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Abstract: Vertebral compression fractures (VCFs) are common in osteoporotic patients, with a frequency projected to increase 
alongside a growing geriatric population. VCFs often result in debilitating back pain and decreased mobility. Cement augmentation, 
a minimally invasive surgical technique, is widely used to stabilize fractures and restore vertebral height. Acrylic-based cements and 
calcium phosphate cements are currently the two primary fill materials utilized for these procedures. Despite their effectiveness, acrylic 
bone cements and calcium phosphate cements have been associated with various intraoperative and postoperative incidents impacting 
VCF treatment. Over the past decade, discoveries in the field of biomedical engineering and material science have shown advance-
ments toward addressing these limitations. This narrative review aims to assess the potential pitfalls and barriers of the various types of 
bone cements. 
Keywords: osteoporosis, vertebral compression fractures, bone cement, vertebroplasty, kyphoplasty, vertebral augmentation

Introduction
Over one million cases of vertebral compression fractures (VCFs) occur annually in the United States and remain the 
most common fragility fracture in osteoporotic patients.1 The two most common treatments for VCFs are vertebroplasty, 
in which injectable bone cement (BC) is administered into the affected vertebrae, and vertebral augmentation with 
balloon kyphoplasty (BK), where a non-compliant balloon tamp is placed within the affected vertebrae to normalize the 
vertebral height as much as possible prior to cementing. The primary goals of vertebral augmentation (VA) are vertebral 
anatomy restoration and optimal fracture stabilization.

Cement leakage is the most prevalent procedural adverse event associated with VA.2 The vast majority of cement 
extravasations are clinically silent and of no consequence. However, in rare circumstances, it has been associated with 
serious adverse events. Acrylic bone cements (ABCs) and calcium phosphate cements (CPCs) are sensitive to some 
extrinsic factors, which influence handling properties resulting in inconsistent mechanical properties following cement 
setting.3,4 ABCs have been linked with local tissue necrosis during polymerization, and they are typically classified as 
non-biomimetic.5,6 CPCs provide an opportunity to establish bone regeneration by increasing osteoconductivity and drug 
or growth factor encapsulation. However, these cements struggle with high rates of cytotoxicity, excessive cost, and poor 
mechanical properties.4 There is a clear opportunity for further development and improvement of CPCs.

To the authors’ knowledge, the most recent, comprehensive review regarding ABCs was published by Gladius Lewis 
in 1997.7 In light of advancements in the field, a current extensive review evaluating ABCs and CPCs was thought to be 
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needed. A review of bone cements was last published by Yousefi et al in 2019, but only evaluated a limited number of 
ABCs and CPCs and did not comprehensively examine novel formulations.7 This paper aims to examine the properties 
and characteristics associated with both types of bone cements and address them by investigating new alternative 
formulas that limit the adverse effects most commonly associated with commercially available bone cements used for 
treating painful VCFs.

Methods
A search was conducted utilizing PubMed, Google Scholar, and ScienceDirect with terms such as “vertebral compression 
fracture”, “vertebral augmentation”, “kyphoplasty”, “vertebroplasty”, “bone cement (BC)”, “bone cement (BC) compli-
cations”, “osteoporosis”, “spinal fracture reduction systems”. Authors identified sources independently. Articles included 
were published between 2018 and 2023 and were not duplicated between authors. Full-text articles, published in English, 
or with a published English translation were selected for review. Information used to write this paper is collected from 
Table 1 outlining our methods.

