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Osteophyte growth in early thumb carpometacarpal osteoarthritis
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Objective: Osteophyte formation is a critical part of the degeneration of a joint with osteoarthritis (OA).
While often qualitatively described, few studies have succeeded in quantifying osteophyte growth over
time. Using computed tomography (CT) image data from a longitudinal, observational study of thumb
carpometacarpal (CMC) OA, our aim was to quantify osteophyte growth volume and location over a
three-year period in men and women.
Method: Ninety patients with early thumb OA were recruited and assessed at baseline, 1.5 years, and 3
years with CT imaging. Osteophyte volume and location on the trapezium and first metacarpal were
determined using a library of 46 healthy subjects as a nonarthritic reference database.
Results: There was a significant increase in osteophyte volume for women and men over the three-year
follow-up in the trapezium (86.8 mm3e120.5 mm3 and 165.1 mm3e235.3 mm3, means respectively) and
in the proximal metacarpal (63 mm3e80.4 mm3, and 115.8 mm3e161.7 mm3, respectively). The location
of osteophyte initiation and growth was consistent across subjects and was located in non-opposing
regions on the trapezium and first metacarpal. Osteophyte growth occurred about the radial and ulnar
margins of the trapezial facet, while on the proximal metacarpal, growth occurred principally about the
volar and dorsal margins of the facet.
Conclusion: Osteophyte growth occurred in early thumb osteoarthritis over three years. Growth was
localized in specific, non-opposing regions on the trapezium and metacarpal, raising intriguing questions
about the triggers for their formation, whether the mechanisms are mechanical, biological or a combi-
nation of both.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Osteophytes are a sign of advancing joint degeneration in thumb
carpometacarpal (CMC) osteoarthritis (OA), appearing radio-
graphically with changes in joint space width and subchondral
sclerosis1e3. Osteophytes may be an important clinical metric of OA
disease progression. Osteophytes have been shown to better pre-
dict knee pain than joint space narrowing, which is currently the
only validated measure of osteoarthritis disease progression4.
Similarly, in a study of patients with hip osteoarthritis, patients
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who had radiographic evidence of OA but were pain-free had no
broad signal changes in bone detected by MRI, while in a second
groupwith persistent pain broad signal changes could be detected5.
The authors proposed an association between bone signal changes
on MRI and joint pain in the progression of hip OA5. Other studies
have corroborated the association of pain with OA progression, as
assessed by bony changes6e8, suggesting the pathophysiology of OA
progression and joint pain may be due primarily to bony changes9.
A recent study by Kroon et al. found that thumb pain was more
strongly linked to osteophyte formation than to soft tissue
inflammation, leading the authors to speculate that thumb OA may
be a phenotype distinct from finger OA6.

Typically described as bony outgrowths, osteophytes are in fact
osteochondral exostoses formed by cells in activated periosteum
and/or synovium at the joint margins, which then proliferate,
differentiate into chondrocytes, hypertrophy, and mineralize via
td. All rights reserved.
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Table I
Baseline cohort demographics (mean ± SD) and physical examination (positive
tenderness to palpation (TTP), positive grind test (GT)), reported as a percentage (%)
within each cohort and sex. The values listed for the non-OA are those of the healthy
reference library

Cohort Sex n Age (yrs.) BMI TTP (%) GT (%)

non-OA Women 25 41.9 ± 17.5 28.1 ± 7.1 0 0
Men 21 40.3 ± 19.0 25.2 ± 3.7 0 0

OA Women 47 53.4 ± 5.9 25.9 ± 5.8 62 17
Men 43 60.3 ± 7.3 28.1 ± 4.3 70 40
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endochondral ossification10e12. Morphologically, mature osteo-
phytes contain trabecular bone andmarrow that is contiguous with
the pre-existing subchondral bone, and they are capped with
fibrocartilage11,13. Altered joint mechanics14e16 and aberrant
biochemical signaling17,18 have each been proposed as initial trig-
gers, however, it is likely both are involved. Osteophytes also alter
joint surface area and shape, with implications of reducing articular
contact stress at the joint due to increased surface area and motion
at the joint due to impingement of the protruding osteophytes19e21.

