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Abstract

Purpose—In thumb carpometacarpal osteoarthritis, current evidence supports that degenerative,
bony remodeling primarily occurs within the trapezium. The pathomechanics involved and the
most common sites of wear, however, remain controversial. Quantifying structural bone
morphology characteristics with high-resolution computed tomography CT (micro-CT) infer
regions of load transmission. Using micro-CT, we investigated whether predominant trabecular
patterns exist in arthritic vs. normal trapeziums.

Methods—We performed micro-CT analysis on 13 normal cadaveric trapeziums and 16 Eaton
stage 111V trapeziums. Each specimen was computationally divided into 4 quadrants: volar-
ulnar, volar-radial, dorsal-radial, and dorsal-ulnar. Measurements of trabecular bone morphologic
parameters included bone volume ratio, connectivity, trabecular number, and trabecular thickness.
Using analysis of variance with post hoc Bonferroni/Dunn correction, we compared osteoarthritic
and normal specimen quadrant measurements.

Results—No significant difference existed in bone volume fraction between the osteoarthritic
and normal specimens. Osteoarthritic trapeziums, however, demonstrated significantly higher
trabecular number and connectivity than non-osteoarthritic trapeziums. When collectively
comparing the volar-ulnar quadrant of osteoarthritis and normal specimens, this quadrant in both
consistently possessed significantly higher bone volume fraction, trabecular number, and
connectivity than the dorsal-radial and volar-radial quadrants.

Conclusions—The significantly greater trabecular bone volume, thickness, and connectivity in
the volar-ulnar quadrant compared to the dorsal-radial and dorsal-ulnar quadrants provides
evidence that the greatest compressive loads at the first carpometacarpal joint occur at the volar-
ulnar quadrant of the trapezium, representing a consistently affected region of wear in both normal
and arthritic states.
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Introduction

Reconstruction for disabling thumb carpometacarpal (CMC) joint arthritis is the most
commonly performed surgical procedure for osteoarthritis (OA) in the adult upper extremity
(1). CMC OA affects approximately 20-65% of adults with a greater prevalence in post-
menopausal women (2-5). Despite the prevalence of CMC OA, the most common sites of
articular wear remain controversial (6-16). Preferential wear of the volar surface of the
trapezium, however, is the most common pattern of degeneration reported in the literature
(9, 10, 13, 17, 18). Similarly, the mechanics of abnormal loading and wear of the metacarpal
upon the trapezium, and the bony remodeling of this process, are postulated (19,20) but
poorly understood; few in vivo studies of CMC joint kinematics exist (21,22).

Trabecular structure reflects bone activity: according to Wolff, as loading on a bone
increases, the bone compensates by remodeling and increasing its trabecular structure at the
loading site (23). Examination of the trabecular morphology in bone adjacent to the joint
thus permits indirect study of the pathomechanics of osteoarthritis. Current literature
supports noteworthy trabecular remodeling primarily in the trapezium rather than the first
metacarpal in CMC joint arthritis (13, 15, 17, 20, 24). Recent studies using high-resolution
computed tomography (micro-CT) have correlated changes in trabecular bone morphology
with osteoarthritis (20, 25-27). These studies have demonstrated substantial deterioration in
the 3-dimensional architecture of cancellous bone, leading to unfavorable alteration in
mechanical properties. Accordingly, we hypothesized that micro-CT imaging of arthritic
trapeziums compared to normal trapeziums would correlate with wear patterns of thumb
CMC joint arthritis. In addition, we hypothesized that micro-CT would demonstrate greater
difference in bone volume fraction of the volar region of osteoarthritic trapeziums than the
dorsal region, as compared to volar and dorsal regions in normal trapeziums.

Materials and Methods

Specimen Harvest

We harvested a total of 29 trapeziums (13 normal, 16 osteoarthritic) for comparison in this
study and carefully protected the articular surfaces during cadaveric or surgical explantation.
Approval for this project was granted through the local institutional review board, and the
handling of human remains strictly adhered to ethical and practical protocols.

