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Abstract

Objective. To quantify early stage microstructural changes of periarticular cancellous bone in a canine anterior cruciate ligament
transection model for experimental osteoarthritis.

Design. Unilateral transection of the anterior cruciate ligament was performed in 10 animals. Bone structure changes were
quantified in five animals at 3-week post-transection and five animals at 12-week post-transection. An additional two non-operated
animals were used as controls.

Background. Changes in trabecular architecture of the periarticular cancellous bone in early stage post-traumatic osteoarthritis is
not well understood. Previous studies have found alterations in bone mineral density in experimental osteoarthritis suggesting
adaptation of the trabecular structure. Early change of the periarticular bone following a ligament injury may contribute to the long-
term development of osteoarthritis.

Methods. Bone cores from the medial condyles of the femoral and tibial pairs were scanned with a three-dimensional micro-
tomographic system. Structural indices were quantified including bone volume ratio, bone surface ratio, trabecular thickness,
trabecular separation, trabecular number, as well as structural anisotropy determined by the mean-intercept-length method.

Results. Significant structural changes were observed at 3-week post-transection, and were more prominent at 12-week post-
transection. These changes were accompanied by decreasing anisotropy.

Conclusions. Periarticular cancellous bone microstructure is significantly altered in experimental osteoarthritis. These changes
occurred as early as 3-week post-transection, and were large at 12-week post-transection.

Relevance

The pathogenesis of post-traumatic osteoarthritis is poorly understood, but it is clear that this disease involves the entire organ
system of the joint, including the cartilages, synovium, ligaments, and bones. This study focuses on the changes that occur in the
bones during the early stages following a joint injury, and contributes to a better overall understanding of the disease aetiology.
© 2000 Elsevier Science Ltd. All rights reserved.
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Nomenclature

Tb.Th trabecular thickness
Tb.Sp trabecular separation
Tb.N trabecular number
BV/TV relative bone volume

BS/BV relative bone surface density

DAj; degree of anisotropy: ratio of principle to
tertiary eigenvalues of the fabric tensor

DAy degree of anisotropy: ratio of secondary to

tertiary eigenvalues of the fabric tensor

cartilages [1-3], however, the contribution of subchon-
dral bone [4,5] in the pathogenesis of OA is less well
understood. Subchondral bone, i.e., the thin subchon-
dral plate and the underlying cancellous bone, is re-
portedly sensitive to changes in its physiological [6] and
mechanical environment [7], with changes in the can-
cellous bone being particularly conspicuous.

The natural history of post-traumatic OA involves
progressive changes in the joint beginning at the time of
injury, and continuing until the late stages of the disease,
which are characterized by joint space narrowing, full
thickness cartilage erosion, osteophyte development,
and subchondral sclerosis [8]. While late-stage sub-
chondral bone changes have been described for ACL
injured patients with developed symptoms of OA [9],
little is known about changes that occur shortly after
joint trauma. However, one study showed that areal
bone mineral density (BMD) decreased up to 21% dur-
ing one year after anterior cruciate ligament (ACL)
rupture [10], though these patients were treated surgi-
cally. Nonetheless, the bone seems sensitive to injury.

In a longitudinal study with the ACL transected
(ACLX) dog model for post-traumatic OA, Brandt and
colleagues [4] reported degenerative changes in the knee
joint 54-month post-ACLX that had similar character-
istics to late-stage OA development in humans. Specifi-
cally investigating bone changes, Dedrick and colleagues
[11] reported a significant increase in subchondral bone
plate thickness at 54 months, but not at 3 and 18
months. This result is consistent with increased sub-
chondral sclerosis found in late-stage human patients
[8,10]. Notably, in this animal model, changes in the
subchondral cancellous bone were evident at all three
time points investigated (3, 18, 54 months). This sug-
gests that the periarticular cancellous bone is more
sensitive to the effects of joint injury than the subchon-
dral plate, however, the temporal evolution of these
changes, and the nature of the changes in the cancellous
bone microarchitecture have not been described. De-
creases in volumetric BMD have been reported as early
as 3 weeks after injury in this model [12], suggesting that
structural adaptations may be occurring.