Osteophytes reportedly form in a characteristic pattern in
thumb CMC OA, which was initially described by North and Rut-
ledge22 as part of an anatomic study of joint shape and tra-
peziometacarpal degeneration. Analyzing explanted trapeziae and
metacarpals from 67 embalmed cadavers, they noted that osteo-
phyte formation was earliest and “most severe” on the radial and
ulnar margins of the trapezial articular facet, while metacarpal
osteophytes appeared later and were most typically found on the
dorsal and volar margins of the metacarpal facet. They depicted
trapezial osteophytes as initially appearing at Eaton/Littler1 Stage II,
growing in size and scope to eventually encircle the articular sur-
face by Stage IV. Their description of metacarpal osteophytes was
less detailed, noting only that they did not occur until Eaton/Littler
Stage IV, late in the disease process. Subsequent authors have
echoed aspects of North and Rutledge's findings3,23,24, with some
suggesting that there may be other patterns of degeneration24.

North and Rutledge's22 work was important because it largely
formed the basis for our current understanding of osteophyte
evolution in thumb CMC OA. However, it is limited in that the study
design was cross-sectional (of necessity) and the descriptions of
osteophyte growth results were qualitative and generalized. It
would be a significant advance to have longitudinal quantitative
data on osteophyte size and location from patients repeatedly
sampled as their joints deteriorated and their OA progressed.
Moreover, North and Rutledge did not stratify their findings by sex,
despite the fact that thumb CMC OA is substantially more prevalent
in women than men25,26. It would be interesting to know if there
were sex-related differences in the pattern and/or rate of osteo-
phyte development. A more nuanced understanding of osteophyte
growth and morphology should provide insight into their origin
and role in the pathogenesis of thumb CMC OA.

The specific aims of this study were to quantify the volume and
location of periarticular thumb CMC osteophytes as they emerge
and grow during early OA development (i.e., in the first three years
after presentation), and to determine if osteophyte volume (OP)
differs between women and men. To accomplish these aims we
utilized data from an ongoing longitudinal, computed tomography
(CT) image-based observational study of thumb CMC biomechanics
and OA progression, in which thumb kinematics and CMC joint
pathology were serially evaluated at the time of study enrollment
(time 0), and at 1.5-year follow-up intervals. We hypothesized that
there would be significant osteophyte growth over the three-year
follow-up period and that volume growth would be proportion-
ally greater in women than in men.

Methods

Study subjects

After obtaining IRB approvals at Rhode Island Hospital and at
Stanford University, 90 patients with early thumb CMC OA (early
OA) and 46 healthy volunteers (non-OA) (Table I) were recruited,
consented, and enrolled into a large observational study on the role
of biomechanics in thumb CMC OA progression
(R01AR059185)27�36. The early OA cohort were patients who pre-
sented with basilar thumb pain and no or minimal radiographic
changes (primarily modified Eaton Stage 0/1)3. Hand-directed
histories and physical exams were performed by board certified
orthopedic hand surgeons, which included measurements of body
mass index (BMI), tenderness to palpation (TTP) and the grind test
(GT). Non-OA subjects were eligible if they had no history of thumb
pain or radiographic evidence of CMC OA. Exclusion criteria for
both cohorts included pre-existing conditions that could influence
CMC joint morphology or function (e.g., traumatic injury, inflam-
matory arthritis, hand or thumb surgery, etc.). In the early OA
cohort, examinations were scheduled at enrollment (baseline), and
at 1.5 and 3-year follow-up visits. The trapeziae (TPM) and first
metacarpals (MC1) of the non-OA subjects were used as a reference
library to calculate osteophyte bone volumes described below.

