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SUMMARY

Heterotopic tendon mineralization (ossification or calcification), which may be a fea-

ture of tendinopathy or which may develop following surgical trauma (repair or

graft harvest), has not received much attention. The purpose of this article is to

review the prevalence, mechanisms and consequences of heterotopic tendon minerali-

T ation and to identify the gaps in our current understanding. We focus on endochon-

dral heterotopic ossification and draw on knowledge of the mechanisms of this

process in other tissues and conditions. Finally, we introduce a novel murine Achilles

) o ) tendon needle injury model, which will enable us to further study the mechanisms
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Mineralization has been reported in 14-62% of cases fol-

Prevalence of tendon mineralization in : . :
lowing percutaneous or open repair of the Achilles tendon

tendinopathy or following surgical trauma

Mineralization is one of several possible histological fea-
tures of tendinopathy (Jarvinen et al. 1997) and is particu-
larly common in rotator cuff tendons. Within the general
European and European-derived population, rotator cuff
tendon mineralization has a prevalence of 2.7-22% (women
30-50 years old are mostly affected) and in 10% of cases
the condition is bilateral [reviewed by Oliva et al. (2011b)].
Although less frequently reported, many other tendons
including the Achilles (twice as frequently in men), biceps
brachii, extensor pollicus longus and quadriceps tendons
(Kannus & Jozsa 1991; Richards et al. 2008) may also be
affected by mineralization. In addition, this pathology has
been observed in ligaments such as the anterior cruciate
(Tsujii et al. 2012) and medial collateral (Muschol et al.
2005) of the knee.

© 2012 The Authors.

(Ateschrang et al. 2008). In 31 patients examined a mean of
10 years following anterior cruciate ligament reconstruction
with autologous bone — patellar tendon — bone grafts, intra-
tendinous mineralization was detected at the site of graft
harvest in nine cases (Jarvela et al. 2004).

Consequences of tendon mineralization

Tendon mineralization may be a cause of pain and tendon
weakness. Between 7 and 17% of chronic shoulder pain has
been associated with rotator cuff tendon mineralization
(Welfing e al. 1965; Hedtmann & Fett 1989), and pain
may be a feature of mineralization within other tendons and
ligaments also (Muschol et al. 2005; Richards ez al. 2008;
Tsujii et al. 2012). In an examination of 891 tendon rup-
tures, excluding rotator cuffs, Kannus and Jozsa (1991)
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found that the occurrence of mineralization was three times
higher in affected tendons compared with controls and was
the only abnormal histological feature in these cases. In a
large cadaver survey, Cotton and Rideout (1964) found that
6.6% of shoulders had rotator cuff tendon mineralization
and all of these cuffs had tendon tears.

Does tendon mineralization in tendinopathy or
resulting from surgical trauma involve
endochondral ossification?

Heterotopic mineralization may be due to calcification or
ossification. In pathological calcification, calcium salts are
deposited in normal (metastatic calcification) or damaged
(dystrophic calcification) tissue, whereas the term ‘ossifica-
tion’ implies bone formation (calcification in a collagen
matrix) (Chan et al. 2002). The two processes are radiograph-
ically indistinguishable as pseudotrabeculation may occur
with calcification (Strumia et al. 1997). Ossification can result
from two distinct processes (Karsenty & Wagner 2002). In-
tramembranous ossification (IM) involves the condensation of
mesenchymal cells which then directly differentiate into bone-
forming osteoblasts. In endochondral ossification (EO), mes-
enchymal stem cells condense and differentiate into chondro-
cytes. In turn, this cartilage anlagen directs the formation of
osteoblasts that form woven and then lamellar (mature) bone.
Here, we use the term ‘mineralization’ to encompass ossifica-
tion and calcification where the distinction is unclear.

It is likely that tendon mineralization frequently involves
EO. Fenwick et al. (2002) demonstrated that mineralized
deposits in the Achilles (z = 3) and patellar tendons (7 = 1),
isolated from human patients with chronic tendinopathy,
involved EO. In a review, Richards et al. (2008) noted
descriptions of calcification and both EO and IM (two cases
reported both processes) in the human Achilles tendon. Fur-
thermore, EO occurs in several animal models of tendon
mineralization: mouse and rat models of Achilles tendon
transection (McClure 1983; Rooney et al. 1992, 1993; Lin
et al. 2010); patellar tendon window injury in rats (Lui
et al. 2012) and injection of collagenase into the patellar
tendon in rats (Lui et al. 2009a,b; Yee Lui et al. 2011).