The cancellous architecture is related to the me-
chanical properties of cancellous bone [13], and its
measurement provides not only important information
about the structural changes that occur in cancellous
bone, but also provides clearer information about the
significance of these changes in bone morphology and

bone strength. If the changes in bone morphology are
irreversible, i.e., exceed the physiological capacity to
adapt, then understanding when these changes occur
may influence the decision to apply preventative mea-
sures early in the progression of the disease. Morpho-
metric properties of the microarchitecture of cancellous
bone can be calculated from three-dimensional (3D)
imaging techniques such as serial sectioning [14] or mi-
crocomputed tomography (uCT) [15,16]. Some estab-
lished morphometric parameters [17] include bone
volume ratio (BV/TV), bone surface ratio (BS/BV),
trabecular thickness (Tb.Th), trabecular number
(Tb.N), and trabecular separation (Tb.Sp).

Anisotropy of the bone fabric, or the trabecular ori-
entation, is closely related to the bone mechanical an-
isotropy [18]. The development and maintenance of the
fabric anisotropy is influenced by the loading environ-
ment of the bone, and the change in anisotropy may
indicate alterations in the loading conditions that occur
in the post-traumatic knee joint. Although several
methods for characterizing anisotropy are available [19],
mean intercept length (MIL) [20] is a well-established
method to quantify the degree of anisotropy (DA) and
trabecular orientation.

The pathogenesis of post-traumatic OA is poorly
understood, however, it is clear that this disease involves
the entire organ system of the joint, including the car-
tilages, synovium, ligaments, and bones. Previously,
significant changes in articular cartilage were reported,
particularly in the medial aspect of the joint, as early as
four weeks after surgery [21]. The present study focuses
on the changes that occur in the subchondral bone ar-
chitecture during the early stages following a cruciate
ligament transection. It is hypothesized that a decrease
in BMD after this post-traumatic knee injury is the re-
sult of morphological and anisotropic changes to the
cancellous architecture. Thus, the objective of this study
is to quantify these early morphometric and anisotropic
changes to cancellous bone architecture in this canine
model of experimental OA.

2. Methods

Skeletally mature, mixed-breed dogs (n=10) were
randomly assigned to one of two experimental groups:
3-week (n=5) and 12-week (n=5) post-unilateral
ACLX. Two non-operated animals were used as a



626 S.K. Boyd et al. | Clinical Biomechanics 15 (2000) 624—631

baseline comparison with the contralateral limbs. Ani-
mal body masses ranged from 16 to 34 kg (mean 23.5 kg),
and ages ranged from 1.5 to 3 yr (mean 2.5 yr). All
procedures were approved by the University of Calgary
Animal Care Committee. After unilateral ACLX by
lateral arthrotomy as described previously [21-23] the
dogs were housed in pens (1.5 x 2 x 2 m?) for the first
two weeks and then allowed to ambulate freely in large
pens (9 x 8.5 x 2m?). Food and water were provided ad
lib. Dogs rapidly returned to their pre-injury level of
activity where eight animals showed no distinctive limp
after two weeks, and the remaining two showed no limp
after six weeks. At euthanasia, the femora and tibia were
cleaned of all soft tissue, hermetically sealed, and stored
at —80°C.

2.1. Specimen preparation

Cylindrical bone cores (dia. 6 mm, 12-14 mm length)
were excised from the centre of the weight bearing re-
gions of the medial femoral condyles and medial tibial
plateaus for each knee using a hollow coring bit while
the bones were secured in a custom designed jig, which
consistently aligns the bones. Physiological saline (0.15 M
NaCl) was applied through the bit to provide moisture
and cooling. The cylindrical core included the cortical
bone (1-2 mm) near the articular surface, and underly-
ing cancellous bone (1012 mm).

