Approaches to Reduce Peak Polymerization Temperature of PMMA Bone Cement in Total Joint Arthroplasty:  A State-of-the-Art Review
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ABSTRACT 

	Background: Poly(methyl methacrylate) (PMMA) bone cement is widely used in orthopaedics, particularly for anchoring an arthroplasty in the bone bed. Preparation of the cement involves mixing its powder and liquid, resulting in a dough that polymerizes, culminating in a hard product. The polymerization is an exothermic reaction, with peak (or maximum) temperature                 reached (Tmax) being very high (in some cases, > 70 oC), depending on intrinsic variables,             such as the cement composition, and extrinsic/process variables, such as powder-to-liquid ratio and the mixing method. It has been postulated that high Tmax contributes to or is responsible for thermal necrosis of periprosthetic  tissue. Thus, methods to reduce Tmax have been a very active area of research. 
Purpose:  The present work is a critical review of literature studies that involved one intrinsic variable, namely, change(s) to the composition of the cement, relative to that of the control cement. 
Methods: Using relevant search words, a search was conducted on appropriate databases,       such as Google Scholar, PubMed, and Scopus, for English-language articles on methods to reduce Tmax and which also met other criteria. 
Results: 44 articles met the selection criteria and were reviewed in detail. It was found that               29 unique Tmax reduction methods have been used. Salient features of these methods are presented. 12 cement formulations yielded Tmax of  < 44 oC, which, according to literature reports, is the lowest temperature at which thermal necrosis of periprosthetic tissue  is likely to be initiated. Two examples of these formulations are 1) one in which 3 vol./vol.% of 1-dodecyl mercaptan was dissolved into the liquid of the control cement and 2) one in which 30 wt./wt.% of microcapsules containing paraffin/poly(methyl methacrylate–methylene bisacrylamide) (MPn) (n = ratio of MMA content to paraffin content = 2) were mixed with the powder of the control cement. The review includes a discussion of twelve shortcomings of the literature, which, therefore, indicated areas for future studies. These include determination of Tmax for a large number of commercial-produced and experimental formulations of antibiotic-loaded bone cement, development of a robust and validated methodology for calculating thermal necrosis potential, and investigation of the use of machine learning models to predict Tmax. The review ends with a compact summary of the main points made.



Keywords: Poly(methyl methacrylate) bone cement;  maximum polymerization temperature; thermal necrosis.


1. INTRODUCTION

Since the first use of poly(methyl methacrylate) (PMMA) bone cement (hereafter, “bone cement”) in preparing the grouting/anchoring/fixation bed for a primary hip implant [1, 2],  uses of this polymer in surgery have expanded to include myriad applications, such as delivery of anesthetic agents [3], delivery of chemotherapeutic drugs [4], production of antibiotic-loaded  spacer for use in the first stage of a two-stage revision hip arthroplasty following serious or late chronic infection of the primary arthroplasty [5], treatment of bone defects or filling of a rare but locally aggressive neoplasm, such as giant cell tumor of bone [6,7], cranioplasty [8], restoration and/or augmentation of osteoporosis-induced compression fracture of vertebral body/bodies or treatment of pathologic spine compression fractures (for example, vertebroplasty (VP), balloon kyphoplasty (BKP), and vesselplasty [9-12]), and treatment of tinnitus [13]. However, the predominant use of bone cement remains in cemented primary and revision  arthroplasties [14-16].  In that respect, there is a very large number of plain and antibiotic-loaded brands that are approved by relevant national regulatory bodies, such as the United States Food and Drug Administration (USFDA) and the United Kingdom Medicines and Healthcare Regulatory Agency [17-23].                  For example,  in 2023, bone cement was used in 85% of primary total hip arthroplasties (THAs) in Sweden [19], in 96% of primary total knee arthroplasties in Germany [20], and, in the United States, there are those who recommend cementing the femoral component of a THA in some sub-sets of patients, notably women who are >70 years old and those who are osteoporotic or have suffered displaced femoral neck fragility fracture(s) [24]. Additionally, there are reports on myriad experimental plain and antibiotic-loaded bone cement (ALBC) formulations and off-label ALBC formulations, with the latter being commonly used in clinical work [1, 2, 25-30]. 
There is a voluminous body of literature on the characterization of both approved brands and experimental formulations of bone cement [1, 2, 25-30], with the peak (or maximum) exothermic temperature reached during mixing of the cement (Tmax) being a property that has often been the subject of the reports. Thus, Tmax as high as 124 oC have been reported [1-3] and the potential deleterious effect of a  high Tmax in a cemented arthroplasty have been reiterated, with examples being cause of or involvement in thermal necrosis of periprosthetic tissues, impaired blood circulation, and high predisposition to membrane formation at the cement-bone interface [1-3, 6]. Although there are many reviews of this body of  literature, only a few have included studies of methods to reduce Tmax [25, 31-33]. However, these reviews have limitations. Thus, the focus of the review by Berliner et al. [25] was prophylactic use of ALBC to treat/manage periprosthetic joint infection (PJI).                         Work on improving the mechanical properties of bone cement and imparting bioactivity to it were the main topics covered in the review by Seesala et al. [31]. A large proportion of the review by Szoradi et al. [32] was devoted to aspects such as the thickness and temperature of the cement mantle in an implant, aspects that relate to the structure (the cement mantle) rather than to the cement per se. In the review by He et al. [33], only four studies of reduction of Tmax were discussed and one of these involved use of an extrinsic/process variable (herein, a variable that does not involve the composition of a cement formulation is designated an extrinsic/process variable, examples being the temperature at which the cement powder and/or liquid were stored prior to mixing, the powder-to-liquid ratio (PLR) used in mixing the cement, and the mixing method). Thus, shortcomings of reviews of the literature on bone cement with respect to reduction of Tmax persist. 
The purpose of the present work was to present a comprehensive, robust, and critical review of the literature on use of modification of the composition of bone cement (an intrinsic variable) as a means to reduce its Tmax.                                                 The present  review is organized as follows. In Section 2, the methodology that was used to identify the studies that were included in the review is described. In Section 3, essential aspects of the determination of Tmax are given.                                      The methods that have been used to reduce Tmax are critically discussed in Section 4. The shortcomings of the literature (and, hence, areas for future studies) are highlighted in Section 5 and the main points made in the review are summarized in Section 6.




