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Abstract

Summary Antiresorptive medications do not negatively affect fracture healing in humans. Teriparatide may decrease time
to fracture healing. Romosozumab has not shown a beneficial effect on human fracture healing.

Background Fracture healing is a complex process. Uncertainty exists over the influence of osteoporosis and the medica-
tions used to treat it on fracture healing.

Methods Narrative review authored by the members of the Fracture Working Group of the Committee of Scientific Advi-
sors of the International Osteoporosis Foundation (IOF), on behalf of the IOF and the Société Internationale de Chirurgie
Orthopédique et de Traumatologie (SICOT).

Results Fracture healing is a multistep process. Most fractures heal through a combination of intramembranous and endo-
chondral ossification. Radiographic imaging is important for evaluating fracture healing and for detecting delayed or non-
union. The presence of callus formation, bridging trabeculae, and a decrease in the size of the fracture line over time are
indicative of healing. Imaging must be combined with clinical parameters and patient-reported outcomes. Animal data
support a negative effect of osteoporosis on fracture healing; however, clinical data do not appear to corroborate with this.
Evidence does not support a delay in the initiation of antiresorptive therapy following acute fragility fractures. There is no
reason for suspension of osteoporosis medication at the time of fracture if the person is already on treatment. Teriparatide
treatment may shorten fracture healing time at certain sites such as distal radius; however, it does not prevent non-union or
influence union rate. The positive effect on fracture healing that romosozumab has demonstrated in animals has not been
observed in humans.

Conclusion Overall, there appears to be no deleterious effect of osteoporosis medications on fracture healing. The benefit
of treating osteoporosis and the urgent necessity to mitigate imminent refracture risk after a fracture should be given prime
consideration. It is imperative that new radiological and biological markers of fracture healing be identified. It is also
important to synthesize clinical and basic science methodologies to assess fracture healing, so that a convergence of the two
frameworks can be achieved.
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Introduction

A recent fracture is a powerful risk factor for a subsequent
fracture [1]. Therefore, it is imperative that osteoporosis
treatment be initiated very soon after an incident fracture
This manuscript has been endorsed by the Committee of Scientific to decrease imminent fracture risk. However, a theoretical
Advisors of the International Osteoporosis Foundation (IOF). concern about potential deleterious effects of osteoporosis
medications on fracture healing exists amongst the medical
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and surgical community. In addition, patients being treated
for osteoporosis still experience fractures. Whether to con-
tinue or discontinue osteoporosis therapy at that juncture is
also an oft-asked clinical question.

Though the majority of fractures heal uneventfully,
delayed- or non-healing (union) of fractures is estimated
to occur in about 5-15% of cases, with numbers varying
depending on anatomical location and other factors such
as age [2]. The financial burden associated with non-union
of fractures is huge [3, 4]. Potential complications that can
arise from a poorly healed fracture include malunion, non-
union, chronic pain, joint stiffness, and secondary osteoar-
thritis [5]. Other significant consequences from non-union of
fractures which have been reported in high-risk groups such
as veterans with spinal cord injury include risks of pressure
sores, osteomyelitis, and subsequent amputation [6]. Under-
standing fracture healing and the consequences of delayed or
non-healing of fractures as well as the cost savings that can
potentially be obtained with appropriate treatment is thus
critical for healthcare providers since they can thus better
assess and manage fractures in their patients. Understanding
fracture healing also allows healthcare providers to educate
their patients about the complications that can arise from
non-union/delayed union and the importance of compliance
with treatment, such as immobilization or physical therapy.

This narrative review authored by members of the Frac-
ture Working Group of the International Osteoporosis
Foundation’s (IOF) Committee of Scientific Advisors, on
behalf of the IOF and the Société Internationale de Chir-
urgie Orthopédique et de Traumatologie (SICOT), aims to
shed comprehensive light on the basic biological processes
involved in fracture healing and the evidence linking frac-
ture healing with osteoporosis and the medications currently
available to treat it. Since this review focuses on the effect of
currently available osteoporosis medications on osteoporotic
fracture healing, we will not be discussing atypical frac-
ture healing, the role of agents such as bone morphogenetic
protein and local osteo enhancement procedures (LOEP) on
fracture healing, or the principles of fracture fixation. This
review also assumes that any given fracture can readily be
designated as “osteoporotic” or ‘“non-osteoporotic” appro-
priately. Differentiating between the two is both challenging
and important; however, it is beyond the scope of the article.

Biology of fracture healing

The mechanistic and cellular processes underlying the heal-
ing of a fracture are complex. It is a continuous biological
phenomenon that occurs through an exquisitely orchestrated
series of events that follow in general, a temporal and spa-
tial sequence with stages that are important to note, overlap
substantially. These stages include inflammation, repair, and

@ Springer

remodelling, and the entire process requires the coordinated
efforts of multiple cell types and biochemical signals.
Fracture healing may either be indirect or direct, or a
combination of the two. Indirect (secondary) fracture healing
occurs in situations where fracture fragments can potentially
move as occurs after external fixation or intramedullary nail-
ing, or when there is a significant gap between the fracture
fragments as when the fracture is left untreated. In this pro-
cess, there is abundant callus formation, and the bone frag-
ments are bridged initially by new bone that is formed via
endochondpral ossification that mimics de novo formation of
embryonic bone. This process of indirect fracture healing is
complex and involves multiple steps [7, 8]. It begins with the
reaction phase, where immediately after trauma, the hema-
toma that forms attracts inflammatory cells such as neutro-
phils to the site of injury. Platelets, erythrocytes, granulocytes,
and lymphocytes form a clot that serves as a provisional fibrin
matrix. Neutrophils are replaced by monocytes which then
differentiate into macrophages. This reaction phase lasts for
a few days. The hematoma is critically important to heal-
ing, with experimental removal of the hematoma shown to
result in delay or non-union in animal models [9]. The subse-
quent repair phase, which can last several months progresses
through several steps beginning with macrophages phagocy-
tosing dead cells and debris, and secreting signalling mol-
ecules such as tumor necrosis factor-alpha (TNF-a), interleu-
kin-1 (IL-1), interleukin-6 (IL-6), transforming growth factorf3
(TGFp), and angiogenic factors. These growth factors recruit
mesenchymal stem cells (MSCs) which differentiate into pre-
hypertrophic chondrocytes, endothelial cells, and osteoblasts.
In response to interfragmentary strain, pre-hypertrophic chon-
drocytes produce a type II collagen-rich matrix [10, 11]. Once
strain is reduced to a sufficient degree, the pre-hypertrophic
chondrocytes enlarge to form hypertrophic chondrocytes that
promote vascular ingress by producing cytokines and growth
factors and create a supportive scaffolding for osteoblastic
influx. The hypertrophic chondrocytes release microvesicles
coated with alkaline phosphatase that hydrolyses pyrophos-
phate—the principal inhibitor of hydroxyapatite formation
[12]. The microvesicles also contain vascular endothelial
growth factor (VEGF) which promotes angiogenesis, bone
morphogenetic protein-2 (BMP-2) [13] as well as nanohy-
droxyapatite, a seed crystal for microhydroxyapatite [14].
VEGEF draws vascular endothelial cells into the collagen-
rich cartilaginous matrix [15, 16]. Osteoblasts accumulate
along with the endothelial cells. Once within the unique
bone-forming micro-ecosystem, osteoblasts produce type 1
collagen, hydroxyapatite, BMP-2, and additional VEGF [17,
18]. Platelet-derived factors such as platelet-derived growth
factor (PDGF), VEGF, TGF, and insulin-like growth factor
1 (IGF1) promote both MSC differentiation as well as early
osteoblastic and chondrocyte cell production. Osteoblasts dif-
ferentiate and promote the deposition of microhydroxyapatite
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on the cartilaginous matrix forming a chondroid soft callus
that bridges the fracture. There presumably is a maximum
tolerable instability and a required minimal degree of strain
for induction of callus formation [19]. In contrast, if the strain
is too high, chondrocyte stabilization, hypertrophy, and bony
union may be prevented leading to pseudoarthrosis [8].