2.2. uCT scanning

The cores were scanned using a high resolution mic-
rotomographic (uCT) scanner [16] (uCT 20, Scanco
Medical, Bassersdorf, Switzerland), providing a nominal
isotropic resolution of 34 pum (voxel dimension). A
constrained Gaussian filter (¢ = 1.2, finite support of 2)
was used to partly suppress the noise in the original
volume data, and the data were globally thresholded
(10.2% of maximal possible gray value) to extract the
mineralized bone phase [24]. From the 3D image, a re-
gion of interest (ROI) was selected for structural anal-
ysis of the cancellous bone. The ROI was cylindrical
(dia. 165 voxels), and included cancellous bone located
from just below the cortical shell and extending up to
12 mm (353 voxels) into the cancellous region of
the core. Some samples were shorter (between 10 and
12 mm) due to the physical limitations in smaller animals
in which case the available cancellous bone was analysed.

2.3. 3D structural analysis

All structural analyses were based on the 3D image
data sets. Bone volume ratio (BV/TV) was calculated by
summing the number of voxels representing mineralized
trabecular bone divided by the total volume, and ex-
pressed as a percentage. The bone surface ratio (BS/BV)

was calculated by summing the triangulated surface
components of the mineralized bone phase [25] directly
from the 3D data and dividing by the total bone phase
volume. Trabecular thickness (Tb.Th), trabecular sepa-
ration (Tb.Sp), and trabecular number (Tb.N) were also
based directly on the 3D data using medial axis trans-
formation and distance transformation [25,26], rather
than with model-based assumptions of a rod or a par-
allel plate structure.

Mean intercept length (MIL) [20] was calculated on a
3D spherical subvolume of the bone image (dia. 5 mm),
centered 4.5 mm below the cortical surface. The inter-
sections between the bone-marrow interface were sam-
pled along 500 parallel lines at 500 random orientations.
The distribution of intercepts is ellipsoidal, from which
the orientation and magnitude of the principal axes can
be calculated. The principal axes of the ellipsoid are
directly related to the anisotropy of the bone [18,20].
The primary degree of anisotropy (DA ;) was reported,
which is the ratio of the primary and tertiary axis. The
secondary degree of anisotropy (DA,;) was also re-
ported, which is the ratio of the secondary and tertiary
axes. A value of 1.0 for primary anisotropy indicates
overall bone material isotropy, while a value of 1.0 for
secondary anisotropy indicates transverse isotropy. The
eigenvalues of the fabric tensor were normalized by the
trace of the fabric tensor and are reported.

2.4. Statistical analysis

Statistical analysis of the results was done separately
for the femoral and tibial data. For each set, the mea-
sured morphometric parameters was analysed using
pair-wise comparisons (z-test) to assess changes in the 3-
and 12-week post-ACLX groups between ACLX and
contralateral limbs. Statistical significance was deter-
mined for a P-value of smaller than 0.05. The normal
controls (n=2) provide a basis for comparison with the
contralateral limb to ensure the contralateral joints are
an appropriate control and these data were presented
descriptively.

3. Results

The tibia and femur exhibited architectural changes
in the subchondral bone at both 3- and 12-week post-
ACLX. These changes can be observed visually, for
example, in rendered 3D images of typical bone samples
(based on having median morphological measures) from
both the ACLX and contralateral medial femoral con-
dyle (Fig. 1). Similar visual changes in trabecular bone
architecture occur in the tibia.