However, the involvement of EO in the most common
presentation of rotator cuff tendon mineralization is
disputed. Uhthoff (1975) and Uhthoff and Loehr (1997)
characterized mineralization at this location as a three-stage
cell-mediated process resembling ‘incomplete EO’. In the
precalcific stage, fibrocartilaginous metaplasia occurs: ten-
don fibroblasts transform into chondrocytes (a morphologi-
cal characterization) that produce alkaline phosphatase and
are surrounded by proteoglycan. The second (calcific) stage
is subdivided into formative, resting and resorptive phases.
In the formative phase, calcium crystals are deposited in
matrix vesicles that coalesce. Notably, the fibrocartilage
septa between the foci of calcification are generally devoid
of vascular channels and these septa do not consistently
stain positive for type II collagen. The deposit is chalk-like
in appearance if surgery is performed at this time. In the

resting phase, fibrocartilaginous tissue borders the foci of
calcification. The start of the resorptive phase is indicated
by the appearance of thin-walled channels followed by a cel-
lular reaction, including macrophages and multinucleated
cells (possibly osteoclasts). Grossly, the deposit appears
creamy or toothpaste-like material under pressure at this
time. In the postcalcific stage, granulation tissue occupies
the space of the mineralized lesion and then remodels (type
III collagen is replaced by type I). Differences noted by the
authors between this presentation of mineralization and EO
which occurs at other locations, such as growth plates,
include the lack vasculature between the developing foci and
a different crystal appearance to classic apatite. These
authors and others (Archer et al. 1993) documented true
bone ossicles in a small number of rotator cuff tendon sam-
ples concurrently with the more common lesion type. In
support of Uhthoff (1975) and Uhthoff and Loehr (1997),
Neuwirth ez al. (2006) showed gene expression of collagen
types II and X in tissue from the acromial bursa and supra-
spinatus tendon. Additionally, Nakase et al. (2000) identi-
fied osteoclasts in supraspinatus tendon. In contrast, several
authors [Riley et al. (1996) and references therein] found no
evidence of EO in rotator cuff tendons based on the absence
of matrix vesicles and collagen types II and X although, as
Riley et al. (1996) suggested, these differences between stu-
dies may in part be due to epitopes being obscured on tissue
sections.

In a further complication, Riley et al. (1996) suggested
that within supraspinatus tendons the aetiology of large
radiographically detectable calcium deposits and smaller
deposits detectable only histologically was different, even
though both originate within fibrocartilaginous tendon
regions. The basis for this hypothesis was that the matrix
composition of samples from each group was different. In
particular, samples from tendons with the smaller deposits
showed increased type III collagen and total glycosaminogly-
can content compared with normal controls unlike samples
from tendons with the larger lesions which were not differ-
ent in these respects from the controls. Arguably, both lesion
types may represent different stages of the same pathology.

In conclusion, therefore, elements of the EO process may
contribute to rotator cuff tendon mineralization, but it
appears likely that in most cases the process is not the same
as that which occurs during bone development. It is possible
too that mineralization develops by more than one mecha-
nism. Whether a similar spectrum of events occurs in other
tendons is not known.

Interestingly, a shift towards a chondrocytic phenotype
occurs in tendinopathic equine flexor tendons (Clegg et al.
2007), but although tendon injury is a very common disease
in this species (Dowling et al. 2000; Williams et al. 2001),
tendon mineralization is a rare event. Anecdotally, the
occurrence of mineralization in equine tendons is associated
with prior intratendinous medication with corticosteroids. In
addition, a shift towards a chondrocyte phenotype has been
identified in the rat model of rotator cuff tendon overuse
injury, but tendon mineralization has not been reported
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(Archambault et al. 2007; Attia et al. 2012). On the other
hand, Achilles tendon mineralization develops spontaneously
in aged C57Bl/6] mice (O’Brien 2009) (and perhaps other
strains too). These observations suggest that species differ-
ences exist in the regulation of tendon mineralization.
Fibrodysplasia ossificans progressiva (FOP) and progressive
osseous heteroplasia (POH) are both rare diseases caused by
single-gene mutations (of activin receptor type 1 and the
GNAS gene respectively) and involve extensive and progres-
sive formation of bone within soft tissues, including tendons,
in human patients (Shore & Kaplan 2010). Bone formation in
FOP occurs mostly by EO but mostly by IM in POH (Shore &
Kaplan 2010). It is likely that EO is responsible for the forma-
tion of entheseophytes and syndesmophytes in ankylosing
spondylitis (AS; Lencel et al. 2011). EO has also been impli-
cated in ossification of the posterior longitudinal ligament
(OPLL), a condition common amongst East Asian popula-
tions causing myeloradiculopathy as a result of chronic pres-
sure on the spinal cord and nerve roots (Inamasu et al. 2006).

Current treatments for mineralization lesions
in isolated tendons

Conservative treatments for rotator cuff tendon mineraliza-
tion include physical therapy, systemic non-steroidal antiin-
flammatory drugs (NSAIDs), subacromial corticosteroid
injection and extracorporeal shock-wave therapy (Gosens &
Hofstee 2009). Disruption of these lesions by needling (also
known as barbotage) with or without irrigation may be a
simpler and less-expensive alternative to surgery (Maugars
et al. 2009). Surgery to remove mineralized foci within rota-
tor cuff tendons is usually effective when other treatments
have failed (Gosens & Hofstee 2009; Seyahi & Dermirhan
2009). Successful conservative management of Achilles ten-
don lesions has been described (Sasaki ez al. 2005), but exci-
sion may be necessary (Richards ez al. 2008).

