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Abstract: Osteoporosis and low bone mineral density (BMD) pose significant challenges in adult
spinal deformity surgery, increasing the risks of complications such as vertebral compression fractures,
hardware failure, proximal junctional kyphosis/failure, and pseudoarthrosis. This narrative review
examines the current evidence on bone health optimization strategies for spinal deformity patients.
Preoperative screening and medical optimization are crucial, with vitamin D supplementation
showing particular benefit. Among the pharmacologic agents, bisphosphonates demonstrate efficacy
in improving fusion rates and reducing hardware-related complications, though the effects may be
delayed. Teriparatide, a parathyroid hormone analog, shows promise in accelerating fusion and
enhancing pedicle screw fixation. Newer anabolic agents like abaloparatide and romosozumab
require further study but show potential. Romosozumab, in particular, has demonstrated significant
improvements in lumbar spine BMD over a shorter duration compared to other treatments. Surgical
techniques like cement augmentation and the use of larger interbody cages can mitigate the risks
in osteoporotic patients. Overall, a multifaceted approach incorporating medical optimization,
appropriate pharmacologic treatment, and tailored surgical techniques is recommended to improve
outcomes in adult spinal deformity patients with compromised bone quality. Future research should
focus on optimizing the treatment protocols, assessing the long-term outcomes of newer agents in
the spine surgery population, and developing cost-effective strategies to improve access to these
promising therapies.

Keywords: osteoporosis; scoliosis; kyphosis; compression fracture; spinal fracture; diphosphonates;
denosumab; teriparatide

1. Introduction

Spinal deformities are one of the most common medical disorders with significant
impact on the patients’ quality of life. With a significant burden on healthcare costs, it is
estimated that 27.5 million elderly patients suffer from some form of spinal deformity [1].
Spinal deformity is a heterogenous spectrum of disorders defined as the malalignment or
malrotation of the spine in the axial, coronal, and/or sagittal plane. Specific subtypes of
spinal deformities include scoliosis, kyphosis, sagittal malalignment, spondylolisthesis,
axial plane deformity, and rotary subluxation [2,3]. The prevalence of different types of
spinal deformities differs depending on various factors such as age, genetics, comorbidities,
and lifestyle. Scoliosis, for example, is prevalent in childhood and adolescent populations,
with the most common subtype being idiopathic scoliosis accounting for 80% of spinal
deformities in pediatric patients [4]. The progression of adolescent spinal deformities
into adulthood, degenerative changes associated with age, and iatrogenic deformities
post-surgery impose a huge risk for the development of de novo spinal deformities in
adult and elderly populations [1–3]. Among the most cited factor in the development
of spinal deformity or the progression of deformity post-surgery is low bone mineral
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density-related conditions. Suboptimal management of this can lead to poorer outcomes
and therefore requires close attention in the preoperative optimization of patients planned
for reconstruction surgery [5–7].

This narrative review aims to explore how different pharmacological agents affect
fusion rates and hardware-related complications in adult spinal deformity patients with
osteoporosis, as well as the most effective preoperative bone health optimization strate-
gies for improving surgical outcomes in adult spinal deformity patients with low bone
mineral density.

2. Osteoporosis and Osteopenia

While there are several factors implicated in the pathogenesis of spinal deformities,
smoking, weight, core muscle strengthening, as well as general lifestyle, career and activity
choices are among those that can be modified to improve quality of life and outcomes
from surgery [8–10]. In terms of comorbid modifiable medical conditions, osteoporosis
is a disorder of the bone whereby decreased bone mass is coupled with increased risk
of fragility fractures [11,12]. A significant public health concern, consistently cited as
the most common bone disease in humans, osteoporosis was shown in a meta-analysis
to be prevalent in 18.3% of the global population and 23.1% of women [13,14]. On a
broad basis, osteoporosis is one of many bone demineralizing diseases that falls under
the umbrella term osteopenia [15]. Now recognized as a variable decrease in the bone
mineral density but not low enough for the diagnosis of osteoporosis, osteopenia is more
common in men and postmenopausal women than osteoporosis, with more than half of
postmenopausal women in the US developing osteopenia [12,16–18]. Among the lifestyle
choices that affect the development of osteoporosis and osteopenia and the maintenance of
bone health are included nutrition (specifically calcium and vitamin D), smoking, exercise,
alcohol use, body mass index (BMI) (low BMI or body weight is usually associated with an
increased risk of osteopenia and osteoporosis), occupation, recreational/sport activities,
and caffeine consumption [11,12,15–17,19,20]. Other risk factors include inflammatory
conditions, recurrent infections, HIV, malabsorptive diseases, diabetes mellitus, and certain
medications [11,12,15–17]. Risk factors such as age, ethnicity and sex are also heavily
involved in the pathogenesis of primary osteoporosis while the other risk factors, most of
which are modifiable, are involved in the pathogenesis of secondary osteoporosis [11,21]

3. Risks and Complications in Osteoporotic Patients

Osteoporosis is an essential parameter for surgeons, as many patients undergoing
spinal surgery have compromised bone quality [22,23] and adverse outcomes are directly
proportional to the complexity of the deformity [24,25]. The incidence of osteoporosis in
patients undergoing spine surgery who are older than 50 years is reported to be 14.5% of
men and 51.3% of women [26,27]. This interrelation warrants attention, as adult spinal
deformity in the United States has increased 3.4-fold in the past decade [28,29]. Both
osteoporosis and osteopenia are associated with vertebral fractures after instrumentation,
hardware failure, proximal junction kyphosis, and pseudoarthrosis [22,23,27,30,31]. and
carry an increased risk of revision surgery and surgical complications within two years
of the procedure [32] (Figure 1). Gupta et al. found that of 399 adult spinal deformity
patients, 131 of whom had osteoporosis, 40% needed revision surgery, which is 1.45 times
more likely than those without osteoporosis [32]. With degenerative scoliosis affecting
69% of the elderly population, it is apparent that bone mineral density, advanced age, and
spinal deformity are associated characteristics that warrant careful surgical planning before
surgical intervention is conducted [33,34]. Below are the commonly cited complications
presented in osteoporotic and osteopenic patients undergoing spinal surgery.
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Figure 1. Spinal pathology due to osteoporosis. (A) Bone densitometry scan (DEXA) demonstrating 
a postmenopausal woman with osteoporosis of the lumbar spine, defined as a T-score (comparison 
with healthy adults) less −2.5 and a Z-score (comparison with similar peer group) less than −1.5, 
Green is normal bone density, yellow is low bone mass, and red is osteoporosis. (B) Acute vertebral 
compression fractures (yellow arrows). (C) Hardware failure with pedicle screw loosening, osteol-
ysis, and migration. (D) Interbody cage subsidence, nonunion, and resultant spondylolisthesis. 

3.1. Vertebral Compression Fractures 
Vertebral compression fractures (VCF) compromise the anterior column of the spine, 

placing excessive strain on the anterior portion of the vertebra and the anterior longitudi-
nal ligament [35]. The most common fractures due to osteoporosis are within the verte-
brae, as osteoporosis in the aging spine significantly increases the risk of vertebral com-
pression fractures and proper fixation [27,36]. Although widely under-reported, as many 
VCFs go undetected, VCFs comprise approximately 700,000 of the total 1.5 million annual 
osteoporotic fractures in the USA [31,37,38]. 

VCF presentation is highly variable, ranging from severe pain causing hospital ad-
mission to minor to no symptoms, and is incidentally found on imaging [31,35]. Sympto-
matic presentation tends to consist of severe focal back pain, functional disability, and 
progressive kyphosis of the thoracic spine that ultimately results in decreased appetite, 
poor nutrition, and impaired pulmonary function [35,38,39]. Neurologic symptoms may 
arise due to spinal cord or cauda equina compression, including increased kyphosis, 
hyporeflexia, hyperreflexia, sensory loss, urinary retention, and sphincter dysfunction 
[35,38,39]. Irrespective of clinical presentation, VCFs are key clinical markers for skeletal 
fragility, as one VCF increases the risk of a future, potentially more harmful, fracture by 
5-fold [31,35,36,39]. With respect to spinal deformities, VCFs can cause the progression of 
pre-existing curvature abnormalities [24,38]. The loss of height that results from a com-
pression fracture may lead to the worsening of kyphotic deformity of the spine. This is 
especially true for multiple compression fractures where significant height loss is a con-
cern. Management can range from conservative pharmacologic analgesia, bracing, percu-
taneous vertebroplasty or kyphoplasty, and corrective surgeries with instrumentation and 
interbody grafts [35,38,40] (Figure 2A). 

Figure 1. Spinal pathology due to osteoporosis. (A) Bone densitometry scan (DEXA) demonstrating a
postmenopausal woman with osteoporosis of the lumbar spine, defined as a T-score (comparison
with healthy adults) less −2.5 and a Z-score (comparison with similar peer group) less than −1.5,
Green is normal bone density, yellow is low bone mass, and red is osteoporosis. (B) Acute vertebral
compression fractures (yellow arrows). (C) Hardware failure with pedicle screw loosening, osteolysis,
and migration. (D) Interbody cage subsidence, nonunion, and resultant spondylolisthesis.

3.1. Vertebral Compression Fractures

Vertebral compression fractures (VCF) compromise the anterior column of the spine,
placing excessive strain on the anterior portion of the vertebra and the anterior longi-
tudinal ligament [35]. The most common fractures due to osteoporosis are within the
vertebrae, as osteoporosis in the aging spine significantly increases the risk of vertebral
compression fractures and proper fixation [27,36]. Although widely under-reported, as
many VCFs go undetected, VCFs comprise approximately 700,000 of the total 1.5 million
annual osteoporotic fractures in the USA [31,37,38].

