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Abstract
Objective—In osteoarthritis (OA), subchondral bone changes alter the joint’s mechanical
environment and potentially influence progression of cartilage degeneration. Joint distraction as a
treatment for OA has been shown to provide pain relief and functional improvement through
mechanisms that are not well understood. This study evaluated whether subchondral bone
remodeling was associated with clinical improvement in OA patients treated with joint distraction.

Method—Twenty-six patients with advanced post-traumatic ankle OA were treated with joint
distraction for three months using an Ilizarov frame in a referral center. Primary outcome measure
was bone density change analyzed on CT scans. Longitudinal, manually segmented CT datasets
for a given patient were brought into a common spatial alignment. Changes in bone density
(Hounsfield Units (HU), relative to baseline) were calculated at the weight-bearing region,
extending subchondrally to a depth of 8 mm. Clinical outcome was assessed using the ankle OA
scale.

Results—Baseline scans demonstrated subchondral sclerosis with local cysts. At one and two
years of follow-up, an overall decrease in bone density (−23% and −21%, respectively) was
observed. Interestingly, density in originally low-density (cystic) areas increased. Joint distraction
resulted in a decrease in pain (from 60 to 35, scale of 100) and functional deficit (from 67 to 36).
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Improvements in clinical outcomes were best correlated with disappearance of low-density
(cystic) areas (r=0.69).

Conclusions—Treatment of advanced post-traumatic ankle OA with three months of joint
distraction resulted in bone density normalization that was associated with clinical improvement.
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OA in general
Osteoarthritis (OA) is a degenerative joint disease characterized by cartilage destruction and
changes in subchondral bone. Joints most affected are spine, hip and knee1. Ankle OA is
less common, but responsible for a significant part of the total (financial) burden of OA. The
etiology of ankle OA often includes a history of joint trauma and thereby occurs at a
relatively young age2. Treatment options for end-stage ankle OA are limited; both
arthrodesis and joint replacement often lead to severe complications and adjacent joint
degeneration3.

Bone changes in OA
Subchondral bone changes are a distinctive feature in OA development, and they include
sclerosis, cyst formation, bone attrition, bone marrow lesions (evidenced by MRI), and
osteophytes. Radiographic imaging generally shows an increase in bone density-commonly
referred to as subchondral sclerosis-beneath the weight-bearing joint surface. An increase in
bone turnover results in higher bone volume and hypo-mineralization4. Locally, flattening or
depression of the subchondral bony surface, also known as bone attrition, has been observed
and likely represents bone remodeling in an area of increased loading5. An MRI-DXA study
has shown that increased bone density (sclerosis) coinciding with excessive loading is
associated with bone marrow lesions6. These MRI-apparent lesions are marked by bone
marrow necrosis, fibrosis, and trabecular abnormalities7. Bone marrow lesions may play a
role in the pathogenesis of subchondral cysts, as cysts have been observed to arise within
regions of marrow edema-like signal8. Subchondral cysts can communicate with the joint
space, and are usually lined with fibrous connective tissue containing adipocytes and
osteoblasts9.

The role of this variety of subchondral bone changes in the development of OA is not yet
clear4, but inevitably the mechanical integrity of the joint surface is eventually disrupted and
cartilage responds10. The relationship of subchondral bone changes with clinical outcome
seems clearer than for the pathological changes of other damaged tissues in OA11. MRI
studies have emphasized the importance of large bone marrow lesions12 and the
combination of bone marrow lesions and bone surface attrition13 and their relationship with
clinical features in knee OA. Subchondral cysts in the knee joint have been associated with
an increased risk of knee replacement14. Consequently, subchondral bone has been
identified as an attractive target for treatment in OA.

Joint distraction and other treatment strategies influencing bone
There are a number of treatments that give long-term clinical improvement in severe OA by
influencing bone to widely varying degrees. At one extreme is joint replacement15, where
the whole joint (including subchondral bone) is removed and with that the (unknown) source
of pain. Another treatment is arthrodesis of the affected joint, where the joint surface is
removed and joint function is sacrificed16. Other treatment methods resulting in (more or
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less) clinical improvement include pharmacological bone stimulation17, osteotomy18, and,
less widely applied, joint distraction19, 20. Joint distraction is a surgical treatment for
advanced OA involving the use of an external fixator to unload the cartilage and underlying
bone for a certain period. Joint distraction has been shown to provide long term pain relief
and improve joint function20, though mechanisms leading to clinical improvement are not
well understood.