Mechanisms of heterotopic ossification (HO)
within tendons

Central role of bone morphogenetic proteins (BMPs) in
normal bone formation and in tendon HO

Members of the BMP cytokine family are expressed by a
variety of cell types throughout normal skeletogensis (Li &
Cao 2006) and fracture repair, although less widely in repair
by IM than EO (Yu et al. 2010). Binding of these cytokines
[members of the transforming growth factor-beta family
(TGFB) family] to complexes of type I and type II cell sur-
face receptors leads to transcription of a range of genes
involved in the regulation of bone formation (Tsumaki &
Yoshikawa 20035). Increased levels of BMPs have been iden-
tified in experimental models of tendon injury [BMP 2, 4, 7
(Lin et al. 2009) and BMP 2, 4, 7 (Yee Lui et al. 2011)]. In
samples from patients with rotator cuff tendon tears, Neu-
wirth et al. (2006) demonstrated gene expression of BMP 2
in the supraspinatus tendon and BMP 2 and BMP 7 in the
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subacromial bursa. It is perhaps surprising that another
study found that expression of BMP 4 and 6 genes was sig-
nificantly reduced and expression of the BMP 2 gene
unchanged, in patient samples of mineralized rotator cuff tis-
sue compared with non-mineralized areas (Oliva et al.
2011a). Intratendinous injection of BMP has been shown to
result in HO in rabbit Achilles tendons (Hashimoto et al.
2007), and in a murine model of mineralization following
Achilles tendon transection, treatment with the BMP antago-
nist Noggin markedly reduced the development of HO
(Hannallah ez al. 2004). FOP is reported to result from a
mutation of the BMP type I receptor, activin receptor type I
(Shore & Kaplan 2010). This activating mutation induces
BMP signalling in both BMP-independent and BMP-
responsive manners (Shen ez al. 2009).

Does inflammation initiate BMP production within
tendons?

The efficacy of prophylactic treatment with NSAIDs to pre-
vent HO in other tissues following trauma (an approximately
60% reduction in occurrence) provides clinical evidence that
inflammation is a prerequisite for HO development (Baird &
Kang 2009). Furthermore, in patients with FOP clinical
observations implicate injury and associated inflammation
with flare-ups of the disease (Lounev ef al. 2009).

Macrophages are capable of BMP synthesis (Champagne
et al. 2002; Kan et al. 2009) and are a likely source in cases
of HO following surgical tendon trauma and in tendinopa-
thy (Figure 1). In a transgenic mouse line which overex-
presses BMP 4 in macrophages and neurons (and some
other cells) under the control of the neuron-specific enolase
promoter (Nse- 4), Kan ef al. (2009) demonstrated that
macrophage depletion significantly reduced the occurrence
of HO following wounding. Furthermore, when the authors
crossed this mouse strain with recombination activating gene
1 (RAG1) null mice (which lack mature B and T lympho-
cytes), HO developed without delay following injury but the
rate of spreading and overall amount was much smaller.
Consistent with this finding, Rifas (2006) showed that T cell
cytokines could act synergistically to induce BMP 2 produc-
tion by human bone marrow—derived stem cells leading to
matrix mineralization. Lymphocytes and macrophages have
been identified in chronically painful Achilles tendons (Schu-
bert et al. 2005).

Prostaglandin production may also play a prominent role
in BMP expression (Figure 1). In a murine model, intratendi-
nous levels of prostaglandin E2 (PGE 2) were markedly
increased after an episode of overuse (Zhang & Wang 2010).
These authors showed how in vitro treatment of tendon-
derived stem cells (TDSCs) with PGE 2 resulted in dose-
dependent production of BMP 2 and osteoblast differentia-
tion and the latter effect was nearly abolished by incubation
with BMP 2 antibodies (Zhang & Wang 2012). Tendon fi-
broblasts (Yang et al. 2005), as well as macrophages (Kuroda
& Yamashita 2003) and neutrophils (Wright et al. 2010),
may be responsible for production of PGE 2.
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BMP-induced neuro-amplification of inflammation