At each examination, posteroanterior, lateral, Robert's, and
stress view radiographs were acquired of the thumb. OA disease
progression was determined by experienced hand surgeons (one at
each study site) using a modified version of the 1987 Eaton-
Glickel1,2 classification in which early-stage disease (Eaton I) was
refined, subluxation was eliminated as a measure of progressive
radiographic deterioration, and all four available radiographic
views were included3. The modified Eaton classification addresses
mild disease by designating normal contour and joint space as stage
0, and minimal joint findings as stage 1. Consistent with the Eaton-
Glickel criteria, “joint debris” was used to define stages two and 3
(<2 mm and >2 mm, respectively), while stage four in the modified
classification includes severe TMC disease plus sacaphotrapezoid
and/or scaphotrapezial involvement, not just scaphotrapezial dis-
ease. The modified Eaton classification was reported to have a
slightly higher ICC (0.83) amongst reviewers than the Eaton-Glickel
classification (0.73)3.

CT imaging

At each exam, thewrists and thumbs of the affected hands of the
early OA subjects and the dominant hands of the non-OA subjects
were CT-scanned in a braced neutral position (Rolyan® Original,
Patterson Medical, Bolingbrook, IL) and in 11 additional range-of-
motion or task-related positions27,28,31,37. Only CT images from the
braced neutral scans were analyzed in this study. The scans were
acquired with a 16-slice clinical scanner (GE LightSpeed 16, GE
Medical, Milwaukee, WI) at tube settings for the neutral scan of
80 kVp and 80 mA. The resulting 3-D volume images had a reso-
lution of 0.39 mm � 0.39 mm � 0.625 mm. The mean effective
radiation exposure for each 12-scan CT imaging session was
0.323mSv, which is equivalent to less than twomonths of naturally
occurring background radiation (3 mSv/year)38.

CT imaging processing and data analysis

Digital bone models of the outer cortical surfaces of the tra-
peziae (TPM) and first metacarpals (MC1) were generated from the
CT image volume via semi-automated segmentation with minimal
smoothing (smoothing factor 0.030) (Mimics v12-20, Materialise,
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Leuven, Belgium). Models of the trapezium (OATPM) and first
metacarpal (OAMC1, Fig. 1(A)) bones were generated from the
enrollment (time 0), year 1.5, and year 3 follow-up CT scans for the
early OA cohort, and from the enrollment (time 0) CT scan for the
non-OA cohort.

OPs for the trapezium (OPTPM) and first metacarpal (OPMC1,
Fig. 1(C)) were defined by intersecting (Boolean subtraction) the
reference bone models and the early OA bone models at each time
point. Specifically, the reference trapezium and first metacarpal
models were selected for each early OA patient via least squares
superimposition (rotation, translation, and scaling)39 of bone
models from the non-OA cohort to the time 0 bonemodels from the
early OA cohort, with local dysmorphologies excluded to optimize
alignment of the overall bone shapes40e42. Each baseline early OA
bone was fit with all 46 of the corresponding non-OA bones (tra-
pezium and MC1) and the non-OA bone that yielded the smallest
dissimilarity measure was selected as the reference bone (Ck

TPM
and CjMC1, Fig. 1(B)). A reference library of bone models was used
because we did not want to assume that the time 0 early OA bones
were pathology free and we did not have contralateral CT images to
use as a healthy reference43. Rigid registration to each time 0 bone
model was performed for all follow-up time points (Geomagic
Wrap® 2017, 3D Systems, SC, USA). Boolean subtractionwas used to
generate closed surface models of the portions of the early OA
bones that fell outside of the reference bone models. The closed
surface models were truncated to limit analysis to the margins of
the articular surfaces. The trapezial models were truncated with a
cross-sectional plane (STPM, Fig. 1(B)) that was located at the geo-
metric centroid of the trapezium and aligned with the trapezial
coordinate system, whose origin was located at the inflection point
of the articular surface34. TheMC1models were truncated similarly,
with a cross-sectional plane (SMC1, Fig. 1(B)) offset from the MC1
coordinate system by the same distance as the corresponding tra-
pezial centroid to coordinate system. To assess variations in bone
shape that could potentially generate “false osteophytes” (e.g., an
Fig. 1. Schematic of the algorithm for computing osteophyte growth volume and growth lo
patient at baseline (A) were fit with the entire library of non-OA bones. The non-OA bones w
(Ck

TPM and Cj
MC1, B). Boolean subtraction was applied and the resulting volume was trimmed

for the MC1 (OPMC1) and for the TPM (OPTPM) (C). To compute osteophyte volume (OP) and g
the CMC (OPӨMC1 and OPӨTPM, D).
unusual bony prominence), this same process of registration and
Boolean subtraction was used on each of the non-OA bone models.