Ideal Characteristics of Bone Cement
Bone cements used for the treatment of VCFs must meet certain clinical and economic requirements and possess the 
necessary physical properties to be practical as well as safe to use. Bone cements for commercial use must have 
a bending modulus greater than or equal to 1800 megapascals and a bending strength greater than or equal to 50 
megapascals. Additionally, bone cement must have a compressive strength greater than or equal to 70 megapascals to 
ensure it is capable of high-load bearing and compatible with trabecular bone. Ideal bone cements for VCF treatment 
should have low exothermic release and relatively fast curing times, with the material being non-toxic to surrounding 
tissue.4 Optimally, bone cements should be osteoconductive and capable of stimulating new bone formation.8–10 

Commercially utilized bone cements typically consist of a powder monomer, polymethyl methacrylate (PMMA), and 
a liquid monomer, methyl methacrylate (MMA). Bone cements are self-curing and the mixing of the two components 
initiates the polymerization process. Alterations to the powder-to-liquid ratio of bone cement can alter its mechanical 
properties and biological characterization.

Acrylic Bone Cements
Acrylic bone cements (ABCs) are currently the gold standard due to low cost, ease of use, and durability of the treatment. 
Physicians have a variety of commercially available products to choose from (Table 2). These cements are associated 
with monomer toxicity and significant exothermic release intraoperatively, thereby limiting the volume of cement that 
can be used in a single setting.11 PMMA BCs are the most commonly used BCs for VA and are typically used in medium 
and high load-bearing applications.11,12 ABCs generally have a compressive strength greater than 100 MPa, which is 
30% higher than the ISO standard 5833’s minimum compressive strength requirement for BCs (Table 3).5 A mismatch 

Table 1 The Search Strategy Summary

Items Specifications

Date of Search (Specified to date, month, and year) Jun 6, 2022

Databases and other sources searched PubMed, Google Scholar, and ScienceDirect
Search terms used (including MsSH and free test search terms and filters) 

Note: please use an independent supplement table to present detailed 

search strategy of one database as an example

Vertebral compression fracture, vertebral augmentation, kyphoplasty, 

vertebroplasty, bone cement(BC), bone cement(BC) complications. 

Osteoporosis, spinal fracture reduction systems
Timeframe 2018–2023

Inclusion and exclusion criteria (study type, language restrictions etc.) Study type: N/A Language: English

Selection process (who conducted the selection, whether it was 
conducted independently, how consensus was obtained, etc)

Authors conducted selection process independently and did not duplicate 
sources
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Table 2 Commercially Available Acrylic Bone Cements (ABCs)

Brand Supplier Monomer Prepolymer Radiopacifier Initiator and 
Additives

Working 
Time (Min)

Setting 
Time (Min)

Bending 
Modulus (MPa)

Compressive 
Strength (MPa)

Bending 
Strength (MPa)

Viscosity

Simplex P Stryker MMA: 97.45% PMMA-co-PS: 73.5% 
PMMA:15%

BaSO4: 10% BPO: 1.5% 
DMPT: 2.55% 
HQ: 0.008%

7 14.3 2681 90.32 71 Medium

SpinePlex Stryker MMA: 97.5% PMMA: 8.51% 
PMMA-co-PS: 58.3%

BaSO4: 30% BPO: 1.5% 
DMPT: 2.5% 
HQ: 0.0079%

10–12 8.2 ≥2000 80.91 55.1 Low

CMW1 Depuy MMA: 99.18% PMMA: 88.85% BaSO4: 9.1% BPO: 2.05% 
DMPT: 0.82% 
HQ: 0.0025%

6.5 11 2634 94.4 67.81 High

CMW2 Depuy MMA: 99.18% PMMA: 86.7% BaSO4: 11.3% BPO: 2.0% 
DMPT: 0.82% 
HQ: 0.0025%

3 6 3008 97.8 74.3 High

CMW3 Depuy MMA: 97.5% PMMA: 88.0% BaSO4: 10% BPO: 2.0% 
DMPT: 2.50% 
HQ: 0.0025%

5.5 11 2764 96.3 70.3 Medium

Osteobond Zimmer MMA: 99.26% PMMA-co-PS: 88.75% BaSO4: 10% BPO:1.25% 
DMPT: 0.745% 
HQ: 0.008%