VCF presentation is highly variable, ranging from severe pain causing hospital admis-
sion to minor to no symptoms, and is incidentally found on imaging [31,35]. Symptomatic
presentation tends to consist of severe focal back pain, functional disability, and progressive
kyphosis of the thoracic spine that ultimately results in decreased appetite, poor nutri-
tion, and impaired pulmonary function [35,38,39]. Neurologic symptoms may arise due
to spinal cord or cauda equina compression, including increased kyphosis, hyporeflexia,
hyperreflexia, sensory loss, urinary retention, and sphincter dysfunction [35,38,39]. Irre-
spective of clinical presentation, VCFs are key clinical markers for skeletal fragility, as one
VCF increases the risk of a future, potentially more harmful, fracture by 5-fold [31,35,36,39].
With respect to spinal deformities, VCFs can cause the progression of pre-existing cur-
vature abnormalities [24,38]. The loss of height that results from a compression fracture
may lead to the worsening of kyphotic deformity of the spine. This is especially true for
multiple compression fractures where significant height loss is a concern. Management can
range from conservative pharmacologic analgesia, bracing, percutaneous vertebroplasty or
kyphoplasty, and corrective surgeries with instrumentation and interbody grafts [35,38,40]
(Figure 2A).
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Figure 2. Surgical treatment options for patients with osteoporosis. (A) Four-level kyphoplasty in 
an elderly woman with multiple thoracic vertebral compression fractures and thoracic hyperkypho-
sis. (B,C) AP and lateral X-rays from a hardware revision and fusion extension in a patient with 
osteoporosis and adjacent segment disease (ASD) at L2/3 following solid arthrodesis from previous 
L3–5 fusion. Note the new screws at L2 and L3 with cement augmentation through fenestrated 
screws. Larger interbody cages, such as those that can be inserted from an anterolateral approach, 
rest on the apophyseal ring of the vertebrae and thus provide stronger anterior column support and 
higher fusion rates. (D) Preoperative sagittal CT scan of a patient with advanced osteoporosis and a 
type II traumatic odontoid fracture. (E,F) Postoperative sagittal CT and lateral X-rays of the same 
patient 6 months following surgical stabilization and teriparatide treatment, demonstrating reduc-
tion and healing of the fracture. 

3.2. Hardware Failure 
Osteoporotic bone is known to exhibit decreased pullout strength and insertional 

torque [41,42]. This characteristic makes patients more vulnerable to screw toggling, loos-
ening, and eventual pullout [25,32,41,43]. These complications are compounded with mul-
tilevel adult spinal deformity constructs, as even stronger forces are placed on the pa-
tient’s bone to maintain substantial correction and withstand the forces of daily living 
activities [32]. Bone mineral density (BMD) has been cited as one of the most important 
factors to consider when assessing the risk of screw pullout and bone-screw interface fail-
ure [22,30]. In a recent systematic review and meta-analysis by Ogiri et al., consisting of 
133,000 patients, 12% of which had osteoporosis, those with compromised bone quality 
were 2.59 times more likely to have screw loosening and 1.65 times more likely to need 
revision surgery compared with those with standard bone quality [22]. Similarly, 
Rometsch et al. found that in their systematic literature review of the incidence of screw 
loosening in osteoporotic spines, pedicle screw loosening rates were twice as high as in 

Figure 2. Surgical treatment options for patients with osteoporosis. (A) Four-level kyphoplasty in
an elderly woman with multiple thoracic vertebral compression fractures and thoracic hyperkypho-
sis. (B,C) AP and lateral X-rays from a hardware revision and fusion extension in a patient with
osteoporosis and adjacent segment disease (ASD) at L2/3 following solid arthrodesis from previous
L3–5 fusion. Note the new screws at L2 and L3 with cement augmentation through fenestrated
screws. Larger interbody cages, such as those that can be inserted from an anterolateral approach,
rest on the apophyseal ring of the vertebrae and thus provide stronger anterior column support and
higher fusion rates. (D) Preoperative sagittal CT scan of a patient with advanced osteoporosis and a
type II traumatic odontoid fracture. (E,F) Postoperative sagittal CT and lateral X-rays of the same
patient 6 months following surgical stabilization and teriparatide treatment, demonstrating reduction
and healing of the fracture.

3.2. Hardware Failure

Osteoporotic bone is known to exhibit decreased pullout strength and insertional
torque [41,42]. This characteristic makes patients more vulnerable to screw toggling,
loosening, and eventual pullout [25,32,41,43]. These complications are compounded with
multilevel adult spinal deformity constructs, as even stronger forces are placed on the
patient’s bone to maintain substantial correction and withstand the forces of daily living
activities [32]. Bone mineral density (BMD) has been cited as one of the most important
factors to consider when assessing the risk of screw pullout and bone-screw interface
failure [22,30]. In a recent systematic review and meta-analysis by Ogiri et al., consisting
of 133,000 patients, 12% of which had osteoporosis, those with compromised bone quality
were 2.59 times more likely to have screw loosening and 1.65 times more likely to need
revision surgery compared with those with standard bone quality [22]. Similarly, Rometsch
et al. found that in their systematic literature review of the incidence of screw loosening in
osteoporotic spines, pedicle screw loosening rates were twice as high as in patients with
regular bone density when the screws were placed in a nonaugmented fashion [42].
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To prevent hardware malfunctions, some papers have cited that a spine with poor
bone mineral density may require multiple fixation points, including adjunct fixation and
augmentation of pedicle screws, and the use of larger interbody cages [24,42] (Figure 2B,C).
Additionally, large-diameter, long pedicle screws with or without fenestrations for cement
augmentation can structurally fill more of the pedicle, maintaining the integrity of a solid
construct in osteoporotic patients [32,41]. Cement augmentation in vertebroplasty and
kyphoplasty provides significant pain relief and vertebral height restoration with minimal
invasiveness, but it carries risks of bone cement implantation syndrome (BCIS), which can
result in severe complications such as hypoxia, hypotension, and cardiovascular collapse,
potentially leading to fatal outcomes [44,45]. Several other risks exist like cement leakage,
adjacent fractures, and other surgical complications; however, risk mitigation can be
performed through medical intervention with agents such as bisphosphonates, calcitonin,
abaloparatide, and teriparatide [32,44,45].

3.3. Proximal Junctional Kyphosis and Failure

Proximal junctional kyphosis (PJK) is a radiographic phenomenon that demonstrates
kyphosis in which the proximal junction angle (the sagittal Cobb angle between the inferior
endplate of the upper instrumented vertebra and the superior endplate of the vertebra
two levels above) becomes more than 10 degrees [23,46–48]. PJK is often diagnosed when
spinal deformity patients return for follow-up with unremitting pain at the top of the
construct [49]. Patients with either osteoporosis or osteopenia undergoing lumbar fusions
have an elevated risk for PJ [30,41,43]. This risk is compounded within patients with
adult spinal deformity [29,47,48]. Proximal junctional failure arises upon symptom onset,
vertebral collapse, or instrumentation failure and carries a substantial risk of sudden
paralysis [46,48]. Retrospective studies have shown that pre-existing low BMD is an
independent risk factor for proximal junctional failure (PJF), with a 2% incidence rate [46].

In a recent systematic review and meta-analysis by Ogiri et al., consisting of 133,000
patients, 12% of whom had osteoporosis, the risks of PJK/PJF were 1.89 higher in those
with poor bone quality than in those with healthy bone [22]. Similar associations were
found in the lens of adult spinal surgery, as Kuo et al. found that in their retrospective chart
review of 116 patients who had received ASD surgery, a vertebral bone quality score of 2.85
or higher was independently associated with PJK/PJF occurrence with a 94.3% predictive
accuracy [29]. Another study of 113 patients surgically treated for spinal deformity were
grouped as having either mildly low to normal BMD (T-score > −1.5) or significantly low
BMD (T-score < −1.5) and found that the incidence of PJF was significantly higher in the
patient group with significantly low BMD (33% occurrence) when compared with patients
with normal BMD (8% occurrence) [46].

To prevent PJK, techniques such as ligament augmentation, vertebroplasty, transverse
process hooks, flexible rods, sublaminar tape, and multilevel stabilization screws have been
used [48,50]. In their systematic review of studies assessing PJK prevention in ASD surg-
eries, Doodkorte et al. found that the laminar or sublaminar use of polymeric cable systems
showed particularly significant efficacy in PJK prevention in the osteopenic ASD patient
population [50]. This corroborates previous studies’ findings indicating that resistance to
failure in laminar hook and sublaminar wire fixation was not correlated to overall bone
mineral density, which benefits a vulnerable BMD population [51]. Additionally, laminar
bone mineral density is relatively higher than other places of fixation, such as the pedicles
and transverse processes, which further supports its use in osteopenic ASD patients [52].

4. Osteoporosis Treatment and Optimization for Spine Surgery

The appropriate management of the risk factors for osteoporosis and osteopenia,
and by extension, spinal deformities, can dramatically reduce the risk of fractures and
surgical intervention [11,12,15–18,32,53]. Both pharmacological and nonpharmacological
interventions can also improve pre- and post-surgical bone health optimization thereby min-
imizing the previously mentioned surgical complications [32]. There are many modalities
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in which osteoporosis can be treated and they can be classified as nonpharmacological and
pharmacological interventions. Nonpharmacological interventions include supplements
(particularly calcium and vitamin D), exercise (the nature of which involves biomechanical
stress to promote bone remodeling), reduction/optimization of modifiable risk factors
(occupational hazards, recreational/sport activities, alcohol consumption, smoking cessa-
tion, caffeine consumption) and the appropriate management of medical conditions (dia-
betes mellitus, recurring infections, inflammatory conditions, HIV, malabsorptive diseases,
etc.) [11,12,15,16,19–21,54,55]. On the other hand, pharmacological interventions include
the use of antiresorptive agents (bisphosphonates, denosumab), parathyroid hormone
analogues (teriparatide, abaloparatide), hormonal therapies (estrogen agonists/antagonists,
estrogen-progestin therapy, testosterone therapy, calcitonin), and novel therapies and
drugs [21,56,57] (Table 1).