OP was computed by integrating44 the non-intersecting vol-
umes (OPTPM and OPMC1, Fig. 1(C)). To account for the greater bone
size in men than in women, the OPs of the trapezium (TPM
OPvolnorm) and the proximal first metacarpal (MC1 OPvolnorm) were
normalized by the subject's total bone volumes at each time point
and reported as a percentage (%) of total bone volume. To identify
locations of differential osteophyte growth around the perimeter of
the articular surface, the osteophyte growth models were divided
into 72 five-degree (5�) arc sections (Sq, Fig. 1(C)) and the volume of
each section was calculated separately (OPqTPM and OPqMC1,
Fig. 1(D)). To describe the locations of osteophyte growth, the
sectional OPs were normalized by total bone volume and computed
as a function of angular direction, where the key directions of 0�,
90�, 180�, 270� correspond to volar, radial, dorsal, and ulnar,
respectively, based upon the trapezial and MC1 coordinate sys-
tems34. Normalized growth locations were pooled for women and
men as differences in the shape of the TPM and MC1, other than
size, have not been reported45. The computed non-intersecting
volumes of the non-OA cohort are provided for descriptive com-
parisons with the OP and locations for the early OA cohort.

Statistical analysis

This study is a secondary analysis of data collected for an
ongoing, longitudinal, CT image-based observational study
designed to identify the biomechanical predictors of thumb CMC
OA initiation and progression (R01AR059185)27e36. Differences in
total bone volume, OP, normalized OP, and CMC OA radiographic
progression were evaluated with mixed models that included
random intercepts for subjects and fixed effects for time (modeled
as a categorical variable with baseline, year 1.5, and year three as
levels), sex (modeled as a dichotomous variable with male and
female as levels), and the two-way time X sex interaction (Proc
cations. Bone models of the first metacarpal (OAMC1) and trapezium (OATPM) for each
ith the lowest dissimilarity measures were identified as the patient's reference bones
by cross-sectional planes (STPM and SMC1, B) to generate the models of CMC osteophytes
rowth by location, the osteophyte models were sectioned at intervals of 5� (SӨ, C) about
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GLIMMIX in SAS version 9.4, SAS Institute Inc., Cary, NC). Mixed
models were chosen as they allow appropriate handling of data
structures associated with repeated measurements and maximize
the information from subjects with missing observations. To satisfy
the assumption of normality, bone volume, OP, and normalized OP
were logarithmically transformed after examination of their dis-
tributions and model residuals. Classical sandwich estimators were
used to protect against model misspecification. The Holm test was
used for multiple comparisons, maintaining a 2-tailed familywise
alpha at 0.05. Adjusted p-values and model-based means and 95%
confidence intervals (CIs) are reported. Curves of normalized (as a
percent of total bone volume) 5� sectional osteophyte volume are
plotted as a function of location about the joint circumference and
reported with descriptive statistics (median, 25th percentile, and
75th percentile) at each time point.
Results

CMC OA progression was demonstrated radiographically, as the
modified Eaton staging increased by approximately 8/10ths of a
stage inwomen and men over the three-year study period (Table II,
P < 0.0001 for both).

From baseline (time 0) to the three-year follow-up time point,
mean TPM total bone volume increased by approximately 4% for
men and women (P < 0.0001 for both) (Fig. 2(B), Table III). Over this
same three-year period there were also significant but smaller in-
creases in MC1 total bone volume (1% in women and 3% in men;
P¼ 0.02 and P < 0.0001, respectively) (Fig. 2(A)). Total bone volume
of the TPM and MC1 remained significantly larger in men than
women (P < 0.0001, for both).