At 3-week post-ACLX significant changes were
found in the tibia, but not the femur, although the
trends were similar. At 12-week post-ACLX, the
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Fig. 1. Rendered 3D trabecular architecture of canine subchondral
cancellous bone in the medial condyle of the distal femur using mic-
rotomography (isotropic resolution 34 pm). The cylindrical examina-
tion volume is graphically dissected in half for presentation purposes.
An image of the ACLX limb (left) and contralateral (right) is shown for
a sample at: (a) 3-week post-ACLX and (b) 12-week post-ACLX
(samples shown are representative of median morphometric parame-
ters).

changes were larger than at 3-week, reaching statistical
significance for both the tibia and femur. The morpho-
metric changes can be characterized in general as de-
creasing BV/TV and Tb.Th (maximum changes were
—41.5% and -32.7%, respectively), increasing BS/BV
and Tb.Sp (maximum changes were 74.3% and 19.0%,
respectively), and no detectable change in the Tb.N. The
means and S.D. for each morphometric parameter are
presented in Table 1, including the pair-wise differences.
Significant differences between normal and contralateral
control are indicated for P < 0.05. The results of the ¢-
test to determine statistical significance with small pair-
wise groups (n=5) must be treated with some caution,
however, careful examination of the data revealed no
outliers, and a normal distribution (Kolmogorov—
Smirnov test, P=0.92), which indicated that the z-test
was reasonable.

A trend toward decreased anisotropy (DA3) was
observed in both the tibia and femur following ACLX.
There was a trend toward decreasing DA);, and this

alteration was statistically significant in the tibia 12-
week post-ACLX (—10.1% decrease). The secondary
degree of anisotropy (DAj;) was decreased in the femur
at 12-week post-ACLX (—5.8% decrease). The magni-
tudes and pair-wise differences of DAj; and DA,; are
presented in Table 2, and the magnitudes of each of the
principle axes (eigenvalues of the fabric tensor) are re-
ported in Table 3.

The normal control knees are presented alongside the
ACLX and contralateral control limbs of the 3-week
and 12-week animals (Tables 1 and 2). With the possible
exception of the BV/TV and BS/BV in the femur, the
normal controls exhibited morphometric and aniso-
tropic parameters that were similar to the contralateral
control limbs.

4. Discussion

The trabecular structure of knee joint periarticular
cancellous bone in this model of post-traumatic early
OA was detectable as early as 3-week post-ACLX and
was prominent at 12-week post-ACLX. Fig. 1 illustrates
that architectural changes in the subchondral trabecular
bone occur at both time points, and are particularly
obvious at 12-week post-ACLX. These bone changes
precede cartilage degeneration which typically are ab-
sent at 10-12 weeks, but are present by 32-week post-
ACLX [21].

A limitation of the study was that the samples sizes
were small, which can effect the results of the z-test. An
examination of the data revealed no outliers that it was
relatively normal, and had equal S.D.s This supports the
validity of the pair-wise f-test, and statistically signifi-
cant results were found for several of the bone changes.

The contralateral limb was used to assess all the bone
parameters measured. Although the contralateral joint
is an imperfect control, past studies utilizing the canine
ACLX model for OA have found no evidence of sig-
nificant changes in subchondral bone in the contralat-
eral knee for up to 54-month post-ACLX [4,27,28]. In
the present study, the contralateral limb was similar to
the normal non-operated animals for all 14 morphologic
and anisotropic parameters measured with the possible
exception of two: BV/TV and BS/BV in the femur. The
use of the contralateral limb is statistically advanta-
geous, as bilateral variation within animals is smaller
than among different animals [29]. The two non-oper-
ated control animals in this study were similar to the
contralateral limbs, which ensures our data is consistent
with previous reports suggesting the contralateral limb is
an acceptable control.