Two recent independent reports demonstrated that a path-
way involving BMP-stimulated sensory neuron signalling via
substance P (SP) is necessary for HO within muscles. We
posit that a similar process may occur in tendons (Figure 1).
Absence of sensory neurons dramatically reduced HO for-
mation in murine models (Kan ez al. 2011; Salisbury er al.
2011), and absence of the gene encoding SP prevented HO
entirely (Kan ez al. 2011). Stabilizing mast cells (using crom-
olyn) (Salisbury et al. 2011) and abrogating the activity of
the SP receptor, in particular by downregulating SP receptor
neurokinin 1 (NK1r) expressing mast cells, reduced HO sig-
nificantly (Kan ef al. 2011). Mast cells were enriched in
areas surrounding early inflammation, often in close proxim-
ity to neurons and blood vessels (Kan ez al. 2011; Salisbury
et al. 2011). Ablating sensory neurons or blocking NK1r
reduced inflammation (Kan et al. 2011), suggesting that the
role of this pathway is to amplify the local inflammatory
response. In turn, presumably this outcome leads to
enhanced BMP production sufficient for EO development.
Given the role of neuron-derived SP in muscles, it is per-
haps surprising that in tendon samples from overuse or
collagenase injury models, other cell types appeared to be
more prominent producers of the neuropeptide. In a rabbit
model of tendon overuse, occasional nerve fascicles immu-
nostained for SP (Backman ef al. 2011), but in this study
the main site of SP production appeared to be associated
with blood vessels (mineralization has not been described

External injury

Sensory
neurons

in this model). The authors also found evidence of the neu-
ropeptide in occasional tendon fibroblasts by in situ
hybridization but not immunostaining. In further contrast,
in rat patellar tendons following collagenase treatment, SP
was immunostained in tendon fibroblasts, chondrocyte-like
cells and very intensely within calcified deposits (Lui ef al.
2010). No neural tissue was detected in histological sec-
tions in that study.

Certain BMPs may be chemotactic for mononuclear cells,
further amplifying the inflammatory response (Cunningham
et al. 1992).

Could persistent inflammation have an inhibitory role on
HO within tendons?

Similar to HO following trauma (in non-tendinous tissues at
least) and in patients with FOP, there appears to be a link
between inflammation and the formation of syndesmophytes
(bone spurs at the attachment of spinal ligaments) in AS.
Maksymowych et al. (2009) showed that new syndesmo-
phytes developed more frequently at vertebral corners with
evidence of inflammation on magnetic resonance imaging
(MRI) examination and more frequently where inflamma-
tion had resolved after anti-tumour necrosis factor (TNF)
treatment. Recently, evidence from an iz vitro study (Lencel
et al. 2011) and an in vivo MRI-based report (Pedersen
et al. 2011) suggests that TNF and interleukin-18 may actu-
ally function as a ‘brake’ to inhibit bone formation in AS.
This putative inhibitory effect of persistent inflammation has

Moo |
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~n
®
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1 nerve-derived
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Figure 1 Sequence of events proposed to occur prior to heterotopic ossification within tendons. Bone morphogenetic protein (BMP)-
stimulated release of substance P (SP) leading to mast cell recruitment is likely to be a key event. Following surgical trauma, bone
marrow-derived inflammatory cells may be the source of BMPs required to initiate this pathway, whereas in overuse tendinopathy
increased intratendinous PGE 2, which in turn promotes BMP production by tendon-derived stem cells (TDSCs), may be the
initiator. Mast cells recruited by stimulated sensory neurons may cause accumulation of more inflammatory cells in addition to
releasing progenitor cells from neural tissue. Both of these events may predispose the development of ossification. BMPs may also be
chemotactic for mononuclear cells, further amplifying the inflammatory response to surgical trauma.
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not been examined the context of HO resulting from tendon
trauma or in tendinopathy.

Cellular contribution to the development and progression
of HO in muscle and tendon

Kaplan et al. (2007) examined the role of bone marrow—
derived cells in the mineralized lesion in a murine model
where BMP 4 was delivered intramuscularly in a matrigel
carrier. Cells from the bone marrow contributed to the initial
inflammatory response and later populated the bone marrow
of the developing lesion but did not contribute to the fibro-
proliferative, chondrogenic or osteogenic stages (Figure 2). In
a study using similar labelling techniques in rats, Kajikawa
et al. (2007) also provided evidence that an early cellular
response to tendon wounding is likely to be bone marrow—
derived, suggesting that the findings of Kaplan et al. are not
specific to mineralization following exogenous BMP 4 treat-
ment. However, Suda et al. (2009) presented somewhat con-
flicting data to Kaplan et al. (2007). These authors found
that bone marrow-derived cells [characterized as circulating
osteogenic precursors (COPs)]  contributed to both the
inflammatory and fibroproliferative but not later preosseous
stages of FOP lesions sampled from a single patient. Then,
when the authors implanted immunodeficient mice with
COPs from normal or FOP-affected humans, the bone which
formed contained donor-derived cells, suggesting that these
COPs may nucleate bone formation. Therefore in summary,
it appears that both bone marrow- and locally-derived cells
contribute to the development of HO in muscle and it is pos-
sible that the local cells dominate during formation of the
cartilage anlagen. Lounev et al. (2009) used lineage-tracing
methods to identify the cells contributing to the fibroprolifer-
ative, chondrogenic and osteogenic stages using two murine
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models of HO (BMP 2-matrigel implantation or injury to
Nse-BMP 4 mice). These authors concluded that vascular
smooth muscle cells made no contribution, and cells which
expressed endothelial markers at some stage in their develop-
ment (possibly from the local vasculature) contributed
approximately 50%. BMP receptors are highly expressed on
endothelial cells, and members of the TGF-p family, includ-
ing BMPs, enable transdifferentiation of endothelial cells to
mesenchymal lineages (Goumans et al. 2008). Surprisingly,
satellite cells (resident stem cells of skeletal muscle) contrib-
uted minimally (<5%) leaving the lineage of almost half of
the contributing cells unidentified. The recent work of Salis-
bury et al. (2011) suggested that nerve fibres may be an addi-
tional source of progenitors (Figure 1). In that study,
cromolyn treatment of mice with induced HO led to an accu-
mulation of cells expressing stem cell markers within the
nerves. These authors suggested that this finding was an indi-
cation that nerves were a source of progenitors, because by
inhibiting mast cell-induced nerve remodelling, cromolyn led
to their accumulation within the neural tissue. In addition,
unlike satellite cells in muscle, it seems likely that TDSCs
also play a key role in formation of the endochondral anlagen
in tendon HO. Bi et al. (2007) identified that biglycan and fi-
bromodulin are critical components in the TDSC niche.
Bgn °Fmod '~ mice showed spontaneous endochondral ten-
don ossification mediated by increased BMP signalling.

