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Abstract

Previous studies suggest that osteoarthritis (OA) is related to abnormal or excessive articular 

contact stress. The peak pressure resulting from an applied load is determined by many factors, 

among which is shape and relative position and orientation of the articulating surfaces or, referring 

to a more common nomenclature, joint congruence. It has been hypothesized that anatomical 

differences may be among the causes of OA. Individuals with less congruent joints would likely 

develop higher peak pressure and thus would be more exposed to the risk of OA onset. The aim of 

this work was to determine if the congruence of the first carpometacarpal (CMC) joint differs with 

the early onset of OA or with sex, as the female population has a higher incidence of OA. 59 

without and 38 with early OA were CT-scanned with their dominant or arthritic hand in a neutral 

configuration. The proposed measure of joint congruence is both shape and size dependent. The 

correlation of joint congruence with pathology and sex was analyzed both before and after 

normalization for joint size. We found a significant correlation between joint congruence and sex 

due to the sex-related differences in size. The observed correlation disappeared after 

normalization. Although joint congruence increased with size, it did not correlate significantly 

with the onset of early OA. Differences in joint congruence in this population may not be a 

primary cause of OA onset or predisposition, at least for the CMC joint.
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Introduction

Osteoarthritis (OA) is a very common and highly disabling disorder (Reginster, 2002; 

Lawrence et al., 2008) with a great socioeconomic impact and likely destined to increase 

even further in the future with aging populations (Kraus, 1997). In particular, the first 

carpometacarpal (CMC) joint is one of the joints that is most affected by osteoarthritis 

(Lawrence et al., 1966; Peyron, 1986), showing a significantly higher incidence in women 

than men (Wilder et al., 2006).

Although the OA terminal condition is the degradation of the articular surfaces, this 

pathology is no longer considered a disease of cartilage, but rather a global joint disorder, 

originating from a combination of systemic susceptibility and abnormal mechanical events. 

Many researchers suggest that cartilage degradation can be correlated with abnormal or 

excessive articular contact stress (Dekel and Weissman, 1978; Brandt et al., 2008; Radin et 

al., 1978; Jackson et al., 2004). This abnormal contact stress may result both from excessive 

load acting on a normal joint or from normal loading acting on a weakened articulation: 

ligament laxity, periarticular muscle weakness, or reduced proprioception may all lead to 

articular instability, exposing the joint to sudden impulsive loads and finally to high peak 

pressure (Brandt et al. 2006, McGonagle et al. 2010, Felson et al. 2000).

Since OA is always associated with degeneration of articular surfaces, some researchers 

hypothesized that anatomical differences may also be among the causes of OA 

predisposition (Felson et al. 2000, Bredbenner et al., 2010). In particular, investigating the 

CMC joint of 13 arthritic cadavers (eight females, average 64 year old, five males, average 

70 year old, Eaton stage from I to III, Eaton and Glickel, 1987), Ateshian and coworkers 

(Ateshian et al., 1992) reported significant differences in articular curvatures with sex. The 

same authors suggested that these geometrical differences may explain the higher 

predisposition of women to OA. Indeed, as indicated by clinical experience (Sokoloff, 1969; 

Bullough, 1981) and theoretical computations (Ateshian et al., 1994; Wu et. al, 1997), peak 

contact pressure is affected also by the relative position and shape of the articulating 

surfaces in contact or, referring to medical terms, to the joint congruence. This refers to the 

geometric similarity of two articulating surfaces and is clinically taken as representative of 

the joint capability to distribute an applied load, under the assumption that the better the two 

surfaces mate each other, the smaller the peak pressure. Decreased congruence, as well as 

decreased contact areas due to a smaller joint size, may thus lead to increased peak pressures 

during similar activities and finally increase the risk of osteoarthritis.

Although this hypothesis sounds reasonable and intuitive, there is still no clear evidence 

indicating whether alterations of joint congruence are simply the effect or also the cause of 

OA. The aim of this paper is thus to test the hypothesis that individuals with less congruent 

joint are more exposed to the risk of developing OA.
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Based on evidence that bony changes in osteoarthritic joints precede changes in articular 

cartilage by months or years (Hutton et al., 1986) and the previous studies suggesting that 

articular shape may be a contributing factor in OA initiation and progression (Felson et al. 