5 14.5 2828 104.6 73.7 Low

Endurance Depuy MMA: 98.0% PMMA: 67.5% 
PMMA-co-PS: 21.1%

BaSO4: 10% BPO: 1.85% 
DMPT: 2.0% 
HQ: 0.0011%

8.0 14 2896 94 76.1 Low

Palacos® R Heraeus MMA: 97.98% PMMA: 83.9% ZiO2: 15.3% BPO: 0.8% 
DMPT: 2.0%

5.0 12.5 2628 79.6 72.2 High

KyphX HV-R Medtronic MMA: 99.11% PMMA-co-PS: 68% BaSO4: 30% BPO: 2% 
DMPT: 0.0088% 
HQ: 0.0075%

8 20 >1900 111 >50 High

Osteopal V Heraeus MMA: 97.87% PMMA-co-PMA: 54.6% ZiO2: 45% BPO: 0.38% 
DMPT: 2.13% 
HQ: 0.0011%

8 14 3504 ± 235 82 ± 3 46 ± 8 Low

Cobalt HV Biomet MMA: 98% PMMA-co-PMA: 83.55– 
84.65%

ZiO2: 14.9% BPO: 0.5–1.6% 
DMPT: 4.27%

5 10 96.04 67.84 High

Smartset HV Depuy MMA: 97.5% PMMA-co-PMA: 84% ZiO2: 15% BPO: 1% 
DMPT: 2.5% 
HQ: 0.0075%

8 12.5 3010 86.54 64.32 High

Smartset MV Depuy MMA: >50.0% PMMA-co-PS: 15–30% 
PMMA: >50.0%

BaSO4: 5–10% BPO: 1–3% 
DMPT: ≤2.0%

8 14 3010 70 64.32 Medium

VertaPlex Stryker MMA: 99% PMMA: 68.0–68.4% BaSO4: 30% BPO: 1.6–2.0% 
DMPT: 1.0% 
HQ: 0.008%

8 15–20 ≥2000 ≥70 ≥50 Medium

VertaPLex HV Stryker MMA: 99% PMMA: 70–85% BaSO4: 15–30% BPO: 1.6–2.0% 
DMPT: 1.0% 
HQ: 0.008%

18 10.2 ≥2000 ≥70 ≥50 High

(Continued)
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Table 2 (Continued). 

Brand Supplier Monomer Prepolymer Radiopacifier Initiator and 
Additives

Working 
Time (Min)

Setting 
Time (Min)

Bending 
Modulus (MPa)

Compressive 
Strength (MPa)

Bending 
Strength (MPa)

Viscosity

Kyphon VuE Medtronic MMA: 95–99% PMMA: 10–15% 
PMMA-co-PS: 50–60%

BaSO4: 15–30% BPO: 1.5–5% 
DMPT: 2.5% 
HQ: 0.0075%

8 10–15 ≥2000 ≥70 ≥50 High

Vertefix HV IZI 
Medical

MMA: 90–99% PMMA: 60–70% BaSO4 with Insite 
tracking beads: 30%

BPO: 1.5–5% 
DMPT: 1–2.5% 
HQ: 0.0075%

18 10–12 ≥2000 ≥70 ≥50 High

ActivOs 10 Medtronic MMA: 90–99% PMMA: 10–15% 
PMMA-co-PS: 30–60%

BaSO4: 15–30% BPO: 1.5–5% 
DMPT: 2.5% 
HQ: 0.0075% 

HA: 10%

3–5 5–15 ≥2000 ≥70 ≥50 High

Kyphon 
Xpede

Medtronic MMA:90–99% PMMA-co-PS: 65–75% BaSO4: 20–30% BPO: 2% 
DMPT: 0.0088% 
HQ: 0.0075%

8 5–10 >1900 >85 >50 High

Abbreviations: MMA, Methyl methacrylate; PMMA, poly(methyl acrylate); PMMA-co-PMA, methyl methacrylate-methyl acrylate copolymer; PMMA-co-PS, methyl methacrylate-styrene copolymer; BaSO4, barium sulfate; BPO benzoyl 
peroxide; DMPT, N–N-dimethyl-p-toluidine; HQ, hydroquinone.
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between mechanical properties of fractured bone and nonfractured bone may be partially reversed by the addition of an 
adequate amount of BC and may result in less abnormal strain on the adjacent vertebral bodies.13

