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G W N e

Abstract: Osteoporosis (OP) is a major global health concern, with aging being one of the most
important risk factors. Osteoarthritis (OA) is also an age-related disorder. Patients with OP and/or
OA may be treated surgically for fractures or when their quality of life is impaired. Poor bone quality
due to OP can seriously complicate the stability of a bone fixation construct and/or surgical fracture
treatment. This review summarizes the current knowledge on the pathophysiology of normal and os-
teoporotic bone healing, the effect of a bone fracture on bone turnover markers, the diagnosis of a low
bone mineral density (BMD) before surgical intervention, and the effect of available anti-osteoporosis
treatment. Interventions that improve bone health may enhance the probability of favorable surgical
outcomes. Fracture healing and the treatment of atypical femoral fractures are also discussed.

Keywords: osteoporosis; bone-related surgeries

1. Introduction

Osteoporosis (OP) is a major public health concern that affects approximately 200 million
people globally. The clinical consequences of this systemic disorder are an increased risk
of fractures with an increased fracture severity [1]. Poor bone quality due to OP seriously
complicates the surgical treatment of these fractures and stability of the bone fixation
construct. Patients with OP having spine surgery are at an increased risk of pedicle screw
loosening, instrumentation failure, pseudoarthrosis, vertebral fractures (VFs), proximal
junctional kyphosis, and revision surgery [2]. Since OP is a disorder of aging and both
aging and OP may affect the normal bone healing process, it is difficult to separate their
negative effects on bone tissue [1].

2. Fracture Healing in Healthy Bone

Fracture healing is a complex, multistage, coordinated process commencing au-
tonomously in the bone fracture area [3]. There are two principal histological types of bone
healing: primary and secondary healing. Primary healing is rare and is based on the at-
tempt of the cortical bone cells to re-establish the disrupted continuity directly, therefore
requiring absolute stability and contact of the fragments, as may occur with a stress fracture
and fractures treated with open reduction and internal fixation (ORIF) with plates and
screws [4]. In contrast, secondary bone healing takes place in the majority of bony injuries
and involves both intramembranous and endochondral ossification with the activation
of committed osteoprogenitor cells of the periosteum and undifferentiated multipotent
mesenchymal stem cells (MSCs). This type of bone healing involves callus formation [4].
Four stages typically describe the bone healing process: hematoma formation with inflam-
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mation, fibrocartilaginous callus formation, bony callus formation, and bone remodeling [5]
(Figure 1).
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Figure 1. Bone healing in healthy bone and after atypical femoral fracture (AFF). There are
four stages that describe the bone healing process: (1) hematoma formation with inflamma-
tion, (2) fibrocartilaginous callus formation, (3) bony callus formation, and (4) bone remodeling.
During the first stage, a formed hematoma is composed of bone marrow and peripheral and in-
tramedullary blood cells. The inflammatory cells (macrophages, neutrophils, lymphocytes, mono-
cytes) and degranulating platelets infiltrate the hematoma between the fracture ends, causing acute
inflammation and releasing cytokines and growth factors to stimulate the fracture healing process.
During the fibrocartilaginous callus formation (stage 2), the soft callus is developed. The soft cal-
lus is a semi-rigid tissue able to provide mechanical support to the fracture and act as a template
for the bony callus. The cartilaginous matrix is produced until the whole fibrinous/granulation tissue
is replaced by cartilage. Angiogenic factors amplify the process of fracture healing vascularization.
Further progress of bone regeneration occurs with the replacement of the primary soft cartilaginous
callus with a hard bony callus during stage 3 (bony callus formation stage). The last stage represents
bone remodeling that is characterized by high levels of bone resorption and formation markers and
the migration of osteoblasts and osteoclasts with the hard callus that undergoes repeated remodeling.
During this process, the central part of the callus is finally replaced by compact bone, whereas
the callus edges are replaced by lamellar bone. See the test for more details.
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Hematoma Formation (Days 1 to 7). A hematoma is formed immediately after
the fracture; it is composed of peripheral and intramedullary blood cells, and bone mar-
row cells. The inflammatory response, necessary for healing to progress, peaks within
24 h and is completed in 7 days. Hematoma coagulation within the medulla and be-
tween/around the fracture ends sets up a template for callus formation [6]. Inflammatory
cells (macrophages, neutrophils, lymphocytes, monocytes) and degranulating platelets in-
filtrate the hematoma between the fracture ends, causing acute inflammation and releasing
cytokines and growth factors that stimulate fracture healing [3,5,7].

Fibrocartilaginous Callus Formation (Days 5 to 11). Chondrocytes and fibroblasts
dominate on a cellular level at this stage; however, specific proportions of different cell
types can vary among fractures. The soft callus produced by these cells is a semi-rigid
tissue that is able to provide mechanical support to the fracture. At the same time, the soft
callus acts as a template for the bony callus that will supersede it. The cartilaginous
matrix is synthesized by proliferating chondrocytes derived from mesenchymal progenitors.
This process lasts until the whole fibrinous/granulation tissue is replaced by cartilage [7].

Angiogenic factors, such as fibroblast growth factor (FGF), platelet-derived growth fac-
tor (PDGF), and vascular endothelial growth factor (VEGF) amplify the process of the frac-
ture healing vascularization [3,8-10].

Bony Callus Formation (Days 11 to 28). Further progress of bone regeneration occurs
with the replacement of primary soft cartilaginous callus with a hard bony callus [6]. When
endochondral ossification of the cartilaginous callus begins, the receptor activator of nuclear
factor kappa B ligand (RANKL) is expressed. This stimulates the further differentiation
of chondroblasts, osteoblasts, and osteoclasts, resulting in the resorption and calcification
of the cartilaginous callus. At the same time, woven bone is laid down subperiosteally. The
proliferation of newly formed blood vessels continues, allowing for the further migration
of mesenchymal stem cells. At the end of this stage, a hard, calcified callus of immature
bone is formed [5].

Fracture callus chondrocytes become hypertrophic in the course of their proliferation,
while the extracellular matrix becomes calcified. This sequence of events is primarily
controlled by macrophage colony-stimulating factor (M-CSF), RANKL, and osteoprotegerin
(OPG), while the resorption of this mineralized cartilage is initiated by TNF-« [6,8]. It is
also likely that, during this process, M-CSF, RANKL, and OPG help to recruit bone cells
and osteoclasts to form woven bone [6].

Bone Remodeling (lasting from months to years). The remodeling of bone tissue is
the final stage of bone repair, characterized by high levels of bone resorption and bone
formation markers [11]. Osteoblasts and osteoclasts continue migrating, and the hard callus
undergoes repeated “coupled remodeling”, a process involving a balance of osteoclastic
bone resorption and osteoblastic bone formation until the bone returns to its original
state [5].

During the remodeling process, immature woven bone and underlying cartilage matrix
are resorbed by osteoclasts and replaced with the lamellar bone. The fate of osteoblasts after
completing bone formation is to undergo apoptosis, become bone lining cells, or embed
themselves into the bone matrix as osteocytes. Cellular functions of both osteoclasts and
osteoblasts are regulated by cytokines, which include RANKL and OPG [3].

3. Fracture Healing in Osteoporotic Bone

Osteoporotic bones are characterized by a low bone mineral density (BMD) and the
degradation of the bone structure due to an imbalance in bone remodeling, with osteoclastic
bone resorption exceeding osteoblastic bone formation [12]. Trabecular plates become rod-
like, with thinning and perforations, resulting in bones that are weaker and more likely to
break than normal bones [13].

The fragility of osteoporotic bone is associated with abnormal skeletal properties,
which include a reduction in the mineral and protein contents that provide strength and
stiffness to bone; a decrease in its ability to adapt to repetitive loads (fatigue resistance)
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to oppose to deformations (rigidity) and to absorb energy (resistance); and an increase
in microdamage due to repetitive micro-stress [14].

The fracture healing of osteoporotic bone proceeds through the same phases as normal
bone but the healing process may be prolonged [14] and complicated by a reduction in the
number of mesenchymal cells and angiogenesis [1,12]. Comorbidities that can contribute
to an impaired fracture healing in patients with osteoporosis include an advanced age,
endocrine disorders, malignancies, hypogonadism, and medications (e.g., glucocorticoids,
aromatase inhibitors) [1]. In the course of aging, there is an accumulation of micro-damage
of bone tissue due to diminished physiological mechanisms of repair associated with a de-
creased osteoblast activity and an age-related decrease in bone marrow (BM) [12]. Moreover,
in elderly people, osteoblasts have a reduced capacity to synthesize alkaline phosphatase,
osteocalcin, collagen, and RUNX2, a transcription factor that induces the differentiation
of multipotent mesenchymal cells into immature osteoblasts [15]; this contributes to a re-
duction in osteoprogenitor cells and the number and activity of osteoblasts, and a reduction
in physiological stimuli as mechanical stress [14].