Table 1. Pharmacologic treatment options for bone health optimization.

Class Agent Brand Name Mechanism of Action

Vitamin and mineral
supplements

Calcium N/A

The main mineral component of bone. Forms
calcium salts (mostly calcium phosphate) by
osteoblasts which harden cartilaginous bone

matrices and thus bone building

Vitamin D N/A Activates intestinal absorption of calcium and
maintaining calcium homeostasis

Antiresorptive agents Bisphosphonates Reclast, Boniva, Fosamax,
Zoneta, Actonel Aclasta

Inhibits osteoclast function, thus allowing
osteoblasts to more efficiently build bone mass

Anabolic agents

Denosumab Prolia

Monoclonal antibody that inhibits receptor
activator of nuclear factor kappa-B ligand

(RANKL), resulting in decreased
osteoclast development

Romosozumab Evenity

Monoclonal antibody that binds and inhibits
sclerostin, a protein secreted by osteocytes that
inhibits osteoblast function increases RANKL
which activates osteoclasts (PMID: 30775535).

Thus, romosozumab is unique in that it increases
bone formation and decreases bone resorption

Parathyroid hormone
(PTH) analogs

Teriparatide Forteo

Regulates calcium and phosphate metabolism in
bone and the kidneys. Counterintuitively increases
bone resorption, thus resulting in increased serum

calcium levels. However, low-dose and
intermittent exposure (i.e., once daily)

disproportionately activate osteoblasts with
increased serum calcium more than osteoclast

function, thus having a net effect of increased bone
mineral density

Abaloparatide Tymlos
Similar to teriparatide, but with different
pharmacokinetics that may confer some

advantages in bone mineral density improvements

4.1. Vitamin and Mineral Supplementation

Some of the literature has investigated the use of nonpharmacologic interventions
for osteoporosis in improving outcomes following spine surgery. In a study in rats, Cho
et al. found that dietary calcium improved the volume and overall mechanical strength of
lumbar fusions [58]. However, there are no clinical studies in humans to corroborate these
results and support calcium supplementation in spinal surgery. There is more evidence that
indicates the use of vitamin D supplementation in spinal surgery. In vivo, Metzger et al.
found that rats given higher doses of vitamin D were correlated with higher fusion rates,
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biomechanical stiffness, and bone density following posterolateral fusion [59]. Several
studies in human patients who underwent spinal fusion have shown that vitamin D
deficiency, compared to normal or elevated vitamin D levels, is correlated with worse
post-operative scores for disability, pain, and quality of life [60,61]. Additionally, vitamin D
supplementation improves or even resolves chronic back pain, particularly in patients with
failed back surgery [62–64].

In a recent randomized controlled trial, Hu et al. found that patients given vitamin
D supplements exhibited shorter time to fusion, improved spine function, and decreased
pain scores following spinal fusion surgery [65]. A second randomized control study by
Krasowska et al. found that the decreased pain experienced by patients with vitamin D
supplementation was correlated with lower levels of serum markers for systemic inflam-
mation [66]. Based on this review, substantial evidence supports the use of vitamin D
supplements to improve outcomes in patients undergoing spinal fusion surgery. However,
there is a clear deficit in and a dire need to increase the number of studies analyzing calcium
supplementation in these patients.

4.2. Antiresorptive Agents
Bisphosphonates

Bisphosphonates are a group of medications that inhibit osteoclast function, thus
allowing osteoblasts to more efficiently build bone mass. These include zoledronic acid,
ibandronate, alendronate, and risedronate. In a randomized controlled trial, Nagahama et al.
found that patients given alendronate following posterior lumbar interbody fusion had a
significantly higher incidence of solid fusions, and a lower incidence of cage subsidence and
subsequent vertebral fractures [67]. Notably, alendronate was associated with a decrease
in bone resorption and formation, suggesting impaired healing of spinal fusion, but the
authors argued that the mechanical benefits of alendronate outweighed its deficits in
healing [67]. Similarly, a retrospective analysis by Tu et al. found that patients administered
with zoledronic acid before lumbar interbody fusion had decreased incidence of vertebral
compression fracture, pedicle screw loosening, and cage subsidence, which corroborated
with results from a clinical trial [68,69]. As an initial characterization of the temporal
nature of the benefits of bisphosphonates, a comparative study reported that fusion rates
at 6 months post-surgery were lower in patients that took bisphosphonates but were
substantially higher for those patients after 2 years [70].

Several systematic reviews and meta-analyses have attempted to synthesize the results
of bisphosphonate use across randomized controlled trials, prospective studies, and retro-
spective cohort analyses. Meta-analyses by Govindarajan et al. and Liu et al. found that
the use of bisphosphonates following spinal fusion increased the odds of successful fusion,
decreased the likelihood of postoperative vertebral compression fracture, and significantly
reduced the scores for disability and pain [71,72]. Liu et al. and Mei et al. found that pa-
tients administered bisphosphonates were significantly less likely to exhibit pedicle screw
loosening and cage subsidence, like the findings in a review by Buerba et al. analyzing
bisphosphonate use after thoracolumbar spinal fusion [72–74]. However, Liu et al. saw no
benefits of bisphosphonates in reducing the likelihood of implant fixation failure [72].

Some systematic reviews and meta-analyses in the current literature, however, report
conflicting results. For example, meta-analyses by Buerba et al., Cheng et al. and Mei et al.
found that bisphosphonate therapy does not improve fusion rate following spinal fusion
surgery [73–75]. Many reviews also document that bisphosphonate use does not change the
rate of screw loosening or improve disability scores [71,73–76]. However, the specific meta-
analyses for these parameters in these reviews are relatively underpowered, excluding
papers that are present in other recent analyses and, thus, weakening the reliability of
these results.

In general, the current literature surrounding bisphosphonate use in spinal fusion
surgery is positive. Individual and pooled analyses both show that bisphosphonates in-
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crease the mechanical strength of the fusion, which minimizes post-operative complications
and improves patient outcomes.

4.3. Anabolic Agents
4.3.1. Denosumab

Denosumab is a human monoclonal antibody that inhibits the receptor activator of
nuclear factor kappa-B ligand (RANKL), resulting in a reduction in osteoclast development.
Some studies have analyzed the combination of denosumab and teriparatide in patients
undergoing spinal fusion [75,77]. The pooled analyses in Cheng et al. show that patients
with both teriparatide and denosumab therapy experienced higher fusion rates compared to
placebo controls [75]. In a randomized controlled trial examining patients who underwent
posterior lumbar interbody fusion, Ide et al. found that patients treated with a combination
of teriparatide and denosumab experienced accelerated fusion rates than with teriparatide
alone, which correlated with heightened measures of bone formation [77]. This suggests
that the two medications administered together have a heightened effect compared to
teriparatide alone.

A recent study by Tani et al. showed that denosumab treatment alone strengthened
pedicle screw fixation—with stronger compression force and pullout strength—and in-
creased BMD around the pedicle screw placement [78]. However, these outcomes were
not based on analyses after spine surgery but rather on finite element analysis, a computer
model generated from measured patient characteristics to simulate vertebral properties [78].
Future investigation with clinical studies analyzing the effects of denosumab therapy on
outcomes following spine surgery is required.

4.3.2. Romosozumab

Romosozumab is a monoclonal antibody that binds and inhibits sclerostin, a protein
secreted by osteocytes that inhibits osteoblast function and increases RANKL which acti-
vates osteoclasts [79]. Thus, romosozumab is unique in that it increases bone formation
and decreases bone resorption. Studies in rat models of lumbar fusion had demonstrated
increased fusion rates and increased trabecular bone area in animals treated in a dose–
response fashion with romosozumab after twice weekly injections for 8 weeks [80]. Mikula
et al. found a significant improvement in CT-scan-based Hounsfield units of the lumbar
spine by 26% after treatment with romosozumab for a mean length of 10.5 months [81].
When compared with patients treated with teriparatide, denosumab, and alendronate,
romosozumab were able to achieve a more substantial improvement in bone density in
a shorter duration of time. While many groups have advocated for this use in the spinal
deformity population based on anecdotal experience, long-term outcome data are not yet
published, but studies are currently ongoing [82–84].

4.4. Parathyroid Hormone (PTH) Analogs
4.4.1. Teriparatide

PTH analogs regulate the calcium and phosphate metabolism in bone and the kid-
neys. Counterintuitively, PTH increases bone resorption, thus resulting in increased serum
calcium levels. However, low-dose and intermittent exposure (i.e., once daily) dispropor-
tionately activate osteoblasts with increased serum calcium more than osteoclast function,
thus having a net effect of increased bone mineral density. In a multi-center, prospective
randomized study by Ebata et al., 6 months of weekly teriparatide injections significantly
increased the rate of bone fusion following posterior or transforaminal lumbar interbody
fusion compared to non-treated controls [85]. A retrospective study with patients who
underwent posterolateral fusion surgery found that the benefits of teriparatide on bone
fusion were significantly greater for periods of treatment longer than 6 months [86]. These
results are consistent with systematic reviews and meta-analyses where pooled analysis
showed that patients with teriparatide treatment experienced higher fusion rates com-
pared to placebo controls [75,87]. A meta-analysis and retrospective study found that
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teriparatide-treated patients had decreased subsequent vertebral fractures compared to
non-teriparatide-treated patients [87,88].