We removed 13 normal trapeziums without evidence of osteoarthritis from 11 embalmed
cadavers obtained from our institution’s willed body donation program. Cadaveric
trapeziums with evidence of articular wear, presence of osteophytes, or damage from
harvesting were excluded. For surgical specimens, we used the Wagner approach to remove
intact 16 osteoarthritic trapeziums in 16 subjects who underwent elective reconstruction of
symptomatic CMC joint arthritis. Preoperative radiographic evaluation determined that these
had Eaton stage 111-1V osteoarthritis (16). The entire trapezium was excised with the aid of a
3.5 mm tap used as a joystick to visualize investing soft tissues and assist in ligament
detachment. The tap was inserted parallel to the distal articular surface from the radial non-
articular surface between the trapezial ridge and dorso-radial tubercle and beneath the
abductor pollicis longus tendon and directed towards the second metacarpal.

All specimens were stored in 10% formalin following collection. The mean age of the
normal and osteoarthritic trapeziums was 69 (range 43 to 96) and 61 (range 54 to 72),
respectively, with 4 female/9 male specimens in the normal group and 10 female/6 male
specimens in the osteoarthritic group.
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Micro-CT Scanning

Each trapezium was scanned and reconstructed in a micro-CT system (vivaCT 40, Scanco
Medical AG, Wayne, PA) at a resolution of 38 pm isometric voxels (voltage = 55 kVp;
current = 145 mA,; integration time = 381 msec). Volumetric surface rendering software
(Amira, Visage Imaging, San Diego, CA) was used to orient and measure the scanned image
of each specimen. Using orthogonal planes, the volume for each specimen was divided into
4 quadrants: dorso-ulnar (DU), dorso-radial (DR), volar-ulnar (VU), and volar-radial (VR)
(Figures 1 and 2). These quadrants were delineated according to the XY Z-axis orientation
described by Cooney (28) and represent the most common identifying articular landmarks of
the thumb CMC joint reported in the literature (11, 13-15, 29-31).

Individual quadrants were then imported into volumetric analysis software (Microview,
General Electric, Fairfield, CN) for further quantification. We selected a representative
sample of trabecular bone within each quadrant; this rectangular volume excluded
subchondral bone, peripheral osteophytes, and the transversely oriented drill hole (Figure 3).
Trabecular bone morphologic parameters were obtained for each region of interest as
follows: bone volume fraction (BVF), connectivity density (CD), trabecular thickness
(Th.Th), trabecular spacing (Th.Sp), and trabecular number (Tb.N) (22, 25-27, 32).

Morphometric parameters were determined using a direct 3-dimensional technique without
assumption of the bone structure type (33). Bone volume fraction was obtained by dividing
bone volume (BV) with the total volume (TV) representing apparent bone density (34).
Connectivity density was defined as the maximal number of trabeculae that could be cut
through within a region of interest without causing the structure to fall apart (35). Trabecular
thickness, Th.Sp, and Th.N were directly calculated without assumption of a structure model
(33).

Statistical Analysis

Results

Statistical analysis using a 2-factor analysis of variance with a Bonferroni/Dunn post hoc
test analyzed the differences between the 2 factors investigated (normal/OA and quadrant).
A P value of <0.05 was considered to be statistically significant in normal compared to OA
trapeziums when comparing entir e trabeculae, and P<.0083 for trapezial quadrant
comparison.

Bone Volume Fraction

No significant difference existed between normal and osteoarthritic trapeziums in overall
bone volume fraction (P=0.312), trabecular spacing (P=0.208), or trabecular thickness
(P=0.151). There was also no significant difference in bone volume fraction between
osteoarthritic and control groups with respect to individual quadrants. However, in both the
osteoarthritic and control groups, analysis of bone morphometric parameters of the 4
quadrants revealed that the VU quadrant bone volume fraction was significantly higher than
the VR, DR, and DU (Figure 4). The difference in volume was 35%, 30%, and 16% higher
in the VU quadrant compared to the VR, DR, and DU quadrants, respectively.

Trabecular Spacing

There was no significant difference between osteoarthritic trapeziums and controls with
respect to trabecular spacing (P=0.208) in each of the 4 quadrants. The VU quadrant
trabecular spacing was significantly lower than the DR and VR quadrants (Figure 5). The
DR and VR quadrants displayed 28% and 30% higher trabecular spacing compared to the

J Hand Surg Am. Author manuscript; available in PMC 2014 February 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal. Page 4

VU quadrant. The DU trabecular spacing was significantly lower than the DR spacing by
18%.