Sarcopenia and bone loss are age-related processes, each associated with a low BMD
and osteoporosis [16]. It has been suggested that muscle contractions are the primary source
of the mechanical load on bone tissue. Bone and muscle tissues interact via biomechanical
and biochemical cross-talk. Both muscle and bone have been shown to secrete different
regulatory factors into the systemic circulation. Some myokines produced by muscle tissue,
such as myostatin, irisin, insulin-like growth factor 1 (IGF1), some interleukins, decorin,
and osteoglycin, have effects on bone tissue. Osteokines produced by bone tissue, such
as osteocalcin, prostaglandin E2, and Wingless-related integration site 3a (Wnt-3a), can
target muscle tissue [17]. Secretory factors produced by muscle tissue may vary depending
on the muscle activity, aging, and disuse [18]. Senescence-associated factors released
by aging cells are harmful for musculoskeletal health. Senescent cells produce senescence-
associated secretory phenotype (SASP), as demonstrated in an age-related OP in vivo
model [19]. SASP released from bone marrow mesenchymal stem cells and osteoblasts
inhibit bone formation [19,20].

Bone-muscle crosstalk is important for bone healing, with disruptions resulting in an
altered biomechanical or biochemical interaction. Fracture healing is impaired in the case
of muscle damage or atrophy [20].

4. Bone Turnover Markers (BTMs) in Fracture Healing (Tables 1 and 2)

BTMs are biomarkers that are released into the systemic circulation during bone remod-
eling and can be measured in blood and urine. They are classified according to whether
they primarily represent bone resorption or bone formation [21]. Markers of bone for-
mation include serum osteocalcin (OC), bone-specific alkaline phosphatase (BALP), and
the N-terminal propeptide of type I collagen (P1NP); the most sensitive markers of bone
resorption are crosslinked C- (CTX) and N- (NTX) telopeptides of type I collagen [11,22,23].
The use of serum PINP and CTX has been recommended by the International Osteoporosis
Foundation (IOF), the International Federation of Clinical Chemistry (IFCC) Bone Marker
Standards Working Group, and the National Osteoporosis Foundation (NOF) as bone
turnover reference markers for fracture risk prediction and for OP treatment evaluating
and monitoring [24,25].

As BTMs do not change significantly in the first few hours after fracture, imme-
diate post-fracture samples may provide information on the baseline state of the bone
turnover [26]. BTMs will significantly increase within the first weeks after a fracture. BTMs
may be correlated with the fracture size and healing time (Table 1). Extensive fractures
need more time to move through the repair cycle than small fractures and are characterized
by the release of a large amount of BTMs. Moreover, the duration of BTM elevation depends
on the extensiveness of the fracture, with minor fractures such as the forearm being elevated
for 6 months and up to a year after more extensive fracture, such as a hip fracture [27,28].
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The interpretation of BTM levels is confounded by pre-analytical and analytical vari-
ability. There is also a relatively low bone specificity, since collagen metabolism is not
limited to bone [11]. Drugs (e.g., glucocorticoids, anticonvulsants), menopausal status,
age, gender, pregnancy/lactation, renal insufficiency, and immobility may influence BTM

levels [29,30] (Table 2).

Table 1. Bone turnover markers, their activity in fracture healing, and limitations of BTMs use.

Bone Turnover Marker

Origin

Expected Change in Level
during the Fracture Healing

Conditions That Affect BTM
Levels

Product of the type I procollagen
degradation during

Peak at 12 weeks after fracture,

Antiresorptive treatment (such
as estrogen and BPs) lowers
procollagen peptide levels [32].
Anabolic agents such as TPTD
and Rmab increase procollagen

e pocligenocollogn  remans cvaied pepde concennaions 2
Cells—osteoblasts [23] Renal function dev1at10n§ have no
influence on PINP, so this marker
can be used in patients with
CKD [21].
BALP has several advantageous
features, which include low
Enzyme needed in osteoid The level is elevated at 4 weeks circadian variation due to its
BALP formation and mineralization [35] after fracture of the tibial shaft half-life of 1 to 2 days, stability
Cells—osteoblasts " and remains increased of samples, broad availability
' at 1 year [11]. of assays, and lack of renal
clearance [36]. BALP can be used
in patients with CKD [37].
OC is metabolized in liver and
kidneys and is influenced by renal
clearance, with higher levels
Non—cgllagel.ﬁ pljotein is a kind The level is elevated at 24 weeks of OC tha't occur in CKD.
of calcium-binding protein, o Some anticoagulants (such
o . after fracture of the tibial shaft . .
oC vitamin-K-dependent, associated X . as a high dose of heparin for one
. - N and at 1 week after distal radial
with bone mineralization [23]. fracture [11] week) can reduce OC level
Cells—osteoblasts. ' by 40% [32,36].
OC is affected by renal clearance
and has circadian rhythm with
peak at around 4 AM [36].
Fasting morning samples are
Degradation of mature type I The level rises in the first week important for optimal clinical use
collagen marker. CTX is formed after fracture, with peak since fasting reduces circadian
CTX . thg f b " at 4 weeks after fracture, and variations [32].
m d.e fré)sbess Oth one rjs?l;g]lon remains elevated This biomarker decreases rapidly
mediated by cathepsin-i 1561 throughout fracture healing [11]. in the course of antiresorptive
therapy [38].
As this marker is not secreted
in urine, it can be used in CKD
The serum enzyme activity Peak is approximately seven days patients [29]. TRAPE{b levels are
reflects the number of active after osteosynthesis and after two 10 affected by food intake as well,
TRACPSb 4 but they feature diurnal variation

osteoclasts [35].
Cells—resorbing osteoclasts

weeks in fractures, remaining
high at 24 weeks [11].

and increase immediately after
exercise. In addition, TRAP5b
samples are unstable at room
temperature [38].

BALP—Dbone-specific alkaline phosphatase; BPs—bisphosphonates; BTMs—bone turnover markers; CKD—
chronic kidney disease; CTX—crosslinked C telopeptide of type 1 collagen; OC—osteocalcin; PINP—N-terminal
propeptide of type I collagen; Rmab—romosozumab; TPTD—teriparatide; TRACP5b—tartrate-resistant acid
phosphatase 5b.
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Table 2. Factors affecting bone turnover marker levels.

Factor Effect on BTM Levels
Highest levels are in infancy and remain high in childhood, with a nadir
in women in the fourth decade and the fifth decade in men. Men

Age and gender

<35 years old have higher BTMs vs. women due to longer lasting bone
consolidation into young adulthood in men [38,39].

Menopausal status

Bone formation and resorption markers are higher during a few months
following the menopause onset and both of these levels remain elevated
thereafter [32,36].

Fractures

Elevation of bone resorption markers levels occurs within the first four
weeks after a fracture, followed by increase in bone formation markers.
Elevation of BTMs levels is estimated as 20-50% and may persist for up
to six months [32].

Pregnancy and lactation

BTMs are increasing in the course of pregnancy. They reach higher
values in the third trimester and even higher levels occur

postpartum [32].

Elevation of levels of both formation (BALP and P1NP) and resorption
markers (cross-links and telopeptides) start from the second trimester
of pregnancy. These levels reach significantly higher values than before
pregnancy [32]. The serum OC concentration decreases in the first two
trimesters, with normalization in the third trimester and after delivery.
Lowering of bone markers levels occurs postpartum over a period

of 6-12 months, with slower decline during the lactation period [32,36].

Drugs intake

Glucocorticoid therapy reduces serum of formation markers (OC and
P1INP by up to 40% to 50%) within a few days of therapy initiation, with
little effect on bone resorption markers [36]. Intake of anticonvulsants
may result in elevation of BTMs levels. It is essential to pay close
attention to intake of corticosteroids, anticonvulsants, heparin, and
GnRH agonists [36].

Fasting status/food intake

Feeding causes suppression of BTMs, with more pronounced effect

on resorption markers, which can be decreased by 20-40% in contrast to
bone formation markers (10% suppression). CTX level decreases by 20%
after breakfast) [29,36].

Bed Rest/Immobility

2—4 days of bed rest leads to a significant bone resorption markers
elevation and, after 1 week, these levels increase by 30% to 50% vs. bone
formation markers, which remain unchanged or increase only

slightly [36].

BALP—Dbone-specific alkaline phosphatase; BTMs—bone turnover markers; GnRH—gonadotropin-releasing
hormone; OC—osteocalcin; PINP—N-terminal propeptide of type I collagen; CTX—crosslinked C telopeptide
of type 1 collagen.

5. Assessment of Bone Health before Bone Surgery

Poor bone health in patients undergoing bone surgery is a major risk factor for fixation
failure, since the ability of screws to resist pullout from bone is directly related to BMD and
bone quality [40,41]. Osteoporotic bone is less dense, with a thinning of trabeculae, poor
vascularity, and disruption of the bone remodeling [41].

