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Progressive ankylosis (ank) is a severe autosomal recessive
musculoskeletal disorder of mice characterized by sponta-
neous fusion of multiple joints secondary to new bone
formation and ectopic calcification (hydroxyapatite) within
and around the articulations of the limbs and axial
skeleton1,2. As a result of this pathology, ank/ank mice have
a flat-footed gait due to ankle and foot joint fusion, and over
time the ankylosis spreads to involve multiple joints in the
extremities as well as the vertebral column. The mutant gene
responsible for the ank phenotype was recently isolated and
shown to encode a multipass transmembrane protein, ANK,
with a putative role in the transport of pyrophosphate (PPi)2.
PPi has been shown to function as an inhibitor of mineral-
ization within connective tissue matrices. Indeed, reduced
extracellular concentrations of PPi, as are proposed to ensue
from a loss of ANK function2, have been associated with
pathological mineralization in cartilage, periarticular soft

tissues, and bone. Although the ank/ank phenotype bears
some resemblance to specific forms of osteoarthritis, owing
to the occurrence of cartilage erosion, osteophytes, the pres-
ence of hydroxyapatite crystal and chondrocalcinosis within
affected joints, and vertebral disease1, the mutation also
results in skeletal changes that are reminiscent, yet clearly
distinct from, that of a spondyloarthropathy.

Traditionally, skeletal analyses in rodents have been
carried out using conventional radiological and histological
techniques. With the introduction of microcomputed tomog-
raphy (µCT), however, it has become possible to visualize
all aspects of the rodent skeleton not only in exquisite detail,
but also as 3-dimensional (3-D) images generated with
specialized software. A relatively new technology, µCT has
already been applied to various murine models for assess-
ment of changes in trabecular architecture as well as gross
morphology3-10. The aim of this study was to employ the ank
mutant mouse to illustrate the power of µCT scanning as a
way to rapidly obtain detailed information about muscu-
loskeletal pathology in 3-D, while obviating the need for
laborious reconstructions based on the examination of
multiple histological sections.

MATERIALS AND METHODS
Animals. Mice homozygous for the progressive ankylosis (ank/ank) muta-
tion on a C57/BL6 background were obtained from The Jackson
Laboratories (Bar Harbor, ME, USA). Controls consisted of two 4-month-
old female C57/BL6 mice, as well as 4 additional female mice 7–13 months
of age (data not shown). All ank/ank mice examined were female, 4 months
of age. Mice were maintained in a barrier facility in accord with University
of Calgary and Canadian Council on Animal Care guidelines, and eutha-
nized by CO2 inhalation. In preparation for scanning, limbs were removed
at the level of the hip and shoulder joint. The proximal portion of the tail
was isolated for intervertebral joint examination. As cryopreservation did
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not significantly alter the µCT morphology of bone and joint samples (data
not shown), all skeletal samples were stored at –20°C prior to analysis.

µCT analysis. Samples from ank/ank mice and controls were scanned using
a SkyScan 1072 (Aartselaar, Belgium) x-ray microtomograph, using a cone
beam configuration with standardized x-ray tube settings of 100 kV and
100 µA. All appendicular joints were scanned at an isotropic voxel resolu-
tion of 15.19 µm3 with an exposure time of 1.3 s and a rotation step of
0.90°. To obtain higher detail, the tail segments were scanned at a voxel
resolution of 6.84 µm3 and exposure time 2.1 s with a rotation step of 0.45°.
These protocols produced serial cross-sectional 1024 × 1024 pixel images.
These image files were cropped in Scion Image, beta 4.0.2 (Scion Image
Corp., Frederick, MD, USA) and then exported to Analyze 4.0 (Mayo
Clinic, Rochester, MN, USA) for volume rendering. Median filtration was
used to reduce image noise and improve 3-D visualization of joint struc-
tures.

RESULTS
The limbs and proximal tails of 4 ank/ank female mice, 4
months of age, were subjected to µCT to obtain the repre-
sentative images depicted in Figures 1 through 6. Control
images shown were derived from 2 age and sex matched
mice. In addition, the joints of 4 additional female controls,
aged 7–13 months, were examined (data not shown). In no
instance did any of the control mice examined exhibit any of
the musculoskeletal abnormalities evident in the ank/ank
mutant.