2000, Bredbenner et al., 2010, Ateshian et al., 1992, Ateshian et al., 1994; Wu et. al, 1997), 

differences in joint congruence were investigated by analyzing subchondral bone surfaces 

within a population of asymptomatic and arthritic subjects with early OA through CT scans 

of their CMC joints. Joint congruence was evaluated with a measure that relies on the 

Winkler elastic foundation contact model (Conconi and Parenti-Castelli, 2014). This 

measure has the merit of making the ratio of the applied load to the resulting articular peak 

pressure a purely geometrical relation. This ratio is size dependent. For this reason, joint 

congruence is also normalized with respect to the dimension of each individual in order to 

identify possible differences in joint congruence other than those related to joint size.

Accordingly, the purpose of this study was to determine if joint congruence (Conconi and 

Parenti-Castelli, 2014) differs with sex, both prior and after normalization with respect to 

joint size, and to determine if joint congruence differs between asymptomatic subjects and 

patients with early OA.

Material and methods

Subject scanning and procedure

59 asymptomatic subjects (34 women with a mean ± SD age of 42.3 ± 16.4 and 25 men with 

a mean ± SD age of 36.8 ± 13.6) and 39 patients with early OA (31 women with a mean ± 

SD age of 53.9 ± 6.8 and 7 men with a mean ± SD age of 56.3 ± 6) (Eaton Stage I, Eaton 

and Glickel, 1987) were recruited as part of a larger study on CMC joint biomechanics 

(Halilaj et al., 2013; Halilaj, Laidlaw et al., 2014a; Halilaj, Laidlaw et al., 2014b; Halilaj, 

Rainbow et al., 2014; Halilaj, Moore et al., 2014). Radiological inspection confirmed the 

absence of pathology for the asymptomatic population. After receiving approval from the 

Institutional Review Board and completing informed consents, the thumb CMC joints in the 

dominant hands of the asymptomatic subjects and the affected hands of the OA patients 

were CT-scanned in a braced neutral position (Fig. 1), which was standardized with a 

modified Rolyan® Original adjustable wrist and thumb spica-splint brace (Patterson 

Medical, Bolingbrook, Illinois). The brace placed the wrist in approximately 0° flexion/

extension and 0° ulnar/radial deviation and the thumb in approximately 0° of flexion/

extension and 0° of adduction/abduction. Image volumes were generated with a 16-slice 

clinical CT scanner (General Electric, Milwaukee, WI), at tube settings of 80kVp and 

40mA, slice thickness of 0.625mm, and in-plane resolution of 0.4mm x 0.4mm or better. 

The bones forming the CMC joint, the trapezium (tpm) and the first metacarpal (fmc), were 

segmented using commercial software (Mimics®, Materialise, Leuven, Belgium) and 3-D 

bone models were exported as polygon meshes.

The subchondral surfaces of the trapezium and the metacarpal were manually selected using 

Geomagic Studio® (Geomagic®, Research Triangle Park, NC) by carefully tracing the 

visible margins. The relative bone-to-bone distance was evaluated through distance maps 

(Tersi et. al 2010). The fifth percentile of the distance distribution of the trapezium with 
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respect to the first metacarpal surface was considered as representative of the minimum joint 

space, in what follows indicated with ε.

Joint congruence

Currently, there is no general consensus on the definition of joint congruence or its 

evaluation. Nevertheless, any measure of joint congruence implies the choice of a contact 

model that makes possible the decoupling of the contribution of articular geometry to the 

distribution of a contact load. As shown in (Conconi and Parenti-Castelli, 2014), given two 

articulating surfaces in a prescribed relative position and orientation (or configuration), it is 

possible to derive a purely geometrical relation representing the ratio between the peak 

pressure p0 and the resultant of the pressure distribution at the contact, F, by means of the 

elastic foundation contact model. This relation can be considered as representative of the 

capability of an articulation, in a specific configuration, to distribute an applied load, and 

thus it can be used to evaluate the joint congruence. For the sake of clarity, the same relation 

will be derived here for a simple non-conforming contact (Fig. 2).

Let us consider a rigid body indenting a mattress of independent springs of constant stiffness 

k resting on a rigid base. We specify that there is no interaction between the adjacent springs 

(Johnson, 1985).