Another possible limitation of this study was the in-
fluence of thresholding the 3D pCT data to obtain a
binary representation of mineralized trabecular bone.
This could influence estimation of morphological



S.K. Boyd et al. | Clinical Biomechanics 15 (2000) 624—631

628

-g1qeoridde jou =re/u ‘pajerodoun [ewrou = ‘doun [BWIOU {[BID)L[EIIUOD =IB[1D {PIIOISULI) JUSWESI] 9)BIONIO JOLIUE = XTIV ,,

(L0°0) (@00 (z0°0) €rn (99'p) "doun

B/u 90'C B/ 0r0 e/u ST0 B/u L9°8 B/u LL6Y [eWION

(01°0) (€0°0) (€0°0) (6v'1) (sT9) rerno

Y0'T ) wo . ¥T0 ) 906 i '8y JOIM-T]

(S1°0) 9¥1'0— (L10) (c0'0) (50°0) (€0°0) (10°0) (6v'1) 861 (7<) @ry) XTOV

<> 68'1 080°0 @ 050 080°0— 91°0 €L'9 @ 6LS1 11°02- @ €€'8T M-

(80°0) (zo'o) (S0°0) 870 (85°6) 1e1130

1€£T ) S€°0 . ST0 ) L8 i L6ES Yoam-¢

(60°0) 6L0°0- ©01'0) 00 (€0°0) (€0'0) (€0'0) o' (150 8r9) (bs'L) XTOV
<> €T SY0°0 @ 0r'0 9%0°0— 070 99°¢ @ 6£T1 1yi- @ 98°6€ Soom-¢ eIqLL

(s0°0) (10°0) (10°0) (1L°0) (€Lm "doun

B/u LET B/u S€°0 e/u TT0 B/u 90°01 e/u L9°0S [eWION

61°0) 0'0) (z0'0) (99'0) 81 1R

(14 €€°0 97°0 00°8 $8'8 Joam-7 |

(L0°0) 990°0— (170) @00) (90°0) @00) (10°0) s (66'0) (66'%) ©r1') X1V

<> veT 190°0 @ 6£°0 8L0°0— 81°0 16°S @ 161 8€°07— @ LY'8€ Joam-7 |

(€1°0) (€0°0) +0°0) (g6'1) (92°9) 110

86T 0€°0 ¥T0 66'S LTLS Soom-¢

(01°0) 8¥0°0 170 (£0°0) L000O (z00) (Z0°0) 810°0- (zo'0) (com) @ (€8°) 16— (€6°¢) XTOV
<> 9°¢ <> 1€°0 <> 0 €1 <—> 7Tl <=> 9€'TS Yoom-¢ muwo g

cas) cas cas) cas cas
cas)v uBd cas v B cas)v uBI cas)v uBd casv uBSN

[wuy ] Nq.L [ww] dg qL [ww] yraqr [wuy 1] Ag/SH [0l AL/AE dnoip xopujf

¢P910910p sem a3ueyd JUBOYIUSIS AJ[BONSIIBIS OU JBY)} SIJBOIPUI MOLIR [RIUOZLIOY Y *(S0'0 > d)
150)-7 osm-1red & uo paseq Jueoyiudis A[[BO1ISIIBIS SI SOUAIIPIP 9y} JI (A[0A130adsax ‘morre premumop 10) moxre premdn ue £q pajuosardar st () souardgip (eanedou 10) danisod vy () [eiojeen
-u0d pue XTIV UdoMIoq 20udIdyIp asmm-Ired oy pue ‘dnoil yoes 10j “('S pue SUBSW 9y} 218 PAUISAIJ YO onewnen-jsod afe)s Aj1es 10J [opowr surued ur sagueyd omjowoydiow jo Arewung