The prevalence of osteopenia (T-score between —1.0 and —2.5), OP (T-score < —2.5),
and fractures increases with an advancing age. In a study of 1,321 patients having spine
surgery, OP was diagnosed in 14.5% of male and 51.3% of female patients older than
50 years, and osteopenia was diagnosed in 46.1% of male and 41.4% of female patients
older than 50 years [42]. Moreover, older patients are more likely to experience surgical
complications [43]. Of note, low lumbar spine (LS) BMD is correlated with a periprosthetic
bone loss after total hip arthroplasty [44]. Postmenopausal women with a low BMD have
been shown to have a higher subsidence of the femoral stem in the cementless total hip
arthroplasty [45]. A bone loss of approximately 30-40% is needed before it can be detected
with plain X-rays [46]. In a study of patients with radiographic osteopenia who were
tested by DXA, approximately 1% were diagnosed as having a normal BMD, 49% osteope-
nia, and 38% osteoporosis [47]. Of those with a radiographic diagnosis of osteoporosis,
approximately 13% had a normal BMD by DXA, whereas 45% had osteopenia and 42%
osteoporosis [47].
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Based on the Best Practice Guidelines for Assessment and Management of Osteoporo-
sis in Adult Patients Undergoing Elective Spinal Reconstruction (2022), screening for OP
is recommended in all patients over an age of 65 years. Based on the expert panel, for
50-64-year-old patients, BMD testing should be performed when at least one of the follow-
ing risk factors is present: chronic glucocorticoid use; history of cancer treatment known
to affect the BMD; history of metabolic bone disease or fragility spine or hip fracture;
uncontrolled diabetes mellitus (>10 years of poor control); chronic kidney disease (CKD),
defined as glomerular filtration rate (GFR) <60 mL/min per 1.73 m?); a high fracture risk
based on the fracture risk algorithm, FRAX, without known BMD; vitamin D deficiency;
patients who are current smokers, alcohol users, or have a limited mobility; and patients
with a history of failed spine surgery. Patients under 50 years of age should be tested in case
of previous fragility fracture, chronic glucocorticoid use, metabolic bone disease, cancer
treatment, or chronic kidney disease [2].

Patients with CKD have a higher fracture risk compared to the general popula-
tion; this increases in a graded manner with the worsening of the GFR [48]. The risk
of fracture was shown to be approximately 1.5 and 3 times higher among women older
than 65 years and GFR 45-59 or <15, respectively, vs. patients with a normal GFR
(>60 mL/min per 1.73 m?) [48]. The risk of fractures has been reported to be 16% higher
in patients with end-stage renal disease (ESRD) vs. pre-dialysis CKD patients, especially
in the hip [49]. Long-term dialysis and CKD mineral and bone disorder (CKD-MBD)
increase the risk of osteonecrosis and joint arthropathy requiring total joint arthroplasty
(TTJA) [50]. Patients with ESRD have inferior outcomes after TJA, including periprosthetic
joint infections, surgical site complications, and mortality [51]. Hemodialysis patients has
been shown to have 16% of the revision rate after total hip arthroplasty (THA) [52].

In patients with CKD stage 5D, dual-energy X-ray absorptiometry (DXA) BMD mea-
surement has been shown to be useful for predicting fractures for women with low serum
parathyroid hormone (PTH) levels. In contrast, BMD measurement had discriminatory
power for prevalent spine fracture regardless of gender or PTH [53]. Based on the most
recent Kidney Disease: Improving Global Outcomes (KDIGO) 2017 clinical guidelines,
in patients with CKD G3a-G5D with evidence of CKD-MBD and/or risk factors for OP,
DXA evaluation was recommended [54]. Each standard deviation (SD) decrease in the total
hip BMD was associated with a fracture odds ratio of 1.75 [55].

6. Imaging in Fracture Assessment (Table 3)
6.1. Dual-Energy X-ray Absorptiometry

DXA is the gold standard method for diagnosing osteoporosis before a fracture occurs
and for assessing the fracture risk, with the ability to measure the BMD at the LS, hip,
and radius. There are limitations of DXA. It should not be performed in pregnant women
due to radiation exposure. Poor patient positioning or the presence of artifacts (e.g.,
surgical hardware, laminectomy, vertebral augmentation, degenerative changes) may
falsely increase or decrease the BMD [56-60]. The hip BMD can be altered by improper hip
positioning, extrinsic artifacts, avascular necrosis, metastases, and primary bone lesions.

Trabecular bone score (TBS). The TBS is a textural index that provides an indirect
measurement of the bone microarchitecture based on a gray-level pixel variation in the LS
DXA image [61]. It predicts the fracture risk independently of BMD. It is a validated input
for the fracture risk algorithm, FRAX. It is potentially useful for monitoring the skeletal
effects of anabolic therapy (i.e., teriparatide (TPTD), abaloparatide, romosozumab (Rmab),
and possibly denosumab (Dmab), but is less likely to show changes in BMD with bispho-
sphonate (BP) therapy [62]. A low TBS is associated with a higher risk of osteoporotic
fractures in postmenopausal women and is lower in patients with a prior osteoporotic
fracture, regardless of whether the T-score is in the osteoporotic or osteopenic range [63-66].
Each SD decline in the TBS confers a 35% greater age-adjusted risk of any major osteoporotic
fractures [67].
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Table 3. Benefits and limitations of imaging modalities for bone health assessment.

Imaging Modality and What Can Be
Measured

Benefits

Limitations

. Current gold standard for BMD
assessment

. Indirect measurement of bone
microarchitecture with TBS

Cannot be used:

- In pregnant women due to
radiation exposure;

DXA . . . - When patient weight exceeds
. Validated apd r.eadl%y available weight limit of DXA table, and
* BMD * Short exgm.matlon time . at invalid skeletal sites (e.g.,
. Z-score . Low radiation exposure (approximately surgical hardware, severe skeletal
: }"—Bsgores . %gg;ssiﬂ deformities)

e Used for diagnosis of osteoporosis, *  Skilled technologist required )
assessment of fracture risk, and . Does not distinguish between cortical
monitoring BMD changes with and trabecular bone
or without treatment . BMD measurement influenced by bone

size and aortic-vascular calcification

. Non-ionizing radiation L . .

. Can be used in case of instrumentation ¢ Does not distinguish between cortical

REMS presence and trabecular bone
. DXA-equivalent BMD, Z-score, T-score . Calcifications or osteophytes are ¢ Skilled technologist required

. Fragility score

excluded due to the identification
of unexpected spectral features

. Not position-dependent in case of bone
deformities, immobilization

Not widely available
New technology with limited experience
in clinical practice

Plain X-ray
Structural bone changes

. Diagnosis of fracture(s) and skeletal
deformities

. Recognition of severe demineralization
(radiographic osteopenia)

. Moderate cost

. Readily available

>30% of bone loss is needed before
demineralization is visible on X-ray
Radiation exposure much higher than
DXA: chest X-ray ~0.06-0.25 mSv;
lumbar spine X-ray ~1.5 mSv

Cannot be used for quantification

of BMD

. Measures volumetric BMD in cortical

and trabecular compartments for hip o Expensive
d spine (QCT) and peripheral skeletal o Hieh radiati
QCT, pQCT an igh radiation
P sites (pQCT) e Limited availability
J DXA-equivalent hip T-scores can be
generated
) . Expensive
HR-pQCT . Measures volumetric BMD and bone . Very limited availability
Structural bone changes, mechanical mlc‘roarchltecture at the distal tibia and . Primarily a research tool
properties, microarchitecture radius . Radiation exposure more than DXA
or plain X-ray
. Can diagnosis fractures and calculate

Opportunistic CT
Structural changes, L1 HU

BMD with CT imaging obtained
for non-skeletal indications

. Minimal additional cost since image is
already available

High radiation exposure (~8 mSv
for routine chest CT and ~15 mSv for CT
abdomen and pelvis).

Opportunistic MRI

Structural changes, microarchitecture
Acute vs. chronic bone changes

M- score

o No radiation exposure

o Can diagnose fractures and assess
recency of fracture with MRI obtained
for non-skeletal indications

. Minimal additional cost since image is
already available

Not validated for BMD assessment
Lower spatial resolution than CT

BMD—bone mineral density; CT—computed tomography; DXA—dual-energy X-ray absorptiometry; FRAX—
fracture risk assessment; HR-pQCT—high-resolution peripheral quantitative computed tomography; HU—
Hounsfield unit; MRI—magnetic resonance imaging; mSv—millisievert; pQCT—peripheral quantitative com-
puted tomography; QCT—quantitative computed tomography; REMS—radiofrequency echographic multi-
spectrometry; TBS—trabecular bone score.
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6.2. Radiofrequency Echographic Multi-Spectrometry (REMS)

This is an ultrasound technology that generates T-score values for the LS and hip that
are correlated with DXA T-scores; it was cleared for clinical use by the US Food and Drug
Administration (FDA) in October 2018. REMS performs an analysis of bone with non-ionizing
radiation using ultrasound signal backscattering [68-70]. The BMD is calculated through com-
parisons of the patient’s specific bone spectrum with a reference database of ultrasound spectral
models, with the generation of corresponding T-score and Z-score values derived from a norma-
tive reference database (National Health and Nutrition Examination Survey, NHANES) [68].
This approach has been validated through several national studies [69-73].