Trabecular Number

Osteoarthritic trapeziums exhibited greater trabecular number than controls (P=0.025). With
respect to quadrants, the VU quadrant trabecular number was significantly higher than the
VR and DR (Figure 6). The trabecular number in the VU quadrants was 20% higher than the
VR quadrants and 17% higher than the DR quadrants. The DU quadrant trabecular number
was also significantly higher than the VR quadrant by 15% and the DR quadrant by 14%.

Connectivity

Osteoarthritic trapeziums displayed greater connectivity than controls (P=.0177). With
respect to trapezial quadrants, the VU quadrant connectivity (mean=7.11) was significantly
higher than the VR (mean=5.17; P=.0008) and DR (mean=5.23; P=.0011). The VU quadrant
displayed 38% and 33% more connectivity than the VR and DR quadrants, respectively. The
DU quadrant (mean=6.49) was higher than the DR and VR, but these comparisons were not
statistically significant (P=.0277 and P=.0207, respectively).

Trabecular Thickness

Osteoarthritic trapeziums exhibited an overall trend of lower trabecular thickness compared
to controls, but this was not statistically significant (P=.1505). The VU quadrant
(mean=0.158) displayed the highest mean trabecular thickness, and the volar-radial quadrant
was the lowest (mean=0.144) (P=.0264; not significant on comparison). There was no
significant difference in trabecular thickness between the 4 quadrants: DR (mean=0.148),
DU (mean=0.15), VR (mean=0.144), and VU (mean=0.158).

Discussion

This study demonstrated that arthritic trapeziums have statistically increased trabecular
number and connectivity but lack significant differences in bone volume fraction and
trabecular spacing compared to normal trapeziums. This supports our first hypothesis that
volumetric differences can be measured between the 2 specimen types. The mean trabecular
thickness was higher for normal than for osteoarthritic trapeziums, but the difference lacked
statistical significance. This trend suggests late stage trapezial osteoarthritis involves bone
turnover resulting in thinner, less dense trabeculae, which supports other trabecular studies
demonstrating an increased bone turnover in later stage osteoarthritis with less structurally
sound trabeculae (36, 37). Early stage OA tibial studies, in contrast, demonstrate increased
trabecular thickness (27). Reportedly, this increase in trabecular thickness in early OA is
associated with decreased mechanical properties of subchondral cancellous bone (27).
Although hypothetical, these changes may be secondary to pain-related activity limitation
and joint protection that halt robust physiologic structural remodeling (37).

When comparing individual trapezial quadrants, the VU quadrant exhibited the highest bone
volume fraction compared to the VR, DU, and DR quadrants. The lowest bone volume
fraction was consistently in the VR quadrant. This was true in both osteoarthritic and non-
osteoarthritic trapeziums.

Several micro-CT studies have correlated trabecular architectural changes to increased loads
associated with joint degeneration (25-27, 32, 36). Controversy exists whether degenerative
arthritis is triggered predominantly by biomechanical versus biochemical factors. Our bone
morphometric study provides evidence that the greatest physiologic trapeziometacarpal
loads occur at the VU quadrant of the trapezium in both normal and osteoarthritic joints.

J Hand Surg Am. Author manuscript; available in PMC 2014 February 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 5

When compared to the surrounding quadrants, the trabeculae in the VU quadrant were
characteristically denser, more connected, and thicker, which suggested this was a region
exposed to greater compressive forces. These findings partially support our second
hypothesis of a higher bone volume fraction in the volar regions and suggest a biochemical
trigger of increased bone turnover in pathologic CMC joint osteoarthritis.

Using micro-CT bone morphometric, Nufer and colleagues observed increased bone volume
ratio in the ulnar aspect of 15 osteoarthritic and 15 normal trapeziums (20). Their
methodology differed as follows: they excluded the peripheral one-third of the bone to
remove density artifact from rimming osteophytes, and they divided the trapezium into 3
columns (radial, middle, and ulnar). Using this methodology, they found a significant
difference of 42% in bone volume ratio between OA and normal trapeziums. The radial third
showed a 67% difference, and the middle and ulnar thirds were 39% and 53% higher in the
OA groups, respectively. All these findings were statistically significant. They examined
central bone volume in 3 columns oriented dorsovolarly; this does not permit direct
comparison to our anatomical quadrant methodology, as reported in the literature (11,13-
15,29,30). Thus the density sampling in each study may not be contradictory, as the column
approach in Nufer’s study examined uniform central loading absent of rimming osteophytes,
whereas our study evaluated articular wear density including the contributing osteophytes
and potentially concomitant eccentric load transmission.