In parallel with the chondroid soft callus formation by
the osteoblasts, osteoclast recruitment and infiltration com-
mence, the osteoclasts resorb the soft callus, and the osteo-
blasts gradually through deposition of new bone replace the
soft callus with hard bone. Subsequently, mineralization of
type 1 collagen and bone substitution results in the forma-
tion of woven bone which is further remodelled to mature
and structurally efficient lamellar bone with a reduction in
hard callus volume. Osteoclasts play a vital role in bone
callus remodelling [20]. Osteoclast-deficient mice and mice
treated with osteoprotegerin (an inhibitor of osteoclastogen-
esis) or bisphosphonates (inhibitors of osteoclast function)
do not demonstrate any delay in fracture union but show sig-
nificant inhibition of hard callus remodelling. Woven bone
in the hard callus is structurally less efficient compared to
remodelled lamellar bone, but it has a larger cross-sectional
area and thus similar mechanical properties [21-23]. Cou-
pled cycles of osteoblast and osteoclast activity then hap-
pen, with resultant remodelling of the callus tissues to the
bone’s original cortical structure and the marrow space is
also re-established.

A pictorial representation of the process of indirect heal-
ing is presented in Fig. 1. Of note, this is a simplified por-
trayal since it is impossible to stringently delineate the tran-
sition from one stage to another.

Direct (primary) healing occurs in situations where the
fractured segments of the bone are in absolute proxim-
ity to each other by virtue of being exactly anatomically
reduced—operatively or non-operatively and fixed rigidly.
In this process, a cartilaginous scaffold is not necessary, and
the bony fragments are directly bridged by new bone formed
by intramembranous ossification. The fracture site is remod-
elled by the cortex directly attempting to reestablish new
Haversian systems and involves the harnessing of osteoclasts
to form discrete remodelling units known as cutting cones.
These osteoclastic cutting cones cross the fracture line bring-
ing vascular endothelial cells (which differentiate into blood
vessels) and perivascular mesenchymal cells (which are
osteoprogenitors and differentiate into osteoblasts) in their
wake that fill the canals with bone thus securing mechanical
continuity [24, 25]. The source of the vascular endothelial
cells and perivascular mesenchymal cells appears to be the
cortical bone underlying the fracture site, the periosteum
adjacent to the fracture, and the bone marrow within the
fracture site [24]. A pictorial representation of the process
of direct fracture healing is provided in Fig. 2.

Theoretically, fractures that are rigidly fixed, heal through
primary union and formation of new bone by intramembra-
nous ossification, and at the other end, fractures with large
defects and disproportionate interfragmentary strain will
require a cartilage intermediate and will heal almost entirely
through endochondral ossification. However, in reality, the
majority of fractures employ a combination of intramembra-
nous and endochondral ossification [8]. Even in the most
closely approximated fracture, there may be areas of avas-
cular necrosis and strain that cause chondrocyte stimulation
which result in some endochondral ossification. Similarly,
even in maximally displaced fractures, if a degree of peri-
osteal blood supply has remained intact, areas of intramem-
branous ossification may occur. The complete temporal and
spatial patterns of revascularization in displaced versus sta-
bilized fractures have been elegantly demonstrated through
a reproducible murine femur fracture model by Yuasa et al.
[26].

Clinical and radiological evaluation
of fracture healing

Determining whether a fracture has healed affects patient
management decisions, including when to recommend
weight bearing, the type of activity allowed, as well as
whether further hardware placement and/or revisions are
needed. However, a lack of consensus exists as to what the
exact imaging and clinical criteria to conclusively dem-
onstrate fracture healing are, as well as in how to define
delayed and non-union. A combination of clinical and
radiological measures was found to define healing in 62%
of published studies, while radiological criteria alone were
used to define it in the remaining publications in a system-
atic review and meta-analyses of the orthopedic literature
[27]. Twelve clinical and 11 different radiographic criteria
were identified in this systematic review. The assessment
of fracture healing thus typically should involve a combi-
nation of clinical examination, patient-reported outcomes,
radiographic imaging, and, in some cases, more advanced
imaging techniques such as computed tomography (CT).
Fracture healing time differs depending on the fracture
site and type, the anatomical location and complexity, as well
as the biomechanical demands of the affected fracture site.
Most metaphyseal long bone fractures heal in 6—8 weeks
and vertebral fractures in 8—10 weeks, whereas diaphyseal
fracture of long bones may take up to 3—4 months.
Indications of fracture healing on physical examination
include the absence of pain or tenderness at the fracture site
on palpation and the ability to weight bear without pain.
However, these are subjective measures as individual and
cultural differences in pain perception and tolerance exist.
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Fig. 1 Indirect fracture healing. (1) Reaction phase: (a) Hematoma
attracts inflammatory cells. (b) Neutrophils, platelets, erythrocytes,
and lymphocytes form fibrin clot. (2) Repair phase: (a) Neutrophils
are replaced by monocytes that transform to macrophages. Mac-
rophages secrete tumor necrosis factor o (TNF-a), interleukin-1 (IL-
1), interleukin-6 (IL-6), transforming growth factor f (TGF-f), and
angiogenic factors. These recruit mesenchymal stem cells (MSC). (b)
MSC differentiate to osteoblasts, prehypertrophic chondrocytes, and
endothelial cells. (c) Prehypertrophic chondrocytes form collagen
rich matrix. (d) Prehypertrophic chondrocytes enlarge to hypertrophic

A basic knowledge of the radiologic signs of fracture
healing is necessary to understand the studies exploring the
effect of osteoporosis medications on fracture healing that
will be subsequently alluded to in this article. In general,
radiographic signs of fracture healing include the presence
of callus formation, the presence of bridging trabeculae
across the fracture site, and a decrease in the size of the
fracture line over time. Animal osteotomy experiments have
been used to validate these radiological findings against the
biomechanics of fracture healing such as dynamic torsion
performance and cortex to callus ratio with stiffness [28,
29]. Several scoring systems have been developed to assess
fracture healing including modifications of the Radiographic
Union Score in Tibial fractures (RUST) score which has a
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chondrocytes which release microvesicles coated with alkaline phos-
phatase and which has vascular endothelial growth factor (VEGF),
bone morphogenic protein 2 (BMP2), and nanohydroxyapatite. (e)
VEGF draws endothelial cells derived from MSC. Osteoblasts also
accumulate. Osteoblasts promote deposition of microhydroxyapatite
on cartilaginous matrix to form soft callus. (3) Remodelling phase:
(a) Osteoclasts resorb soft callus. Osteoblasts deposit new bone and
mineralization occurs to from Hard Woven Callus. (b) Further osteo-
clastic remodelling occurs to form lamellar bone

number for each of four bridged cortices based on the pres-
ence or absence of callus and fracture line visibility [30].
The score is based on the degree of callus formation, bridg-
ing callus, and remodelling observed on radiographs. The
RUST score ranges from 0 to 12, with higher scores indi-
cating better healing. A score of 10 or higher is typically
considered to indicate radiographic union. The RUSH (Radi-
ographic Union Score for Hip) score is a similar scoring
system used to assess fracture healing in femoral neck and
intertrochanteric fractures [31]. In addition to the standard
scoring algorithm of the RUST score, the RUSH score also
adds evaluation of trabecular consolidation and trabecular
fracture line disappearance—these signs of fracture heal-
ing being especially important for proximal femur stability.
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Fig. 2 Direct fracture heal-

ing occurs when the fracture
fragments are in proximity to
each other. Bone fragments are
directly bridged by new bone
formed by intramembranous
ossification for which initially,
osteoclasts are harnessed to
form cutting cones. These
cutting cones cross the fracture
line, bringing in their wake,
vascular endothelial cells that
differentiate into blood vessels
and perivascular mesenchymal
cells that differentiate into
osteoblasts which then fill the
canals with bone

The RUSS (Radius Union Scoring System) score is used to
assess fracture healing in distal radius fractures [32]. An
exhaustive review of the radiographic signs and advantages
and disadvantages of each scoring system is beyond the
scope of this article, and the reader is referred to an excel-
lent overview of the subject [33].