The precision and diagnostic accuracy of REMS in comparison with DXA have also
been validated [68,71]. A high linear correlation has been found in LS and hip BMD
measured by standard DXA and by REMS. The results demonstrate that REMS has a high
accuracy for OP diagnosis, with a sensitivity and specificity over 90% and a diagnostic
concordance of approximately 86% for the spine and hip. The REMS performance has
been shown to have a sensitivity and specificity for the identification of patients with OP
of over 90% for the positive predictive value (PPV, in the range of 82-86%) and, for the
negative predictive value (NPV), a sensitivity and specificity of over 97% for spine and hip
sites [74]. REMS is radiation-free; its use has recently been demonstrated in women during
pregnancy [75]. Its use requires a trained and skilled operator.

6.3. Opportunistic Computed Tomography (CT)

L1 vertebral body trabecular attenuation expressed as Hounsfield units (HU) by CT is
an alternative and reliable method used to determine BMD [76]. L1 trabecular attenuation
has been proposed as a method to identify individuals at a high risk for fracture [76].
The L1 vertebral level is an optimal target for opportunistic screening because it is easily
identifiable as the first non-rib-bearing vertebra. It is included on all abdominal and
chest CT examinations and typically has few degenerative changes. It has the closest
correlation with the BMD measured by DXA compared with other vertebral levels [76].
Based on recommendations by the International Society for Clinical Densitometry (ISCD),
opportunistic CT-based attenuation using (HU) can be used to estimate the likelihood
of osteoporosis (L1 HU < 100) and normal (L1 HU > 150) and support decisions regarding
bone health assessment [77]. L1 HU thresholds of 99 and 136 HU for the diagnosis of OP
have also been proposed [78-80].

Patients undergoing elective spinal reconstruction should have a DXA assessment
if the lumbar HU is less than or equal to 150. However, spine CT is not considered as equal
to DXA for the diagnosis of osteoporosis [2].

In patients who are not eligible for DXA due to the presence of instrumentation
or scoliosis with significant spine deformity and who have a CT performed for any other
reasons with a visible L1 vertebral body, an “opportunistic” measurement of HU can be
performed. A CT scan can also identify previously unrecognized VFs. CT is generally not
useful for monitoring patients due to the high radiation exposure.

6.4. Opportunistic Magnetic Resonance Imaging (MRI)

Because of the multiplanar imaging capability and ability to discriminate different
types of tissue, MRI is sensitive in detecting the presence of stress fractures, avulsions,
or hidden fractures, especially in settings of trauma [81]. Trabecular injuries that lead
to hemorrhage, edema, or hyperemia can be seen in areas of poorly marginated signal
intensity alteration in the cancellous bone and bone marrow on MRI [81]. The bone marrow
signal on T1-weighted MRI images has been shown to negatively correlate with BMD and
OP [82,83].

Since there is an inverse relationship between BMD, fragility fractures, and adipose
tissue in vertebral bone marrow, th M-score has been proposed as a new quantitative
method for OP screening on lumbar-spine MRI [84-87]. The M-score is a measurement
of the signal-to-noise ratio (SNR) in L1-L4 that negatively relates to the BMD. M-score
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thresholds have been suggested: <1.26 for a normal bone density, 1.26 to 2.05 for osteopenia,
and >2.05 for OP [87].

6.5. Quantitative Computed Tomography (QCT)

QCT can be used for the measurement of volumetric BMD in cortical and trabecular
compartments of the spine and proximal femur. However, when both DXA and QCT are
available, DXA is the preferred method for BMD assessment [77]. QCT may be preferable over
DXA for some patients, including those with an extremely high and low bone mass [88-90].
Recently, a better prediction of osteoporotic fractures has been shown for opportunistic QCT
vs. DXA in neurosurgical and oncologic patients. Moreover, in 56% of patients with a new
VE, the diagnosis of osteoporosis was missed with T-score classification by DXA, in contrast to
opportunistic QCT, for which, the rate of missed osteoporosis diagnoses was 19% [91].

Based on recommendations of the ISCD (2019), femoral neck and total hip T-scores cal-
culated from 2D projections of quantitative computed tomography (QCT) data
(2D data can be obtained from 3D QCT) are equivalent to the corresponding DXA T-scores
for the diagnosis of OP in accordance with the WHO criteria [92,93]. There is no consensus
on the diagnostic standards based on spine QCT. The proposed standard American College
of Radiology (ACR) QCT-cutoff values for QCT trabecular spine BMD are >120 mg/cm?
for normal bone, 80-120 mg/cm? for osteopenia, and <80mg/cm? for OP [91,94].

7. Anti-Osteoporosis Medications and Bone Health before Orthopedic Surgery
7.1. Vitamin D

Vitamin D is essential for calcium homeostasis and bone metabolism. Cholecalciferol
is hydroxylated in the liver to calcidiol (calcifediol) [25(OH);D3]), the major circulating
form of vitamin D, which is hydroxylated again in the kidneys to the active form, 1,25-
dihydroxyvitamin D [1,25(OH), D3] (calcitriol). Vitamin D is essential for the absorption
of calcium and phosphate from the small intestine. Vitamin D sufficiency is usually
assessed by measuring blood levels of 25(OH),D3, with no consensus for optimal lev-
els. A 25(OH),;D3 value < 20 ng/mL may be considered as vitamin D deficiency, from
21-29 ng/mL as vitamin D insufficiency, and > 30 ng/ mL as normal [95]. The measure-
ment of 1,25(0OH),Dj3 is generally not recommended for assessing the vitamin D status,
since its concentration fluctuates widely during the day and it has a much shorter half-life
compared with 25(OH),D3 (approximately 15 h vs. 15 days, respectively). The serum
concentration of 1,25(0OH),Dj3 is 1000-fold lower than that of 25(OH), D3 [96]. Moreover,
even with vitamin D deficiency, a compensatory elevation of PTH levels leads to an increase
in kidney production of 1,25(OH); D3 so that levels in circulation may be maintained within
the normal range. The measurement of 1,25(OH);D3 should be considered in patients with
CKD, rickets, or granulomatous diseases [95].

Active 1,25(0OH); D3 binds to vitamin D receptors (VDRs) in the kidneys, intestine,
parathyroid glands, and bones. The 1,25(OH);D3-VDR complex is critical for the nor-
mal coupling of bone remodeling [97]. An intact 1,25(OH),D3-VDR system is important
for both basal and PTH-induced osteoclastogenesis; 1,25(OH),D3; administration inhibits
PTH synthesis and parathyroid cell growth, thus rendering 1,25(0OH),D3 therapy effec-
tive in treating the secondary hyperparathyroidism of chronic kidney disease (CKD) [98].
Vitamin D deficiency can lead to secondary hyperparathyroidism and an increased bone
resorption. An elevated PTH was found in 35.4% of patients before spinal surgery [99].
Among patients after spinal fusion, 84% were found to have vitamin D deficiency or insuf-
ficiency [100]. Extremely low serum 25(OH);Dj3 levels (median value of 7.2 ng/mL) were
found in elderly patients with hip fractures, with 71.1% of the patients having vitamin D
levels below 12 ng/mL [101].

Evidence on the effect of vitamin D deficiency on bone healing in humans is limited. A
reduction in hip fracture risk and increased hip BMD was demonstrated in postmenopausal
women treated with calcium and vitamin D supplementation in the Women’s Health
Initiative clinical trial [102]. A metanalysis of 29 clinical trials (n = 63,897) supported a risk
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reduction in fractures of all types and a reduced rate of bone loss at the hip and spine,
with daily calcium doses of >1200 mg and vitamin D doses of >800 IU [103]. It has been
speculated that the effect of vitamin D in preventing fractures may be due to its action
on muscle tissue; low vitamin D has been associated with an increased risk of sarcopenia,
reduced muscle strength, and a reduction in the ability to perform daily activities and
falls [104-109].

The evidence suggests that vitamin D deficiency may be associated with an impaired
postoperative neurologic function, diminished quality of life, and increased risk of pseu-
doarthrosis [110]. Based on a systemic review of outcomes after spinal fusion, patients
presenting with vitamin D deficiency have lower fusion rates and higher rates of persistent
low back pain postoperatively [100]. Vitamin D deficiency is an independent predictor
of nonunion, with a significantly longer fusion time [110,111]. Postoperative vitamin D
supplementation in deficient patients was reported to lead to significant improvements
in low back pain intensity, patient-reported outcomes scores, and fusion rates [100].

7.2. Anti-Osteoporosis Medication

Orthopedic or neurosurgical teams provide the initial treatment for most patients with
fractures. Since there is a high risk for re-fracture in patients during the first 2 years after
the index fracture (imminent fracture risk), patients who suffered fragility fractures should
be promptly treated for secondary fracture prevention. The overall risk of another fracture
after an index fragility fracture has been described as 7.6% and 11.6% within the first 1
to 2 years, respectively [112]. The risk of second fracture is age-dependent and increases
by 4% each year, with it being more common in women than men [112,113]. The risk
of a fracture within 2 years is higher after an initial VF (16.5%) in comparison to other types
of fractures, such as humerus/proximal humerus/shoulder fractures (13%) and hip fracture
(12.8%) [112]. For secondary fracture prevention, fracture liaison services (FLSs) have been
effective. FLS is a systematic program used for identifying patients with fractures, usually
in the hospital setting, entering them into a registry and following them to assure that they
are evaluated and appropriately treated. FLSs have been shown to increase the rate of BMD
testing and treatment initiation, and reduce the risk of re-fracture and mortality [114].
Furthermore, the Project ECHO model™ (Extension for Community Healthcare Outcomes)
with a focus on OP care was initially developed at the University of New Mexico (https:
/ /hscunm.edu/echo/partner-portal / programs/new-mexico/bone-health/, accessed on 1
December 2022) and is now a world-wide known recourse of an evidence-based interactive
distance-learning provided by many institutions (Bone Health ECHO, Own the Bone ECHO,
Rare Bone Disease TeleECHO, and many other ECHO projects) to help providers improve
their knowledge and treat patients with osteoporosis.