In a clinical trial, the incidence of pedicle screw loosening was significantly less in
patients administered with teriparatide prior to lumbar spinal fusion surgery compared
to those with no therapy [76]. Teriparatide administration prior to fusion surgery in
osteoporotic postmenopausal patients increased the insertional torque of pedicle screws
during surgery, suggesting greater purchase of the screws to the bone [89]. However,
conflicting evidence in a recent study shows no significant difference in pedicle screw
loosening in teriparatide-treated patients [90]. Additionally, pooled analysis by Fatima et al.
found a trend towards a reduced likelihood of pedicle screw loosening in the teriparatide
group, but this was not significant [87].

The mechanical benefits of teriparatide after spinal fusion are consistent with im-
provements in radiographical measures, as evidenced by decreased sagittal misalignment
and a mean loss of correction in the local kyphosis angle in patients treated with teri-
paratide [87,90]. In terms of clinical outcomes, results from meta-analyses show that pa-
tients receiving teriparatide following spinal fusion were less likely to experience pain, de-
spite a minimal effect on disability scores, compared to non-teriparatide patients [71,75,87].

Studies have also compared teriparatide to bisphosphonate treatment following spine
surgery. A study by Seki et al. found that patients with teriparatide treatment before
surgical correction for adult spinal deformity had significantly higher rates of fusion
than those treated with bisphosphonates [91]. Similarly, a prospective study by Ohtori
et al. showed that the incidence of fusion was larger and the duration until fusion was
shorter in patients with teriparatide compared to bisphosphates following posterolateral
fusion [92]. These results are consistent with several systematic reviews and meta-analyses
showing that teriparatide usage significantly increases the likelihood of fusion compared
to bisphosphonates [72,73,87].

In a clinical trial by Ohtori et al., the incidence of pedicle screw loosening was sig-
nificantly lower in patients administered with teriparatide prior to lumbar spinal fusion
surgery compared to those with bisphosphonates [76]. A single-institution study found
that by one-year post-surgery, the incidence of pedicle screw loosening was reduced in
patients with teriparatide compared to the bisphosphonate group following transforaminal
interbody fusion [93]. Regarding clinical outcomes, based on a retrospective study and
a prospective clinical trial, patients undergoing spinal fusion did not have differing pain
scores depending on if they were given teriparatide or bisphosphonates [92,93].

Together, there is a substantial amount of literature promoting the use of teriparatide
in spine surgery to improve the success and strength of fusion. Additionally, there is
compelling evidence suggesting a greater mechanical benefit from teriparatide than bispho-
sphonates in osteoporosis patients undergoing spinal fusion, although there are minimal
differences in pain and disability scores (Figure 2D–F). Based on a systematic review, the
College of Neurological Surgeons provides an evidence-based guideline recommending
teriparatide treatment in osteoporotic patients undergoing spine surgery because it in-
creases BMD, results in earlier and more robust fusion, and improves patient outcomes [94].
Similarly, an expert consensus study among 18 panelists suggests a best practice guideline
supporting anabolic agents, including teriparatide, as a first-line treatment for patients
with increased risk of fracture undergoing spinal reconstruction, due to their bone-building
properties [95].

4.4.2. Abaloparatide

Most studies on parathyroid hormone analogs pertain to teriparatide. However, pre-
liminary evidence suggests that abaloparatide may be beneficial in reducing complications
following spine surgery. One study by Arlt et al. found that abaloparatide increased the
levels of bone fusion markers in rats that underwent posterolateral fusion [96]. At 28 days
post-surgery, 50% of the abaloparatide-treated rats exhibited bilateral fusion compared
to only 25% of the controls [96]. While there is limited data evaluating the efficacy of
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abaloparatide in spine-deformity outcomes, other high-quality studies have demonstrated
significant benefit in subsets of patients. Matsumatoto et al. found a statistically significant
12.5% increase in lumbar spine BMD in a randomized, double-blind, placebo-controlled
study of postmenopausal women and men with osteoporosis receiving daily injections
of 90 micrograms of abaloparatide for 78 weeks [97]. Miller et al. performed a phase 3
double blind RCT in postmenopausal women with osteoporosis and found morphometric
vertebral fractures occurred less frequently in the active treatment groups vs. placebo, with
greater BMD increases [98]. As this medication has gained more widespread use, ongoing
and future studies will more accurately describe the efficacy of this medication in the spinal
deformity population.

5. Future Research Plans

Optimizing the treatment protocols for adult spinal deformity patients, particularly
focusing on the long-term outcomes of newer anabolic agents like abaloparatide and
romosozumab is an imperative next step. Additionally, studies could explore the cost-
effectiveness and accessibility of these therapies. Research could also investigate the
combination of various pharmacological agents with surgical techniques, such as cement
augmentation or the use of larger interbody cages, to determine the best strategies for
improving surgical outcomes in patients with compromised bone quality. Further studies
might aim to assess the effectiveness of preoperative bone health optimization, particularly
in high-risk populations, and develop standardized guidelines for bone health management
in spinal deformity surgeries.

6. Conclusions

Several pharmacological and surgical solutions have been proposed to optimize bone
health in patients with spinal deformity requiring nonoperative and operative management.
Prevention remains the mainstay, with emphasis on lifestyle, nutrition, weight-bearing
activity, and routine age-appropriate screening. In addition to the longstanding efficacy
of vitamin and mineral supplements, bisphosphonates, and PTH-analogs, newer anabolic
agents and monoclonal antibody treatments show great promise, with ongoing studies
to demonstrate their short- and long-term value in reducing complications after spinal
deformity surgery. Cost remains a significant hurdle, since despite their known efficacy,
access and insurance coverage remains highly variable from patient to patient. Focus on
cost-effective strategies will no doubt be a major contributor to the future utilization and
outcome measures for these medications.

Author Contributions: Conceptualization, I.H.; methodology, Y.A.A.-N., D.A.Q., N.K., I.H.; software,
I.H.; validation, I.H.; formal analysis, Y.A.A.-N., D.A.Q. and N.K.; investigation, Y.A.A.-N., D.A.Q.,
N.K. and I.H.; resources, I.H.; data curation, Y.A.A.-N., D.A.Q. and N.K.; writing original draft
preparation, Y.A.A.-N., D.A.Q. and N.K.; writing-review and editing, Y.A.A.-N., D.A.Q., N.K. and
I.H.; visualization, I.H.; supervision, I.H.; project administration, Y.A.A.-N., D.A.Q., N.K. and I.H.;
funding acquisition, I.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding & the APC was funded by Qatar National
Library using a discount voucher (8747d094e2af9e15).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Safaee, M.M.; Ames, C.P.; Smith, J.S. Epidemiology and Socioeconomic Trends in Adult Spinal Deformity Care. Neurosurgery 2020,

87, 25–33. [CrossRef] [PubMed]
2. Kim, H.J.; Yang, J.H.; Chang, D.G.; Suk, S.I.; Suh, S.W.; Song, K.S.; Park, J.B.; Cho, W. Adult Spinal Deformity: Current Concepts

and Decision-Making Strategies for Management. Asian Spine J. 2020, 14, 886–897. [CrossRef] [PubMed]
3. Ames, C.P.; Scheer, J.K.; Lafage, V.; Smith, J.S.; Bess, S.; Berven, S.H.; Mundis, G.M.; Sethi, R.K.; Deinlein, D.A.; Coe, J.D. Adult

Spinal Deformity: Epidemiology, Health Impact, Evaluation, and Management. Spine Deform. 2016, 4, 310–322. [CrossRef]
4. Tsirikos, A.I.; Roberts, S.B.; Bhatti, E. Incidence of Spinal Deformity Surgery in a National Health Service from 2005 to 2018: An

Analysis of 2,205 Children and Adolescents. Bone Jt. Open 2020, 1, 19–28. [CrossRef] [PubMed]

https://doi.org/10.1093/neuros/nyz454
https://www.ncbi.nlm.nih.gov/pubmed/31620794
https://doi.org/10.31616/asj.2020.0568
https://www.ncbi.nlm.nih.gov/pubmed/33254357
https://doi.org/10.1016/j.jspd.2015.12.009
https://doi.org/10.1302/2633-1462.13.BJO-2020-0001.R1
https://www.ncbi.nlm.nih.gov/pubmed/33215103


J. Clin. Med. 2024, 13, 4891 11 of 14

5. Dietz, N.; Hollis, P.; Fortuny, E.; Gruter, B.; Virojanapa, J.; Williams, B.; Spiessberger, A. Systemic Risk Factors for Adult Spinal
Deformity (ASD): A Retrospective Analysis of 48 Patients. Cureus 2022, 14, e25214. [CrossRef]

6. Good, C.R.; Auerbach, J.D.; O’Leary, P.T.; Schuler, T.C. Adult Spine Deformity. Curr. Rev. Musculoskelet Med. 2011, 4, 159–167.
[CrossRef]

7. Mansfield, J.T.; Bennett, M. Scheuermann Disease; StatPearls: Treasure Island, FL, USA, 2023.
8. Williamson, T.K.; Passfall, L.; Ihejirika-Lomedico, R.; Espinosa, A.; Owusu-Sarpong, S.; Lanre-Amos, T.; Schoenfeld, A.J.; Passias,