[ 919eL



S.K. Boyd et al. | Clinical Biomechanics 15 (2000) 624—631

Table 2

629

Summary of anisotropic changes in canine model for early stage post-traumatic OA. Presented are the means and S.D. for each group, and the pair-
wise difference between ACLX and contralateral (4). A positive (or negative) difference (4) is represented by an upward arrow (or downward arrow,
respectively) if the difference is statistically significant by pair-wise z-test (P < 0.05). A horizontal arrow indicates no statistically significant change

was detected®

Index Group MIL: DAj; [1] MIL: DAy [1]
Mean (S.D.) 4 (S.D.) Mean (S.D.) 4 (S.D.)
Femur 3-week ACLX 1.82 (0.13) <> 1.36 (0.08) <>
3-week ctrlat 1.93 (0.14) —0.11 (0.11) 1.39 (0.08) ~0.02 (0.04)
12-week ACLX 1.87 (0.08) <> 1.31 (0.05)
12-week ctrlat. 2.02 (0.21) —-0.15 (0.13) 1.37 (0.08)
Normal unop. 1.99 (0.03) n/a 1.39 (0.06) ;21-08 (0.05)
Tibia 3-week ACLX 1.66 (0.13) <> 1.13 (0.06) <>
3-week ctrlat 1.80 (0.10) —-0.14 (0.15) 1.14 (0.09) ~0.01 (0.04)
12-week ACLX 1.63 (0.11) @ 1.15 (0.05) <>
Normal unop. 1.84 (0.11) n/a 1.17 (0.06) n/a

#* ACLX = anterior cruciate ligament transected; ctrlat = contralateral; normal unop. =normal unoperated; n/a = not applicable.

Table 3

Summary of the mean and S.D. eigenvalues of the fabric tensor (|H1|, |[H2|, [H3|) for each group. Eigenvalues have been normalized by the trace of the

fabric tensor (JH1|+|H2|+ [H3|)*

Index Group [H1] |H2| [H3|
Mean (S.D.) Mean (S.D.) Mean (S.D.)

Femur 3-week ACLX 0.44 (0.01) 0.33 (0.01) 0.24 (0.01)
3-week ctrlat 0.45 (0.01) 0.32 (0.01) 0.23 (0.01)
12-week ACLX 0.45 (0.01) 0.31 (0.01) 0.24 (0.01)
12-week ctrlat 0.46 (0.02) 0.31 (0.01) 0.23 (0.02)
Normal unop. 0.45 (0.01) 0.32 (0.01) 0.23 (0.01)

Tibia 3-week ACLX 0.44 (0.02) 0.30 (0.01) 0.27 (0.01)
3-week ctrlat 0.46 (0.01) 0.29 (0.01) 0.25 (0.01)
12-week ACLX 0.43 (0.02) 0.31 (0.01) 0.26 (0.01)
12-week ctrlat 0.46 (0.02) 0.29 (0.02) 0.25 (0.01)
Normal unop. 0.46 (0.01) 0.29 (0.01) 0.25 (0.01)

# ACLX = anterior cruciate ligament transected; ctrlat = contralateral; normal unop. =normal unoperated; n/a =not applicable.

parameters [30], however, a consistently applied
threshold ensures reliable comparison between speci-
mens, although the absolute value of these measures
may include a small amount of error. While the reso-
lution of the pCT measurements (34 pum) could also
influence the results, this source of error was unlikely to
skew measures of trabecular thickness which were on the
order of 160-260 um (Table 1) [31].

Direct 3D methods were used to calculate Tb.Th,
Tb.Sp and Th.N independently [26], instead of using the
traditional morphometric methods [32] which require
assumptions with about trabecular bone structure (i.e.,
plate- or rod-structure) and do not fully exploit the 3D
data set. In longitudinal studies of diseased bone, the
bone structure assumption may be violated thereby
precluding the comparison of morphological parameters
over time as, for example, in a rat model for osteopo-

rosis [33]. For this reason, we chose to use direct 3D
methods which made full use of the 3D image data [26],
and was independent of model based assumptions which
may change during the development of a disease such as
OA.