Defining δ(x, y) as the deformation of the spring at position (x, y), the contact pressure at the 

same location can be expressed as:

(1)

It follows that the peak pressure p0 will take place at the position of maximum indentation 

Δ, namely:

(2)

Defining A as the projection of the contact surface on a plane orthogonal to z, with dA being 

the infinitesimal area on which a single spring acts, the resultant F of the pressure 

distribution can be computed as:

(3)

where V is the volume of the Boolean intersection of the two undeformed bodies 

(corresponding to the dashed area in the cross sectional view of the contact depicted in Fig. 

2).

Within this contact model, the ratio between the peak pressure and the resultant force 

becomes purely geometrical, i.e.:

(4)
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The evaluation of Eq. (4) in physiological loading conditions presents some clinical 

difficulties, however. First, in order to measure an indentation, two scans (unloaded and 

loaded) of the same articulation are needed. Furthermore, normal indentation is close to the 

typical resolution of medical images and thus it is difficult to measure precisely. Finally, in 

order to make the comparison among different individuals possible, either Δ or V should be 

kept constant within the study population. Alternatively, it is possible to evaluate joint 

congruence with a single unloaded image if a virtual indentation is considered. This can be 

achieved by offsetting one bone surfaces by a prescribed threshold Δ. This new offset 

surface is then used for the evaluation of the intersection volume V.

Let us indicate with Stpm and Sfmc the undeformed and closed surfaces of trapezium and first 

metacarpal bones respectively, and with Vtpm and Vfmc their volumes (Fig. 3). The offset of 

Sfmc would be indicated with SΔ, where VΔ is the volume in it. The volume trapped between 

SΔ and Sfmc is called control volume Vc, i.e.

(5)

The intersection volume can be measured as the volume of trapezium within the control 

volume, i.e.:

(6)

The congruence measure CM is defined as

(7)

Clearly, under a prescribed and constant value for the offset threshold Δ, the bigger V, the 

more congruent the considered joint will be.

It must be cautioned that, when the cartilage layer is not included in the scan, as in this 

study, an initial offset equal to minimum joint space ε is required in order to restore the 

contact for Δ = 0.

Finally, to make the comparison among different subjects possible, Δ has to be kept 

constant. Its value has been chosen as the mean of the threshold that makes the whole 

subchondral area of each subject included within the control volume.

Although here presented for a simple case, CM is general and holds also in the case of 

highly conforming surfaces, as in the case of most human joints (Conconi and Parenti-

Castelli, 2014).

A significant example is provided by the knee. In this joint, the menisci increase the 

conformity between the tibial plateau and the femoral condyles, moving the initial contact at 

the periphery of the articulation and leaving an internal initial gap (Shrive, 1974; Kurosawa 

et al., 1980). It has been shown (Adeeb et al., 2004) that this geometry results in a better 

distribution of the applied load with respect to what a full congruent articulation would do. 
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The application of CM confirms this result showing that, despite the initial internal gap, the 

menisci increase the joint congruence in comparison to a fully congruent contact (Fig. 4).

Normalization of the congruence measure

The presented measure of joint congruence depends on both the value chosen for the offset 

and the size of the joint, as can be seen when considering the case of a sphere of radius R 

touching a plane (Fig. 5). The intersection volume can be computed as the integral along z 

of the section of the sphere on an plane orthogonal to z. This section will be a circle of 

radius  whose area is clearly

(8)

The intersection volume can thus be evaluated as:

(9)

and CM will finally result:

(10)

Even for a constant value of Δ, congruence increases with R and thus with the size of the 

elements in contact. In order to consider the contribution of the shape of the contacting 

bodies to joint congruence, independently from the scale, CM has to be normalized. For the 

case of the sphere, this can be achieved by making the offset threshold δ proportional to R 

and then dividing CM by R2. In fact, if

(11)

then

(12)

and finally

(13)

We note that the value of the normalized joint congruence, cm, is constant for every sphere 

touching a plane. Similarly, joints differing by only a scale factor would have the same 

normalized joint congruence.
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The definition of the CM normalization for the case of a general contact may be obtained in 

analogy with what is done for the sphere-plane contact.