Delayed union is typically defined as a lack of radio-
graphic evidence of healing at 3—6 months after injury, while
non-union is defined as a lack of healing at 9 months or more
[34, 35]. However, the exact definition of delayed union and
non-union can vary depending on the location and type of
fracture. Radiographic signs of delayed union or non-union
include persistent fracture lines, lack of callus formation, or
evidence of resorption of previously formed callus. In cases
of non-union, there may also be evidence of bone resorption
or fragmentation at the site of the fracture. CT scanning may
be useful in cases where X-ray imaging is inconclusive or
when more detailed information is needed about the location
and extent of the non-union [36].

As important as assessment of fracture union is the evalu-
ation of the early healing process to predict ultimate union
or non-union. Indices that combine patient characteristics,
functional assessments, patient-reported outcome scores,
and radiographic parameters such as the QuickDash score
for clavicle fracture [37], Radiographic Union Score for
Humeral fractures (RUSHU) in combination with degree
of mobility of the fracture site [38, 39], the Tibial Fracture
Healing Score (TFHS) [40], and the Nonunion Risk Deter-
mination (NURD) score [41] have been developed. Such
scores, when used appropriately, can provide an early time
point for counselling patients on the likelihood of union of
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their fracture. For example, a QuickDash score greater than
or equal to 40, fracture movement on clinical exam, and lack
of callus on X-ray examination at 6 weeks were identified as
risk factors for subsequent non-union of clavicle fractures
by Nicholson et al. [37].

In addition to indices utilizing clinical and radiographic
parameters, biochemical markers may be used to predict
non-union. Examples of such patient-specific biomarkers
include subsets of terminally differentiated CD8 + effector
memory T cells in peripheral blood that have been used to
predict delayed fracture healing in proximal tibia fractures
[42]. Changes in the serum proteome have been observed
during fracture healing in a murine model [43], and several
biomarkers including that associated with inflammation
have been found in proteomics studies to be up or down-
regulated in patients with non-union as compared to con-
trols [44], thus shedding some light on new markers that
could represent a deleterious effect on bone healing through
the enhancement of a persistent and non-resolving inflam-
matory process.

In summary, radiographic imaging is an important tool for
evaluating fracture healing and for detecting delayed union
or non-union. The presence of callus formation, bridging
trabeculae, and a decrease in the size of the fracture line over
time are typically indicative of healing, while persistent frac-
ture lines or lack of callus formation denote delayed union
or non-union. However, imaging must be combined with
clinical parameters as well as patient-reported outcomes for
optimal assessment of fracture healing. Likewise, non-union
prediction models must be multifactorial to offer the best
prognostic value.
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The impact of osteoporosis on fracture
healing

Risk factors for non-union can be either patient-dependent
factors such as age, tobacco and alcohol abuse, non-steroidal
anti-inflammatory drug use, malnutrition, diabetes, vascu-
lar disease, previous radiation therapy, hypothyroidism, and
vitamin D deficiency or fracture- or injury-related factors
such as comminution, poor cortical apposition, interposed
soft tissue, soft tissue damage, bone loss, quality of surgical
treatment, and infection [45].

Whether osteoporosis contributes to fracture non-union or
delayed union is controversial. Impaired fracture healing in the
presence of osteoporosis may be due to altered biomechanical
properties of the osteoporotic bone with such bones having not
only reduced bone mass but decreased cortical thickness and
increased cortical porosity, trabecular disorientation with regard
to the direction of loading, and alterations in bone matrix com-
position [46—49]. Bone cells in osteoporosis may have impaired
response vis-a-vis cell proliferation and release of TGF-f and
nitric oxide to mechanical stress. This was shown in a study in
which bone cells from donors with osteoporosis were found to
differ in their response to cyclic strain [50].

Though it appears intuitive that osteoporosis is likely to
have a significant impact on fracture healing, obtaining defini-
tive evidence to substantiate this assumption has been difficult
for many reasons. (1) Osteoporosis is an age-related disorder
and since aging is also associated with impaired fracture heal-
ing through multiple other molecular, cellular, and systemic
factors [51], it is difficult to separate the influence of aging
from that of osteoporosis on fracture healing. (2) Osteoporosis
is also associated with several other comorbidities including
diabetes and other endocrine conditions which may all directly
or indirectly affect the fracture healing process. Additionally,
which animal model of osteoporosis should be employed in
pre-clinical studies of osteoporosis and fracture healing and
whether any of those models are applicable to humans is still
unclear. Therefore, many assumptions must be made without
the benefit of hard evidence. Osteoporotic fractures in humans
are typically located in metaphyseal regions of bones while the
preponderance of animal data has been obtained from diaphy-
seal models of induced fracture. There is evidence to show that
differences in bone healing exist between the metaphyseal and
diaphyseal regions of long bones with less periosteal callus
formation in the metaphysis than in the diaphysis [52]. Also,
most studies have considered the formation of bony callus
with bridging as the end point of fracture healing, whereas
evaluation of the subsequent remodelling phase has rarely been
performed. It is thus important to understand these limitations
before interpreting the studies exploring the impact of osteo-
porosis on fracture healing.
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Animal studies

Animal models that incorporate ovariectomy in combination
with a low-calcium diet are most likely to be representa-
tive of post-menopausal osteoporotic bone. Those models
in which complete bone discontinuity has been achieved
via complete osteotomies better mimic clinical fractures in
humans rather than models in which drill hole defects or
partial osteotomies have been done since the two heal dif-
ferently [53, 54].

A systematic review and meta-analysis conducted in 2016
that explored 26 ovariectomized rat model studies specifically
examining biomechanical recovery in osteoporosis showed
disruption in either the anabolic or catabolic phases of healing
with prolonged healing time and lower maximum load, i.e., a
decrease in the biomechanical properties [55]. In another sys-
tematic review and meta-analysis that investigated 18 prospec-
tive studies with ovariectomized rodent and sheep models,
less of callus and new bone formation, less of bone miner-
alization, decreased biomechanical strength, and delay in the
cellular differentiation process of chondrocytes were found in
the osteoporotic animals. However, no evidence of radiologi-
cal delay in femoral fracture healing was observed [55].

Very few studies have explored the middle and late phases
of fracture healing in osteoporotic models. In one such
model, in the ovariectomized rat (i.e., osteoporotic) group,
endochondral bone formation was delayed, more osteoclast
cells were seen around the trabecula, and the new bone tra-
becula was found to be arranged loosely and irregularly [56].
More recent animal studies that simulate the characteristic
metaphyseal fractures that are seen in human osteoporosis
also suggest that fracture healing of osteoporotic bone pro-
duces bone of lower mechanical strength [57] with one study
showing poorly mineralized callus formation in the osteo-
porotic animals compared to controls [58].

Overall, the animal studies appear to support the view
that osteoporosis negatively influences fracture healing.
However, as mentioned earlier, the findings must be inter-
preted with caution given the wide variation in the experi-
mental parameters, the osteoporosis model used, fracture
type and animal used, and the definition of osteoporosis that
was employed.