When engineering ABCs, cement viscosity is one of the most important characteristics. The viscosity of the cement 
affects injectability, leakage, retention in the vertebral body, and the final mechanical properties of the set cement.5 ABCs 
are prone to high exothermic releases during the polymerization process that can sometimes cause thermal necrosis of 
bone cells due to the tendency of collagen to denature when exposed to prolonged temperatures above 56 C.5 Increasing 
the viscosity of cement used in percutaneous vertebroplasty (PVP) decreases leakage and increases cement retention 
during injection when compared to PVP with low viscosity cement.14,15 While increased cement viscosity can also result 
in greater strength, it requires greater injection force and potentially earlier curing. The increased force may result in an 
insufficient volume of injected cement and potentially approach or surpass the physical limit of the human body.14

Two of the most commonly examined ABCs on the market for VCF are Palacos R (Heraeus) and Simplex P (Stryker) 
(Table 2). Palacos R is a green cement, allowing for better visualization for intraoperative teams to discern between bone 
and cement in comparison to white bone cements like Simplex P.16 Palacos R is a high viscosity cement with 
a compressive strength of 79.5 MPa, allowing for more compatibility with surrounding bone. Simplex P is a medium 
viscosity cement with a compressive strength of 90.32 MPa. In comparison to Simplex P, Palacos R has better long-term 
stability due to a higher molecular weight and non-radiation sterilization.17 A common complication associated with both 
Palacos R and Simplex P is tissue necrosis due to high exothermic releases.18 The price of one Palacos R high viscosity 
cement is $60 per 40 g, whereas Simplex P costs $70 per 40 g.19

Calcium Phosphate Cement
Calcium phosphate cements (CPCs) have been researched and in clinical use since the 1980s. They have unique 
attributes that are capable of self-hardening but are less commonly utilized than ABCs (Tables 4 and 5).16–19 The setting 
reaction mechanisms of CPCs can be manipulated by changing the solubility of compounds and the entanglement of 
precipitated crystals causing the hardening.5,20 These cement compounds have been shown to cure within 20 min but do 
not fully set for 12–48 h (Table 4). CPCs are biodegradable, bioresorbable, osteoconductive, and generate little to no heat 
during the curing process.21,22 Additionally, they are microporous which allows for transport of nutrients and metabolic 
waste permitting them to be bioactive.22

Biomechanically, they have low strength and are recommended for use in low load bearing sites, as they have a high 
predisposition to fracture and are brittle23–25 Compressive strength for CPCs ranges from 0.2 MPa to 184 MPa 
(Table 5),4,26 far inferior to that of ABCs. They have poor injectability as a result of solid and liquid-phase separation 
during delivery, which negatively impacts the intraoperative injectability.27 Bone ingrowth and fast resorption are limited 
by the typical absence of macropores in most CPCs.5,28 The addition of pore-forming additives, namely water-soluble 
polymers, biodegradable polymers, collagen, glucose, and biphasic calcium phosphate, has been proposed to improve the 
resorbability of CPCs.5 Additives that improve resorbability also affect the setting time, compressive strength, viscosity, 
and dispersibility of CPCs. Compared to acrylic PMMA cements, CPCs have a lower stiffness, less compressive strength 

Table 3 Mechanical Properties of Commercial Acrylic Bone Cements

Property type Property Range

Impact properties Impact Strength (kJ/m2) 2.17–7.5
Compressive properties Ultimate compressive strength (MPa) 72.6–117

Shear properties Shear strength (MPa) 32–69

Flexural properties Elastic modulus (MPa) 
Ultimate 4-point bending strength (MPa)

1750–3275 
45–90.5

Tensile properties Elastic modulus (MPa) 