The ratio of the volume Vfmc,i and the surface area Sfmc, i of the first metacarpal can be 

assumed to be proportional to R, while Sfmc,i is proportional to R2. In order to normalize 

with respect to the mean size of the study populations, all the volumes and areas are divided 

by their mean values (denoted with a tilde). The normalized offset threshold is thus:

(14)

while the normalized congruence measure, cm, is:

(15)

Statistical Analysis

Two-way ANOVAs were used to determine the effects of sex and pathology on the joint 

congruence both before and after normalizing with respect to the joint size. Statistical 

significance was set at p<0.05.

Results

CM varied significantly with sex (p=0.007), with men showing higher mean (±SD) 

congruence (84.45 ± 13.10 mm2 for healthy individuals and 91.68 ± 14.47 mm2 for early 

stage of OA) than women (77.07 ± 13.83 mm2 for healthy individuals and 80.67 ± 14.18 

mm2 for early stage of OA), but not with pathology onset (p=0.129). Also, CM was linearly 

correlated with joint size for both the healthy (R2=0.40, p<0.001, slope=0.0075) and 

pathological population (R2=0.24, p=0.002, slope= 0.0061, see Fig. 6).

After normalization, however, cm was not significantly correlated with sex (p=0.115) or 

with pathology onset (p=0.366). The mean (±SD) values for men (77.88 ± 8.10 mm2 for 

healthy individuals and 79.10 ± 14.16 mm2 for early stage of OA) did not differ from those 

for women (81.56 ± 11.73 mm2 for healthy individuals and 84.14 ± 12.94 mm2 for early 

stage of OA). Furthermore, cm was independent of the joint size for both healthy (R2=0.001, 

p<0.772, slope=−0.0004) and pathological population (R2=0.016, p=0.455, slope=−0.0014, 

see Fig. 7).

Discussion

The aim of this work was to examine if a correlation exists between joint congruence and 

sex or early stage OA in the first carpometacarpal joint, in order to gain insight into the 

possible predisposition to OA. Individuals at the early stage of OA are considered as 

representative of a population with higher risk of developing the disease. Women are also 

considered as more susceptible OA (Wilder et al., 2006). Joint congruence was computed 
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for all the subjects within the population under study, searching for correlation with early 

stage of pathology or sex.

Sex had a significant effect on joint congruence. This effect, however, disappeared when 

congruence was normalized with respect to joint size. The only sex-related difference in 

joint congruence was thus determined by the differences in size between men and women. 

This is in contrast with what was found in (Ateshian et al., 1992). However, the population 

of that study included 13 subjects at different Eaton’s stages (Eaton and Glickel, 1987). It is 

thus possible that the sex-related differences reported in that study were confounded by 

disease progression. This explanation and these current findings are also in agreement with 

recent study on the same population (Halilaj, Moore et al, 2014) who used a different metric 

of articular bone shape.

No correlation between joint congruence and OA was observable, both before and after 

normalization. This suggests that, although morphological variations among different 

individuals are possible, these variations do not alter the joint’s capability to distribute 

contact loads. Therefore, congruence abnormalities do not seems to be among the main 

causes of OA onset. The lack of correlation between joint congruence and OA does not 

imply however that other differences in the global joint geometry may not be among the 

causes of disease onset. Indeed, differences in the articular shape have been reported 

between healthy and pathological subjects using the same population (Halilaj, Moore et. al., 

2014). Additionally, recent studies found a correlation between knee joint shape and OA 

(Bredbenner et al. 2010, Lynch et al. 2009) by means of statistical shape modeling. 

Differences in modal shape are not yet relatable to joint functionality. A comparison of these 

methods with the analysis of joint congruency may thus help in understanding how 

geometrical variations affect the joint behavior.

Despite the fact that joint congruence does vary with size, the performed analysis shows no 

correlation between early stage of the disease and joint congruence and thus neither between 

OA onset and joint size. Thus the scale effect may not represent a risk factor for the OA 

onset. This suggests that the peak pressure associated with the typical daily activities could 

be size independent due to a proportional differences in muscular strength between males 

and females.

A statistically not significant, though evident, trend can be observed in linear regression of 

both absolute and normalized congruence according to which arthritic subjects are more 

congruent than healthy subjects. Within the frame of the presented measure of congruence, 

this can be interpreted as the attempt of a pathological articulation to compensate abnormal 

peak pressure associated, although age related variations in subchondral curvatures with age 

(Halilaj, Moore et. al., 2014) may also affect this behavior.