Clinical studies

Clinical studies of fracture healing in osteoporosis have
yielded conflicting results. Osteoporosis has been identified
as a risk factor for non-union in two large database pro-
spective studies, one—an analysis of a national insurance
database that included 56,492 fractures [59] and the other an
analysis of patient-level health claims with 309,330 fractures
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[60]. This latter study included the use of anti-osteoporosis
medications as a variable in their analysis. It must be noted
that there were several confounding factors in these two “big
data’ studies including the fact that they relied on claims by
patients, coding was imprecise, prospective follow-up was
not for a specific outcome, and there were missing data. In
contrast to these large database studies in which likely the
power of big data-analysis was evident, in a small, matched
case—control prospective study of 40 patients with fracture
non-union and 80 controls without fracture non-union, no
correlation between osteoporosis and non-union was found
[61]. In another retrospective small study on patients with
femoral shaft fracture, 29 patients with radiological evidence
of osteoporosis detected using the Singh Index (a simple,
semiquantitative evaluation tool for diagnosing osteoporosis
with plain radiographs of the proximal femur [62]) and 37
subjects without osteoporosis, found a statistically signifi-
cant prolonged union time of 19.38 +5.9 weeks as opposed
to 16.9+ 5.7 weeks and more delayed unions (10/29 vs 4/37)
in the patients with osteoporosis. However, it was noted that
fractures healed within 32 weeks in both the osteoporotic
and non-osteoporotic groups [61]. No evidence that osteo-
porosis was associated with delayed or non-union was found
in another small retrospective study on subcapital humerus
and distal radius fractures though a trend towards a negative
association was seen [63].

In summary, clinical studies investigating the potential
association between osteoporosis and delayed fracture heal-
ing or non-union are overall insufficient in providing clear
evidence. This reflects a gap in knowledge but also the dif-
ficulties in designing and performing such studies.

Effect of osteoporosis medications
on fracture healing

Bisphosphonates

Bisphosphonates are preferentially incorporated into sites
of active bone remodelling [64]. When bone containing a
bisphosphonate is resorbed, the bisphosphonate is released
in the acidic lacuna created by the osteoclast and attaches to
hydroxyapatite binding sites on the osteoclast cell surface.
The non-nitrogen-containing bisphosphonates induce apop-
tosis in the osteoclast by incorporating into ATP and thereby
causing a decrease in their number. Nitrogen-containing
bisphosphonates inhibit farnesyl pyrophosphate synthase
(FPPS) a key enzyme in the mevalonate pathway. This causes
cytoskeletal changes in the osteoclast resulting in inhibition
of its activity or induction of its apoptosis [65]. Given that
osteoclastic bone resorption is an important step in fracture
repair, and because the calculated half-life of elimination of
bisphosphonates is up to 10 years, justified questions have

risen about their effect on fracture healing both where there
has been previous use of these agents as well as if they are
initiated immediately after a fracture [66, 67]. Histological
and microCT analysis of a rat fracture model have shown
that zoledronic acid-treated calluses had a distinctive internal
structure consisting of an intricate network of retained tra-
becular bone, with the timing of the dose of zoledronic acid
playing an important role in the modulation of callus proper-
ties. Delaying the dose of zoledronic acid produced a larger
and stronger callus in this study [66]. Theoretical concerns
also exist over whether the possible preferential deposition of
oral and intravenous bisphosphonates at the site of an acute
fracture can have a clinically significant impact on fracture
healing and whether this would make them less available for
the rest of the osteoporotic skeleton.

Animal studies

Several animal models have been used to examine the effects
of bisphosphonates on fracture healing in both osteoporotic
and non-osteoporotic models, though it must be pointed out
that most of them have been on the impact of bisphospho-
nates on indirect fracture healing, i.e., healing with callus
formation. Overall, the studies suggest that bisphosphonate
administration does not interfere with the formation of the
callus itself but decreases the remodelling of the callus with
resultant retention of the cancellous bone structure, leading to
greater callus volume. A delay in the conversion of the woven
bone at the fracture site to mature lamellar bone occurs. The
callus has increased biomechanical strength also. This may
be due to the retention of trabecular elements in the callus
and/or increased fracture bridging. Some of the pertinent
studies that show the effect of bisphosphonates on indirect
fracture healing in animal models are shown in Table 1.

Direct fracture healing

Bisphosphonates seem to have a different effect on fractures
that undergo rigid internal fixation and thus direct healing.
In a rat model, where an osteotomy was rigidly fixed, Savari-
das et al. showed that ibandronate given 3 weeks prior to the
fracture resulted in impairment in progression to fracture
union, a reduction in mean stress at failure and a decrease in
BMD at the osteotomy site as well the persistence of carti-
lage-like tissue and undifferentiated mesenchymal tissue at
the osteotomy site [78].

In summary, the concerns that administration of a long-
acting bisphosphonate shortly after a fracture will, because
of it binding preferentially to the remodelling surfaces of
the skeleton, make it unavailable for the rest of the skeleton,
and cause delay in callus evolution, changes in its morphol-
ogy and make it more fragile have largely been assuaged by
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Table 1 Studies of bisphosphonates on animal models of indirect fracture healing

Study Animal model

Bisphosphonate

Findings

Fu et al. [68] Ovariectomized rats with femur fractures

Manabe et al. [69] Ovariectomized rats with femur fractures

Kidd et al. [70] Rats with ulnar fractures

Yuetal. [71] Mice with mandibular and tibial fractures

Tatli et al. [72] Rabbits with mandibular fractures

Bosemark et al. [73]  Rat femur autologous graft

Doi et al. [74] Rat femur fracture model

Gerstenfeld et al. [75] Male non osteoporotic mice with tibial

fractures
Mashiba et al. [76] Dogs with rib fractures

Amanat et al. [66] Female rats with tibial fractures

Lietal. [77] Growing rats with femoral shaft fracture

Alendronate

Ibandronate

Zoledronic acid

Zoledronic acid

Zoledronic acid + bone mor-
phogenetic protein 7 (BMP7)

Zoledronic acid+ BMP 2

Alendronate vs denosumab
Alendronate

Zoledronic acid

Incadronate

Larger fracture callus

Delayed conversion of woven bone to
lamellar bone

Mechanical properties of callus similar to
control animals

Extending dosing interval can mitigate the
delay of conversion of woven bone to
lamellar bone

High and low dose Risedronate Delay in healing with high dose but not

with low dose
No interference in callus formation with
either high or low dose

Delay in cartilage hypertrophy and in
angiogenesis during early fracture repair.
Delay in remodelling of callus in late
fracture repair- more pronounced in man-
dible than in tibia

Acceleration of fracture healing

Increase in callus volume and fourfold
increase in mechanical strength (force at
failure) at healed fracture site compared
to controls. Callus volume and force at
failure were double in the combination
group compared to BMP alone

Zoledronic acid alone or combination
resulted in greater ultimate load at failure
and greater stiffness than controls or
BMP2 alone

Alendronate delayed fracture healing, while
denosumab did not

Reduced biomechanical properties and
increased microdamage accumulation

No delay in fracture healing with bolus or
weekly dosing, but weekly dosing delayed
hard callus remodelling. Delaying dose
to 1 or 2 weeks post-fracture improved
mechanical strength and produced larger
and stronger callus

No effect on radiographic, morphometric,
or mechanical parameters post-fracture
when administered prior to fracture and
stopped. Increased callus formation and
delayed healing but paradoxical higher
mechanical strength when administration
continued post-fracture

findings in most animal studies. In fact, paradoxically, there
appears to be an improvement in mechanical properties of
the callus. Inhibiting bone resorption with bisphosphonates
at the time of fracture does not appear to be harmful to cal-
lus strength.

Clinical studies

The concern whether bisphosphonates could, through bone
turnover suppression, delay fracture healing was first raised

@ Springer

by Odvina et al. [79]. In their case series of nine patients
with osteoporosis or osteopenia on chronic alendronate treat-
ment, all patients developed incident non-traumatic fractures
involving skeletal areas that are rich in cortical bone, with
fractures occurring at atypical sites such as femoral shafts,
pubic bone, and ischium. Bone biopsy data in these patients
showed severe suppression of bone turnover, with reduced or
absent osteoblastic surface. Matrix synthesis was markedly
diminished, with absence of double tetracycline label and
absent or reduced single-tetracycline label. The same trend
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was seen in the intracortical and endocortical surfaces. Six
out of the nine patients displayed either delayed or absent
fracture healing during therapy. However, it must be noted
that this study was limited by the lack of a control group, and
therefore, a causal relationship cannot be inferred between
bisphosphonate use and the fractures, or the delay in healing.