Study goal
We aimed to determine the relationship between bone density changes and clinical
improvement upon treatment with joint distraction in ankle OA. In this exploratory clinical
study the long term effects of joint distraction on longitudinal subchondral bone density
changes were studied and related to clinical improvement in young patients with severe
ankle OA.

Patients and Methods
Patients

Twenty-six patients (mean age 41±9 years; 17 males) with severe post-traumatic ankle OA
were included in this prospective clinical study, taken from a larger trial of 40 patients
investigating clinical and other effects of joint distraction21. Suitable CT-scans were
unavailable for 14 of those 40 patients (five patients withdrew, one fused before one year of
follow-up, three CT-scans had severe metal artifacts, and five baseline CT-scans had
technical errors).

Subjects for the primary study were selected from patients presenting with painful end-stage
ankle arthritis to a U.S. tertiary medical center. The criteria for selection of subjects
included: symptomatic isolated, unilateral Kellgren-Lawrence22 (KL) grade 3 or 4 ankle
OA, skeletally mature and age ≤ 60 years, failure of non-operative treatment > 1 year, and
capacity to maintain extremity non-weight-bearing using ambulatory aids. Excluded from
the study were patients who met any of the following criteria: history of inflammatory
arthritis, the presence of other symptomatic joints on the ipsilateral lower extremity,
contralateral ankle arthritis (KL grade 2–4), ankle or hindfoot malalignment, lived greater
than 300 miles away from treatment center, current history of alcohol or drug abuse.
Written, witnessed consent was obtained from all subjects using IRB approved forms.

Surgical procedure
All procedures were performed by one of two attending surgeons (AA, CS). First, an
arthroscopic ankle joint lavage was performed, with removal of any extra-articular anterior
bony osteophytes. If the anterior osteophytes were too large to remove arthroscopically, they
were removed by open means through an extension of the arthroscopic portals. No intra-
articular joint debridement was performed. A circumferential external fixator was applied in
a standardized fashion (Figure 1). The tibial frame was put on with the rings perpendicular
to the tibia, and the foot frame was put on in-line with the foot. The upper tibial ring was
secured with two 5 mm half-pins, the lower one with 5 mm half pins and a crossing 1.8 mm
(“thin”) wire tensioned to nominally 600 N. The foot frame was then attached with a smooth
thin wire transversely across the talus, two crossing thin wires across the calcaneus, and two
crossing thin wires across the metatarsals, all tensioned to nominally 360 N.

Two distraction rods bridging the upper ankle joint were then secured medially and laterally
to the fixator. Intra-operatively the ankle was distracted 5 mm. The 4.8 mm internal diameter
of the threaded rods connecting the rings, visualized using intra-operative fluoroscopy, was
used as a radiographic guide to ensure that this amount of distraction was obtained. As the

Intema et al. Page 3

Osteoarthritis Cartilage. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



procedure was done with no tissue dissection and limited (< 1 cm) incisions, it was typically
done on a short-stay inpatient admission or outpatient basis.

Follow-up protocol
The fixators were removed between 85 and 95 days after application. The patients were
gradually returned to full weight-bearing without boot immobilization by 6 months. After
fixator removal, patients returned for study evaluations at 12 months and 24 months post
removal.

Outcome parameters
Bone

Double-contrast (systemically and intra-articular) axial CT scans (Siemens Emotion 6/
Sensation 16) were obtained at baseline (before treatment), and at one- and two-year follow-
ups after treatment to analyze joint space width23 and bone density. Scanning parameters
included 120–130 kVp, 55–68 mAs, 750–1000 exposure time, 0.3 mm pixel spacing, 0.63
mm slice thickness, and images were reconstructed with a B31 kernel on 512×512 matrix.

The tibia and talus bones were manually segmented at each time point using OsiriX Imaging
Software (OsiriX Project; Geneva, Switzerland) with an interactive pen display (Cintiq
21UX; Wacom Technology, Vancouver, Canada). Segmentation data were then processed
into continuous 3D surfaces (Figure 2A) using Geomagic Studio software (Geomagic Inc.,
Research Triangle Park, NC, USA). The spatial transformations for registering baseline and
follow-up datasets were calculated by aligning bone surfaces using an iterative closest point
algorithm in the Geomagic software. Baseline and follow up surfaces aligned with an
average signed distance error of 0.21±0.9 mm and an unsigned distance error of 0.73±0.7
mm (mean±SD). Then, utilizing ITK and purpose-written MATLAB code, the CT datasets
for a given patient were transformed into a common spatial alignment.

