micro-fracturing and

healing can cause an increase in the stiffness

of subchondral bone and lead to the deterio-

ration of articular cartilage. Pugh et al. (1974)

found a significant difference in the contiguity
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(interconnectedness) and relative stiffness of

trabecular bone underlying "normal" and

"abnormal" (deteriorating) cartilage. Guo et

al. (1994) suggest that the strength of trabec-

ular bone "may be highly sensitive to frac-

tures of individual trabeculae" (see also Gou-

let et al. 1994). The disorganization and

thickening of subchondral trabeculae subse-

quent to compressive fracture is well-docu-

mented (Pugh et al. 1974; Pugh et al. 1973b;

Radin et al. 1973). This thickening is plainly

visible in radiographs as relatively discrete ar-

eas of increased density in arthrotic knees

(e.g., see Maquet 1976, 1985). Thus, the re-

lationship between the density and axial com-

pression strength of trabecular bone (Bartley

et al. 1966; Bell et al. 1967; Carter & Hayes

1977; Goulet et al. 1994; Weaver & Chalmers

1966) is probably a combined function of the

thickness of individual trabeculae, the number
of trabeculae, and the organization of a tra-

becular structure.

Taken together, available evidence strongly

suggests that an increase in the density of sub-

chondral trabecular bone is a key factor in

joint degeneration of a mechanical etiology.

This view of joint degeneration raises specific

expectations concerning changes in the inter-

nal and external architecture of the joint in

relation to mechanical stress. Axial "com-
pression' ' of the proximal tibia would be con-

sistent with the progression of mechanical

joint degeneration as described above. Re-

peated fracturing and healing of subchondral

trabeculae and trabeculae deeper into the me-
taphysis could result in a "compression" of

the metaphyseal shell in the axial plane. There

is presently no direct evidence for trabecular

fractures occurring deep into the metaphysis.

There is good evidence to suggest that axial

forces are transmitted to this depth, however,

and that these forces result in increased den-

sity and stiffness of trabecular bone through

some mechanism. Finlay et al. (1989) studied

the stiffness of trabecular bone underlying

healthy and osteoarthrotic plateaus, and sug-

gested that the trabecular bone below the pla-

teaus of arthrotic tibiae showed an increased

stiffness at unspecified depths (less than 30

mm). Areas of increased trabecular density

below affected plateaus are visible in radio-

graphs of living subjects (Maquet 1976), and

plainly extend beyond the subchondral bone.

Goldstein et al. (1983) observed patterns of

increased stiffness in trabecular bone at a

depth of 40—50 mm below the plateaus.

In vivo, the metaphyseal cortical shell is

flexible. In a study of fresh femora from au-

topsy specimens, for example, Hirsch & Fran-

kel (1961) noted that "strains in various parts

of the cortical shell could be seen" as forces

were applied. As both cortical and trabecular

bone are viscoelastic and exhibit a variety of

attributes which allow them to deform and

"flow" (Bowman et al. 1994), it is reasonable

to suspect that the shape of the cortical me-

taphyseal shell of the proximal tibia may vary

in conjunction with the state of the underlying

trabecular structure and the shape of the artic-

ular surfaces. If the cortical shell of the prox-

imal tibia tends to be compressed in conjunc-

tion with mechanical joint degeneration, the

circumference of the tibia immediately infe-

rior to the plateau would be expected to be

greater relative to bone length in specimens

exhibiting grossly observable signs of joint

degeneration.

METHODS
Measurement and observational data were

collected from 44 tibiae from the University

of Chicago collection housed at Southern Il-

linois University at Carbondale, Illinois. Al-

though information concerning the origin of

the collection is imprecise, it is generally

thought to be composed of cadavers collected

by the University of Chicago dissecting lab-

oratories in the first half of the 20th century

(White 1999). As it is a medical sample, it is

in fair condition, with joint surfaces, metaph-

yseal cortical shell, and trabeculae generally

intact. The collection contains at least 180 tib-

iae, representing at least 92 adult individuals.

The collection includes individuals that exhib-

it various degrees of gross degeneration of the

joint surfaces, as well as a large number of

individuals who display no such involvement.

The sample requirements for this study

were quite basic. For the most part, the sample

needed only to consist of relatively well-pre-

served tibiae. Although the sample did not

need to represent a "population" in the usual

sense, it had to contain specimens which dis-

played a suitable range of degenerative in-

volvement. Most of the individuals in the col-

lection lack pelves and crania, and sex could

not be reliably estimated for most of the col-

lection.
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Table 1.—Jurmain's (1975) scale for scoring degeneration of the proximal tibia.