Distal extremities. As seen in Figure 1, 3-D µCT imaging
revealed advanced bony ankylosis of all the joints of the
carpus and paw of the ank/ank mouse, with the digits fixed
in a hyperextended position. Both the distal and proximal
interphalangeal joints were obliterated, being largely
encased by calcified soft tissue. The metacarpophalangeal
joints were fused, and the distal condyles of the metacarpals
were enlarged and fused with their associated sesamoid
bones. Although the latter had been largely assimilated into
the calcified mass surrounding the metacarpophalangeal
joints, they also appeared to be grossly enlarged (compare C
and D, Figure 1). The metacarpal bone shafts were thick-
ened, likely due to periosteal new bone formation and/or
soft tissue calcification, a process that is also strikingly
evident in the distal radius and ulna of the ank/ank mouse.
Indeed, the space between these 2 bones has been obliter-
ated by soft tissue calcification. The carpus of the ank/ank
was an amorphous calcified mass fused to the ends of the
radius and ulna, associated with an extension deformity of
the paw. Changes in the hindlimb (Figure 2), while possibly
somewhat less severe, mirrored those of the forelimb,
including the presence of bony ankylosis of the digits and
tarsus in a hyperextended position.

Elbows. The radius and ulna of the ank/ank mouse were
fused to the humerus in a position of flexion (Figure 3).
Calcification was found to extend around the joint capsule
both anteriorly and posteriorly, with the olecranon process
being apparently encased posteriorly by the calcified joint
capsule and other soft tissue structures. The humero-radial
joint was extensively involved, as a result of a plaque of

bone that incorporated the lateral sesamoid bone as well as
the annular ligament (B and H, Figure 3). There was also a
reduction in the size of the lateral supracondylar ridge of the
humerus in an ank/ank animal as compared to a control
mouse, best seen in the anterior (A, B) and posterior (C, D)
views of the elbow in Figure 3. The medial epicondyle was
less involved, but appeared enlarged by the addition of
irregular nodular masses of new bone. The humeral trochlea
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Figure 1. Representative µCT reconstruction of the right distal forelimb from
4-month-old female control (left) and ank mutant (right) mice at 18× magnifi-
cation. Dorsal (A, B), palmar (C, D), and medial (E, F) views are shown.
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and semilunar notch of the ulna were extensively involved
by proliferation of new bone at the margins of the joint
surface. In one ank/ank specimen, the bony enlargement of
the ulnar coronoid process had produced notching of the
humerus (data not shown). The radius and ulna were fused
proximally in the region of the radial neck, and also more

distally, along the interosseous membrane, as shown in
Figure 3 (E, F).

Knees. Changes in the knee of ank/ank mice were most
pronounced in the menisci and the patella (Figure 4). Both
menisci appeared enlarged as a result of extensive calcifica-
tion (best seen in the anterior views, Figure 4, A and B) and
in some cases these were fused together. This, perhaps in
combination with chondrocalcinosis, resulted in an apparent
narrowing of the joint space; however, fusion between the
femur and tibia was not observed. The posterior views (C
and D, Figure 4) demonstrate the proliferation of subchon-
dral bone and/or chondrocalcinosis that have resulted in the
loss of femoral condyle surface integrity. The size of the
patella was increased due to calcification, a process that was
also visible within the quadriceps tendon of some mice (B
and F, Figure 4). In several cases the patella became fused to
the patellar groove of the femur. As seen in the distal
extremity sesamoid bones, the 2 posterior sesamoids under-
went irregular enlargement due to new bone formation.
Additional changes in the knee included the enlargement of
the proximal tibia and the formation of calcified nodules,
possibly osteophytes, on the lateral epicondyle of the femur,
and within the intercondylar groove of the femur (Figure 4).

Proximal tail vertebrae. Changes observed in the proximal
tail involved the fusion of vertebral elements (Figure 5).
These included primarily the calcification of ligamentous
structures concentrated around the annulus fibrosis. Thus
the intervertebral space appeared highly irregular due to the
formation of calcified nodules around the joint capsule;
however, at least at this stage in the disease, the interverte-
bral disks were free of detectable calcification (Figure 6).
While the articular processes (pre- and post-zygapophyses)
were enlarged, the transverse processes were reduced in size
relative to the control group. On the inferior surfaces, the
hemal processes were considerably enlarged as were the
adjacent sesamoid bones.