Changes in bone density (in Hounsfield Units (HU), measured relative to baseline) were
queried at over 30,000 discrete locations beneath the tibial and talar weight-bearing regions
(Figure 2A). The measurement grid covered a subchondral patch of nominally 650 mm2,
with typically 4000 point measurements per surface (~0.17 mm2/point). Bone density was
measured at 1 mm intervals beneath the bone surface, along the surface normals and
extending subchondrally up to 8 mm.

Point-by-point comparison
Baseline and follow-up data were compared point-by-point over the measurement grids. For
each surface point, the bone density at every 1 mm interval was compared between the two
time points. Further analysis bracketed data based upon the supposition that subchondral
bone density in healthy joints would be expected to be >400 HU within the first 3 mm
(subchondral plate) and between 100 and 400 HU in the deeper trabecular bone (4–8 mm
beneath surface; Figure 2A). Any densities outside of these putative normal density ranges
were considered to be abnormal (pathological). The densities of regions of bone with low
density (ostensibly cystic, defined as <400 HU for the first 3 mm closest to the joint surface
and <100 HU for 4–8 mm from the joint surface) at baseline were compared to the densities
at corresponding locations in follow-up scans, and reported as per point changes in density.

Clinical parameter
The primary clinical outcomes were changes in the Ankle Osteoarthritis Scale (AOS)
score24; consisting of pain and disability subscales. The AOS questionnaire was completed
at baseline and at one and two years after fixator removal.
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Statistics
Baseline and follow-up data for bone density at 1 to 8 mm from joint surface showed a
normal distribution and parametric statistics were applied. Statistical significance in changes
over time were determined using the paired samples T-test (the data at baseline and follow-
up per patient served as a pair). In case of point-by-point comparison of bone density, the
95% confidence interval for mean change over time was given (mean change per patient per
point). Clinical data also showed normal distribution and significant improvement was
determined by using the paired samples T-test. Spearman correlations of the sum of change
in bone density for tibia and talus (mean change per point in high and low density areas)
were used to identify significant correlations with clinical improvement (percentage change
compared to baseline).

Results
Recruitment and Follow-up

The study was opened for enrollment in December, 2002 and closed in October, 2006.
Follow-up was completed for the last patient in March, 2009.

Bone outcome
At one year following completion of joint distraction, the mean subchondral bone density
for the study group was decreased (Figure 2B). Immediately beneath the joint surface,
density was approximately 700 HU at baseline, and gradually decreased with greater
distance from the surface. The follow-up data followed a similar trend, but at substantially
lower densities. Mean density over the area of 1 to 8 mm from the joint surface decreased
23±12% (mean±SD; p<0.001) for the tibia and from 18±15% (p<0.001) for the talus. Two
years after distraction, the overall decrease in bone density compared to baseline was still
present (−21±12%; p<0.001, −16±15%; p<0.001 for tibia and talus respectively) and for the
tibia statistically indistinguishable (p=0.35) from that observed at one year of follow-up.

A point-by-point comparison (Table 1 shows mean ± SD and the 95% confidence interval)
revealed that regions of bone from 1 to 3 mm beneath the joint surface with abnormally low
density (< 400 HU) at baseline showed an increase in density; individual results are
presented in Figure 3B. Also, more dense regions (>400 HU) over that same volume saw a
decline, and returned to more normal densities at both one and two year time points (Table
1).

Further away from the joint surface (from 4–8 mm), a density increase at low density areas
was also observed, as well as a decrease in density in regions of bone with baseline densities
>400 HU (Table 1) .We observed that at baseline, clustered low-density areas were
surrounded by high-density areas. At two years of follow up, normalization toward a more
homogenous density distribution was seen (Figure 4).

To investigate reproducibility, two patients with CT scans that had been taken
approximately two weeks apart (for reasons unrelated to the study) were analyzed using this
methodology, with the hypothesis that bone densities would not have changed over that
short time-period. The reproducibility analysis showed an average measured difference in
distal tibia bone density of only 32±30 (mean±SD) HU and 35±19 HU. While two subjects
cannot definitively confirm the validity of these methods, they do support the validity of this
technique.
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Clinical outcome
Clinical outcome was measured by use of the AOS (Figure 5A). At baseline, AOS pain was
60±3% (mean±SD) of the maximum score and decreased to 35±4% (p<0.001) of the
maximum score at one year of follow-up and to 35±5% (p<0.001) of maximum score at two
years follow-up. AOS disability showed comparable results. A baseline score of 67±2% of
the maximum score decreased to 46±5% (p<0.001) of the maximum score at one year of
follow-up and to 36±5% (p<0.001) of the maximum score at two years of follow-up.