The mean volume of osteophytes rimming the trapezial CMC
facet at baseline was 86.8 mm3 in women (4.9% of total bone vol-
ume) and 165.1 mm3 in men (6% of total bone volume) (Fig. 2(D),
Table IV). Similarly, mean OP around the CMC facet of the MC1 was
63 mm3 in women (1% of total bone volume) and 116 mm3 in men
(1.7% of total bone volume) at baseline) (Fig. 2(C), Table IV). By the
three-year follow-up, mean TPM OP increased significantly in
women and men, to 120.5 mm3 and 235 mm3, respectively
(P < 0.0001 for both) (Fig. 2(D), Table IV). MC1 mean OP also
increased significantly in men and women, to 80.4 mm3 and
161.7 mm3, respectively, at the three-year follow-up (P ¼ 0.008 and
P ¼ 0.0005, respectively) (Fig. 2(C), Table IV). At the three-year
follow up, OP for the TPM and MC1 remained significantly larger
in men than women (P < 0.0001 and P ¼ 0.0007, respectively).

After normalizing by total bone volume, OPs remained signifi-
cantly greater at the three-year follow-up than at baseline in
women andmen for the TPM andMC1 (TPM: P < 0.0001 for women
andmen,MC1: P¼ 0.01 and P¼ 0.0009, respectively) (Fig. 3).While
the size of the OPs as a percentage of total bone volume was
consistently larger in men than in women throughout the study,
these differences were not statistically significant for either the
TPM or MC1 at the three-year follow-up (P ¼ 0.12 and P ¼ 0.49).
Table II
Modified Eaton radiographic classification3 at baseline and each follow-up exam, reported
non-OA are those of the healthy reference library

Women

0 1 2 3 4 mean

Non-OA 84 16 0 0 0 0.16
OA 0 yr 38 62 0 0 0 0.62
OA 1.5 yr 29 40 26 5 0 1.07
OA 3 yr 17 45 19 17 2 1.43
Osteophytes formed and grew in consistent, non-opposing
patterns about the TPM and MC1 (Fig. 4). Osteophyte formation
was greatest on the radial and ulnar margins of the trapezial
articular facet throughout the three-year observation period of the
study (Fig. 4(B)), and it was greatest on the dorsal and volar (beak)
margins of the MC1 articular facet (Fig. 4(A)). There was minimal
osteophyte formation on the volar and dorsal margins of the TPM
and minimal osteophyte formation on the radial and ulnar margins
of the MC1 over the three-year course of the study. The minimal
OPs on these margins were comparable in magnitude to the normal
variations in the bone shape of the non-OA subjects at these same
margins.
Discussion

In this study, osteophyte growth at the CMC joint in patients
with early thumb CMC osteoarthritis was quantified using serial CT
images acquired as part of a longitudinal study of CMC biome-
chanics and OA progression. Over the three-year observation
period, significant osteophyte growth occurred. OP was greater in
men thanwomen, which was expected given that, on average, men
have larger carpal bones thanwomen46. After normalizing for bone
size, we did expect osteophyte growth to be greater inwomen than
men, given the higher prevalence of thumbOA inwomen. However,
we found no statistical sex-related differences in OP. On the con-
trary, the normalized OPs tended to be consistently greater in men
(Fig. 3(A) and (B)).