Location Score Morphology

Lateral condylar tubercle

Medial condylar tubercle

Insertion of posterior cruciate ligament

Lateral marginal lipping

Medial marginal lipping

Lateral articular surface

Medial articular surface

Facet for head of fibula

Rounded
Pointed (definite build-up)

Obliterated by eburnation

Rounded
Pointed (definite build-up)

Obliterated by eburnation

Smooth contour

Some excavation with lipping; spicules (<50%
intercondylar space)

Deep excavation with significant pointed spicules

(>50% of intercondylar space)

None
Moderate (>50% of circumference)

Pronounced (vertical build-up)

None
Moderated (>50% of circumference)

Pronounced (extends horizontally)

Smooth
Small bony accretion(s)

Pitted and/or eburnated

Pitted and/or eburnated >25% of surface area

Smooth
Small bony accretion(s)

Pitted and/or eburnated

Pitted and/or eburnated >25% of surface area

Smooth and flat

Marginal lipping present >50% of circumference

(or sharp anywhere)

Projected (sharp); lipping >25% of circumference

Fibula fused to tibia

The sample was chosen based both on con-

dition (White 1999) and the degree of observ-

able joint degeneration as scored using Jur-

main's (1975) method. Jurmain's (1975)

method uses an ordinal scale, scoring the mor-

phology of eight locations on the proximal

tibia (Table 1). The scores from all locations

are added together to arrive at a final "degen-

eration score." A tibia with no external signs

of joint degeneration would have a score of 0.

The most severely affected tibia would have

a score of 19. Tibiae chosen for this study

have scores ranging from 0—13. It should be

noted that some components of Jurmain's

(1975) scale are not diagnostic of osteoarthro-

sis in a clinical or medical sense. In its use

here, Jurmain's (1975) scale should be consid-

ered a general measure of the condition of the

proximal tibia, reflecting a broad amalgam of

gross bony degenerative changes rather than

accurately characterizing the severity of a dis-

ease condition that can be effectively mea-

sured only when soft tissue is present.

To simply characterize the size of the me-
taphyseal cortical shell at equivalent points, a

proportional scale was established on each

specimen. The condyle-malleolus length

(CML) of the tibia (the distance from the most

distal point of the medial malleolus to the su-

perior surface of the lateral plateau) was mea-

sured using an osteometric board (as in Bass

1987). Points were then established on the tib-

ia by dividing the condyle-malleolus length by

20 and measuring the resulting distance down
the shaft with an osteometric board, proceed-

ing distally from the plateau (Fig. 1). Point A,

for example, was located inferior to the lateral

plateau at a distance of [/20 of the condyle-mal-

leolus length. Subsequent points were like-

wise located, each point [/20 of the condyle-

malleolus length from the previous proximal

point. Circumference was determined at each
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Lateral Condyle

1/20th CML

Medial Malleolus

Figure 1.—Measurement of condyle-malleolus

length of tibia (left) and establishment of points for

measuring metaphyseal circumference (right).

of these points using a cloth tape. Measure-

ments were taken from the plateau to point G.

Point G was located distal to the portion of

the metaphysis that contained significant

amounts of trabecular bone, and was consid-

ered suitably distal to the plateau.

Among tibiae that exhibit no gross signs of

joint degeneration (or where such signs are

mild), a stronger relationship between bone

length and circumferences is expected.

Among tibiae that exhibit more pronounced

gross signs of joint degeneration, a weaker re-

lationship between bone length and circum-

ference would be expected if the metaphysis

has experienced disproportionate compres-

sion. Such expectations can be tested by cal-

culating correlation coefficients between con-

dyle-malleolus length and circumference

measurements, examining differences in the

ratio of circumference to condyle-malleolus

length, and examining correlation between the

degeneration score and the amount of metaph-

yseal compression proportionate to condyle-

malleolus length.

RESULTS

In tibiae with a degeneration score of 0, 1

,

or 2 (n = 29), correlation between circumfer-

ence and condyle-malleolus length is high at

all measured points, with r
s
ranging from 0.59

at A to 0.82 at F (Fig. 2). All of these corre-

lations are statistically significant at the P =

0.05 level (rscrit = 0.37, t
crit

= 2.052, df = 27).