Only a few studies have explored the effect of bisphos-
phonates on fracture healing when administered at or around
the time of fracture incidence. No significant delay in upper
or lower extremity fracture healing has been noted in any
of the studies. A meta-analysis that assessed 8 RCTs and
included patients with fractures of the distal forearm, hip,
and tibia as well as those with lumbar posterior body fusion
did not show any delay in indirect bone healing via exter-
nal callus formation with the use of bisphosphonates [80].
Time of starting treatment ranged from immediately after
fracture to 90 days afterwards. There were no differences
in indirect bone healing between early and delayed bispho-
sphonate administration groups. It must be noted that there
was some heterogeneity amongst the studies included in the
meta-analysis and, the small number of studies included in
the analysis, different doses of bisphosphonates used, vari-
ations in the duration of use, differences in the fracture sites
looked at, etc. were limitations. Delayed union was defined
as one or more clinical symptoms (pain, inability to ambu-
late, and gait disorder) at least 6 weeks after surgical repair
along with radiographic findings in this meta-analysis, and
non-union was defined as incomplete bony bridging through
cages in the lumbar spine in 12 months post-operation, or no
cortices bridging at the fracture site at more than 8§ months
post-operation.

In contrast, in a nested case—control study of 19,731
elderly patients with humerus fractures, 81 (0.4%) of patients
experienced a non-union. Amongst these patients, 16% were
exposed to bisphosphonates. Bisphosphonate use in the post-
fracture period was associated with an approximate doubling
of the risk of non-union (OR, 2.37; 95% CI, 1.13-4.96).
Outcome of non-union was defined based on the presence
of a surgical procedure for non-union 91-365 days after the
initial humerus fracture. The increased risk was observed
in the very small number of patients who did not have a
history of prior osteoporosis at the time of fracture [81].
The main limitation of this study was the extremely small
sample size of patients with non-union. The number needed
to harm was approximately 125. Therefore, the findings are
of unclear clinical significance. It is also likely that patients
who are prescribed bisphosphonates differ in important ways
from those who are not, and therefore, the observed risk
increase may have been simply related to these unmeasured
confounders, such as the baseline bone mineral density or
corticosteroid use rather than to the bisphosphonate itself.

In another retrospective study in 196 patients with distal
radius fractures that explored pre-fracture bisphosphonate

use and how that impacted on rates of fracture union, a 6-day
greater mean time to radiographic union in the bisphospho-
nate group vs control [82] was found. This delay persisted
after adjustment for age, gender, fracture complexity, or
comorbidity. However, the authors themselves acknowl-
edged that the small difference in healing time (< 1 week)
was not clinically significant and suggested that bisphospho-
nate therapy can be continued after distal radius fractures
without notable deleterious effects.

A Korean study randomized 50 women (> 50 years of
age) who had undergone volar locking plate fixation of a dis-
tal radius fracture and had been diagnosed with osteoporosis,
to early initiation of bisphosphonate treatment at 2 weeks
postoperatively, or late initiation at 3 months postoperatively
[83]. No significant differences with respect to radiographic
union, other radiographic parameters, or clinical outcomes
such as Disabilities of the Arm, Shoulder, and Hand (DASH)
scores, wrist motion, or grip strength were found.

There are limited data on the effect of bisphosphonates on
vertebral fracture healing. A prospective study that aimed to
investigate whether bisphosphonates affected fracture heal-
ing and clinical outcomes of conservatively managed osteo-
porotic spinal fractures, enrolled 105 consecutive patients
with acute osteoporotic spinal fractures who were separated
into groups depending on whether they did or did not have a
history of bisphosphonate use [84]. Clinical outcomes were
assessed using a visual analog scale and the Oswestry dis-
ability index. Radiographic parameters including changes
in height loss and kyphotic angle at the index vertebra, as
well as radiographic findings indicative of impaired ver-
tebral fracture healing such as the intervertebral cleft sign
and fracture instability, were evaluated. No differences in
clinical outcomes or radiographic parameters were observed.
Patients on bisphosphonates developed intervertebral clefts
and the authors in fact suggested that suspension of bispho-
sphonates should be considered during the fracture healing
period for acute osteoporotic spinal fractures.

In a pre-planned secondary analysis of the HORIZON
Recurrent Fracture Trial (RFT), 2127 participants randomized
within 90 days of surgical repair of hip fracture to intravenous
zoledronic acid vs placebo were examined to see whether the
timing of zoledronic acid affected the risk of delayed hip frac-
ture healing. No significant difference in incidence of delayed
union of the qualifying hip fracture (3.2% for zoledronic acid
vs 2.7% for placebo, OR 1.17, p=0.61) was noted. No interac-
tion by timing of infusion was observed, with non-union rates
similar even when zoledronic acid was given within 2 weeks
of fracture repair. In the HORIZON RFT, a relative reduction
of 28% in the risk of death was observed in the zoledronic
acid group, and therefore, a post hoc analysis was performed
to look at the hazard ratios for key outcomes by timing of
administration of zoledronic acid. When time points > 2 weeks
after fracture repair were used for statistical testing, all time
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to fracture endpoints, as well as time to all-cause mortality,
showed significant and generally larger relative risk reductions.
For time to all-cause mortality, the <2-week group showed no
reduction in the hazard of death, whereas other infusion time
periods did, although the 95% confidence intervals crossed 1
for all but one time point [85]. Whether this was a statistical
artifact induced by the post hoc analysis can be debated. In
clinical practice, for practical purposes, zoledronic acid often
is administered within 2 weeks of a surgically operated hip
fracture with no negative deleterious effect on fracture healing
or systemic osteoporosis management having been reported in
the post-marketing literature.

Further reassurance that bisphosphonates do not appear to
interfere with fracture healing when given around the time of
fracture was provided through a meta-analysis of 10 RCTs
that included 2888 subjects [86]. Four of the trials included
in the meta-analysis used alendronate, three zoledronic acid,
two risedronate, and one etidronate. There were three control
groups—receiving placebo in parallel, delayed bisphospho-
nate treatment, or no therapy. The aim of the meta-analysis
was to evaluate benefits and adverse effects of early admin-
istration of bisphosphonates to provide recommendations on
when these agents could be given after a fracture. Patients
who were treated with early bisphosphonate therapy had no
statistically significant difference in radiological fracture
healing times compared with patients in the control group,
neither did they have a higher risk of delay or non-union
of fracture healing. The limitations of this meta-analysis
included the small size of the study population and the three
types of control groups that were utilized. The pooling of
distal radius, hip, spine, and other kinds of fractures together
is also somewhat controversial although there is no defini-
tive evidence that bisphosphonates have different effects at
different skeletal sites.

The clinical studies described above are listed in Table 2.

In summary, though the extrapolation to humans of pre-
clinical data obtained from animals is not entirely fail-safe,
both the animal data from published literature as well as
the current evidence from clinical studies in humans do not
support a reason for delay in the initiation of bisphospho-
nate therapy following an acute typical metaphyseal fragility
fracture nor do they form a reason for suspension of treat-
ment if the person is already on the agent for treatment of
osteoporosis. The efficacy of bisphosphonates in preventing
secondary fractures outweighs the miniscule potential risk
of delayed or non-union of fractures associated with their
use. On the other hand, in diaphyseal fractures that require
rigid internal fixation, given that osteoclastic involvement
is harnessed early, and which may be inhibited by bisphos-
phonates, delaying initiation and/or suspending treatment till
after healing is well established may be considered.

@ Springer

Other antiresorptive agents
Denosumab

Denosumab is a monoclonal antibody, the mechanism of
action of which is anchored around its binding to the recep-
tor activator of nuclear factor-x} ligand (RANKL), leading
to the decrease of differentiation and function of osteoclasts
with consequent inhibition of bone resorption [87].

Animal studies

Data on the effect of RANKL inhibitors on osteoporotic
animal models is lacking. However limited data in non-
osteoporotic animal models show that though treatment with
osteoprotegerin (OPG)—a natural RANKL inhibitor, did not
influence callus formation or mechanical strength in female
rats, it impaired normal remodelling [22]. Other studies also
showed similar findings, with treatment with a RANK-ligand
inhibitor not being detrimental to fracture healing in a mouse
model [88] and delayed callus remodelling, but increased
mechanical strength with increased torsional rigidity in male
mice treated with denosumab [75].