Our most interesting finding was the pattern of osteophyte
growth. In our early OA patients, osteophytes formed and grew in
highly localized non-opposing regions on each bone: on the ulnar
and radial margins of the trapezial articular facet, and on the dorsal
and volar margins of the MC1 facet. Growth locations did not differ
betweenwomen andmen. These findings are consistent with those
described by North and Rutledge22. In the cadavers they identified
as having Eaton Stage II disease, which is relatively early-stage,
North and Rutledge described osteophyte formation on the radial
and ulnar margins of the trapezium. With more advanced degen-
eration they depicted osteophytes expanding to encircle the tra-
pezial facet. Our patients were recruited into the study at modified
Eaton Stage 0/1, and by year three had, on average, not yet advanced
to the point where their osteophyte growth encircled the facet.
Osteophyte formation on the volar and dorsal aspect of the trape-
zium was minimal e essentially comparable to that in the non-OA
subjects (Fig. 4) e suggesting they had not reached the level of
pathology of North and Rutledge's Stage III trapeziae. It is reassur-
ing that the same general osteophyte patterning was obtained with
two different experimental designs: North and Rutledge's22 cross-
sectional analysis of cadaver specimens and our longitudinal study.

Our results are also generally consistent with those of
BucklandeWright et al.47, who radiographically studied osteophyte
progression in patients with hand OA. They found that osteophytes
at the thumb CMC joints were the largest compared to those of any
other joint in the hand. Additionally, they found a high prevalence
as a percentage (%) within each cohort, sex and time point. The values listed for the

Men

n 0 1 2 3 4 mean n

25 95 5 0 0 0 0.05 21
47 19 79 2 0 0 0.84 43
42 7 43 40 10 0 1.52 42
42 15 28 33 23 0 1.64 39



Fig. 2. Total bone volume and osteophyte volume (OP) of the first metacarpal (MC1) (A and C) and the trapezium (TPM) (B and D) significantly increased over the three-year follow-
up in women and men. At the three-year follow-up, total bone volume and OP were significantly larger in men than in women. Model-based means and with their 95% confidence
intervals (CIs) are plotted.

Table III
Minimum, maximum, median, 25th percentile, and 75th percentile of total bone volumes (mm3) of the trapezium (TPM) and first metacarpal (MC1). The values listed for the
non-OA are those of the healthy reference library

Women Men

TPM min max median 25th% 75th% n min max median 25th% 75th% n

non-OA 1,230.7 2,682.1 1753.4 1,332.1 2,207.9 25 1775.8 3,500.6 2,472.4 1914.5 3,013.1 21
OA 0 yr 1,219.8 2,549.2 1822.6 1,457.0 2,115.9 47 1942.8 3,944.0 2,829.3 2,243.8 3,328.7 43
OA 1.5 yr 1,328.2 2,554.4 1845.9 1,475.8 2,145.1 42 1986.5 3,672.5 2,892.9 2,317.0 3,314.6 42
OA 3 yr 1,367.1 2,708.1 1888.4 1,488.3 2,213.0 42 1998.5 3,772.4 2,921.8 2,337.6 3,405.9 39

MC1 min max median 25th% 75th% n min max median 25th% 75th% N

Non-OA 2,642.4 6,881.7 4,423.9 3,307.4 5,787.0 25 4,575.7 8,042.6 6,188.9 4,891.9 7,352.9 21
OA 0 yr 3,345.7 6,274.1 4,387.2 3,665.2 5,161.0 47 4,589.7 8,523.4 6,725.7 5,610.9 7,752.4 43
OA 1.5 yr 3,359.3 5,958.5 4,406.3 3,682.6 5,109.7 42 4,605.5 8,660.8 6,786.8 5,713.6 7,780.3 42
OA 3 yr 3,366.6 6,289.7 4,429.6 3,686.3 5,140.2 42 4,771.6 8,719.3 6,799.3 5,766.8 7,877.3 39

Table IV
Minimum,maximum,median, 5th percentile, and 75th percentile of osteophyte volume (OP) (mm3) of the trapezium (TPM) and first metacarpal (MC1). The values listed for the
non-OA are those of the healthy reference library and represent volumes associated with variations in bone shapes across that cohort