Correlations
No statistical significant correlation was detected between the decrease in sclerotic regions
and decrease in pain despite a relatively high coefficient (r=−0.24; p=0.36). A modest
correlation was found between the lack of improvement of disability and more decrease of
bone density in high density areas(r=−0.52; p=0.03), but only in the area close to the joint
surface (1–3 mm). Interestingly, the increase in density in cystic regions near the joint
surface did strongly correlate with clinical improvement as assessed by the AOS pain and
AOS disability after two years (Figure 5B).

Discussion
Summary

The present study demonstrates that treatment of advanced post-traumatic ankle OA with
joint distraction produced an overall decrease of subchondral bone density, which persisted
for at least two years. Subchondral bone at baseline consisted of varied regions of relatively
low density (cystic) and high density (sclerotic) areas. While overall density decreased,
density in cystic lesions actually increased (normalization of bone density). In addition, a
correlation was found between clinical improvement and the resolution of subchondral bone
cysts.

Method limitations
Patients included in this study suffered from end-stage post-traumatic ankle OA
characterized by severely damaged subchondral bone. In a few cases, bone boundaries were
challenging to segment. Not only were some of these ankles subject to degenerative
morphological changes, but bone remnants from previous fracture and hardware were also
present. For these cases, registration was performed using only undamaged segments of the
bone surface. While the presence of metal objects and/or fracture lines away from the joint
may corrupt some volume of the CT data, no artifacts were visually apparent near the joint
surface.

Analysis was done on a selected region of the joint surface that corresponded to the weight-
bearing area. The baseline surface served as the datum for bone density analyses at all three
time points. Over time, the contour of the joint surface may have slightly changed (due to
attrition), and therefore density measurements relative to the joint surface would not
perfectly coincide between baseline and follow up datasets. However, we presumed that
using a single surface with concurrent vector normals as datum for each dataset in the point-
by-point comparison, will provide the most appropriate means for consistent analyses of the
same location (e.g. cystic regions) at different longitudinal time points.

Although these methods demonstrated sufficient precision in the reproducibility analysis, the
imaging protocol was not optimized for bone densitometry. Initially, these CT studies were
designed to extract bone and cartilage geometries for computational stress analysis. For that
reason, each scan did not include a calibration phantom. Although Quantitative CT (QCT)
would have been a better modality, the methods used appear to have provided satisfactory
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precision and accuracy for this work. The CT scanners used in this study were tested for
accuracy, homogeneity, and geometric distortions with phantom calibrations at least once
per week. Nonetheless, we acknowledge that some variability occurred, however, the
significant changes in bone density were much greater than any expected variation in
scanner performance. As with all CT, partial volume effect and beam hardening artifacts
were present. However their effects are believed to be minimal considering the ankle’s size,
geometry, and thin soft tissue envelope. Despite those limitations, clinical CT provided
sufficiently reliable high-resolution data volumes that enabled point-by-point comparisons to
be made in 3D space.

Bone changes due to distraction
While normal trabecular bone usually exhibits a density less than 400 HU within 10 mm of
the joint surface, these patients had an average density greater than 400 HU at baseline.
Increased subchondral density (sclerosis) was expected in these OA ankles. Within the
sclerotic area, low density areas were observed (the presence of cysts, either communicating
or not with the joint space), with densities <400 HU in the subchondral plate and < 100 HU
in the deeper trabecular bone considered pathological25

One year after treatment with joint distraction, overall density had decreased. At 4–5 mm
below the joint surface, density had decreased below 400 HU, a density level expected in
subchondral trabecular bone not affected by OA. In addition, discrete pockets of low density
bone decreased. The results from this study suggest that joint distraction may lead to a
normalization of OA-induced pathological subchondral bone changes for a period of at least
two years.