Clinical studies

In the FREEDOM trial, postmenopausal women > 60 years
with osteoporosis were randomized to receive denosumab
every 6 months or a placebo. A pre-planned sub-analysis
of the FREEDOM trial evaluated the effect of denosumab
administration on fracture healing amongst 851 patients
with non-vertebral fractures (386 in the denosumab group
and 465 in the placebo group) to address theoretical con-
cerns related to initiating or continuing denosumab therapy
in patients presenting with a non-vertebral fracture [89].
Delayed union was reported in a total of 7 subjects (two
in the denosumab group (0.5%) and five in the placebo
group (1.1%)). Neither delayed healing nor non-union
was observed in any subject who had received denosumab
within 6 weeks preceding or following the fracture. Compli-
cations associated with the fracture or intervention occurred
in five subjects (2%) and twenty subjects (5%) in the
denosumab and placebo groups, respectively (p =0.009).
Fracture healing seemed to be unaffected even when deno-
sumab was administered within a day of the fracture. Thus,
denosumab does not appear to delay fracture healing even
when it is administered at or near the time of the fracture,
and considering that abrupt treatment discontinuation may
incite new vertebral fractures, it seems prudent to recom-
mend continuing denosumab treatment when a fracture has
occurred.
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Estrogen and selective estrogen receptor
modulators (SERMs)

Animal studies

Raloxifene is a SERM with mild antiresorptive properties.
Both estrogen and raloxifene suppressed callus remodelling
in an ovariectomized rat femoral osteotomy model but did
not impair fracture healing [90]. In a rabbit long bone
fracture model, animals treated with local administration
of estrogen at the fracture gap had significantly higher
gross stability, radiographic union, and gap reduction
compared to those administered sham normal saline [91].
Both estrogen and raloxifene also have been shown to
improve the fracture biomechanical properties in another
plate fixation tibial fracture rat model. In this latter study,
raloxifene mainly induced total callus formation, while
estrogen predominantly increased new endosteal bone
formation [58].

Clinical studies

No studies evaluating the influence of raloxifene or estrogen
on fracture healing in humans exist.

Calcitonin

Calcitonin is a weak antiresorptive agent that decreases the
number and activity of osteoclasts. In the armamentarium
of osteoporosis pharmacotherapy, calcitonin has been super
ceded by other more potent medications.

Animal studies

A multitude of earlier preclinical animal studies have exam-
ined the effect of calcitonin on fracture healing. Most of
these studies have shown that calcitonin treatment increases
callus formation and some have shown that it improves bio-
mechanical properties of the healed bone with a rat tibial
model showing more mature early callus with calcitonin
treatment having improved mechanical strength [92].

Clinical studies

Statistically significant differences in radiographic frac-
ture healing with calcitonin treatment compared to placebo
were seen in a randomized, double-blind, placebo-controlled
study of elderly hip fracture patients. However, there was no
difference noted in functional recovery between groups [93].
In another randomized, double-blind, placebo-controlled
trial in patients with osteoporotic vertebral crush fracture,
calcitonin treatment led to decreased pain, earlier mobiliza-
tion, and faster restoration of locomotor function [94].

Anabolic agents
Teriparatide

Teriparatide is the 1-34 N-terminal amino acid sequence
analog of the endogenous human parathyroid hormone.
Existing data suggest that teriparatide accelerates chondro-
cyte recruitment and differentiation [95] both of which are
essential processes in early endochondral ossification. It also
stimulates osteoblast and fibroblast growth factor-2 upregu-
lation [96]. Case series and reports have described the “off-
label” use of teriparatide to accelerate fracture healing and
to treat non-union [97]. We examine the evidence that is cur-
rently available regarding teriparatide and fracture healing.

Animal studies Multiple studies have shown acceler-
ated fracture healing (both histological and radiological),
increased bone mineral content and callus formation, and
newly formed bone as well as improvements in biomechani-
cal strength with teriparatide in both male and female and
in non-osteoporotic as well as osteoporotic animal models.
In animal models of fracture healing and implant fixation,
the effect of teriparatide appeared to be stronger on newly
forming bone than on preexisting bone.

In a non-osteoporotic cynomolgus monkey model that
had femur osteotomy and surgical plate fixation, PTH 1-34
administration post-fracture accelerated the natural fracture
healing process by shrinking callus size and increasing the
degree of mineralization of the fracture callus and restored
intrinsic material properties of the osteotomized femur shaft
[98]. Cynomolgus monkeys have an intracortical Haversian
remodelling system like that of humans that allows the
observation of cortical bone metabolism [99].

A few of the pertinent studies of teriparatide in osteoporo-
tic animal models are highlighted in Table 3.

Clinical studies The animal studies showing accelerated
fracture healing with teriparatide have stimulated research
into the potential for it to enhance or fasten fracture healing
in humans.

A systematic review and meta-analysis by Eastman et al.
looked at 11 RCTs to evaluate the evidence of PTH analogs
on fracture healing [105]. There were three comparators:
placebo or positive comparator or standard care, and though
it caused increased heterogeneity in the results, all fracture
types were included to maximize the inclusion of all RCTs
that explored the use of PTH analogs in fracture healing.
Fracture sites in the 11 articles were vertebrae (n="789, 3 tri-
als), femur (atypical) (n=13, 1 trial), hip (n =343, 4 trials),
tibia (n=13, 1 trial), humerus (n =40, 1 trial), and radius
(n=102, 1 trial). There was no difference in fracture heal-
ing rate at the first reported time point in teriparatide-treated
patients. There were however significant reductions in pain
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Table 3 Studies of teriparatide on animal models of fracture healing

Study Animal model

Findings

Ellegard et al. [I00] ~ Ovariectomized rat with tibia osteotomy

Kim et al. [101]
intramedullary nailing

Lin et al. [102]

Liu et al. [95]

Kitaguchi et al. [103]
(cancellous bone healing model)

Nozaka et al. [104]
(proximal tibial) osteotomy

Ovariectomized rat with tibia osteotomy stabilized by

Ovariectomized rat with femur shaft osteotomy

Ovariectomized rats with femur shaft osteotomy

Ovariectomized mice with femur metaphyses osteotomy

Normal and ovariectomized rats with cancellous bone

Non-significantly increased amount of callus after
4-6 weeks and no difference after 8 weeks. Increased
bone mineral content. Callus bone mineral density and
bone mineral content even in conditions of unloading

Enhanced biomechanical strength of callus

Enhanced new bone formation, enhanced maximum femo-
ral loading, and increased levels of procollagen type I
N-terminal propeptide (PINP) and osteocalcin. Enhanced
osteotomy healing

Combination of insulin and PTH improved differentia-
tion and proliferation of hypertrophic chondrocytes.
Increased newly formed trabecular/cancellous bone with
increased mineralized bone volume fraction (BV/TV)
and connectivity density

Combination treatment with RANK ligand antibody and
PTH Accelerated regeneration of cancellous bone vol-
ume. No effect on cortical bone regeneration

Increased cancellous bone volume by stimulating bone
formation in both normal and ovariectomized rats and
decreased adipogenesis. Increased cancellous bone union

and improved functional outcomes. The authors concluded
that PTH analogs improved functional outcomes across
a range of fracture types with no additional incidence of
adverse events compared with bisphosphonates and stand-
ard care. It must be noted that there were several limitations
to the study including the varied comparators, varying trial
designs, lack of a common fracture healing analysis time
point, and differences in criteria to denote fracture healing
amongst the trials.