Strain to break (%) 
Ultimate tensile strength (MPa)

1583–4120 

0.86–2.49 
23.6–56

Fracture properties Fracture toughness (MPa m1/2) 1.02–2.32
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Table 4 Commercially Available Calcium Phosphate Bone Cements (CPCs)

Brand Supplier Powder Composition Degradability Initial Setting 
Time (min)

Full Hardening 
Time (h)

Compressive 
Strength (MPa)

Pore  
Size (μm)

Porosity Compressive 
Strength 

(MPa)

Embarc Lorenz 

Surgical

ACP, DCPD Yes

KyphOs FS Kyphon Yes 5 24 h 61 – – 61

Cementek Teknimed α-TCP, TTCP, Ca(OH)2 Yes 3–15 24–48 h 13 26 50% 13

Calcibon Biomet- 
Merck

α-TCP, DCPA, CaCO3, HA Yes 10 6 h 60 41.6 ± 22.0 30–40% 60

Graftys 

HBS

Graftys HA, TCP Yes 15 72 h 12 100–300 65–70% 12

Graftys 

Quickset

Graftys HA, TCP Yes 8 24 h 24 10–100 70% 24

α-BSM ETEX ACP, DCPD Yes 15–20 1 h 4 <1 80% 4
Norian SRS Synthes α-TCP, CaCO3, MCPM Yes 10–15 12 h 50 47.2 ± 21.9 50% 50

Eurobone FH 

Orthopedics

TCP, DCPD Yes 3–15 12 h 17 162.2 ± 107.1 2% 17

BoneSource Stryker TTCP: 72.3%; DCPA: 7.7% Minimal 7 4 h 26 33.4 ± 6.2 5–10% 26

ChronOS 

Inject

Synthes β-TCP, DCPD Yes 6–12 24 h 3 70–170 60–75% 3

Ostim Heraeus HA Yes 20 24 h 0.24 70 53% 0.24

Biopex Mitsubishi α-TCP: 75%; TTCP: 18%; 

DCPD: 5%; 
HA: 2%

Yes 7–10 24 h 80 – 40–50% 80

CopiOs Zimmer 

Biomet

ACPC: 8–12%; DICAL: 70–80%; 

HPBC: 10–16%

Yes 5–10 2–4 >20 >35 90–95% –

Abbreviations: ACP, Amorphous calcium phosphate; DCPD, dicalcium phosphate dihydrate; HA, hydroxyapatite; MCPM, monocalcium phosphate monohydrate; TCP, tricalcium phosphate; TTCP, tetracalcium phosphate; ACPC, acidic 
calcium phosphate component; DICAL, dibasic calcium phosphate; HPBC, highly purified Type I bovine collagen.
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and require significantly longer duration for complete curing to occur.18,29 All of these factors have resulted in a limited 
amount of use of CPCs in vertebral augmentation.

Two widely utilized CPC cements in vertebroplasties and other orthopedic surgeries are Biopex (Mitsubishi) and 
ChronOS Inject (Synthes) (Table 4). Biopex and ChronOS are both osteoconductive and non-exothermic, and therefore 
more anatomically suitable.24,30 ChronOs Inject has a relatively low compressive strength of 3 MPa in comparison to 
Biopex, which has a compressive strength of 80 MPa.

Pedicle Screw Construct
In addition to treating VCFs strictly with injectable bone cement, pedicle screw instrumentation is a common technique used in 
tandem with vertebroplasty in which the pedicle screw is reinforced through the cement to increase stability of the spine.31 

Studies show that minimally invasive pedicle screw fixation (MIPS) combined with PVP is a safe and feasible procedure.31 Risks 
involved with MIPS can involve nerve injuries as well as fractures in the upper and middle thoracic regions of the spine.31–33 

Data suggest that the rate of cement leakage during pedicle screw assisted VP is similar to procedures without screw 
augmentation.31 Currently, more and better quality data is needed to provide a recommendation for or against the routine use 
of pedicle screws.30–32,34