Hypoxia in tendon HO

Hypoxia, leading to hypoxia-inducible transcription factor
(HIF) signalling, is an essential feature of EO. Downstream
events of HIF signalling [reviewed by Araldi and Schipani
(2010)] include differentiation of chondrocytes from mesenchy-
mal precursors; chondrocyte proliferation and survival; angio-

o
r r
-~ -
L
Inflammatory Fibroproliferative Cartilage Mature
response stage® anlagen bone formation
e Bone marrow derived cells
= Endothelial lineage cells (~50% of cells)

- Satellite cells (<5% of cells)

«<—— Cells of unidentified lineage

Figure 2 Cellular populations believed to be involved in heterotopic ossification (HO) when it occurs in muscles. *The contribution
of bone marrow-derived cells to the fibroproliferative stage is disputed. The unidentified cells may include nerve-derived precursors.
Within surgically traumatised tendons, similar cell populations may be involved, although tendon-derived stem cells may play a

greater role than satellite cells do in affected muscles. It is unclear whether HO which occurs as a feature of tendinopathy involves

bone marrow—derived inflammatory cells to the same extent.
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Figure 3 Coronal section of a C57Bl/6] murine Achilles tendon 24 h following needle injury which was performed approximately
midway along the tendon length. Cells were stained with haematoxylin. Low (top; x2.5) and high power (bottom; x10)
magnification images. Encircled area indicates an accumulation of nucleated cells at the site of needle injury. Bar = 100 pm. The
disrupted fibres represent a small proportion of the tendon width so that, unlike tendon transection models, mechanical testing can
be performed immediately following injury. In addition, it is likely that lesion size is fairly consistent compared with collagenase
injection injury in which considerable variability has been noted (Foland ez al. 1992).

genesis; and osteogenesis. Furthermore, activation of HIFla
signalling leads to enhanced BMP 2 production by osteoblasts
(Tseng et al. 2010). Lin et al. (2010) demonstrated increased
HIF1lo gene expression in the rat Achilles tendon transection
model of tendon HO. Later, these authors showed that treat-
ment with small interfering RNA (siRNA) against HIF1a 48 h
postoperatively reduced occurrence of HO in this model signifi-
cantly compared with contralateral transected control tendons
(Lin et al. 2011). Whether tissue hypoxia is a primary or sec-
ondary event following tendon injury is not known. Lin et al.
(2010) reasonably suggested that vascular disruption arising
following tendon injury may result in hypoxia. It is also inter-
esting to note that the ‘critical zone’ of the supraspinatus ten-
don, close to its humeral insertion and where rotator cuff
pathology occurs most commonly, is markedly undervascular-
ized [reviewed by Gosens and Hofstee (2009)].

Oxidative stress in tendon HO

Reactive oxygen species (ROS) are influenced by mechanical
loading of tendon (Eliasson et al. 2012), and although data
are sparse, ROS are suggested to have a role in tendinopathy
(Longo et al. 2008). It is therefore interesting that in vitro, in
the context of vascular calcification, hydrogen peroxide treat-
ment led to a switch by vascular smooth muscle cells from a
contractile to an osteogenic phenotype via Runt-related tran-
scription factor (Runx) signalling (Byon et al. 2008).