Available antiosteoporosis medications can be divided into three groups: (1) antiresorp-
tive medications (the inhibition of bone remodeling), (2) anabolic medications (the stimula-
tion of bone modeling, with an increase in bone formation > resorption), and (3) dual-effect
(resorption inhibition and the stimulation of formation).

Currently, there is no FDA approval for anti-osteoporosis treatment/prophylaxis prior
to bone surgery to improve surgical outcomes. Medical therapy before planned spinal
surgery is recommended for patients, with OP defined as T-score < —2.5 [2]. However,
it is also reasonable to consider it for patients with poor bone health, especially those with
prior adult fractures and a high fracture probability according to FRAX (10-year probability
for major osteoporotic fracture >20% or 10-year probability for hip fracture >3%).

The antiresorptive group includes bisphosphonates (BPs) and denosumab (Dmab)
(Tables 4 and 5).


https://hsc.unm.edu/echo/partner-portal/programs/new-mexico/bone-health/
https://hsc.unm.edu/echo/partner-portal/programs/new-mexico/bone-health/

J. Clin. Med. 2022, 11, 7477 12 of 31

Table 4. Effect of anti-osteoporosis medications treatment for 12-18 months on BMD.

Change vs. Baseline,

Therapy ROI o Treatment, Months Patient Population Ref.
Teriparatide LS 10.04 + 5.23% 12 Japanese W and men [34]

. . o Postmenopausal W,
Teriparatide LS 6.9% 12 55-85 years [115]
Teriparatide EN 2.01 4+ 4.63% 12 Japanese W and men [34]
Teriparatide TH 2.72 + 4.04% 12 Japanese W and men [34]

. . o Postmenopausal W,
Teriparatide TH 0.8% 12 55-85 years [115]

BMD increase:
Romosozumab 96% of patients > 3%
(FRAME) LS 89% > 6%, 12 Postmenopausal W [116]
68% > 10%,
Romosozumab . . o,
(ARCH) LS BMD increase: 14.7% 12 Postmenopausal W [117]
Romosozumab LS 9.1% 12 Postmenopausal W, ¢}
55-85 years
Romosozumab LS 12.3% 12 Postmenopausal W, [115]
55-85 years
BMD increase:
Romosozumab 78% of patients > 3%,
(FRAME) TH/FN 47% > 6%, 12 Postmenopausal W [116]
16% >10%
Romosozumab FN 3.9% 12 Postmenopausal W, ¢}
55-85 yo
Romosozumab TH 4.6% 12 Postmenopausal W, ¢,
55-85 yo
o Postmenopausal W,
Romosozumab TH 3.9% 12 55-85 yo [115]
Zoledronic acid LS 3.93 + 0.34% 12 Chinese [119]
’ R Postmenopausal W
Zoledronic acid FN 2,69 + 0.46% 12 Chinese [119]
Postmenopausal W
Zoledronic acid TH 2.81 + 0.32% 12 Chinese [119]
Postmenopausal W
Alendronate (ARCH) LS 4.4% 12 Postmenopausal W [117]
Alendronate o Postmenopausal W,
or Zoledronic acid LS 45% £+ 11.6 At least 12 53-66 years [120]
Alendronate o Postmenopausal W,
or Zoledronic acid EN 3.8%+£7.3 Atleast 12 53-66 years [120]
Denosumab LS 5.4% 12 Postmenopausal W, [121]
>b5 yeras
Denosumab LS 9.03% =+ 11.3 At least 12 Postmenopausal W, [120]
53-66 years
Denosumab TH 3.1% 12 Postmenopausal W, 1,
>55 years
Denosumab FN 2.7% 12 Postmenopausal W, 1,
>55 years
Denosumab FN 8.7% + 8.5 At least 12 Postmenopausal W, 1,
53-66 years
Abaloparatide o Postmenopausal W,
(ACTIVE) LS 11.2% 18 49-86 years [122]
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Table 4. Cont.

Change vs. Baseline,

Therapy ROI o Treatment, Months Patient Population Ref.
Abaloparatide o Postmenopausal W,
(ACTIVE) LS 12.1% 18 >80 years [123]
Abaloparatide o Postmenopausal W,
(ACTIVE) LS 7:81% 18 <65 years [124]
Abaloparatide o Postmenopausal W,
(ACTIVE) FN 3.6% 18 49-86 years [122]
Abaloparatide o Postmenopausal W,
(ACTIVE) FN 3.6% 18 >80 years [123]
Abaloparatide o Postmenopausal W,
(ACTIVE) FN 2.71% 18 <65 years [124]
Abaloparatide o Postmenopausal W,
(ACTIVE) TH 4.18% 18 49-86 years [122]
Abaloparatide o Postmenopausal W,
(ACTIVE) TH 3.9% 18 >80 years [123]
Abaloparatide o Postmenopausal W,
(ACTIVE) TH 3.2% 18 <65 years [124]
BMD—bone mineral density; FN—femoral neck LS—lumbar spine; ROI—region of interest; TH—total hip;
W—women.
Table 5. Effect of anti-osteoporosis medications treatment for 24-36 months on BMD.
Change vs. Baseline, . .
Therapy ROI o Treatment, Months Patient Population Ref.
Teriparatide LS 13.42 + 6.12% 24 Japanese W and men [34]
Teriparatide LS 10.70% 24 Postmenopausal W [125]
Teriparatide LS 142 £8.1 24; 2 patients —18 Premenopausal W [126]
Teriparatide FN 3.26 £+ 4.25% 24 Japanese W and men [34]
Teriparatide FN 3.50% 24 Postmenopausal W [125]
Teriparatide FN 51+£52% 24; 2 patients —18 Premenopausal W [126]
Teriparatide TH 3.67 + 3.98% 24 Japanese W and men [34]
Teriparatide TH 2.50% 24 Postmenopausal W [125]
Teriparatide TH 53 +4.3% 24; 2 patients —18 Premenopausal W [126]
L o Chinese
Zoledronic acid LS 5.71 + 0.35% 24 Postmenopausal W [119]
Zoledronic acid FN 3.36 + 0.60% 2 Chinese [119]
ostmenopausal W
L o Chinese
Zoledronic acid TH 3.7 £ 0.46% 24 Postmenopausal W [119]
Alendronate (ARCH) LS 7.40% 24 Postmenopausal W [117]
Denosumab LS 9.20% 36 Postmenopausal W, 1,7,
60-90 years
Denosumab TH 6.00% 36 Postmenopausal W, 11,7

60-90 years

BMD—bone mineral density; FN—femoral neck LS—lumbar spine; ROl—region of interest; TH—total hip;

W—women.

BPs are small molecular drugs that affect bone tissue with no affinity to other tissue.
BPs have a highly selective effect on osteoclasts and suppress osteoclast-mediated bone
resorption, slowing the bone remodeling cycle. However, since resorption and formation
are coupled during the remodeling cycle, BPs inhibit both formation and resorption, with
a more pronounced effect on resorption.
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BPs are nonhydrolyzable synthetic analogs of inorganic pyrophosphate with a high
affinity for hydroxyapatite crystals in bone tissue, and are preferentially incorporated
into active bone remodeling sites, particularly resorption areas [128,129]. BPs reach bone
by entering the bone extracellular space through paracellular transport. BPs then bind to
free hydroxyapatite on the bone surface [130]. BP molecules that are incorporated into
osteoclasts promote apoptosis. When released from osteoclasts, BPs can reattach to bone
locally or be released into the systemic circulation and reattach elsewhere in the skeleton,
resulting in a skeletal half-life of many years [131].

The BP mechanism of action is the inhibition of the protein synthesis that is required
for osteoclast function, such as the maintenance of the cytoskeleton and ruffled border
formation [132,133]. Morphological changes in BP-exposed osteoclasts are described as di-
minishing the ruffled border and disrupting the cytoskeleton [134,135]. Oral nitrogen-
containing BPs have a very low rate of gastrointestinal (GI) absorption (<1%) [128,136],
with an approximately 40-60% skeleton retention, and the rest of the drug being rapidly
eliminated by the kidneys [128,130]. BPs are not metabolized to inactive products [135].

The highest skeletal concentration of BP is found in the spine due to its high con-
tent of metabolically active trabecular bone [137-139]. BPs do not improve the trabec-
ular microarchitecture. The increase in BMD with BPs occurs due to the enhanced sec-
ondary mineralization of preformed osteons and closure of the existing skeletal remodeling
space [140,141].