Factors Impacting the Intraoperative Effectiveness of Acrylic Bone 
Cements and Calcium Phosphate Cements
Interventionalists and surgeons should be aware of how the factors that influence the bone cement curing process will 
affect the cement’s intraoperative performance. Both self-curing ABCs and CPCs are heat sensitive. Any increase or 
decrease in temperature (either ambient, mixing equipment associated, or produced by the cement components) that 
deviates from the recommended temperature of 73 °F (23 °C) affects the handling characteristics and setting time of the 
cement. Variations in humidity affect also handling characteristics and setting time. It is recommended that the unopened 
cement components are stored at 73 °F (23 °C) for a minimum of 24 h before use.35–37

This sensitivity to ambient temperature greatly impacts the injection-to-set time of the bone cement during proce-
dures. If the ambient environment is too warm during injection, it will cause premature curing of the bone cement. Colder 
injection environments will slow the cure rate, allowing for a longer injection period at the risk of lower cement viscosity. 
Refrigeration of bone cement prior to use has been used as a technique to counteract the variability of intraoperative 
setting time. Despite this utility, pre-chilling of bone cement prior to mixing has been shown to increase the maximum 
temperature for some cement formulations.38,39

Alterations of temperature in other stages of the cement preparation process, such as the mixing phase, can also affect 
injection-to-set time. When the acrylic cements were prepared in any vacuum mixing system there was evidence of an 
increase in the cure temperature. The main factor that contributed to this rise in temperature was an imbalance in the 
polymer powder to liquid monomer ratio.37,40,41

The variability of the intraoperative environment and bone cement curing process emphasized a need for innovations 
that minimize the heterogeneity of these factors on the injection-to-set time.

Table 5 Mechanical Properties of Commercial Calcium Phosphate Bone Cements

Types of Property Property Range

Fracture properties Fracture toughness (MPa m1/2) 0.6–0.147
Flexural properties Bending strength (MPa) 0.47 

1750–3275

Compressive properties Ultimate compressive strength (MPa) 12–90
Tensile properties Diametral tensile strength (MPa) 2
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Innovative, Next Generation Bone Cement Formulations
The development of novel bone cement formulations and modifications to commercially available bone cements is 
imperative to keep improving the effectiveness of VCF treatment and to potentially mitigate some procedural complica-
tions. The most common procedural adverse event is cement leakage, which is very common and rarely symptomatic. 
However, rare instances leading to spinal cord or nerve compression and systemic embolization to the lungs have been 
reported.42 New formulations that have increased viscosity, a compressive modulus closer to normal bone and 
a predictable curing process could lead to fewer adverse and serious adverse events (Table 6).

Zinc-Based Polyalkenoate Cement
Aluminum-free, zinc-based polyalkenoate cement (Zn-GPC) is considered to be suitable for vertebroplasty and other 
spinal applications.43,44 Zn-GPC reaches a peak temperature of 33°C thereby decreasing the likelihood of thermal 
damage to surrounding bone and neural tissue. Zn-GPC’s mechanical properties closely match that of trabecular bone, 
potentially increasing the biomechanical compatibility with the surrounding osseous tissue.45–47 In addition, Zn-GPC also 
has favorable biocompatibility.48,49 These data suggest that Zn-GPCs may have the potential to bond directly to living 
bone tissue after implantation, further improving fracture healing and the stability of the vertebral body.49 In spite of its 
positive attributes, Zn-GPC is a self-curing free-radical polymerization system and once the components of the experi-
mental Zn-GPC composite are mixed, they have a working set time of 55 seconds.49 This very rapid rate of cement 
curing is too fast to be clinically applicable. The addition of trisodium citrate to the formulation of Zn-GPCs may 
improve the working and setting time without affecting its structural integrity, but this possibility is being studied and has 
yet to be determined.49