Although the OA affects mainly weight-bearing joints, the results here presented are not 

limited by the non weight-bearing nature of the CMC joint. This articulation is in fact 

second only to the knee in term of disease incidence (Arden and Nevitt, 2006). Moreover, 

the articular peak pressure associated with normal activities is comparable among knee, 

CMC, hip and ankle (Fukubayashi and Kurosawa, 1980; Kiapour et al. 2012; Zheng et al. 
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2013; Krebs et al. 1991; Fitzpatrick et al., 2004). Thus, the CMC joint is analogous to other 

weight bearing joints in term of OA incidence and risk factors.

It must be cautioned that the current study did not analyze the actual articular surfaces, but 

rather the subchondral bone, assuming its morphology as a reasonable measure of cartilage 

morphology. Thus, variations in the cartilage layer distribution have been neglected. 

However, considering that mean cartilage thickness for the CMC joint is less than one mm 

(approx. 0.75 mm, Koff et al. 2003), variation from the mean value can be considered to be 

small enough not to significantly affect the outcome of CM and for this reason the result 

obtained here appear to be reasonable descriptor of the entire joint.

Furthermore, joint congruence is a function of the joint configuration. Changing the relative 

position and orientation of the articulating surface may in fact modify how the articular 

surfaces mate with each other and consequently the distribution of an applied load. In this 

study, however, only the neutral position of the thumb has been considered and therefore the 

variation in joint congruence associated with different configurations have not been include 

in the analysis. We also note that this is a cross-sectional study, and therefore, the finding do 

not address whether these differences predispose or are an indicator of OA progression.

The elastic foundation contact model provides a strong simplification of the real tissues 

behavior. Similar approximations, however, are intrinsic to any measure of congruence, 

which necessitates a simplified contact model in order to make possible the decoupling of 

the geometrical contribution to the distribution of an applied load. For this reason, the exact 

prediction of contact pressure, stress and strain are beyond the aim and the possibility of any 

measure of congruence, which must instead guarantee the correct sorting in term of the peak 

pressure of a set of articulations, as proven for CM in (Conconi and Parenti-Castelli, 2014).

Results of the analysis may be affected also by the choice of the congruence measure. 

Presently, there is not a single definition of congruence and many indexes of joint 

congruence are available in the literature, differing by the observed geometrical quantities 

and by the contact model at their basis (Ateshian et al., 1992; Connolly et al., 2009; 

Tummala et al, 2012). The method employed in this analysis, however, has several 

advantages. It allows one to relate the distribution of an applied load to purely geometrical 

quantities, holding both for conforming and non conforming contact. It takes into account 

the joint configuration. It can be implemented based on the actual bioimaging techniques, 

even those for which the cartilage layer representation is missing.

Conclusion

With the adopted definition and measure of joint congruence, the only observable sex-

related differences in the CMC joint congruence are ascribable to scale effects. When joint 

congruence was normalized with respect to the joint size, no significant differences between 

women and men remained.

No correlation between joint congruence and early OA was observable, both before and 

after normalization. Neither differences in joint congruence or size seem to represent a risk 

factor for the OA onset.
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Figure 1. 
The scanning neutral positions shown by photograph (A) and respective 3D renderings of 

the CT scans (B).
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Figure 2. 
Schematization of the Winkler contact model.
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Figure 3. 
Schematization of the Winkler-based congruence measure: cross section showing the control 

volume, the offset threshold and the minimum joint space ε (A); 3D representation of the 

intersection volume (B); view of the trapezium (tpm) subchondral area, colored 

proportionally to its distance from the first metacarpal (fmc) subchondral surface (C).
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Figure 4. 
Evaluation of joint congruence for: (a) a full conforming contact, CM = 72.34 mm2; (b) a 

contact with peripheral structures, CM = 77.36 mm2. The internal gap in (b) is 0.25 mm, 

magnified in the figure for sake of clarity.
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Figure 5. 
Evaluation of the intersection volume V as the integral along z of the cross sectional area A.
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Figure 6. 
CM plotted versus first metacarpus volume. Red and blue lines are the linear interpolation of 

the healthy and arthritic population, respectively.
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Figure 7. 
Normalized congruence measure cm plotted versus first metacarpus volume. Red and blue 

lines are the linear interpolation of the healthy and arthritic population, respectively.
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