Influence of loading in tendon HO

Although overuse is likely to play a role in the development
of HO in tendons, underuse may play a role too, presumably

related to the requirement of loading to maintain tendon ho-
moeostasis (Arnoczky et al. 2007). This is relevant as seden-
tary individuals may also be at risk of tendinopathy (Rolf &
Movin 1997). Palmes et al. (2002) demonstrated the likely
importance of mobilization in preventing HO occurrence:
suture-repaired murine Achilles tendons, healing under condi-
tions of immobilization, but not full mobilization, developed
fibrocartilage. Consistent with this finding, the duration of
immobilization (bed confinement) has been proposed as a
key factor in the development of HO (not specifically within
tendons) following burn injury (Evans & Smith 1959) and in
coma patients (Mielants et al. 1975). However, it is not
known whether inflammation or non-inflammatory mechano-
sensitive pathways, such as integrin—ion channel complexes
(Mobasheri ef al. 2005), play a role in HO in these cases.

Genetic factors predisposing to tendon HO

Preliminary observations suggest an increased risk of rotator
cuff tendon mineralization for patients with human leuco-
cyte antigen A1l serotype (HLA-A1) (Sengar et al. 1987). In
mice, strain-specific differences in response (not specifically
within tendons) to an osteogenic stimulus exist (Marusic
et al. 1999), providing further evidence of a genetic compo-
nent to the process of tendon mineralization.

Hormonal factors associated with tendon HO

There appears to be an association between tendon minerali-
zation and certain endocrine disorders [reviewed by Oliva
et al. (2011b)]. In particular, more than 30% of patients
with insulin-dependent diabetes have tendon mineralization
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(Hurt & Baker 2003), but the mechanisms involved have
not been delineated.

Gaps in current understanding of tendon
mineralization

The prevalence and relationship between different presenta-
tions of mineralization (EO, incomplete EO, IM or other)
within tendons of the rotator cuff and elsewhere must be
established. Mineralization within rotator cuff tendons is
detected in a substantial proportion of the population but the
paucity of data describing the prevalence of mineralization at
other common sites of tendinopathy is interesting. Perhaps
the difference relates to the more common occurrence of ten-
dinopathy at the rotator cuff, but alternatively the explana-
tion may relate to differential responses in changes to the
loading environment (Thornton ef al. 2010). Furthermore,
why mineralization occurs in a subset but not all individuals
affected by rotator cuff tendinopathy is not known, but may
relate to differences in genetic predilection such as HLA-A1
serotype. The reported greater prevalence of rotator cuff ten-
don mineralization in women appears in conflict with the
greater number of reports of Achilles tendon mineralization
in male patients. Whether this difference is for biological rea-
sons, such as sex-linked or hormonal factors, or simply
relates to differences in activity between the sexes, needs to
be determined. In addition to these considerations, it is possi-
ble that the true prevalence of mineralization associated with
tendinopathy has been underestimated. Most prevalence data
are based on plain radiographical examinations, but with
higher resolution imaging techniques, such as computed
tomography, ultrasonography or magnetic resonance imag-
ing, detection rates may be higher (Uhthoff & Loehr 1997).
Furthermore, small foci of mineralization may develop dur-
ing tendinopathy but not progress to sizes that are readily
detected or resolve before imaging is performed.

Several questions exist regarding the sequence of events
that lead to tendon mineralization formed by EO. Studies
using preclinical models have shown a clear link between ten-
don trauma and EO. However, the link between tendinopa-
thy, likely to be a much more common inciting cause and a
chronic condition as opposed to acute trauma, is less well
understood. In particular, does tendon overuse, and perhaps
underuse too, predispose to EO? Exercise-based studies using
species known to develop mineralization spontaneously
could be used to address this question. The recent insight that
a neuro-amplification step may be essential for the formation
of HO within muscle gives rise to several questions. These
studies (Kan et al. 2011; Salisbury et al. 2011) employed
murine models where BMPs were delivered exogenously to
wild-type strains, or strains known to overexpress BMPs in
certain cell types were injured. Is a similar pathway followed
in tissue environments where BMP signalling may be less
pronounced and where, possibly, other growth factors or
matrix components play a greater role in HO? Although it
would seem likely, is this BMP-sensory neuron—-mast cell sig-
nalling pathway equally important in tendons as it appears
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to be in muscles? Perhaps most importantly, does HO, which
we believe could either result from surgical trauma or occur
as a feature of tendinopathy, rely on the same amplification
pathway in both settings? Kan ez al. (2011) showed how the
BMP-sensory neuron—mast cell pathway lead to an increase
in inflammatory cells (likely bone marrow—derived). Unlike
tendon wounding, a prominent invasion of extrinsic inflam-
matory cells is not considered a feature of tendinopathy
(Maffulli et al. 1998), but possibly this view will be chal-
lenged in the case of tendinopathy featuring HO.