Women Men

TPM min max median 25th% 75th% n min max median 25th% 75th% n

non-OA 36.8 117.2 59.2 39.3 92.6 25 60.6 163.5 109.1 69.3 136.7 21
OA 0 yr 38.5 414.9 79.7 21.2 176.7 47 59.9 802.5 163.3 25.2 364.9 43
OA 1.5 yr 36.3 279.9 100.4 35.5 210.9 42 58.2 719.5 187.0 61.6 383.1 42
OA 3 yr 46.0 357.8 108.4 35.0 239.1 42 62.7 764.4 236.0 65.3 461.3 39

MC1 min max median 25th% 75th% n min max median 25th% 75th% n

non-OA 6.3 116.1 43.2 16.6 82.3 25 34.3 224.2 72.2 29.2 138.6 21
OA 0 yr 10.6 381.4 59.0 4.7 155.5 47 29.2 560.5 119.7 24.1 260.7 43
OA 1.5 yr 4.7 402.8 79.1 7.3 195.3 42 20.9 607.7 149.3 35.5 309.1 42
OA 3 yr 6.6 400.1 83.7 9.5 201.1 42 13.7 460.6 176.8 54.8 335.0 39
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Fig. 3. Osteophyte volume (OP) as a percentage of total bone volume increased
significantly in women and men over the three-year follow up in the MC1 (A) and TPM
(B). While men tended to have larger normalized OP then women at all time points,
the differences were not statistically significant. Model-based means and with their
95% CIs are plotted.
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(�17%) in the thumb CMC joint, and osteophytes on the radial and
ulnar margins of the trapeziae. BucklandeWright's findings differ
from ours in that they identified osteophytes on the radial and
ulnar margins of the MC1, and they did not see significant pro-
gression over the 18-month duration of their study.
BucklandeWright et al. studied patients with long-standing disease
(mean duration 11.6 ± 10 yrs), while we specifically recruited pa-
tients with early-stage disease, and this is likely one contributing
factor to the differences in the findings. A potentially larger factor
that remains to be more thoroughly examined is the correlation, or
lack thereof, in defining osteophyte size and location on radio-
graphs as opposed to 3D reconstructions from CT images.

The fact that osteophytes first form in consistent, non-opposing
regions of the trapezium and MC1 is intriguing (Fig. 4). Identifying
themechanism behind this could advance our understanding of the
etiology and progression of OA. Potential mechanisms include
altered mechanical stress at ligament and/or capsular insertions,
altered contact stress, or variation in responsive cell populations.
The stabilizing ligamentous structures of the CMC joint have been
described48e51. The volar ligaments include the superficial and
deep anterior oblique ligaments (AOL) and the ulnar collateral
ligament. The dorsal ligaments include the dorsal tra-
peziometacarpal ligament, posterior oblique ligament, dorsal cen-
tral ligament, and the dorsal radial ligament (DRL). The DRL
originates from the dorsoradial tubercle of the trapezium and
inserts on the dorsal edge of the first metacarpal base48. It is the
widest, thickest, and shortest of the stabilizing ligaments, and thus
postulated to play an important role in joint stabilization48 as it also
sustained the greatest ultimate load50. While there has been
debate, the dorsal ligaments are now generally believed to act as
the primary restraints to several movements51e53, including pos-
terior shear, translation, and dislocation, with the volar AOL liga-
ment serving as a thin tension band to support the dorsal
restraints54. Regardless of the stabilizing role assigned to the liga-
ments, we postulate that they are the least likely explanation of the
patterned growth because the insertion sites generally oppose one
another across the CMC joint, which is not consistent with our
observation of osteophyte growth at non-opposing locations.

On the TPM and MC1, osteophytes formed in regions with
similar bony topologye at the margins of the apexes of the concave
portions of the articular surfaces. This was first described by North
and Rutledge22. We would describe these locations as having high
convex curvature relative to the margins of the articular facets.
Considering that stresses are developed in bones during activities,
it is possible that the stresses developed in these bone regions yield
higher bone strains than the concave regions of the rims of the
articular facet, given their unique shape and location. If so, this
would suggest an intriguing mechanism for osteophyte formation.
A more detailed analysis, such as finite element modeling, could
potentially shed light on the likelihood of this mechanism.