Mechanism of bone changes
In joint distraction, both cartilage and subchondral bone are unloaded for a certain period.
Since bone becomes osteopenic when unloaded26, it was not surprising to observe a
decrease in bone density following distraction, although the duration of two years was
somewhat unexpected. The exact mechanism for the disappearance of cysts could lie in the
dramatic changes in mechanical and biochemical environment induced by distraction. Cysts
represent areas of bone necrosis9, and have the potential to not only increase but also
decrease14. Less surrounding sclerosis -and probably subsequently less stiff bone27 may
allow mechanical stimuli to reach the cystic areas and induce bone formation. This, in
combination with an overall increase in bone turnover, might be the necessary circumstance
under which cystic areas can be repaired.

A role in clinical improvement
No positive correlations were found between globally diminished sclerosis and clinical
improvement. In contrast, patients with less dramatic bone density decreases saw an
improvement in disability scores. Although counterintuitive at first, this could be a result
from remodeling that was stimulated by greater loading, made possible by the improvement
in function.

The correlation between an increase in density of low density areas and patient-reported
outcomes suggest that the resolution of bone cysts was beneficial to clinical outcome. Cyst-
related joint pain might be caused by increased pressure and fluid flow in the subchondral
bone. During loading, compression of cartilage forces fluid into the bone through the
damaged subchondral plate28. The hydraulic conductance of osteochondral tissue has been
shown to be higher in osteoarthritis29. When cysts and defects in the subchondral plate
diminish, the subchondral bone is less subject to increased fluid flow and pressure
responsible for joint pain. Especially in cystic areas (pores) close to the joint surface, within
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the cortical plate, an increase in hydraulic conductance might be responsible for joint pain.
Bone cysts (and bone surface attrition) seem to evolve in regions of bone marrow lesions
and might be the next level of bone marrow pathology in OA8. The relationship between
bone marrow lesions as seen on MRI and clinical symptoms has already been established,
and it could also be explained by increased pressure within the bone in areas of excessive
loading and mechanically compromised trabecular structure8, 30.

Bone and cartilage interaction
The results from this study show that subchondral bone density changes in response to joint
distraction. Hypotheses can be made with respect to the effect of these bone changes on
cartilage. Bone remodeling may lead to a more physiologically normal distribution of
mechanical stresses, particularly near regions with less dense bone that may in turn
encourage cartilage repair activity and changes the availability of cartilage destructive
mediators originating from bone31–33. In addition to bone changes, visual assessment of the
CT arthrographic data suggested there to be an increase in cartilage thickness -an
observation that deserves additional research.

The current study showed that joint distraction started a process of bone remodeling and a
subsequent improvement in clinical outcome in a series of OA patients. While further
research is needed to establish efficacy before distraction can be widely implemented, these
results underline that joint distraction is potentially an effective method for treating severe
OA.
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Figure 1.
An Ilizarov external fixator was used to apply distraction to the ankle (left). Radiographic
view of the distracted ankle (right).
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Figure 2.
A. Surface created from a cloud of segmented points, with the patch placed on the weight-
bearing area (upper left). Bone density calculations were performed at 1 mm intervals
beneath the bone surface, along the surface normals and extending subchondrally up to 8
mm. Adjacent to the joint surface was a high density area where the cortical plate was
located, gradually extending to trabecular bone with lower density (schematic drawing in the
upper right). B. Mean density (+/− SD) was measured up to 8 mm from joint surface at the
different time points in all patients (n=26). Density gradually decreased further from the
joint surface. At 1 and 2 years of follow-up, overall density decreased in both tibia and talus.
All time points differed statistically significantly from baseline (all p<0.001).
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Figure 3.
A. Representative CT scans of two patients before and two years after distraction, showing
severe bone pathology at baseline (upper panels) with cysts and sclerosis in the weight
bearing area. At 2 years of follow up (lower panels) there is a decrease of density in the
sclerotic area while subchondral cysts diminished (within ovals) and the cartilage layer
seemed to increase B. Change in density of the low density areas (<400 HU at baseline) for
individual patients. A mean increase (solid lines) can be observed at one and two years of
follow-up.
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Figure 4.
After two years of distraction, the normalization of bone densities is evident on CT (left).
The change in bone density (2yr-baseline) in the weight bearing area of the tibia (mean from
1–3 mm depth), right, depicts the increase in density near cysts (white arrow), and a
decrease in density in sclerotic regions (black arrow).
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Figure 5.
A. Clinical outcome presented by the AOS score (mean±SD). Subscales pain and disability
are shown on a scale of 0–100 (100 being the worst outcome). ** indicate p-values <0.001
compared to baseline. B. Correlations between percentage change in AOS subscale and
change in density in low density areas (sum of change of the tibia and talus).
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