P.G. Assessing the influence of modifiable patient-related factors on complication rates after adult spinal deformity surgery. Bone
Jt. J. 2022, 104, 1249–1255. [CrossRef]

9. Sakaguchi, T.; Gunjotikar, S.; Tanaka, M.; Komatsubara, T.; Latka, K.; Ekade, S.J.; Prabhu, S.P.; Takamatsu, K.; Yasuda, Y.;
Nakagawa, M. Evaluation and Rehabilitation after Adult Lumbar Spine Surgery. J. Clin. Med. 2024, 13, 2915. [CrossRef]

10. Ton, A.; Shahrestani, S.; Chen, X.T.; Ballatori, A.M.; Wang, J.C.; Buser, Z. The Effect of Modifiable Risk Factors on Postoperative
Complications in Lumbar Spine Fusions. Glob. Spine J. 2021, 13, 1212–1222. [CrossRef]

11. Lane, N.E. Epidemiology, Etiology, and Diagnosis of Osteoporosis. Am. J. Obstet. Gynecol. 2006, 194, 3–11. [CrossRef]
12. Xiao, P.L.; Cui, A.Y.; Hsu, C.J.; Peng, R.; Jiang, N.; Xu, X.H.; Ma, Y.G.; Liu, D.; Lu, H.D. Global Regional Prevalence, and Risk

Factors of Osteoporosis According to the World Health Organization Diagnostic Criteria: A Systematic Review and Meta-Analysis.
Osteoporos. Int. 2022, 33, 2137–2153. [CrossRef] [PubMed]

13. Salari, N.; Ghasemi, H.; Mohammadi, L.; Behzadi, M.H.; Rabieenia, E.; Shohaimi, S.; Mohammadi, M. The Global Prevalence
of Osteoporosis in the World: A Comprehensive Systematic Review and Meta-Analysis. J. Orthop. Surg. Res. 2021, 16, 1–20.
[CrossRef]

14. (US) Office of the Surgeon General. Bone Health and Osteoporosis; US Health and Human Services: Washington, DC, USA, 2004;
Volume 437.

15. Mundy, G.R. Osteopenia. Dis.-A-Mon. 1987, 33, 537–600. [CrossRef] [PubMed]
16. Karaguzel, G.; Holick, M.F. Diagnosis and Treatment of Osteopenia. Rev. Endocr. Metab. Disord. 2010, 11, 237–251. [CrossRef]

[PubMed]
17. Varacallo, M.; Seaman, T.J.; Jandu, J.S.; Pizzutillo, P. Osteopenia; StatPearls: Treasure Island, FL, USA, 2023.
18. Zhang, J.; Morgan, S.L.; Saag, K.G. Osteopenia: Debates and Dilemmas. Curr. Rheumatol. Rep. 2013, 15, 384. [CrossRef] [PubMed]
19. Sidon, E.; Stein, M.; Ramalingam, G.; Shemesh, S.; Benharroch, D.; Ohana, N. Gender Differences in Spinal Injuries: Causes and

Location of Injury. J. Womens Health 2018, 27, 946–951. [CrossRef]
20. Bilston, L.E.; Brown, J. Pediatric Spinal Injury Type and Severity Are Age and Mechanism Dependent. Spine 2007, 32, 2339–2347.

[CrossRef]
21. Tu, K.N.; Lie, J.D.; Wan, C.K.V.; Cameron, M.; Austel, A.G.; Nguyen, J.K.; Van, K.; Hyun, D. Osteoporosis: A Review of Treatment

Options. Pharm. Ther. 2018, 43, 92.
22. Ogiri, M.; Nishida, K.; Park, H.J.; Rossi, A. Systematic Literature Review and Meta-Analysis on the Clinical Outcomes of Spine

Surgeries in Patients with Concurrent Osteoporosis. Spine Surg. Relat. Res. 2023, 7, 200. [CrossRef]
23. Bjerke, B.T.; Zarrabian, M.; Aleem, I.S.; Fogelson, J.L.; Currier, B.L.; Freedman, B.A.; Bydon, M.; Nassr, A. Incidence of

Osteoporosis-Related Complications Following Posterior Lumbar Fusion. Glob. Spine J. 2018, 8, 563. [CrossRef]
24. DeWald, C.J.; Stanley, T. Instrumentation-Related Complications of Multilevel Fusions for Adult Spinal Deformity Patients over

Age 65: Surgical Considerations and Treatment Options in Patients with Poor Bone Quality. Spine 2006, 30 (Suppl. 19), 573–579.
[CrossRef]

25. Wolfert, A.J.; Rompala, A.; Beyer, G.A.; Shah, N.V.; Ikwuazom, C.P.; Kim, D.; Shah, S.T.; Passias, P.G.; Lafage, V.; Schwab, F.J.; et al.
The Impact of Osteoporosis on Adverse Outcomes After Short Fusion for Degenerative Lumbar Disease. J. Am. Acad. Orthop.
Surg. 2022, 30, 573–579. [CrossRef]

26. Chin, D.K.; Park, J.Y.; Yoon, Y.S.; Kuh, S.U.; Jin, B.H.; Kim, K.S.; Cho, Y.E. Prevalence of Osteoporosis in Patients Requiring Spine
Surgery: Incidence and Significance of Osteoporosis in Spine Disease. Osteoporos. Int. 2007, 18, 1219–1224. [CrossRef]

27. Lubelski, D.; Choma, T.J.; Steinmetz, M.P.; Harrop, J.S.; Mroz, T.E. Perioperative Medical Management of Spine Surgery Patients
with Osteoporosis. Neurosurgery 2015, 77, 92–97. [CrossRef]

28. Kuo, C.C.; Soliman, M.A.R.; Aguirre, A.O.; Ruggiero, N.; Kruk, M.; Khan, A.; Ghannam, M.M.; Almeida, N.D.; Jowdy, P.K.;
Smolar, D.E.; et al. Vertebral Bone Quality Score Independently Predicts Proximal Junctional Kyphosis and/or Failure After
Adult Spinal Deformity Surgery. Neurosurgery 2023, 92, 945–954. [CrossRef]

29. Sing, D.C.; Berven, S.H.; Burch, S.; Metz, L.N. Increase in Spinal Deformity Surgery in Patients Age 60 and Older Is Not Associated
with Increased Complications. Spine J. 2017, 17, 627–635. [CrossRef]

30. Diebo, B.G.; Sheikh, B.; Freilich, M.; Shah, N.V.; Redfern, J.A.I.; Tarabichi, S.; Shepherd, E.M.; Lafage, R.; Passias, P.G.; Najjar, S.;
et al. Osteoporosis and Spine Surgery: A Critical Analysis Review. JBJS Rev. 2020, 8, e0160. [CrossRef]

31. Compston, J.E.; McClung, M.R.; Leslie, W.D. Osteoporosis. Lancet 2019, 393, 364–376. [CrossRef]
32. Gupta, A.; Cha, T.; Schwab, J.; Fogel, H.; Tobert, D.; Razi, A.E.; Hecht, A.; Bono, C.M.; Hershman, S. Osteoporosis Increases the

Likelihood of Revision Surgery Following a Long Spinal Fusion for Adult Spinal Deformity. Spine J. 2021, 21, 134–140. [CrossRef]
33. Thomas, K.; Wong, K.H.; Steelman, S.C.; Rodriguez, A. Surgical Risk Assessment and Prevention in Elderly Spinal Deformity

Patients. Geriatr. Orthop. Surg. Rehabil. 2019, 10, 2151459319851681. [CrossRef]

https://doi.org/10.7759/cureus.25214
https://doi.org/10.1007/s12178-011-9101-z
https://doi.org/10.1302/0301-620X.104B11.BJJ-2022-0574.R1
https://doi.org/10.3390/jcm13102915
https://doi.org/10.1177/21925682211022315
https://doi.org/10.1016/j.ajog.2005.08.047
https://doi.org/10.1007/s00198-022-06454-3
https://www.ncbi.nlm.nih.gov/pubmed/35687123
https://doi.org/10.1186/s13018-021-02772-0
https://doi.org/10.1016/0011-5029(87)90031-9
https://www.ncbi.nlm.nih.gov/pubmed/3315529
https://doi.org/10.1007/s11154-010-9154-0
https://www.ncbi.nlm.nih.gov/pubmed/21234807
https://doi.org/10.1007/s11926-013-0384-5
https://www.ncbi.nlm.nih.gov/pubmed/24222198
https://doi.org/10.1089/jwh.2017.6687
https://doi.org/10.1097/BRS.0b013e3181558886
https://doi.org/10.22603/ssrr.2022-0198
https://doi.org/10.1177/2192568217743727
https://doi.org/10.1097/01.brs.0000236893.65878.39
https://doi.org/10.5435/JAAOS-D-21-01258
https://doi.org/10.1007/s00198-007-0370-8
https://doi.org/10.1227/NEU.0000000000000939
https://doi.org/10.1227/neu.0000000000002291
https://doi.org/10.1016/j.spinee.2016.11.005
https://doi.org/10.2106/JBJS.RVW.19.00160
https://doi.org/10.1016/S0140-6736(18)32112-3
https://doi.org/10.1016/j.spinee.2020.08.002
https://doi.org/10.1177/2151459319851681


J. Clin. Med. 2024, 13, 4891 12 of 14

34. Pappou, I.P.; Girardi, F.P.; Sandhu, H.S.; Parvataneni, H.K.; Cammisa, F.P.; Schneider, R.; Frelinghuysen, P.; Lane, J.M. Discordantly
High Spinal Bone Mineral Density Values in Patients with Adult Lumbar Scoliosis. Spine 2006, 31, 1614–1620. [CrossRef]
[PubMed]

35. Hoyt, D.; Urits, I.; Orhurhu, V.; Orhurhu, M.S.; Callan, J.; Powell, J.; Manchikanti, L.; Kaye, A.D.; Kaye, R.J.; Viswanath, O. Current
Concepts in the Management of Vertebral Compression Fractures. Curr. Pain Headache Rep. 2020, 24, 1–10. [CrossRef] [PubMed]

36. Cosman, F.; Beur, S.J.; LeBoff, M.S.; Lewiecki, E.M.; Tanner, B.; Randall, S.; Lindsay, R. Clinician’s Guide to Prevention and
Treatment of Osteoporosis. Osteoporos. Int. 2014, 25, 2359. [CrossRef] [PubMed]

37. Ensrud, K.E.; Schousboe, J.T. Clinical Practice. Vertebr. Fractures. N. Engl. J. Med. 2011, 364, 1634–1642. [CrossRef] [PubMed]
38. Wong, C.C.; McGirt, M.J. Vertebral Compression Fractures: A Review of Current Management and Multimodal Therapy. J.