The net effect of non-opposing osteophyte formation, which
exaggerates the normal saddle joint contour, may also result in a
greater constraint of overall joint motion and increased mechanical
stability of the joint itself. This could conceivably be answered with
a well-designed cadaver study. It is also possible that osteophytes
develop in specific areas due to differences in cell populations or
tissue responsiveness to loading, but we have been unable to locate
any information that details cell type by locations in these bones.

The rate of osteophyte growth increased with time (Fig. 3). At
year 3, OP was approximately 6.4% and 8.2% of total TPM volume
and 1.8% and 2.4% of the MC1 in women and men, respectively.
While these values are a relatively small percentage of total bone
volume, osteophyte growth was localized so the dimensions of the
osteophytes at year three were typically in the range of a millimeter
or greater. This is generally consistent with radiographically mod-
erate (Stage II-III/Stage 2e3) thumb CMCOA2,3. Mean OPs tended to
be larger in men thanwomen, even after normalizing for the effects
of bone size. This is surprising, given that the prevalence of thumb
CMC OA is greater in women than men25,55e57 in some reports by a
ratio of ~2:1 25,26. It is also possible that this trend is simply an
artifact of our sample populations sincemenwere on average seven
years older than the women. Additional studies will be needed to
confirm (or refute) this observation.

When interpreting our findings, it should be noted that this
study focused on reporting the growth and location of osteophytes
only about the thumb CMC joint. We did not examine changes at
the two other joints of the trapezium nor the distal joint of the first
metacarpal. In our initial data analysis, we noted changes across the
entire surface of both bones, therefore we truncated our bone
models with cross-sectioning planes (Fig. 1(B)) to focus this study
on the CMC joint. Schneider et al. used time 0 image data from a
subset of our study subjects to characterize morphological changes
via statistical shape modeling32. They found that the trapeziae and
first metacarpals in early OA patients were shorter and wider than
healthy controls, and that their articular surfaces were wider and
deeper. The morphological changes across the entire bones that
may occur with disease progression remain to be examined.

The chief limitation of this study is that we did not have an age-
and sex-matched group of healthy controls for comparisonwith our
OA cohort, so we cannot definitively rule out the possibility that the



Fig. 4. Osteophyte growth on the first metacarpal (MC1) (A) and on the trapezium (TPM) (B) progressed in non-opposing locations from 0 to 1.5e3 yrs. Osteophytes are described
by their volume within 5� sections (Sectional OPvol) about each respective facet, normalized by total bone volume (%), and plotted as a function of location within a 360� arc.
Locations are labeled by anatomical direction (volar (V), radial (R), dorsal (D), and ulnar (U)). The median (solid lines) and 75th percentile (dotted lines) seectional osteophyte
volumes for the early OA cohort, pooled across men and women, are plotted for each follow-up time point. The median (solid line), 25th percentile, and 75th percentile (gray band)
curves of the non-OA represent the volume of bone associated with shape variations within the reference library.
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changes we documented were associated with aging as opposed to
osteoarthritis. However, when viewed in the context of the
numerous animal and human studies that have examined osteo-
phytes in OA, we think it is most likely that the bony changes we
measured reflect OA progression16,58e60. A second limitation is that
our Boolean subtraction approach to quantifying bone changes
cannot automatically differentiate bone shape from minor osteo-
phytes. However, we do not consider this insurmountable because
the bone changes seen in the non-OA cohort are substantially
smaller than those computed for the patients with early OA (refer
to non-OAs in Table IV). Finally, factors confounding or correlating
with osteophyte formation were not examined. Studies in animals
and humans have reported that increased osteophyte formation is
associated with decreased joint ROM and increased joint stabil-
ity15,21. Joint space narrowing has also been associated with
osteophyte formation4. In the thumb CMC joint, the saddle-shaped
geometry of the healthy joint and the subsequent changes in the
shape of the joint space with OA progression24 can confound the
calculation of joint space narrowing. Future analyses will be needed
to examine these relations with osteophyte growth at the CMC
joint.
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