In tibiae with a degeneration score greater

than 2 (n = 15), correlation between condyle-

malleolus length and circumference is lower,

ranging from 0.08-0.51 (Fig. 2). Correlations

at P through G are not significant at the P =

0.05 level (rscrit = 0.52, rcnt
= 2.160, df = 13).

Spearman's rank-order statistic (rj was used

rather than parametric correlation because the

condyle-malleolus length measurements ex-

hibit a non-normal distribution.

The relationship between circumference

and condyle-malleolus length in the proximal

fifth of the tibia is weaker in tibiae with a

higher degeneration score. By dividing each

of the circumference measurements by the

condyle-malleolus length, it is possible to

characterize the circumference of the proximal

tibia in relation to bone length. Mean ratios of

circumference to condyle-malleolus length at

P through G are shown in Fig. 3. The mean
ratio of circumference to condyle-malleolus

length is consistently greater in tibiae with a

degeneration score greater than 2, indicating

that the proximal portions of tibiae in this

group are, on average, broader in proportion

to their total length. This difference is greatest

at P through D. The f-test and Wilcoxon sta-

tistics return similar results about the statisti-

cal significance of these differences. Both

agree that the ratio of circumference to con-

dyle-malleolus length is significantly higher at

the P = 0.05 level (r
crit

= 2.018; zcri,
= 1.96)

at B, C, D, and E. The f-test also returns a

significant result at P and A. The Wilcoxon

statistic returns an additional significant result

at F.

These probabilities are two-tailed. If the

statistical results are corrected for the Bonfer-

roni effect by dividing the critical alpha (0.05)

by the number of tests (8), a probability of

0.006 would be required for statistical signif-

icance (tcnt = 2.895; zcrit
= 2.748). At this lev-

el, statistical significance is limited to B, C.

D, and E. There is justification for phrasing

the statistical hypothesis directionally, as it is

theoretically expected that "affected" speci-

mens would exhibit greater circumference in

proportion to length. If the hypothesis is

phrased directionally, several more results are

significant at the P = 0.006 level (f
crit

= 2.626;

Zcrit
= 2.512).
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Degeneration score of

0,1,or2(n=29)

Degeneration score

>2(n=15)

p 0.51

10.16A

B HO.08

C 0.13

D 10.20

E 1
0.39

F 0.45

G

—h-H h-

B 0.43

H—I—I—I—I—I

—

Figure 2.—Rank-order correlation (r
s) between condyle-malleolus length and circumference at points P

through G in "unaffected" (degeneration score of 0, 1, or 2) and "affected" (degeneration score > 2)

specimens. Degeneration score is calculated by combining the ordinal scores of eight locations on the

proximal tibia using Jurmain's (1975) method (see Table 1).

Circumference data from each specimen

can be combined into a single, size-adjusted

measurement of metaphyseal circumference.

This can be done by using the circumference

measurement at G as a "standard" for each

specimen. The circumference at G was chosen

as a "standard" because is situated well into

the diaphysis and shows little indication of in-

volvement in metaphyseal broadening (i.e.,

circumference at G is relatively highly corre-

lated with condyle-malleolus length in both

"affected" and "unaffected" groups, and the

ratio of circumference at G to condyle-mal-

leolus length is not significantly different be-

tween these groups). By subtracting the cir-

cumference at G from the circumference at

each of the other locations on the metaphysis

superior to G (with the exception of the pla-

teau), a relative measure of the broadness of

the metaphysis (MB) is derived:

MB = (CA-CG) + (CB-CG) + (CC-CG)

+ (CD-CG) + (CE-CG) + (CF-CG)

where CA is the circumference at A, CB is

the circumference at B, etc.

A plot of this measurement against degen-

eration score is presented in Fig. 4. There is

a positive correlation between the two vari-

ables. This correlation is significant at the P
= 0.001 level using Spearman's rank-order

statistic (r
s
= 0.57, t = 4.461, df = 42), in-

dicating that tibiae with higher degeneration

scores tend to be broader in the proximal por-

tions of the bone relative to bone size. Me-
taphyseal broadness is positively correlated

with condyle-malleolus length to some degree

(r
s
= 0.21, P = 0.176, t = 1.378, df = 42) in

the combined sample (/z = 44). Degeneration

score is also positively correlated with con-

dyle-malleolus length (/; = 0.11, P = 0.474,

t = 0.723, df = 42). Neither of these corre-

lations is statistically significant.