Acrylic Bone Cement Nanocomposite with 15% Chitosan and 0.3% 
Graphene Oxide
Both chitosan and graphene oxide are optimal materials as they possess antibacterial properties and are biocompatible. 
However, at the time of this writing, biological characterization has not been tested in simulated body fluid. For VCF 
treatment, the addition of graphene oxide is integral to the chitosan and ABC formula as it increases the compressive 
strength to above the ISO standard 5833’s minimum compressive strength.50–52 This formula solves some of the major 
disadvantages associated with ABCs, namely, low bioactivity and osteoconductivity. Further investigation is needed to 
characterize the influence of this composite on cement curing and setting time.3,52

Table 6 Next-Generation Formulations of Bone Cement

Types of Cement Abbreviation Advantages Disadvantages

Zinc-based polyalkenoate cement Zn-GPC Increased biomechanical compatibility and 
biocompatibility 
Decreased thermal damage

Rapid cement cure time

Acrylic Bone Cement Nanocomposite with 15% Chitosan and 0.3% 
Graphene Oxide

N/A Increased compressive strength (Graphene oxide) 
Increased bioactivity and osteoconductivity (potential)

Incomplete biological 
characterization

Radiopaque Acrylic Bone Cement with a Bromine containing 
monomer

N/A Increased radiopacity and cement flexibility 
Decreased thermal damage

Decreased mechanical and 
biological properties 
High compressive strength

Alginic acid calcium phosphate cement aaCPC Increased compressive strength and porosity 
Decreased setting time 
Malleable

Additional safety testing 
needed

Poly(lactic acid)-poly(glycolic acid)-poly(ethylene glycol)-calcium 
phosphate cement 

PLGA-PEG- 
PLGA 
/CPC

Increased ductility and injection performance 
Strong compressive strength, water resistance and 
compatibility

Increased degradation 
Decreased early strength 
profile

Strontium Containing Hydroxyapatite Bone Cement Sr-CPC Promote bone growth 
Delayed hydration reaction 
Low cost

Failed compressive strength

Alpha-tricalcium phosphate-based calcium phosphate cement with 
nanoparticles of mesoporous bioactive glass

α-TCP with 
mBGn

Increased cellular growth/bone development, 
injectability, surface area, and degradability 
Decreased setting time

Failed compressive strength
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Radiopaque Acrylic Bone Cement with a Bromine Containing Monomer
ABCs are typically combined with inorganic compounds that allow the cement to be seen radiographically. Inorganic 
compounds that are utilized to achieve radiopacity are also known to deteriorate the mechanical and biological properties 
of cement. A bromine-containing monomer has been evaluated as an alternative agent to increase the radiopacity of 
cement. A novel bromine containing ABC was proposed by Chen et al.53 The modified bone cement significantly 
enhanced antibacterial function while having a comparable flexural strength to and 3–14% higher flexural modulus than 
commercial PMMA bone cement.53 Further studies are necessary to elucidate the cement’s interactions with surrounding 
tissue, exothermic release potentials, impact on radiopacity, fatigue response, and cytotoxicity.53,54

Alginic Acid Calcium Phosphate Cement
A recent study carried out by Shimatani et al investigated the properties of CPCs when mixed with a low viscosity alginic 
acid. Following the addition of the alginic acid, the setting time decreased from 56 min to 11.5 min. The compressive 
strength of the mixed cement was 6.4 times higher than that of the control and increased from an average of 7.3 to 46.7 
MPa. In animal models, bone replacement was observed as early as 6 weeks with the alginic acid CPC (aaCPC). 
Scanning electron microscope images confirmed that the aaCPC had higher porosity, theoretically enhancing bone 
resorption. The aaCPC was observed to be more malleable than the unmodified CPC. Interestingly, the study also 
reported that a moist environment filled with aaCPC tends to form 3D scaffolds with a complex space suitable for tissue 
cells to adhere and spread.55 It remains unclear if the cement formulation is safe enough to be used in humans.55 

Moreover, studies investigating intraoperative cement control are needed to further validate the formulations’ perfor-
mance compared to other materials.