The trends in the morphological changes that we re-
ported are similar to previous studies, however, the
magnitude of these changes were different. Dedrick et al.
[34] investigated changes in the subchondral bone in the
canine model of OA between 3 and 54 months after
ACLX. Generally, they found a progression of de-
creasing Tb.Th and increasing BS/BV in the tibial pla-
teau, which was consistent with our findings. However,
the magnitude of the Tb.Th and BS/BV changes re-
ported by Dedrick et al. were greatest between 3 and 18
months (~7%), and only small changes occurred be-
tween 18 and 54 months (<2%). Combined with our
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finding of decreases in Tb.Th (~32%) and increased BS/
BV (~74%) between 3-week and 12-week post-ACLX, it
appears that substantial morphological changes in the
periarticular cancellous bone occurred early in this ex-
perimental model.

The decrease in BMD reported previously [12] is re-
flected in the decreased bone volume ratio (Table 1).
While the thickness of the trabeculae decreased, there
was a corresponding increase in the spacing between the
trabeculae, and there was no detectable change in the
trabecular number. These changes suggest that there
was no loss of trabeculae, but rather a decrease in the
thickness of the trabeculae. However, as the MIL mea-
sure indicates, the decrease in thickness was not uni-
form. Furthermore, the bone surface ratio dramatically
increased as high as 74% (Table 1), thus it is a very
sensitive index of trabecular structure. The functional
significance of altered BS/BV may be related to the bi-
ological processes involved in bone remodelling, which
predominantly occurs on the trabecular surface. The
sensitivity of BS/BV using 3D microstructure data sug-
gests that it is a potentially useful tool for early detection
of trabecular bone resorption. This measure may be-
come a useful tool as clinical measures of bone micro-
structure for disease detection become more widely
available [35].

The changes in MIL, an index of anisotropy, indicate
that trabecular morphology was not altered uniformly
in all directions. This is obvious in Fig. 1 where the
ACLX cancellous bone has a significantly less plate-like
appearance than the corresponding contralateral limb.
While the exact effect of altered anisotropy on the me-
chanical behaviour of the cancellous bone is unclear, it
does provide insight into the possible mechanisms of
bone adaptation that occur in the ACLX limb. Such a
non-uniform change is likely governed by some mech-
anism that causes the trabeculae to preferentially thin
along certain directions. A possible explanation is the
altered loading configuration in the knee joint after
ACLX where loading is reportedly reduced to about
35% of pre-operative levels two weeks after surgery, and
slowly increases to 50-60% within 6-12 weeks [36,37].
With these loading conditions, coupled with altered
contact patterns and stress distributions within the joint
[38], a new mechanical environment exists for the bone
that may lead to the measured non-uniform changes
seen in trabecular thickness.

Overall, the changes in cancellous bone morphology
and anisotropy measured suggest a decreased stiffness of
the periarticular bone. These changes in the bone after
joint trauma occur early and appear to persist both in
dogs and, based on bone mineral density measures, in
humans [4,8-10]. The implications of these presumed
stiffness changes and their contribution to the develop-
ment of OA remain unclear. A large stiffness gradient
between cartilage and the underlying subchondral bone

may preclude any effect of the altered bone on the stress
distribution either within, or at the interface with, the
overlying cartilage. However, in a study investigating
the effect of localized increases in subchondral bone
stiffness due to implants [39], it was reported that in-
creased subchondral bone stiffness within a localized
region elevated the cartilage stresses near the cartilage—
bone interface. This implies that there may be a
relationship between subchondral bone stiffness and
cartilage stress distributions, however, it is unclear
whether a decrease in the global stiffness of the sub-
chondral bone as suggested in the present study (e.g.,
—33% Tb.Th change) might have an effect. This is a
topic of future study using finite element analysis.

In conclusion, significant periarticular bone changes
occurred as early as 3-week post-ACLX, and these
changes were more pronounced 12-week post-ACLX. In
addition to morphological changes such as trabecular
thickness and separation, the anisotropic properties
were also altered. Whether these bone changes are ir-
reversible is not known, however, it is clear that they
occurred very early following the initial joint trauma.
These data contribute to our understanding of the bone
changes in this experimental model for post-traumatic
OA.
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