Multidiscip. Healthc. 2013, 6, 205–214. [CrossRef]
39. Alexandru, D.; So, W.E. Vertebral Compression Fractures. Perm. J. 2012, 16, 46. [CrossRef]
40. Zohar, A.; Getzler, I.; Behrbalk, E. Higher Mortality Rate in Patients with Vertebral Compression Fractures Is Due to Deteriorated

Medical Status Prior to the Fracture Event. Geriatr. Orthop. Surg. Rehabil. 2023, 14, 1–9. [CrossRef]
41. Karikari, I.O.; Metz, L.N. Preventing Pseudoarthrosis and Proximal Junctional Kyphosis: How to Deal with the Osteoporotic

Spine. Neurosurg. Clin. North Am. 2018, 29, 365–374. [CrossRef]
42. Rometsch, E.; Spruit, M.; Zigler, J.E.; Menon, V.K.; Ouellet, J.A.; Mazel, C.; Härtl, R.; Espinoza, K.; Kandziora, F. Screw-Related

Complications After Instrumentation of the Osteoporotic Spine: A Systematic Literature Review With Meta-Analysis. Glob. Spine
J. 2020, 10, 69–88. [CrossRef] [PubMed]

43. Khalid, S.I.; Nunna, R.S.; Maasarani, S.; Belmont, E.; Deme, P.; Chilakapati, S.; Eldridge, C.; Singh, R.; Bagley, C.A.; Adogwa,
O. Association of Osteopenia and Osteoporosis with Higher Rates of Pseudarthrosis and Revision Surgery in Adult Patients
Undergoing Single-Level Lumbar Fusion. Neurosurg. Focus 2020, 49, 6. [CrossRef]

44. Moldovan, F. Bone Cement Implantation Syndrome: A Rare Disaster Following Cemented Hip Arthroplasties—Clinical Consid-
erations Supported by Case Studies. J. Pers. Med. 2023, 13, 1381. [CrossRef] [PubMed]

45. Yaltirik, K.; Ashour, A.M.; Reis, C.R.; Ozdogan, S.; Atalay, B. Vertebral augmentation by kyphoplasty and vertebroplasty: 8 years
experience outcomes and complications. J. Craniovertebral Junction Spine 2016, 7, 153–160. [CrossRef]

46. Yagi, M.; Fujita, N.; Tsuji, O.; Nagoshi, N.; Asazuma, T.; Ishii, K.; Nakamura, M.; Matsumoto, M.; Watanabe, K. Low Bone-Mineral
Density Is a Significant Risk for Proximal Junctional Failure after Surgical Correction of Adult Spinal Deformity. Spine 2018, 43,
485–491. [CrossRef]

47. Kim, H.J.; Yang, J.H.; Chang, D.G.; Suk, S.I.; Suh, S.W.; Kim, S.I.; Song, K.S.; Park, J.B.; Cho, W. Proximal Junctional Kyphosis in
Adult Spinal Deformity: Definition, Classification, Risk Factors, and Prevention Strategies. Asian Spine J. 2022, 16, 440. [CrossRef]

48. Judy, B.F.; Tracz, J.A.; Alomari, S.; Witham, T.F. Patient Optimization for the Prevention of Proximal Junctional Kyphosis. Int. J.
Spine Surg. 2023, 60504, 8510. [CrossRef] [PubMed]

49. Watanabe, K.; Lenke, L.G.; Bridwell, K.H.; Kim, Y.J.; Koester, L.; Hensley, M. Proximal Junctional Vertebral Fracture in Adults
after Spinal Deformity Surgery Using Pedicle Screw Constructs: Analysis of Morphological Features. Spine 2010, 1976, 138–145.
[CrossRef]

50. Doodkorte, R.J.P.; Vercoulen, T.F.G.; Roth, A.K.; Bie, R.A.; Willems, P.C. Instrumentation Techniques to Prevent Proximal Junctional
Kyphosis and Proximal Junctional Failure in Adult Spinal Deformity Correction—A Systematic Review of Biomechanical Studies.
Spine J. 2021, 21, 842–854. [CrossRef] [PubMed]

51. Coe, J.D.; Warden, K.E.; Biomed, M.; Herzig, M.A.; McAfee, P.C. Influence of Bone Mineral Density on the Fixation of Thora-
columbar Implants. A Comparative Study of Transpedicular Screws, Laminar Hooks, and Spinous Process Wires. Spine 1990, 15,
902–907. [CrossRef]

52. Hohn, E.A.; Chu, B.; Martin, A.; Yu, E.; Telles, C.; Leasure, J.; Lynch, T.L.; Kondrashov, D. The Pedicles Are Not the Densest
Regions of the Lumbar Vertebrae: Implications for Bone Quality Assessment and Surgical Treatment Strategy. Glob. Spine J. 2017,
7, 567. [CrossRef]

53. Ward, K.A.; Pearse, C.M.; Madanhire, T.; Wade, A.N.; Fabian, J.; Micklesfield, L.K.; Gregson, C.L. Disparities in the Prevalence of
Osteoporosis and Osteopenia in Men and Women Living in Sub-Saharan Africa, the UK, and the USA. Curr. Osteoporos. Rep. 2023,
21, 360. [CrossRef] [PubMed]

54. Watson, S.L.; Weeks, B.K.; Weis, L.J.; Harding, A.T.; Horan, S.A.; Beck, B.R. High-Intensity Resistance and Impact Training
Improves Bone Mineral Density and Physical Function in Postmenopausal Women With Osteopenia and Osteoporosis: The
LIFTMOR Randomized Controlled Trial. J. Bone Miner. Res. 2018, 33, 211–220. [CrossRef]

55. Hryvniak, D.; Frost, C.D. Spine Injury Prevention. Clin. Sports Med. 2021, 40, 429–444. [CrossRef]
56. Bernatz, J.T.; Winzenried, A.E.; Hare, K.J.; Mikula, A.L.; Williams, S.K.; Binkley, N.C.; Anderson, P.A. Effect of Bone Health

Optimization on Osteoporosis Screening and Treatment Before Thoracolumbar Fusion. JAAOS Glob. Res. Rev. 2022, 6,
2151459319851681. [CrossRef]

57. Chung, A.; Robinson, J.; Gendelberg, D.; Jimenez, J.; Anand, A.; Rao, A.; Khandehroo, B.; Kahwaty, S.; Anand, N. Do Peri-
Operative Parathyroid Hormone (PTH) Analogues Improve Bone Density and Decrease Mechanical Complications in Spinal
Deformity Correction?—A Minimum 2-Year Radiological Study Measuring Hounsfield Units. Eur. Spine J. 2023, 32, 3651–3658.
[CrossRef]

https://doi.org/10.1097/01.brs.0000222030.32171.5f
https://www.ncbi.nlm.nih.gov/pubmed/16778698
https://doi.org/10.1007/s11916-020-00849-9
https://www.ncbi.nlm.nih.gov/pubmed/32198571
https://doi.org/10.1007/s00198-014-2794-2
https://www.ncbi.nlm.nih.gov/pubmed/25182228
https://doi.org/10.1056/NEJMcp1009697
https://www.ncbi.nlm.nih.gov/pubmed/21524214
https://doi.org/10.2147/JMDH.S31659
https://doi.org/10.7812/TPP/12-037
https://doi.org/10.1177/21514593231153106
https://doi.org/10.1016/j.nec.2018.03.005
https://doi.org/10.1177/2192568218818164
https://www.ncbi.nlm.nih.gov/pubmed/32002352
https://doi.org/10.3171/2020.5.FOCUS20289
https://doi.org/10.3390/jpm13091381
https://www.ncbi.nlm.nih.gov/pubmed/37763149
https://doi.org/10.4103/0974-8237.188413
https://doi.org/10.1097/BRS.0000000000002355
https://doi.org/10.31616/asj.2020.0574
https://doi.org/10.14444/8510
https://www.ncbi.nlm.nih.gov/pubmed/37321646
https://doi.org/10.1097/BRS.0b013e3181c8f35d
https://doi.org/10.1016/j.spinee.2021.01.011
https://www.ncbi.nlm.nih.gov/pubmed/33482379
https://doi.org/10.1097/00007632-199009000-00012
https://doi.org/10.1177/2192568217694141
https://doi.org/10.1007/s11914-023-00801-x
https://www.ncbi.nlm.nih.gov/pubmed/37351757
https://doi.org/10.1002/jbmr.3284
https://doi.org/10.1016/j.csm.2021.03.001
https://doi.org/10.5435/JAAOSGlobal-D-21-00253
https://doi.org/10.1007/s00586-023-07859-2