Poly(Lactic Acid)-Poly(Glycolic Acid)-Poly(Ethylene Glycol)-Calcium 
Phosphate Cement
In an attempt to alleviate the previously mentioned disadvantages of CPCs (low compressive strength, poor anti-collapse 
properties, and poor injection performance), Guo et al synthesized a new biodegradable composite BC system: poly 
(lactic acid)-poly(glycolic acid)-poly(ethylene glycol)-calcium phosphate cement (PLGA-PEG-PLGA/CPC). This filling 
material is easily diluted by blood in the cancellous bone and has strong compressive strength, high ductility, good 
injection performance, and strong water resistance. The new compound had favorable cell compatibility and promoted 
bone formation. Notably, the degradation rate was faster than typical CPCs with the degradation of the experimental 
cement being 55% higher than the CPC control.56 One major and consistent drawback of PLGA-PEG-PLGA/CPC was 
that its early strength profile remained inferior to PMMA, a limitation observed for all CPCs. Their study provides initial 
insight into the potential capabilities of PLGA-PEG-PLGA/CPC but requires further validation in a large animal or 
human study.56

Strontium Containing Hydroxyapatite Bone Cement
In a study by Sun et al, a novel Sr-CPC was created using a binary TTCP/Sr-α-TCP combination that created a bone 
cement with a faster setting time and delayed hydration reaction. This novel system was found to promote new bone 
growth and have no negative effects on cellular growth. The system is advantageous in that it makes CPCs more 
clinically usable due to a faster setting time and low cost. Again noted with this novel Sr-CPC was that it failed to 
develop an adequate compressive strength for bone repair treatments and required further modification in order to be 
made suitable for VCF treatment.57

Alpha-Tricalcium Phosphate-Based Calcium Phosphate Cement with 
Nanoparticles of Mesoporous Bioactive Glass (mBGn)
A novel CPC formulated by Ahmed El-Fiqi et al is an α-TCP cement with the incorporation of bioactive nano- 
component, mesoporous bioactive glass (mBGn). The major advantages of mBGn addition include a high mesoporosity, 
which makes it an excellent protein/drug delivery system and the release of Si ions that stimulate cellular growth and 
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bone development.58,59 This novel formulation improved the injectability of CPCs, which is a major advantage compared 
to most CPCs and helps to decrease intraoperative complications associated with cement extravasation. In comparison to 
other CPCs, this formula had a decreased setting time, higher surface area, and enhanced degradability. Although 
compressive strength increased as a result of mBGn concentration, the reported values were significantly lower than 
standards outlined in ISO5833:2002, thereby rendering the cement impractical for clinical use. Further improvements to 
properties such as porosity and compressive strength are imperative to improve the formula to the point where it could be 
used in the treatment of VCFs.59 Future evaluation could explore variations in the mGBN concentration to ascertain its 
effects on the properties of the bone cement.

Conclusions and Perspectives
There are over 25,000 vertebral augmentation procedures performed annually in the US, and the cost of VCF manage-
ment and treatment is upwards of $13 billion with the total economic burden predicted to increase as the aging population 
rises. The CPCs and ABCs currently available are effective but can be further optimized for VCF treatment as they have 
certain limitations that can make them difficult to use intra-operatively and can be modified to reduce potential 
complications. It is imperative to explore next-generation formulations that enhance the cement–bone interface, decrease 
the injection-to-set time, limit the impact of extrinsic factors, and provide biomimetic properties. Additional testing of 
next-generation formulations is necessary to determine clinical applicability and safety. Additionally, given that the 
typical individual suffering from an osteoporotic VCF is an elderly patient with multiple comorbidities, it is crucial to 
limit the surgical time and the complications that may come from the vertebral augmentation treatment. Improving the 
effectiveness of these procedures with new bone cement formulations would ultimately provide patients with a safe, 
durable, and cost-effective treatment.
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