Another meta-analysis by Kim et al. of 11 trials (6 RCTs,
4 well-controlled retrospective studies, and 1 retrospec-
tive post hoc subgroup analysis) showed varying effect of
teriparatide on fracture healing based on the site of fracture
[106]. Teriparatide showed positive effects on radiographic
bone healing in 6 studies and was associated with a decrease
in pain or shorter mobilization in 6 studies. The conclusion
was that teriparatide appears to provide selective advantages
to fracture healing, i.e., at certain sites such as the pelvis
and distal radius, and functional recovery of osteoporotic
fractures.

One of the more pertinent randomized controlled trials in
the Kim et al. meta-analysis was a trial by Aspenberg et al.
a 53-week RCT that enrolled 102 postmenopausal women
with a distal radius fracture who required closed reduc-
tion but did not require surgery. Women were randomized
to 8 weeks of teriparatide 20 pg, 40 pg, or placebo within
10 days of fracture [107]. The investigators hypothesized
that the higher teriparatide dose would shorten the time to
cortical bridging. They found that the median time from
fracture to first radiographic evidence of complete cortical
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bridging in three of four cortices was significantly reduced
in the teriparatide 20 pug group vs placebo. However, no sig-
nificant difference between the 40 pg versus placebo group
was seen. No differences for functional outcomes or adverse
effects were found between the three groups. The lack of
effect of teriparatide 40 pg to accelerate healing compared
with placebo was an unexpected finding. It was postulated
that the higher dose resulted in a decreased mineral density
in the cortex of the radial shaft, likely related to increased
remodelling. The increased porosity in the callus may have
made the callus larger and mechanically functional though it
might have been less visible on X-rays. In a subsequent post
hoc subgroup analysis that was not part of the original pro-
tocol, two of the authors of the original study examined the
qualitative appearance of the callus 5 weeks after fracture
(i.e., early callus) in 27 of the subjects [108]. They found
that early callus quality was improved with both the high and
low dose of teriparatide as compared to with placebo. The
authors suggest that though their findings had to be inter-
preted with caution (given the nature of the analysis), in
combination with the results of the larger trial, radiographic
callus quality at an early time point might be a better and
more sensitive variable of fracture healing, than time to cor-
tical continuity.

Another trial randomized 171 patients to either teripara-
tide (20 pg/day) or risedronate (35 mg/week) initiated within
2 weeks after fixation of a low-trauma pertrochanteric hip
fracture [109]. Contrary to the findings seen in the distal
radius, this study showed improved functional outcomes
such as short Timed Up and Go test and improvement in
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pain in the teriparatide arm. However, there were no signifi-
cant differences in radiographic healing, implant mechanical
failure, or loss of fracture reduction between the groups.

Two meta-analyses that have been performed to assess
the effectiveness of teriparatide on fracture healing times
have provided conflicting results. The first meta-analysis by
Lou et al. of patients with osteoporosis found a significantly
shortened healing time in the teriparatide-treated group,
though stratified analysis showed that the lower limb group
had shorter healing time but the upper limb group did not
[110]. The reason for this discrepancy is not clear. The sec-
ond meta-analysis by Shi et al. included non-osteoporotic
fractures and did not demonstrate effectiveness of teripara-
tide in hastening fracture union [111].

In summary, the accumulated evidence from both pre-
clinical and clinical data suggests that though teriparatide
treatment can enhance fracture healing, there does not seem
to be evidence that it prevents non-union or influences union
rates. If used to enhance fracture healing, the optimal timing,
treatment duration, dose, dosing interval, and therefore the
clinical meaningfulness remain uncertain.

Abaloparatide

Abaloparatide is a novel synthetic peptide analog of PTHrP
given at four times the teriparatide dose in a human osteopo-
rosis trial. Abaloparatide increased bone density more than
teriparatide, and both reduced fracture risk [112].

There is no evidence to suggest that abaloparatide has a
deleterious effect on fracture healing in either animals or
humans. Evidence of improved outcomes on fracture healing
with abaloparatide however comes only from mouse mod-
els. In a study that was a head-to-head comparison between
the potential fracture healing effects of abaloparatide and
teriparatide, both metaphyseal and diaphyseal fracture heal-
ing were assessed [113]. In the metaphyseal model, a dose-
dependent increase in screw pull-out force was seen with
both abaloparatide and teriparatide (the screw pull-out force
is reflective of cancellous bone healing, is a surrogate for the
strength of the bone that has regenerated and grasped the
screw threads during the 10 days after screw insertion, and
is a measure of local cancellous bone formation in response
to trauma). Both medications also significantly increased
callus density in the diaphyseal model.

Romosozumab

Romosozumab is a monoclonal antibody directed against
sclerostin, which is a glycoprotein secreted by osteo-
cytes and is the product of the SOST gene [114]. Scle-
rostin functions as an endogenous antagonist and inhib-
its the binding of Wnt ligand to low-density lipoprotein

receptor-related protein (LRP5/6) [115]. Activation of Wnt
signalling stimulates -catenin (a molecule downstream in
the Wnt pathway) to activate osteoblastic gene transcrip-
tion. Activation of Wnt signalling also diverts the differ-
entiation of pluripotent mesenchymal cells towards the
osteoblastic lineage and suppresses chondrogenesis. On
the other hand, the increased level of p-catenin results in
an increased expression of OPG, which binds to RANKL
as a decoy receptor, preventing the binding of RANKL and
RANK. Osteoclast activation and differentiation, which
lead to bone resorption, occur in the presence of RANKL-
to-RANK binding [115, 116].

The canonical Wnt (cWnt) p-catenin pathway is one
of the most critical signalling pathways involved in bone
healing [117, 118]. The peak upregulation of the pathway
is seen within 7 to 14 days after fracture in rat models.
Bone healing can potentially be accelerated by upregulat-
ing and/or controlling the cWnt pathway along with lev-
els of B-catenin. It has been reported that Wnt-responsive
cells are not observed near the marrow cavity but seen over
the periosteal callus, presuming that the cWnt-f-catenin
pathway associates with endochondral rather than intram-
embranous bone formation. Montjovent et al. have shown
that non-rigid fixation of femoral defects is associated with
increased levels of inhibitors of Wnt proteins [119], and as
detailed earlier, the main healing process in non-rigid fixa-
tion is through endochondral bone formation. Therefore,
theoretically at least, inhibiting Wnt protein inhibitors and
activating the cWnt-f-catenin pathway may help healing
of such fractures.

Animal studies Most animal fracture model studies employ-
ing sclerostin-neutralizing antibodies have shown a positive
effect. This was especially so in diabetic and osteoporotic
models [120-122]. Treatment with anti-sclerostin antibody
of rats with femoral defects resulted in faster healing times
and increased BMD at fracture sites when compared to con-
trol sites at both early (3 weeks) and late (8 weeks) time
points post-fracture induction [123, 124]. Rats who had open
osteotomy and subsequently given anti-sclerostin antibody
at 3 and 6 weeks post-fracture or at 3, 6, and 9 weeks post-
fracture showed more highly mineralized calluses and higher
BMD at the fracture sites [125, 126]. Moreover, there was
increased callus angiogenesis noted. An increase in callus
bone volume accompanied by increased bone strength has
been also observed in sclerostin gene knockout mice models
with fractures that were externally fixed and healed through
endochondral ossification [127, 128]. On the other hand,
Kruck et al. reported negative effects of sclerostin antibody
(Scl-Ab) on bone healing [129]. In the rigid and semirigid
fixation rat models for femoral osteotomy that were created
for this study, no difference in late healing between the Scl-
Ab and control groups that underwent semirigid fixation was
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Table 4 Animal models of fracture healing with romosozumab/SOST antibody

Study Animal model

Findings

Ominsky et al. [128]  Rat with femur fracture

Ominsky et al. [128]  Cynomolgus monkey with fibula osteotomy

Virdi AS [130] Rat with femur ablation and implant placement

Yee et al. [122]

Agholme et al. [131]  Rat with tibia metaphyseal screw

McDonald et al. [132] Rat with femur distraction osteogenesis
Virk et al. [124] Rat with femur critical defect

Kruck et al. [129]

Streptozocin-induced T1 DM mouse with femur fracture

Mouse with femur osteotomy rigidly or semirigidly fixed

Increased bone mass and bone strength at the site of fracture.
Less callus cartilage and smaller fracture gaps containing
more bone and less fibrovascular tissue

Increased bone mass and bone strength at the site of fracture
in treated animals. Less callus cartilage and smaller fracture
gaps containing more bone and less fibrovascular tissue

Fixation strength increased in treated rats compared to con-
trols

Sclerostin antibody rescued the impaired osteogenesis seen in
T1DM fracture model by facilitating osteoblast differentia-
tion and mineralization of bone

Pull-out strength increased, bone volume surrounding screw
increased with treatment

Increased bone volume and increased strength of united bone
with treatment

Complete healing of critical defect in subset of rats treated
with sclerostin antibody compared to no healing in controls

Increased bone volume in sclerostin antibody-treated mice.
However, higher degree of endosteal bridging indicating
delayed fracture callus remodelling

noted. However, with rigid fixation, the Scl-Ab group had
more bridging of the endosteum, which adversely affected
late healing, suggesting delayed callus remodelling and mar-
row reconstitution.