Why certain species such as the mouse readily develop
tendon mineralization with ageing but others rarely do so, is
unknown. That a shift towards a chondrocytic phenotype
occurs in tendinopathic equine tendons and overuse injured
rat rotator cuff tendons but fails to progress to mineraliza-
tion would suggest more effective regulation of the process
in these species. In addition, why some mouse strains show
differences in response to an osteogenic stimulus is also
poorly understood, but may be a fruitful line of investiga-
tion to understand the mechanisms which regulate HO
within human tendons. Better understanding of the mecha-
nisms by which tendon mineralization develops will lead to
improved treatment and prevention strategies.

Although lesions of mineralization are associated with tendon
failure, little else is known about their biomechanical impact. It
is reasonable to expect that such lesions may alter tendon stiff-
ness and therefore impact the function of this tendon as an elas-
tic energy store (Alexander 1991). Does mineralization also
accelerate the process of ‘overuse’ by increasing the strain expe-
rienced by non-mineralized areas of the tissue? In turn, could
this cause tendons to fail remote from sites of mineralization?
Finally, although larger and more fragmented lesions are asso-
ciated with rotator cuff tendon pain (Le Goff et al. 2010), the
relationship between lesion characteristics (including dimen-
sions, composition and surface appearance) and changes in ten-
don biomechanical properties is unknown. This information
may be of great value for clinical management.

The anecdotal association between intratendinous cortico-
steroid injection and mineralization in equine tendons is
interesting and worthy of further investigation, given the
widespread use of corticosteroids to treat tendinopathy in
human clinical practice (Hart 2011).

Models of tendon mineralization

Animal models are necessary to address many of the gaps
in our understanding of tendon mineralization. Currently
available animal models of tendon mineralization include tran-
section of the Achilles tendon in rats and mice (McClure
1983; Rooney et al. 1992; Rooney et al. 1993; Hannallah
et al. 2004; Lin et al. 2006, 2010), patellar tendon window
injury in rats (Lui ef al. 2009a,b, 2011, 2012), collagenase
injection into the patellar or Achilles tendons in rats (Lui et al.
2009a,b; Yee Lui et al. 2011) and injection of human recom-
binant BMP 2 into the Achilles tendon in rabbits (Hashimoto
et al. 2007). To date, mineralization has not been clearly dem-
onstrated in preclinical models of tendon overuse or underuse.
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We have developed and performed initial characterization
of a novel needle injury model of Achilles tendon minerali-
zation in mice which offers advantages over existing models
of tendon mineralization. The injury is relatively simple to
perform, initially only minor tendon fibre disruption occurs
(Figure 3), and the biomechanical properties of murine
Achilles tendons may be readily tested (Rigozzi et al. 2009).
Furthermore, it will be possible to take advantage of known
genetic differences between strains to explore the potential
genetic components of this disease.

Under an operating microscope, the skin overlying the
Achilles tendon is incised and the tendon is isolated. A 23G
hypodermic needle (635 pm external diameter) is introduced
midline causing sharp transection of central and peripheral
tendon fibres. Therefore, compared with suture repaired
models of murine Achilles tendon injury (Palmes er al.
2002), the injury is relatively simple to perform. The proce-
dure is performed under general anaesthesia, and periopera-
tive buprenorphine analgesia is provided.

Based on its histological appearance (columns of chondro-
cyte-like cells and proteoglycan deposition) and real-time
gene expression (alkaline phosphatase, collagen types II and
X, fibroblast growth factor receptor 3 and osteopontin), we
have confirmed that mineralization following this injury
likely involves EO (O’Brien 2009).

Marusic et al. (1999) demonstrated marked differences in
the responses of one outbred and seven inbred mouse
strains to an osteoinductive stimulus (bone gelatin
implanted in the hindlimb). Four strains (DBA/2]J, RFM/Rij,
C57BL/6] and AKR/]) showed induction of cartilage and/or
bone consistently whereas the others (C3Hf/Bu, BALB/c], A/
J and CD1) developed a much smaller volume or no new
tissue. Furthermore, within the ‘good’ responders, the
response varied: the DBA/2], RFM/Rij and AKR/J strains
showed a similar ratio (by volume) of new bone and carti-
lage and more bone marrow, whereas in the C57BL/6]
strain, cartilage predominated. Presumably related to these
strain-specific responses, Jepsen ef al. (2008) demonstrated
differences in the rate of EO during fracture repair. These

intraspecies differences offer the possibility of quantitative
trait locus (QTL) analysis.

To quantify the development of mineralization following
needle injury, limbs from aged non-injured and younger
injured male C57Bl/6 mice (Charles River, Saint Constant,
Canada) were examined using micro-computed tomography
(Scanco pnCT35 system; Scanco Medical, Briittisellen, Swit-
zerland). All animal procedures followed a protocol
approved by the University of Calgary Health Sciences Ani-
mal Care Committee and complied with guidelines from the
Canadian Council on Animal Care. Injury was performed at
10 weeks of age, and the mice were killed 5 (#z = 3) and 20
(n = 2) weeks later. A single age-, sex- and weight-matched
control animal of the same strain was killed at 20 weeks
also. The location of the injury was standardized by using a
pair of customized forceps to elevate the Achilles tendon
and enable the needle to be introduced 1-2 mm proximal to
the enthesis. The following settings were employed to yield
a 10-um isotropic voxel size: 20.5 mm field of view; 45
kVp; 177 pA; 1000 projections/180° 400-ms integration
time and reconstruction on a 2048 x 2048 matrix. Hind-
limb scans included the fusion of the tibia and distal fibula
proximally and at least 1.5 mm of the calcaneus distally.