J. Clin. Med. 2024, 13, 4891 13 of 14

58. Cho, J.H.; Cho, D.C.; Yu, S.H.; Jeon, Y.H.; Sung, J.K.; Kim, K.T. Effect of Dietary Calcium on Spinal Bone Fusion in an Ovariec-
tomized Rat Model. J. Korean Neurosurg. Soc. 2012, 52, 281–287. [CrossRef]

59. Metzger, M.F.; Kanim, L.E.A.; Zhao, L.; Robinson, S.T.; Delamarter, R.B. The Relationship between Serum Vitamin D Levels and
Spinal Fusion Success: A Quantitative Analysis. Spine 2015, 40, E458–E468. [CrossRef]

60. Stoker, G.E.; Buchowski, J.M.; Bridwell, K.H.; Lenke, L.G.; Riew, K.D.; Zebala, L.P. Preoperative Vitamin D Status of Adults
Undergoing Surgical Spinal Fusion. Spine 2013, 38, 507–515. [CrossRef]

61. Kim, T.H.; Yoon, J.Y.; Lee, B.H.; Jung, H.S.; Park, M.S.; Park, J.O.; Moon, E.S.; Kim, H.S.; Lee, H.M.; Moon, S.H. Changes in Vitamin
D Status after Surgery in Female Patients with Lumbar Spinal Stenosis and Its Clinical Significance. Spine 1976, 37, E1326–E1330.
[CrossRef]

62. Schwalfenberg, G. Improvement of Chronic Back Pain or Failed Back Surgery with Vitamin D Repletion: A Case Series. J. Am.
Board Fam. Med. 2009, 22, 69–74. [CrossRef]

63. Waikakul, S. Serum 25-Hydroxy-Calciferol Level and Failed Back Surgery Syndrome. J. Orthop. Surg. 2012, 20, 18–22. [CrossRef]
64. Rodriguez, W.J.; Gromelski, J. Vitamin D Status and Spine Surgery Outcomes. ISRN Orthop. 2013, 2013, 1–12. [CrossRef] [PubMed]
65. Hu, M.H.; Tseng, Y.K.; Chung, Y.H.; Wu, N.Y.; Li, C.H.; Lee, P.Y. The Efficacy of Oral Vitamin D Supplements on Fusion Outcome

in Patients Receiving Elective Lumbar Spinal Fusion—A Randomized Control Trial. BMC Musculoskelet. Disord. 2022, 23, 1–8.
[CrossRef]

66. Krasowska, K.; Skrobot, W.; Liedtke, E.; Sawicki, P.; Flis, D.J.; Dzik, K.P.; Libionka, W.; Kloc, W.; Kaczor, J.J. The Preoperative
Supplementation With Vitamin D Attenuated Pain Intensity and Reduced the Level of Pro-Inflammatory Markers in Patients
After Posterior Lumbar Interbody Fusion. Front. Pharmacol. 2019, 10, 527. [CrossRef] [PubMed]

67. Nagahama, K.; Kanayama, M.; Togawa, D.; Hashimoto, T.; Minami, A. Does Alendronate Disturb the Healing Process of Posterior
Lumbar Interbody Fusion? A Prospective Randomized Trial. J. Neurosurg. Spine 2011, 14, 500–507. [CrossRef] [PubMed]

68. Chen, F.; Dai, Z.; Kang, Y.; Lv, G.; Keller, E.T.; Jiang, Y. Effects of Zoledronic Acid on Bone Fusion in Osteoporotic Patients after
Lumbar Fusion. Osteoporos. Int. 2016, 27, 1469–1476. [CrossRef]

69. Tu, C.W.; Huang, K.F.; Hsu, H.T.; Li, H.Y.; Yang, S.S.D.; Chen, Y.C. Zoledronic Acid Infusion for Lumbar Interbody Fusion in
Osteoporosis. J. Surg. Res. 2014, 192, 112–116. [CrossRef]

70. Kang, T.; Park, S.Y.; Hong, S.H.; Lee, J.H.; Lee, S.H.; Park, J.H. Bone Union after Spinal Fusion Surgery Using Local Bone in
Long-Term Bisphosphonate Users: A Prospective Comparative Study. Arch. Osteoporos. 2019, 14, 1–8. [CrossRef] [PubMed]

71. Govindarajan, V.; Diaz, A.; Perez-Roman, R.J.; Burks, S.S.; Wang, M.Y.; Levi, A.D. Osteoporosis Treatment in Patients Undergoing
Spinal Fusion: A Systematic Review and Meta-Analysis. Neurosurg. Focus 2021, 50, 9. [CrossRef]

72. Liu, W.B.; Zhao, W.T.; Shen, P.; Zhang, F.J. The Effects of Bisphosphonates on Osteoporotic Patients after Lumbar Fusion: A
Meta-Analysis. Drug Des. Dev. Ther. 2018, 12, 2233–2240. [CrossRef]

73. Buerba, R.A.; Sharma, A.; Ziino, C.; Arzeno, A.; Ajiboye, R.M. Bisphosphonate and Teriparatide Use in Thoracolumbar Spinal
Fusion a Systematic Review and Meta-Analysis of Comparative Studies. Spine 2018, 43, 1014–1023. [CrossRef]

74. Mei, J.; Song, X.; Guan, X.; Wu, D.; Wang, J.; Liu, Q. Postoperative Bisphosphonate Do Not Significantly Alter the Fusion Rate
after Lumbar Spinal Fusion: A Meta-Analysis. J. Orthop. Surg. Res. 2021, 16, 1–11. [CrossRef] [PubMed]

75. Cheng, S.H.; Kuo, Y.J.; Chen, C.; Kang, Y.N. Effects of Teriparatide and Bisphosphonate on Spinal Fusion Procedure: A Systematic
Review and Network Meta-Analysis. PLoS ONE 2020, 15, 0237566. [CrossRef]

76. Ohtori, S.; Inoue, G.; Orita, S.; Yamauchi, K.; Eguchi, Y.; Ochiai, N.; Kishida, S.; Kuniyoshi, K.; Aoki, Y.; Nakamura, J. Comparison
of Teriparatide and Bisphosphonate Treatment to Reduce Pedicle Screw Loosening after Lumbar Spinal Fusion Surgery in
Postmenopausal Women with Osteoporosis from a Bone Quality Perspective. Spine 2013, 38, E487–E492. [CrossRef] [PubMed]

77. Ide, M.; Yamada, K.; Kaneko, K.; Sekiya, T.; Kanai, K.; Higashi, T.; Saito, T. Combined Teriparatide and Denosumab Therapy
Accelerates Spinal Fusion Following Posterior Lumbar Interbody Fusion. Orthop. Traumatol. Surg. Res. 2018, 104, 1043–1048.
[CrossRef]

78. Tani, S.; Ishikawa, K.; Kudo, Y.; Tsuchiya, K.; Matsuoka, A.; Maruyama, H.; Emori, H.; Yamamura, R.; Hayakawa, C.; Sekimizu,
M.; et al. The Effect of Denosumab on Pedicle Screw Fixation: A Prospective 2-Year Longitudinal Study Using Finite Element
Analysis. J. Orthop. Surg. Res. 2021, 16, 1–10. [CrossRef]

79. McClung, M.R. Romosozumab for the treatment of osteoporosis. Osteoporos. Sarcopenia 2018, 4, 11–15. [CrossRef]
80. Okuyama, K.; Inage, K.; Kim, G.; Mukaihata, T.; Tajiri, I.; Shiga, Y.; Inoue, M.; Eguchi, Y.; Suzuki-Narita, M.; Otagiri, T.; et al. Bone

union-promoting effect of romosozumab in an ovariectomized rat posterolateral lumbar fusion model. J. Orthop. Res. 2024, 42,
1831–1840. [CrossRef]

81. Mikula, A.L.; Lakomkin, N.; Hamouda, A.M.; Everson, M.C.; Pennington, Z.; Kumar, R.; Pinter, Z.W.; Martini, M.L.; Bydon, M.;
Kennel, K.A.; et al. Change in spinal bone mineral density as estimated by Hounsfield units following osteoporosis treatment with
romosozumab, teriparatide, denosumab, and alendronate: An analysis of 318 patients. J. Neurosurg. Spine 2024, 1–7. [CrossRef]

82. Zhang, A.S.; Khatri, S.; Balmaceno-Criss, M.; Alsoof, D.; Daniels, A.H. Medical optimization of osteoporosis for adult spinal
deformity surgery: A state-of-the-art evidence-based review of current pharmacotherapy. Spine Deform. 2023, 11, 579–596.
[CrossRef] [PubMed]