Limitations of our study include small sample size and lack of precise matched controls. The
osteoarthritic specimens and normal specimens were not controlled in terms of age, sex,
handedness, or bone mineral density, thus a variation have existed that minimized
differences between osteoarthritic and normal trabecular density. The sample size and
representation, however, compares to previously reported data of osteoarthritic and normal
bone that similarly lack controlled, matched cohort statistical analysis (20,31,32,37).

Pathomechanics of CMC joint osteoarthritis are not well understood. Functional motion and
load analysis of the normal and arthritic CMC has focused on cadaveric biomechanical
studies (19,28,38,39) and live subject kinematic analysis, which approximates CMC joint
circumduction (21,22,40). Biomechanical analysis as it relates to pathophysiology is
similarly limited. Pellegrini and colleagues found no appreciable difference in collagen
content between surgically explanted osteoarthritic specimens and elderly arthritic cadaveric
specimens (41). They postulated the mechanism for osteoarthritic degeneration likely stems
not solely from supra-physiologic shearing forces in the volar trapezial region, but a
combination of hormonal, cellular, and inflammatory mediating factors acting at the
protective surface lamina of CMC articular cartilage (42). This complements current
evidence and theories as it relates to etiology and pathomechanics of osteoarthritis
throughout the musculoskeletal system.

We propose the following theory, which unifies the various descriptive and quantifying
studies reviewed. The human thumb performs the complex tasks of grasp, pinch, and other
precision activity in concert with the fingers. The fingers are positioned medial to the thumb,
regardless of the position in space afforded by the wide circumduction of the CMC joint.
The unique structure, motor activity, and position of the thumb preferentially favors ulnar
rotational loading of the CMC joint in functional tasks, in both normal and arthritic states.
Consistent rotational forces in functional tasks create preferential loading in the VU
quadrant, corresponding to the increase bone volume in normal and arthritic conditions we
observed. This supports theories proposed by Ateshian (11), Edmunds, (8,43) and Pellegrini
(10), who proposed a progressive delamination of the protective cartilaginous surface, thus
triggering the inflammatory mediators of osteoarthritis.
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Our study describes an indirect method of evaluating physiologic stresses of the CMC joint.
We anticipate a variety of ongoing and future studies: in vivo kinematic and kinetic CMC
joint loading (44), finite element analysis to predict wear patterns of supra-physiologic
stresses from functional or abnormal CMC joint motion, and biochemical analysis of
inflammatory or hormonal mediators. These investigations will provide direct evidence and

en

hanced understanding of the pathomechanics contributing to the common affliction of

thumb CMC joint osteoarthritis.
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Figure 1.

Schematic drawing of the 4 quadrants of the metacarpal surface of a left trapezium: dorso-
ulnar (DU), dorso-radial (DR), volar-ulnar (VU), and volar-radial (VR) (28). The (*)
represents the articulating recess of the metacarpal volar beak.
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Figure2.

Micro-CT volumetric renderings of the metacarpal articulating surface of a normal right and
an arthritic right trapezium. The normal trapezium (Figure 2a, left): is rendered intact; the
arthritic trapezium is divided into 4 quadrants (Figure 2b, right).
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Figure 3.
Representative slices in each of the 4 quadrants of an arthritic specimen visualizing
trabecular structure. The circular defect in the dorso-ulnar (DU) quadrant is drill artifact.
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Figure4.
Bone volume fraction (BVF): in both osteoarthritic and normal specimens, the VU quadrant
possessed the highest BVF relative to the two radial quadrants (DR and VR, P<.001).
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Figureb.

Trabecular Spacing (TbSp): the VU quadrant demonstrated lower separation (tighter

configuration) than DR and VR quadrants (both P<.001).
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Figure6.
Trabecular Number (TbN): both the VU and DU quadrants possessed significantly higher
trabecular number than the VR and DR quadrants.
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