BPs decrease the risk of fractures by 40-70% in the spine and 20-50% in the hip,
and decrease the risk of non-VFs by 15-39% [142]. Based on a metanalysis of 10 random-
ized clinical trials (23,382 postmenopausal women), approximately 1 year (12.4 months)
of treatment is the minimal time for BPs to be beneficial for preventing one non-VF per 100
postmenopausal women, and, with 200 women, OP needs 20.3 months of BP therapy to
prevent one hip fracture and 12.1 months to avoid one clinical VF [143]. This suggests that
BPs are most likely to be effective in women, with a life expectancy of at least 1 to 2 years.

BPs differ by how tightly they bind and detach from bone, with oral risedronate (RIS)
being less tightly bound and quicker to be released from bone than zoledronic acid (ZOL),
an intravenous BP that is characterized by tight bounding and a slow release from bone
tissue [135]. The BP skeletal uptake and bone retention depends on the potency of BP—the
magnitude of the antiresorptive effect. The length of the suppression of bone turnover also
depends on the potency of BP, with ZOL being the most potent BP [128].

Prolonged therapy with BPs, with up to 6 years of annual ZOL, up to 7 years of RIS, and
up to 10 years of alendronate (ALN), has been shown to maintain bone density [144-147].
A fracture prevention benefit may last for at least 3 years after stopping ZOL, 2-3 years
after stopping ALN, and 1-2 years after stopping ibandronate and RIS. Current recom-
mendations suggest reassessing the indications to continue BP therapy after 3-5 years
of treatment [148]. There is evidence that the discontinuation of BPs does not increase the
fracture risk in 3 and 5 years based on the Fracture Intervention Trial Long-term Extension
(FLEX) and Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly-
Pivotal Fracture Trial (HORIZON-PFT) studies [144,147]. However, there is a decrease
in the BMD after the discontinuation of BPs [144,149,150]. Based on the FLEX trial, the mean
loss in BMD after ALN was stopped was 3.4% at the total hip (TH), 1.4% at the femoral neck
(FN), and 1.5% at the LS. RIS was shown to have a 34% greater risk of hip fracture with
a drug holiday of longer than 2 years, in contrast to ALN, suggesting that drug holidays
may need to be shorter for patients previously treated with RIS than with ALN [151].
A poor adherence to therapy with BPs, or poor GI absorption, may be recognized when
BTMs are not suppressed as expected after a few months of therapy [152].

BPs have no adverse effects on bone healing in patients with spinal fusion, with no
difference in screw loosening between BP and controls in a study of patients who underwent
lumbar fusion [153]. The infusion of ZOL 3 days and 1 year after lumbar interbody fusion
surgery was associated with an increased rate of solid fusion (75% vs. 56% in the control group),



J. Clin. Med. 2022, 11, 7477

15 of 31

lower incidence of subsequent compression fractures (19% vs. 51%), pedicle screw loosening
(18% vs. 45%), and cage subsidence >2 mm (28% vs. 54%) after 2 years of follow-up [154].

BPs have no effect on clinically detectable delays to indirect bone healing regardless
of the timing of the BP delivery in relation to the fracture [155]. However, in long-term BP
users (>5 years) BP-associated atypical femoral fracture (AFF) may rarely occur, with a delay
in healing in 26% of cases [156]. Treatment with BP, such as ZOL, has been recommended
as second-line therapy for enhancing spine surgery outcomes if anabolic medications
cannot be used for any reason [2].

It has been documented that the sequence of a bone-forming agent followed by antire-
sorptive therapy has the potential to provide substantially larger BMD improvements than
treatment with an antiresorptive agent first [157] (Table 4).

Dmab is a fully human monoclonal antibody that binds to the receptor activator
of nuclear factor-xB ligand ((RANKL), preventing it from binding to its receptor, RANK.
RANKL is required for osteoclast precursor differentiation via interaction with RANK,
which is expressed on many cell types, including osteoclast precursors and mature osteo-
clasts. Preventing RANKL-RANK interaction leads to the inhibition of osteoclast formation
and function, leading to a decrease in bone resorption. Dmab is cleared by the reticuloen-
dothelial system, with a half-life of approximately 26 days [131].

Dmab, as BPs, primarily increases theendocortical bone density, affecting the min-
eralization of endosteal resorption pits and thereby increasing the cortical thickness and
reducing cortical porosity. Dmab decreases the risk of new VFs by 68% and non-VFs by 20%
over 36 months [158].

In contrast to BPs, which have a long skeletal half-life with a persistence in anti-fracture
benefits for a period of time after discontinuation, the concept of a “drug holiday” does not
apply to other osteoporosis medications, which quickly lose their benefits after stopping. As
an example, Dmab, which is not retained in the skeleton, should be followed by another
medication, usually a BP, after discontinuation. Dmab is administered every 6 months; non-
compliance with the dosing schedule can lead to a rebound increase in bone remodeling and
bone loss, and an increased risk of multiple VFs [159]. The discontinuation of Dmab leads to
an enhanced osteoclastogenesis and osteoblastogenesis, resulting in a loss in cortical thickness
and trabecular bone volume along with a rapid acceleration of bone turnover and increased
amount of unmineralized bone. Bone loss during the first year after Dmab discontinuation is
approximately 5-11% at all skeletal sites [160]. BP-naive patients may experience more bone
loss after the discontinuation of Dmab in comparison with BP-treated patients [161]. BP-treated
patients who have transitioned to Dmab have a greater BMD increase than those who continue
BP therapy [162].

In the Fracture Reduction Evaluation of Denosumab in Osteoporosis Every 6 Months
(FREEDOM) extension trial, Dmab was shown to be effective for up to 10 years, with
an increase in BMD and sustained suppression of BTMs [163]. The duration of Dmab
therapy plays a role in bone loss after switching from Dmab to a BP. Bone loss has not
been described at the LS in patients who received one infusion of ZOL after <6 injec-
tions of Dmab (3-year therapy), in contrast to patients on longer-term treatment [164].
Of note, BTMs increase after stopping Dmab, regardless of the duration of the Dmab treat-
ment [164]. The mechanisms for bone loss after the discontinuation of Dmab are unclear.
Recent in vivo studies showed that osteoclasts can de-differentiate into non-resorbing
daughter cells, “osteomorphs”, prior to being recycled as osteoclasts [165]. Osteomorphs
can accumulate under the effect of RANKL inhibition as a reservoir, contributing to the bone
turnover rebound when Dmab is stopped. Dmab does not delay fracture healing, even
when administered around the time of the fracture [166].

Teriparatide (TPTD) and abaloparatide are anabolic medications that are recombinant
fragments of human PTH (1-34). TPTD is recombinant PTH (1-34); abaloparatide is
a synthetic analog of PTH-related protein PTHrP (1-34). Abaloparatide has a 41% homology
to PTH (1-34) and 76% homology to PTHrP (1-34).
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Although a sustained PTH elevation in patients with hyperparathyroidism leads to
an increased bone resorption and bone loss [167], the intermittent administration of TPTD
stimulates bone remodeling and increases bone formation in excess of bone resorption [168].
Although TPTD also upregulates osteoclasts, the anabolic effect dominates [169]. New
bone formation with TPTD is characterized by an increased cancellous bone volume
and connectivity, improved trabecular morphology, and a shift toward a more plate-like
structure, with an increased cortical bone thickness [170]. The effect of abaloparatide
on bone metabolism is similar to TPTD. However, abaloparatide has a less pronounced
activation effect on osteoclasts [171]. TPTD and abaloparatide increase the periosteal and
endosteal perimeters, resulting in a larger, more structurally sound bone [172]. In general,
bone effects of TPTD and abaloparatide are similar. TPTD and abaloparatide activate
the type 1 PTH receptor (PTH1R), with a similar affinity for the RC (GTP+S-sensitive) state
of PTHIR, but TPTD has a higher affinity for R® (GTP+S-insensitive) than abaloparatide,
resulting in a prolonged cAMP signaling; AMP signaling is two-fold less with abaloparatide
than teriparatide [173]. Abaloparatide has a faster dissociation time with PTH1R than TPTD,
and, consequently, less of a bone resorptive effect [174].

In general, anabolic therapy is preferred over antiresorptive medications for opti-
mizing outcomes of orthopedic surgery. Surgery delay and anabolic therapy have been
recommended in patients considering elective spine surgery who have a low bone mass
(T-score < —2.0), especially with a history of prior fragility fracture, in order to improve the
skeletal health preoperatively [175]. It has been suggested by some that these medications
should be started a minimum of 4 to 6 weeks prior to spine surgery and continued for up
to 2 years [176]. Based on the recent recommendations, the anabolic therapy duration
suggested is at least 2 months pre-operatively or up to 6-months pre-operatively for elective
spine reconstructive surgery, with a postoperative duration of at least 8-months [2].

TPTD can shorten the postoperative time for fracture healing, reduce rates of de-
layed healing, and increase fusion rates, and may reduce non-union after BP-associated
AFF [177,178].

Both anabolic medications increase the BMD in the spine and hip, with a better effect
of abaloparatide at the total hip compared with TPTD [179]. Abaloparatide has been shown
to increase TBS faster than TPTD [180]. Moreover, abaloparatide is associated with less
of a decrease in 1/3 radius BMD (primarily cortical bone) than TPTD [181].