DISCUSSION AND CONCLUSIONS

The data presented here suggest that in-

creases in the circumference of the metaphy-
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Figure 3.—Ratio of circumference to condyle-malleolus length at points P through G in "unaffected"

(degeneration score of 0, 1, or 2) and "affected" (degeneration score > 2) specimens. The difference in

mean ratios was evaluated using the Wilcoxon statistic (z) and the r-test (t). Results significant at the P
< 0.05 level are in bold. Degeneration score is calculated by combining the ordinal scores of eight

locations on the proximal tibia using Jurmain's (1975) method (see Table 1).

seal cortical shell of the proximal tibia are cor-

related with the grossly observable external

indicators of joint degeneration commonly
used by physical anthropologists. Difference

in the mean ratio of circumference to condyle-

malleolus length in "unaffected" (degenera-

tion score of 0, 1, or 2) and "affected" (de-

generation score > 2) specimens is greatest at

points P through D. Correlation between con-

dyle-malleolus length and circumference is at

its lowest in "affected" specimens at A
through D. The increase in the circumference

at point P is accompanied by an antero-pos-

terior broadening of the lateral plateau, a flat-

tening of the medial plateau, and a decrease

in the angle between the plateaus (White

1999). These findings are consistent with re-

search that suggests that the trabeculae-filled

metaphysis of the proximal tibia functions to

absorb the forces transmitted across the knee

joint, and that such forces may cause a com-
pression of the metaphysis in the axial plane.

The mechanisms responsible for these

changes in the circumference are undeter-

mined. Looking only at the proximal portion

of the tibia, the patterning of correlations sug-

gests that the greatest changes in circumfer-

ence occur within the proximal fifth of the

shaft. In the present sample, this corresponds

to a depth of approximately 61-87 mm below

the plateaus. Patterned differences in the prop-

erties of trabecular bone (presumably associ-

ated with forces transmitted across the knee

joint) have been recognized through the upper

portions of this depth range. Goldstein et al.

(1983) documented patterns of increased tra-

becular stiffness at a depth of 40-50 mm be-

low the plateaus, and suggested that these pat-

terns become more peripheral (i.e.. oriented

towards the outside of the shaft) as they pro-

gress distally, perhaps transmitting loads to

the cortex. It is possible that trabecular frac-

turing and/or some other mechanism of re-

structuring are operating inferior to the sub-
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Figure 4.—Metaphyseal broadness (MB) plotted against degeneration score. Metaphyseal broadness is
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CG), where CA is the circumference at point A (!/20 of condyle-malleolus length distal to the plateaus),

CB is the circumference at point B (
2
/2() of condyle-malleolus length distal to the plateaus), etc. Degener-

ation score is calculated by combining the ordinal scores of eight locations on the proximal tibia using

Jurmain's (1975) method (see Table 1).

chondral bone in reaction to mechanical

forces. It remains to be demonstrated that the

increases in circumference described here are

directly related to the mechanisms of joint de-

generation and/or the history of mechanical

loading. Given the nature of the sample used

in this study, it was not possible to control for

the age-at-death of the individuals examined.

It is possible that the observed changes in the

ratios of proximal tibial circumference to me-
taphysis length are related to a variety of fac-

tors, including cumulative mechanical loading

over the life of the individual.

Internal and external pre-pathological

changes of the proximal tibia are complex
(White 1999). Much further research will be

needed to elaborate, refine, and integrate their

study. Relationships between the architecture

of the trabecular bone underlying the sub-

chondral bone of the proximal tibia and me-
taphyseal shape changes as measured here are

unknown. There is a wider range of variation

in the metaphyseal broadness measurements

of "unaffected" specimens than "affected"

specimens (Fig. 4). It seems plausible that the

metaphyseal cortical shell of the proximal tib-

ia may undergo stress-related changes in

shape and/or size prior to the appearance of

any of Jurmain's (1975) indicators. Such

changes may be more apparent when finer res-

olution data are collected (i.e., circumference

measured at a closer interval), a larger sample

(controlled for age and sex) is used, more so-

phisticated methods of characterizing size and

shape are employed, and data on internal

structure and bone cross-section are incorpo-

rated. Study of the entire tibia rather than just

the proximal metaphysis, as well as study of

the other bones involved in the knee joint,

may yield additional information.
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