DISCUSSION
Having great potential for applications in skeletal analysis,
µCT is an emerging technology that can yield qualitative
and quantitative information about gross morphology, as
well as microstructural architecture. This technology offers
numerous advantages, including its ability to rapidly
generate geometrically accurate representations of sample
morphology6. While previously limited by resolution to the
study of larger animals3,4, current capabilities of scan reso-
lutions as small as 5 µm have made it possible to study
smaller animal models such as rats and mice5,6,8. The capa-
bility of capturing images at such high resolutions not only
allows for minute changes in the bone to be tracked5,9, but
also may permit smaller sample sizes to be used in order to
reach significance9.

Consistent with previously described histopathological
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Figure 2. Representative µCT reconstruction of the right distal hindlimb
from 4-month-old control (left) and ank mutant (right) female mice at 18×
magnification. Dorsal (A, B), plantar (C, D), and medial (E, F) views are
shown.
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findings1,2,12, it is likely that the changes identified in the ank
mouse by µCT imaging consisted of a combination of soft
tissue calcification as well as bony overgrowth of joint
structures, including sesamoid bones, joint capsules, and
ligaments. A prominent example of the latter was the calci-
fied annular ligament around the head of the radius (Figure
3). Our findings correlate well with those previously

described using histology, alizarin staining, and radiog-
raphy1,11,12. The gradual process of ankylosis was also mani-
fested by what appeared to be changes secondary to joint
fusion and corresponding muscle disuse. Such secondary
skeletal changes were most clearly observed in the elbow,
where sites of tendinous attachment to bone were atrophic
(data not shown). Other sites of what was likely secondary
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Figure 3. Representative µCT reconstruction of the right elbow joint from 4-month-old normal (left) and
ank mutant (right) female mice at 18× magnification. Anterior (A, B), posterior (C, D), medial (E, F), and
lateral (G, H) views are shown. 
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change were found in non-joint structures such as the trans-
verse processes of the caudal vertebrae, and notably, the
lateral supracondylar ridge of the humerus (Figure 3). The
reduction in size of these muscle insertion points was likely
the result of decreased mechanical induction of bone growth
as a result of joint ankylosis. Sweet and Green1 found that
ank mice tended to weigh less than normal littermates, and

that these weight differences were detected prior to overt
joint fusion. This finding was interpreted to be indicative of
reduced muscle mass resulting from decreased activity,
initially due to joint pain, and subsequently, to limitation of
joint movement. µCT is ideally suited for the detection of
subtle alteration in skeletal architecture, as illustrated by the
ability to readily visualize secondary changes in bone struc-
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Figure 4. Representative µCT reconstruction of the right knee from 4-month-old normal (left)
and ank mutant (right) female mice at 18× magnification. Anterior (A, B), posterior (C, D),
and lateral (E, F) views are shown.
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ture at the points of muscle insertion in the ank mice.
Revealing such changes would not be so easily achieved by
conventional radiological or histological methods.

The ability to isolate and visualize skeletal elements in 3
dimensions offers a new means of assessing phenotypic
alterations in mutant mice. This technology represents an
intermediate level of evaluation lying between gross inspec-
tion and histological analysis that is not achievable with
other techniques. Histology, for example, allows the visual-

ization of microscopic detail, including cellular changes, but
is restricted to 2-D sampling of 3-D structures. µCT
provides a means of evaluating internal and external
anatomical features in 3-D without the need for physical
disruption of the sample. Thus, in this study, joint integrity
remained unaltered, allowing a better understanding of the
phenotypic changes associated with the ank mutation.

Despite its many positive features, µCT has some limita-
tions; these include the current inability to visualize changes
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Figure 5. Reconstruction of the intervertebral space between 3rd and 4th caudal vertebrae of representative 4-
month-old female normal (left) and ank mutant (right) mice at 40× magnification. Inferior (A, B) and lateral (C,
D) views are shown.
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in nonmineralized tissue, and also the inability to resolve
cellular detail. For this reason, µCT should be considered
complementary to existing approaches. A notable advantage
of µCT in this regard is that it allows additional forms of
analysis to be carried out on the same specimen, as the
samples are not altered during the scanning process. While
the results of the qualitative study described here show the
utility of µCT for descriptive types of analyses, future work
will focus on developing the quantitative aspects of the tech-
nology. This includes examination of the external
morphology of joints by 3-D landmarking (for example, to
be able to discern volumetric changes in specific joint struc-
tures), and also internal morphology through the use of 3-D

architectural analysis of trabecular bone. These measure-
ments will allow more quantitative characterizations of
pathological states and disease progression.
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Figure 6. Mid-sagittal section of a representative µCT reconstruction of the
intervertebral space of the 3rd caudal vertebra, shown at 40× magnifica-
tion.
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