Based on an analysis of four prospective observational studies, TPTD reduces rates
of clinical VFs, non-VFs, clinical fractures, and hip fractures by 62%, 43%, 50%, and 56%,
respectively, with >6 mo of therapy compared with 0 to 6 mo [182]. Abaloparatide has been
shown to reduce rates of VFs, non-VFs, and major osteoporotic fractures by 86%, 43%, and
70%, respectively, compared with placebo [183].

TPTD was initially limited to 24-month lifetime use due to an increase in the risk of os-
teosarcoma in rats. However, this restriction has been recently removed based on reviews
of long-term post-marketing data, showing no evidence of an increase in osteosarcoma risk
in humans [184,185].

It has been proposed that patients who can benefit from a longer duration of TPTD
are ones with a very high fracture risk, unable to come off glucocorticoid therapy, with an
elevated PINP after two years of TPTD, or with multiple VFs at baseline but no fractures
when on treatment [184]. Other proposed indications are adynamic bone disease and
severe chronic obstructive pulmonary disease (COPD) with VFs, since there is a loss
of approximately 8% of the vital capacity for each VF in this category of patients [184].

Due to reversible bone changes after anabolic medication discontinuation, follow-up
antiresorptive therapy is essential. The European Study of Forsteo (EUROFORS) evalu-
ated the effects of TPTD, raloxifene, and placebo for 1 year after 1 year of TPTD in post-
menopausal women with severe osteoporosis. The LS BMD increased by 3.6% in patients
who continued TPTD for a total of 2 years, remained stable for patients switched to ralox-
ifene, and significantly decreased by 2.7% in patients transitioned to placebo [125]. At
the TH, the change in BMD was +1.9%, +1.5%, and +0.3% with the transition to TPTD,
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raloxifene, and placebo, respectively. Changes in the FN were +2.6%, +1.6%, and +1.1%,
respectively [125]. Hormone replacement therapy (HRT) can also prevent bone loss in the
spine and hip for at least a year after TPTD discontinuation [186]. However, in pre-
menopausal women, the discontinuation of TPTD after 2.0 + 0.6 years of therapy led to
a significant spine BMD loss of 4.8% but remained stable at the FN (—1.5 + 4.2%), TH
(—=1.1 £ 3.7%), and 1/3 radius (+0.2 + 2.5%) [187]. Antiresorptive treatment has been recom-
mended for all premenopausal women with idiopathic osteoporosis after TPTD treatment,
especially for patients who are >40 years old, and for patients with dramatic TPTD-related
bone gain [187].

In general, treatment with Dmab or BPs is recommended after the discontinuation of any
anabolic medication.

Romosozumab (Rmab) is a humanized monoclonal antibody against sclerostin with
the dual effect of stimulating bone modeling and inhibiting resorption, in contrast to
other anabolic agents that stimulate remodeling via an increased formation and resorption
of bone. Sclerostin, the Rmab target, is a glycoprotein produced by osteocytes that inhibits
bone formation due to the downregulation of the Wnt pathway. Rmab binds to sclerostin
and inhibits it activity [188], resulting in an increase in osteoblastic differentiation, prolif-
eration, and survival. In the presence of Rmab, the Wnt signaling pathway is activated,
leading to bone formation and BMD gain. Rmab systemic absorption after subcutaneous
injection occurs via the lymphatic vessels to the blood compartment, with the elimination
of monoclonal antibodies via protein catabolism. Partial elimination may occur at the target
cells by endocytosis and intracellular degradation, which is concentration-dependent due
to the saturation effect [189,190]. The role of hepatic and renal excretion in elimination is
minor [191].

Bone histomorphometry has shown that two months of Rmab therapy results in an in-
crease in the dynamic parameters of bone formation and a decrease in bone resorption
compared with placebo [192]. Twelve months of therapy results in an increase in bone
mass, trabecular thickness, and trabecular connectivity, with no significant change in corti-
cal porosity [192]. A 3D microarchitecture assessment by pCT analysis demonstrated an
improved trabecular connectivity.

In postmenopausal women, the dual effect of Rmab leads to a significant increase in BMD
and a reduction in the fracture risk compared with alendronate and placebo [193,194]. Rmab
12 mo therapy led to a 73% lower relative risk of new VFs, 36% lower risk of clinical
fractures, and no significant effect on non-VFs [194,195]. There was a difference in the non-
VF reduction in Latin America vs. the rest of the world, with no treatment effect observed
in Latin America vs. a 42% relative risk reduction in the rest-of-world population over
12 mo [195]. A recent meta-analysis found that Rmab increases the BMD more than
TPTD [196].

With the sequence of Rmab for 1 year followed by Dmab for 1 year, patients from the
FRActure study in postmenopausal woMen with ostEoporosis (FRAME) study achieved
BMD T-score gains similar to those observed in patients from FREEDOM and FREEDOM
Extension studies after 7 years of Dmab [116]. At the TH, a year of Rmab treatment
produced BMD gains similar to those seen with 3 years of continuous Dmab treatment.
Knowledge of the effect of Rmab on bone healing is limited. No effect on hip fracture
healing has been demonstrated based on one study [197]. As for now, there is no evidence
that would delay the initiation of osteoporosis medications after a fracture or after bone-
related surgery.

Changes in BMD related to the medication sequence are described in Table 6.
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Table 6. Change in BMD based on sequence of antiosteoporosis medication use.

Initial Drug Second Drug Effect on BMD Reference

BP-pretreated vs. BP-naive
patients started on teriparatide:
The greatest mean increase
in BMD:
LS:
BP-naive: 15.46% (11.60-19.31%)
at 18 mo
BP-pretreated 11.20%
(8.56-13.85%) at 24 mo
FN:
BP-naive, 5.16% [2.32-8.00%]
at 24 mo

BPs TPTD BP-pretreated: 2.22% [0.72-3.72%]  [198]
at 24 mo
TH:
BP-naive group: BMD decreased
at 6 mo (NS), then increased
significantly at 12, 18, and 24 mo;
BP-pretreated group: BMD
decreased slightly from baseline
at 6,12, and 18 mo, then increased
from baseline at 24 mo (NS).
The greatest increase observed
in the BP-naive group: 4.46%
[0.98-7.94%] at 24 mo

Switch to Dmab for 12 mo: vs.
continued ALN:

LS: 3.03% vs. 1.85% (p < 0.05)
TH: 1.9% vs. 1.05% (NS)

FN and 1/3 radius: significantly
higher BMD for Dmab

Effect of Rmab vs. TPTD for

12 mo after BPs:

LS: 9.8% vs. 5.4% (p < 0.05) [199]
TH: 2.6% vs. —0.6% (p < 0.05)

FN:3.2% vs. —0.2% (p < 0.05)

ALN for at least 6 mo Dmab 12 mo [162]

Rmab 12 mo

Oral BP at least 3 yr and ALN 1 yr TPTD 12 mo

Postmenopausal women

24 months of teriparatide +

24 months of Dmab:

LS: decreased over first 6 mo

followed by mean net 48-month

increase of 14.0 & 6.7%

Increase in Dmab only: 4.8 £ 5.6%

TH: progressively decreased
Dmab 24 mo DATA-Switch study ~ TPTD 24 mo between 24-36 mo [200]

Change after transitioning:

—-0.7+31,

FN: transient bone loss occurring

between 24-36 mo, net 48-month

increase of 4.9 + 6.0% Change

after transitioning: 1.2 + 4.9%

1/3 forearm: net 48 mo decrease

of —1.8+5.9%

LS +11.5%
TH +3.8% [118]
FN +3.2%

LS +2.3% (95% CI 0.3, 4.4)
TH —0.1% (95% CI —1.2, 0.9) [201]
FN +0.8% (95% CI —0.3, 2.0)

Dmab Rmab
12 mo 12 mo

Dmab Rmab 12 mo
12 mo (Second course)
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Table 6. Cont.

Initial Drug

Second Drug

Effect on BMD

Reference

Dmab 12 mo
DAPS study

BPs (ALN)
12 mo

24 mo BMD change (Dmab 12 mo
+ ALN 12 mo):

LS +5.9%

TH +3.6%

FN +2.5%

BMD gain in ALN only

LS +0.5%

TH + 0.5%

FN —0.2%

[121]

Dmab 12 mo

ZOL 1 dose
12 and 24 mo

LS 1.7% £ 1.1% at 12 mo
LS 0.1% =+ 1.2% at 24 mo

[202]

Rmab 12 mo
ARCH study

BPs (ALN)
12 mo

LS: net 24-month increase of 17%

[117]

Rmab 12 mo
FRAME Extension study

Dmab 12 mo and 24 mo

Differences in BMD increases
from baseline Rmab-to-Dmab vs.
placebo-to-Dmab 12 and 24 mo
LS: 11.8% and 10.5%

TH: 5.3% and 5.2%

FN: 4.9% and 4.8%

BMD after Rmab — 12 and 24 mo
on Dmab

LS: 13.1% — 16.6% — 18.1%
TH:6% — 8.5% — 9.4%

FN: 5.5% — 7.3% — 8.2%

[203]

TPTD 24 mo
DATA-Switch study

Dmab 24 mo

Postmenopausal women

24 months of teriparatide +
24-month of Dmab:

LS: net 48-month increase of
18.3 £+ 8.5%,

Change after transitioning:
+8.6 + 5.0%

TH: net 48-month increase of
6.6 +3.3%

Change after transitioning:
+4.7 £ 2.6%

FN: net 48-month increase of
8.3+ 5.6%

Change after transitioning:
5.6 +4.5%

1/3 forearm: net 48 mo decrease
of 0.0 + 2.9%

[200]

TPTD 24 mo

Dmab 12 and 24 mo

Premenopausal women with IOP
24 months of teriparatide +

24 months of Dmab:

BMD increased by:

LS:21.9 + 7.8%

TH: 9.8 £+ 4.6%

FN:9.5 +4.7%

BMD increase after 12 months and
24 mo of Dmab after Teriparatide
for 24 mo:

LS:5.2 + 2.6% and 6.9 + 2.6%,
TH: 2.9 4+ 2.4% and 4.6 + 2.8%
FN: 3.0 4 3.8% and 4.7 + 4.9%

[126]
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Table 6. Cont.