Mineralization was present in the region of the Achilles
tendon in single hindlimbs from two aged (65 and 92 weeks
old) non-injured individuals (Figure 4). In two mice killed
5 weeks following injury, small foci of mineralization were
present close to the enthesis of the Achilles tendon in injured
limbs (Figure Sa,b; mean total volume = 0.0017 mm?). In
the third animal, a lesion of similar size was noted in the
same location on the greyscale reconstruction but its density
was too low for extraction using the global thresholding
procedure (Figure Sc¢). There was no evidence of mineraliza-
tion within the contralateral limb in any of these individu-
als. In animals killed 20 weeks following injury, large
multifocal lesions (mean total volume = 0.3499 mm?®) were
present in the injured limbs, and much smaller lesions (mean
total volume = 0.00935 mm?>) detected in the contralateral
non-injured limbs (Figure 6a,b). In a single age-, sex-,

(a) RH

(b) RH

Figure 4 Mineralized lesions (arrows) detected in the region of the Achilles tendon within single hindlimbs from two aged non-
injured C57Bl/6 male mice. a = 65 weeks old, b = 92 weeks old. Bars = 1 mm.
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Figure 5 Left (LHs) and right (RHs) hindlimbs from three male C57Bl/6 mice 5 weeks following LH needle injury (performed when
10 weeks old). Arrows indicate mineralization close to the enthesis of the Achilles tendon within the LH in two of three individuals
(a, b). A mineralized lesion was present in the same location in the third animal (c) but the density was too low for extraction using
global thresholding protocols. No Achilles tendon-associated mineralization was detectable in the RH in any animal. Additional
opacities are visible close to the Achilles tendon in some images but were positioned outside the skin or, in one case, had a far higher
density than bone in that hindlimb and likely represented metallic debris deposited at the time of surgery. Bars = 1Tmm.

weight- and strain-matched control animal, there was no
evidence of mineralization associated with the Achilles ten-
don in either limb (Figure 6¢).

This is the first report to describe use of uCT to study
tendon mineralization and confirms that it is a sensitive
tool for quantification of these lesions using our model.
Mineralization was detectable as early as 5 weeks follow-
ing needle injury and injury accelerated mineralization,
which occurs naturally with age in this mouse strain, in
both injured and contralateral non-injured limbs. Given the
large size of the lesions, it should also be possible to detect
mineralization using less sensitive scanners, and in particu-
lar equipment suitable for longitudinal in wvivo studies.
However, in view of the known inhibitory effect of radia-
tion on heterotopic mineralization (Board et al. 2007;
Baird & Kang 2009), initial longitudinal studies using this
injury model will require additional no-radiation controls.
Using this experimental system, we will be able to study
both the biomechanical impact and biological mechanisms
of HO in tendons.

Summary
Mineralization is a common feature of rotator cuff tendin-

opathy and may also occur at other sites of tendinopathy

International Journal of Experimental Pathology, 2012, 93, 319-331

and following surgical tendon trauma. Affected tendons may
be painful and biomechanically abnormal. Frequently,
lesions are likely to develop by EO or a mechanism invol-
ving elements of the EO process, with osteogenic BMPs
playing a central role. Inflammation is likely to initiate BMP
production by inflammatory cells or tendon cells. However,
amplification of the inflammatory response could be a criti-
cal event. BMPs acting on sensory neurons may result in the
release of SP that acts on mast cells. The mast cells may in
turn lead to an enhanced inflammatory response, leading
subsequently to more BMP production. Bone marrow- and
locally-derived cells likely contribute to the development
of lesions. Locally-derived progenitors may predominate
during formation of the cartilage anlagen. Although there
may be tissue differences, these locally-derived cells could
arise from the endothelium, neural tissue or the tendon stem
cell niche. We have presented a novel model of partial
Achilles tendon injury which also results in HO by EO.
Coupled with pCT examination, this model will enable the
biomechanical impact and biological mechanisms of tendon
mineralization to be studied.
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Figure 6 Left (LHs) and right (RHs) hindlimbs from two male C57Bl/6 mice killed 20 weeks following LH needle injury (a, b) and
from a third non-injured age-, sex- and weight-matched control animal (c). Injury was performed when 10 weeks old. Arrows
indicate large mineralized lesions associated with the Achilles tendon within the LHs of injured animals and smaller lesions in the
contralateral limbs. No mineralized lesions were detectable in either hindlimb of the non-operated control. Bars = 1 mm.
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