Some of the pertinent studies of romosozumab in animal
models are highlighted in Table 4.

Clinical studies Though the preclinical studies with
sclerostin antibody overall showed promising results on
fracture healing, and though no adverse effects on it have
been observed so far with romosozumab, human studies
with this agent exploring its efficacy in fracture healing
have been disappointing. In a phase 2 randomized double-
blind trial that evaluated the effect of romosozumab on
outcomes in patients who had open reduction and internal
fixation of intertrochanteric or femoral neck hip fractures, no
evidence of improvements in fracture healing-related clinical
and radiographic outcomes was seen [133]. In this study,
243 subjects were randomized to receive romosozumab
at doses of 70 mg (n=60), 140 mg (n=93), and 210 mg
(n=90) and 89 to receive a placebo. Subjects received
three subcutaneous injections of romosozumab or a placebo
postoperatively on day 1 and at weeks 2, 6, and 12. The
primary end point was the timed “Up & Go” (TUG) score
over weeks 6 to 20. Additional end points included the time
to radiographic evidence of healing (defined as effacement
of the fracture lines by newly formed bone along the cortices
and within the trabecular bone on anteroposterior and lateral
[or oblique] radiographs) and the Radiographic Union Scale
for Hip (RUSH) score. There was no difference in the TUG
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score, or in the median time to radiographic evidence of
healing between romosozumab and placebo. Neither was
there a difference between the two in the RUSH score. The
reason for the absence of accelerated healing, despite the
stimulation of bone formation that romosozumab induces,
was unclear. Another randomized double-blind phase
2 trial evaluated the effect of romosozumab in patients
after surgical fixation of tibial diaphyseal fracture. In this
study, 299 subjects were randomized to the romosozumab
group and 103 to the placebo group. Patients received
subcutaneous injections of romosozumab or the placebo
postoperatively on day 1 and subsequently in weeks 2, 6,
and 12. The primary outcome was the time to radiographic
evidence of healing (“radiographic healing”) analyzed after
the week-24 assessments had been completed for all patients.
No significant difference in time to radiographic or clinical
healing nor a benefit in physical function was seen between
the two groups [134].

The reasons for the lack of acceleration of fracture heal-
ing in the romosozumab groups compared with the placebo
group in the studies described above are unclear though it
is hypothesized that perhaps the studies were too short or
underpowered to detect changes in subgroups of patients
who might benefit from treatment. Other postulates that have
been raised to explain the discrepancies noted between the
animal and human studies include differences in the timing
of administration of the sclerostin antibody. In both human
studies, romosozumab was administered starting on post-
operative day 1 whereas in the animal studies, it was given
much later after the fracture.
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Romosozumab promotes the differentiation of osteo-
blasts from osteoprogenitors with little increase in immature
osteoprogenitor cells whereas teriparatide increases levels
of immature osteoprogenitor cells also [135]. SOST gene
expression has been noted to be more abundant in the hard
callus in the later stages of bone repair than in the soft callus
in the early stages in a mouse tibia fracture model [136]. In
this study, administration of teriparatide upregulated SOST
expression as the hard callus increased. These findings sug-
gest that changing the time of initiation of romosozumab to
later in the fracture healing process and perhaps a sequential
use of teriparatide followed by romosozumab may benefit
fracture healing although this has not been studied clinically.
In both the human clinical studies described earlier, the
patients received rigid fixation and romosozumab may have
had a deleterious effect on the healing process in this situ-
ation. It may also be possible that fracture healing requires
remodelling while romosozumab exerts its stimulatory bone
formation effect primarily through modelling-based mecha-
nisms [135]. All these postulates remain speculative at best
and call for further research.

In summary, strong evidence for fracture healing with
anabolic agents is lacking. Teriparatide is associated with
shorter fracture healing time at sites such as the distal radius.
There is conflicting evidence in its use for hip fracture heal-
ing though there does appear to be better pain and functional
outcomes with its use. There is limited data regarding its
use in vertebral fracture healing; however, it is associated
with pain improvement in this setting. There is scant data
for fracture healing outcomes with abaloparatide, and studies
on fracture healing with romosozumab have yielded disap-
pointing results in humans.

Conclusion and areas of potential research

Fracture healing is a complex process that involves multiple
biological and mechanical factors. Fracture repair involves
different stages that resemble embryological skeletal devel-
opment. The timing of healing and delayed healing after
fracture varies across skeletal sites. The assessment of
fracture healing typically involves a combination of clini-
cal examination and radiographic imaging. Animal studies
appear to support the view that osteoporosis negatively influ-
ences fracture healing. However, clinical studies in humans
have yielded conflicting results.

The effect of osteoporosis medications on fracture heal-
ing has been extensively studied, though most of the inves-
tigations have been in animal models and therefore may
not fully translate to humans. Other factors such as aging,
smoking, poor nutrition, and comorbidities such as diabe-
tes and vitamin D deficiency may confound and contribute

to delayed healing of osteoporotic fragility fractures. Over-
all, there does not appear to be a deleterious effect of oste-
oporosis medications on fracture healing. Bisphosphonates
can be safely started early after metaphyseal osteoporotic
fractures without adversely affecting clinical outcome. The
benefit of treating osteoporosis and the urgent necessity
to mitigate imminent fracture risk should take precedence
over any theoretical risks of non-union or delayed union.
There is a suggestion of benefit for teriparatide in time to
fracture healing. Data on the impact of new antiosteopo-
rosis agents such as romosozumab on fracture healing is
scant and deserves further attention.

Several areas would benefit from additional research.
The identification of new radiological and biological
markers of fracture healing and the development of simple,
reliable clinical measures for malunion and non-union is
one such. Currently, microCT is the most accurate method
to assess non-union in rat fracture models [137]. MicroCT
generates density-related parameters [138], torsional
rigidity [139], etc. may potentially be used to describe
outcomes in human clinical studies also, though cost and
concerns about radiation exposure may limit its practical
use in human patients.

In the realm of assessment of fracture healing and pre-
diction of union vs non-union, an attempt to synthesize
clinical and basic science methodologies must be made so
that a convergence of the two frameworks can be achieved.
An example is the quantification of pain, weight-bearing,
and analysis of gait and function. Assessment of pain and
functional recovery in animal models include the amount of
weight bearing (with animals flinching or withdrawing the
affected part in the presence of pain) and locomotor activity
and gait analysis. In humans, such assessments include rat-
ing pain on a Likert scale, or reporting of pain on palpation
of the fracture site is standard clinical praxis. However, for
translation of animal studies, it is essential that parameters
that are conserved across species be identified to better unite
clinical and pre-clinical assessment techniques.

It is also imperative that systemic and local agents that
mechanistically target steps in the molecular pathway of
fracture healing and can be used as therapeutic agents to
aid union be developed, and more refined fracture fixation
techniques based on a deeper understanding of the strain
and vascularity patterns at the fracture site be undertaken.
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