Initial Drug

Second Drug Effect on BMD Reference

TPTD 12 mo
EUROFORS

BMD change after 24 mo
of Raloxifene after Teriparatide
. for 12 mo:
Raloxifene 12 mo LS: no change [125]
TH: 2.3%

FN: 3.1%

TPTD 24 mo

ALN, 12 mo:

LS: +1.3 £5.1%

EN: +0.7 + 4.6% )
ALN or Dmab Dmab, 12 mo: [204]

LS: +4.3 £3.5%

FN: +1.4 4+ 3.4%

ALN—alendronate; BMD—bone mineral density; BPs—bisphosphonates; Dmab—denosumab; FN—femoral
neck; LS—lumbar spine; NS—not significant, Rmab—romosozumab, TPTD—teriparatide; ROI—region of interest;
TH—total hip.

Anti-osteoporosis medications have possible side effects. However, serious side effects
are rare; these include AFF, described in a separate section, and osteonecrosis of the jaw
(ONJ). ON] risk factors include prolonged BP use, periodontitis, dental procedures, poor
oral hygiene, the use of removable apparatus, glucocorticoid use, and an age of 65 years and
older [205-208]. Tooth extraction is one of the most common immediate triggers of ONJ.
However, approximately 14% of ON]J occur spontaneously [209,210]. ON]J can be seen
with BP and Dmab use, and may occur in patients with no osteoporosis therapy. The rate
is higher in patients treated for cancer, who are typically treated with higher doses and
an increased frequency of BP or Dmab compared to patients treated for osteoporosis.
The prevalence of ONJ in oral BP users has been described as ranging from 0.001% to 0.01%
(1/10,000 to 1/100,000 patient-years) [19]. The rate is 0.017% after IV BP use for 3 years [211].
The risk of ONJ may be higher with Dmab vs. oral or IV BPs. Dmab-induced ON]J was
reported as 5.2 per 10,000 patient/years (0.0052%) [163]. Among 3068 patients treated
with BPs or Dmab for OP, ON]J developed in 12 patients on Dmab and 5 patients in BPs.
The ON]J incidence per 10,000 observed patient-years was 28.3 for Dmab vs. 4.5 for BP-treated
patients. However, 9 of 12 patients treated with Dmab had previous history of BP use [212].

A few cases of ONJ have been described after Rmab use: in FRAME, two patients
developed ONJ (0.06%) after completion of the 12 mo treatment with Rmab. Both pa-
tients had dental issues, with 1 having ill-fitting dentures and the other having a tooth
extraction resulting in osteomyelitis after receiving follow-up treatment with Dmab [194].
TPTD and abaloparatide are not associated with ONJ. Moreover, TPTD may improve
the rate of medication-related ON]J resolution [213].

8. Specifics of Fracture Healing and Treatment with AFF

AFF is a very rare complication of BP therapy, with the benefits of treatment far exceeding
the risks in appropriately selected patients [214]. Patients 65-84 years of age have a higher
rate of AFF compared with younger or older patients, while the incidence of “typical” hip
fractures increases with aging. Asians are predisposed to AFF in comparison with white women.
Other risk factors for AFF include a higher body weight, shorter height, and one or more years
of glucocorticoid use. BMD has not been associated with the AFF risk [214].

Reports suggest a strong relationship between AFF and BP treatment [215-219].
There is a suggestion that this may be due to the prolonged suppression of bone remodeling
with a reduced osteoclast activity [219,220]. There is an assumption that less effective
remodeling may cause the mineral density of bones to increase and the bone matrix to
become more homogeneous [219,221]. This may, in turn, cause an increase in the mineral-
to-matrix ratio; as a result, bones become brittle and more susceptible to crack formation
and propagation [219].
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Published research results suggest that some features of femoral geometry and changes
in bone microstructure caused by prolonged BP treatment may contribute to AFF [222].
There are various factors causing AFF at macro- and microscale mechanisms.
Tensile stresses in the lateral femoral cortex may increase due to certain features of femoral
geometry contributing to a higher AFF risk [222]. Greater tensile stresses in bones may
be caused by femur curvature. Thus, individuals with bowed femurs are at a higher risk
of bending stresses, which may lead to fractures of the lateral femoral cortex [223].

AFF begins as a stress fracture on the lateral cortex of the proximal cortex, where there
is a high tensile load due to the bending [223]. The region adjacent to the fracture line
contains many resorption cavities and channels. Most of them are oriented perpendicular
to the fracture plane, but some channels run transversely [219,224,225]. Osteoclasts are
frequently present in resorption cavities located in close proximity to the fracture line
and are less frequently found further away. Approximately 25% of the osteoclasts adja-
cent to superficial resorption cavities are giant cells containing pyknotic nuclei [225,226].
A morphometric assessment of the process of reversing resorption to formation demon-
strated that BPs hamper the onset of bone formation after resorption [225,227].

AFF definition criteria were developed by the American Society for Bone and Mineral
Research in 2010 and revised in 2013 [218]. To categorize a fracture as AFF, at least four
of the five major features listed below must be present. Minor features listed below are not
required but, when present, can corroborate the AFF diagnosis [218].

Major features

1. The fracture is associated with minimal or no trauma, such as in a fall from standing
height or lower;

2. The fracture line originates at the lateral cortex and is substantially transverse in its
orientation, although it may become oblique as it progresses medially across the femur;

3. Complete fractures extend through both cortices and may be associated with a medial
spike; incomplete fractures involve only the lateral cortex;

4. The fracture is noncomminuted or minimally comminuted;

5. Localized periosteal or endosteal thickening of the lateral cortex is present at the frac-
ture site (“beaking” or “flaring”).
Minor features

1. A generalized increase in cortical thickness of the femoral diaphyses;

Unilateral or bilateral prodromal symptoms, such as dull or aching pain in the groin

or thigh;

Bilateral incomplete or complete femoral diaphysis fractures;

4. Delayed fracture healing.

»

An analysis of women with a history of BP use showed an increase in the incidence
of AFF with a longer duration of therapy, from 0.1 (<3 mo on BP), 0.6 (<3 years on BP), 2.5
(<5 years on BP), and 6.0 (<8 years on BP) to 13.1 per 10,000 person-years (>8 years on BP) [214].
Of note, the risk of patients who have never been on BP-therapy was reported as 0.10 per 10,000
person-years [214]. Bilateral AFFs were reported in 28-44% in AFF patients [228,229]. There is
a rapid decrease in AFF by 48% 3-15 months after the discontinuation of BP and a 74-79% risk
reduction in subsequent years.

The absolute risk of AFF is very low in Dmab and raloxifene users [230].
Only three AFF cases were described with Rmab, with two occurring during the alen-
dronate treatment phase. Since Rmab has only recently been approved (in 2019), more
time is needed to evaluate the risk for AFF. Described AFF cases in patients on TPTD had
previous BP exposure. No cases of AFF were reported in patients on abaloparatide.

Based on the recently proposed AFF management recommendations [230], in pa-
tients with unilateral or non-surgically treated AFF who are at a high risk for fragility
fractures, treatment with TPTD or abaloparatide should be considered. However, tran-
sitioning from Dmab to TPTD may be followed by sustained BMD loss at the hip [200].
When TPTD or abaloparatide cannot be used, transitioning to Rmab, raloxifene, estrogen,
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or calcitonin should be considered. For AFF patients with a low risk of fragility fractures
who received more than two injections of Dmab, a short course of BP or raloxifene can be
given. If AFF is surgically treated, a short course of TPTD (3-6 months) can be considered;
however, the data for the benefits are weak. Monitoring with imaging 1-2 years after AFF
is recommended to ensure healing and assess for contralateral AFF [230].

In conclusion, there are no FDA-approved medications for enhancing fracture healing
or the outcomes of skeletal surgery. However, there is accumulating evidence supporting
the use of pharmacologic therapy in patients with poor bone health before and/or after
bone surgery. There is no evidence that anti-osteoporosis medications delay healing after
bone surgery.
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