83. Kostenuik, P.J.; Binkley, N.; Anderson, P.A. Advances in Osteoporosis Therapy: Focus on Osteoanabolic Agents, Secondary
Fracture Prevention, and Perioperative Bone Health. Curr. Osteoporos. Rep. 2023, 21, 386–400. [CrossRef]

https://doi.org/10.3340/jkns.2012.52.4.281
https://doi.org/10.1097/BRS.0000000000000801
https://doi.org/10.1097/BRS.0b013e3182739ad1
https://doi.org/10.1097/BRS.0b013e318268ff05
https://doi.org/10.3122/jabfm.2009.01.080026
https://doi.org/10.1177/230949901202000104
https://doi.org/10.1155/2013/471695
https://www.ncbi.nlm.nih.gov/pubmed/24959360
https://doi.org/10.1186/s12891-022-05948-9
https://doi.org/10.3389/fphar.2019.00527
https://www.ncbi.nlm.nih.gov/pubmed/31191300
https://doi.org/10.3171/2010.11.SPINE10245
https://www.ncbi.nlm.nih.gov/pubmed/21275549
https://doi.org/10.1007/s00198-015-3398-1
https://doi.org/10.1016/j.jss.2014.05.034
https://doi.org/10.1007/s11657-019-0628-8
https://www.ncbi.nlm.nih.gov/pubmed/31256304
https://doi.org/10.3171/2021.3.FOCUS2175
https://doi.org/10.2147/DDDT.S164548
https://doi.org/10.1097/BRS.0000000000002608
https://doi.org/10.1186/s13018-021-02444-z
https://www.ncbi.nlm.nih.gov/pubmed/33926494
https://doi.org/10.1371/journal.pone.0237566
https://doi.org/10.1097/BRS.0b013e31828826dd
https://www.ncbi.nlm.nih.gov/pubmed/23354115
https://doi.org/10.1016/j.otsr.2018.07.015
https://doi.org/10.1186/s13018-021-02360-2
https://doi.org/10.1016/j.afos.2018.03.002
https://doi.org/10.1002/jor.25834
https://doi.org/10.3171/2024.4.SPINE2424
https://doi.org/10.1007/s43390-022-00621-6
https://www.ncbi.nlm.nih.gov/pubmed/36454531
https://doi.org/10.1007/s11914-023-00793-8


J. Clin. Med. 2024, 13, 4891 14 of 14

84. Bryant, J.-P.; Perez-Roman, R.J.; Burks, S.S.; Wang, M.Y. Antiresorptive and anabolic medications used in the perioperative period
of patients with osteoporosis undergoing spine surgery: Their impact on the biology of fusion and systematic review of the
literature. Neurosurg. Focus 2021, 50, E13. [CrossRef] [PubMed]

85. Ebata, S.; Takahashi, J.; Hasegawa, T.; Mukaiyama, K.; Isogai, Y.; Ohba, T.; Shibata, Y.; Ojima, T.; Yamagata, Z.; Matsuyama, Y.; et al.
Role of Weekly Teriparatide Administration in Osseous Union Enhancement within Six Months after Posterior or Transforaminal
Lumbar Interbody Fusion for Osteoporosis-Associated Lumbar Degenerative Disorders: A Multicenter, Prospective Randomized
Study. J. Bone Jt. Surg.-Am. Vol. 2017, 99, 365–372. [CrossRef] [PubMed]

86. Ohtori, S.; Orita, S.; Yamauchi, K.; Eguchi, Y.; Ochiai, N.; Kuniyoshi, K.; Aoki, Y.; Nakamura, J.; Miyagi, M.; Suzuki, M.; et al.
More than 6 Months of Teriparatide Treatment Was More Effective for Bone Union than Shorter Treatment Following Lumbar
Posterolateral Fusion Surgery. Asian Spine J. 2015, 9, 573. [CrossRef]

87. Fatima, N.; Massaad, E.; Hadzipasic, M.; Shankar, G.M.; Shin, J.H. Assessment of the Efficacy of Teriparatide Treatment for
Osteoporosis on Lumbar Fusion Surgery Outcomes: A Systematic Review and Meta-Analysis. Neurosurg. Rev. 2021, 44, 1357–1370.
[CrossRef] [PubMed]

88. Maruo, K.; Tachibana, T.; Arizumi, F.; Kusuyama, K.; Kishima, K.; Yoshiya, S. Effect of Teriparatide on Subsequent Vertebral
Fractures after Instrumented Fusion Surgery for Osteoporotic Vertebral Fractures with Neurological Deficits. Asian Spine J. 2019,
13, 283–289. [CrossRef]

89. Inoue, G.; Ueno, M.; Nakazawa, T.; Imura, T.; Saito, W.; Uchida, K.; Ohtori, S.; Toyone, T.; Takahira, N.; Takaso, M. Teriparatide
Increases the Insertional Torque of Pedicle Screws during Fusion Surgery in Patients with Postmenopausal Osteoporosis: Clinical
Article. J. Neurosurg. Spine 2014, 21, 425–431. [CrossRef]

90. Shibuya, Y.; Katsumi, K.; Ohashi, M.; Tashi, H.; Makino, T.; Yamazaki, A.; Hirano, T.; Sawakami, K.; Kikuchi, R.; Kawashima,
H.; et al. Effect of Adjuvant Therapy with Teriparatide in Patients with Thoracolumbar Osteoporotic Vertebral Fractures Who
Underwent Vertebroplasty with Posterior Spinal Fusion. Sci. Rep. 2022, 12, 1–8. [CrossRef]

91. Seki, S.; Hirano, N.; Kawaguchi, Y.; Nakano, M.; Yasuda, T.; Suzuki, K.; Watanabe, K.; Makino, H.; Kanamori, M.; Kimura, T.
Teriparatide versus Low-Dose Bisphosphonates before and after Surgery for Adult Spinal Deformity in Female Japanese Patients
with Osteoporosis. Eur. Spine J. 2017, 26, 2121–2127. [CrossRef]

92. Ohtori, S.; Inoue, G.; Orita, S.; Yamauchi, K.; Eguchi, Y.; Ochiai, N.; Kishida, S.; Kuniyoshi, K.; Aoki, Y.; Nakamura, J.; et al.
Teriparatide Accelerates Lumbar Posterolateral Fusion in Women with Postmenopausal Osteoporosis: Prospective Study. Spine
2012, 37, E1464–E1468. [CrossRef]

93. Kim, J.W.; Park, S.W.; Kim, Y.B.; Ko, M.J. The Effect of Postoperative Use of Teriparatide Reducing Screw Loosening in Osteoporotic
Patients. J. Korean Neurosurg. Soc. 2018, 61, 494–502. [CrossRef]

94. Dimar, J.; Bisson, E.F.; Dhall, S.; Harrop, J.S.; Hoh, D.J.; Mohamed, B.; Wang, M.C.; Mummaneni, P.V. Congress of Neurological
Surgeons Systematic Review and Evidence-Based Guidelines for Perioperative Spine: Preoperative Osteoporosis Assessment.
Neurosurgery 2021, 89, S19–S25. [CrossRef] [PubMed]

95. Sardar, Z.M.; Coury, J.R.; Cerpa, M.; DeWald, C.J.; Ames, C.P.; Shuhart, C.; Shuhart, C.; Watkins, C.; Polly, D.W.; Dirschl, D.R.;
et al. Best Practice Guidelines for Assessment and Management of Osteoporosis in Adult Patients Undergoing Elective Spinal
Reconstruction. Spine 2022, 47, 128–135. [CrossRef]

96. Arlt, H.; Besschetnova, T.; Ominsky, M.S.; Fredericks, D.C.; Lanske, B. Effects of Systemically Administered Abaloparatide, an
Osteoanabolic PTHrP Analog, as an Adjuvant Therapy for Spinal Fusion in Rats. JOR Spine 2021, 4, e1132. [CrossRef] [PubMed]

97. Matsumoto, T.; Sone, T.; Soen, S.; Tanaka, S.; Yamashita, A.; Inoue, T. Abaloparatide Increases Lumbar Spine and Hip BMD in
Japanese Patients with Osteoporosis: The Phase 3 ACTIVE-J Study. J. Clin. Endocrinol. Metab. 2022, 107, e4222–e4231. [CrossRef]

98. Miller, P.D.; Hattersley, G.; Riis, B.J.; Williams, G.C.; Lau, E.; Russo, L.A.; Alexandersen, P.; Zerbini, C.A.F.; Hu, M.; Harris,
A.G.; et al. Effect of Abaloparatide vs Placebo on New Vertebral Fractures in Postmenopausal Women with Osteoporosis: A
Randomized Clinical Trial. JAMA 2016, 316, 722–733. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3171/2021.3.FOCUS201049
https://www.ncbi.nlm.nih.gov/pubmed/34062504
https://doi.org/10.2106/JBJS.16.00230
https://www.ncbi.nlm.nih.gov/pubmed/28244906
https://doi.org/10.4184/asj.2015.9.4.573
https://doi.org/10.1007/s10143-020-01359-3
https://www.ncbi.nlm.nih.gov/pubmed/32728969
https://doi.org/10.31616/asj.2018.0098
https://doi.org/10.3171/2014.5.SPINE13656
https://doi.org/10.1038/s41598-022-12655-x
https://doi.org/10.1007/S00586-017-4959-0
https://doi.org/10.1097/BRS.0b013e31826ca2a8
https://doi.org/10.3340/jkns.2017.0216
https://doi.org/10.1093/neuros/nyab317
https://www.ncbi.nlm.nih.gov/pubmed/34490883
https://doi.org/10.1097/BRS.0000000000004268
https://doi.org/10.1002/jsp2.1132
https://www.ncbi.nlm.nih.gov/pubmed/33778406
https://doi.org/10.1210/clinem/dgac486
https://doi.org/10.1001/jama.2016.11136
https://www.ncbi.nlm.nih.gov/pubmed/27533157

	Introduction 
	Osteoporosis and Osteopenia 
	Risks and Complications in Osteoporotic Patients 
	Vertebral Compression Fractures 
	Hardware Failure 
	Proximal Junctional Kyphosis and Failure 

	Osteoporosis Treatment and Optimization for Spine Surgery 
	Vitamin and Mineral Supplementation 
	Antiresorptive Agents 
	Anabolic Agents 
	Denosumab 
	Romosozumab 

	Parathyroid Hormone (PTH) Analogs 
	Teriparatide 
	Abaloparatide 


	Future Research Plans 
	Conclusions 
	References