2.   METHODOLOGY
Over the period January 2025-September 2025, detailed searches were conducted in appropriate databases, such as Google Scholar, PubMed, Scopus, and Web of Science, for articles in English-language peer-review archival journals that contained both search words, namely, PMMA bone cement and polymerization temperature. These searches yielded              90 such publications of which 41 were eliminated from further consideration because they were not in peer-review          journals (23) or were available in abstracts only (18). Of the remaining  49 articles, 4 were excluded for a variety of reasons, namely, use of the cement was for delivery of a non-steroidal anti-inflammatory drug related to periodontitis [34],                        use of the cement was for VP or BKP [35], the control cement used was for dental application [36], the study was an investigation of the influence of  an extrinsic process variable (such as method of mixing the cement powder and liquid)         on Tmax [37], and part of one article was excluded because it was an investigation of the influence of an extrinsic/process              variable (PLR used in preparing the cement) on Tmax [38].  Thus, the present review was of the remaining 44 articles.  



3. METHODS OF DETERMINATION OF Tmax

With a few exceptions, determination of Tmax involved using a mold and a protocol specified in a PMMA bone cement testing standard, such as ASTM F451 [39], ISO 5833 [40], or the Chinese National Standard YY0459-2003/ISO5833:20020 [41]. A variety of molds have been used [42-54], including  a cylindrical porcine trabecular bone mold (diameter and height =          9 mm and 12 mm, respectively) [42], a rectangular ultra-high-molecular-weight polyethylene mold (75 mm x 25 mm x 7 mm) [43] (Figure 1), and a short cylindrical poly(vinyl chloride) mold (diameter  and height =  25 mm and 40 mm, respectively) in which there was an Al foil to prevent cement dough leakage [51]. In one exception study, the prepared cement dough was manually shaped into a spherical blob, with radius of ~15 mm [54]. 
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Figure 1.   Photograph of a typical experimental set-up, showing an ultra-high-molecular-weight polyethylene mold (left panel) and a digital thermometer (right panel) inserted into a port in the mold (right panel).



Equipment used in the determination of Tmax are a thermocouple whose welded end was used as a temperature sensor and, as such, was inserted into the center of a spherical cement dough blob [54] or a thermocouple/digital thermometer that is inserted into a port in the mold [43] (Figure 1) or directly into the test container [38].  When a mold was used, during the test, it was maintained at ambient temperature (23 ± 2 oC) [43, 54, 55] or it was immersed in an oven/bath whose temperature was kept at  37 oC [45, 46]. 

With regard to the test protocol, the cement powder and liquid are mixed either in a chamber open to the ambient atmosphere (hand mixing) or in a vacuum mixing chamber, typically at 75 kPa (vacuum mixing), until a dough is obtained. Within 1 min of this happening, the dough is transferred from the mixing chamber to the plunger of the mold from which it is delivered into the mold, a weighted lid is placed on top of the mold, and, after a further 1 min or so, recording of the temperature of the curing cement dough (T) starts and is continued until the dough is fully cured,                                           with the T-versus-time (t) readings being recorded (usually, every 10 s or so) and exported to a data logger/data acquisition system for display and storage, using a software package. From the T-t plot, Tmax is determined (Figure 2).                       Typically, for a given cement formulation, 3 replicate tests were run.[image: ]





                            

                                                  











                                                                   Figure 2. A schematic presentation of test results.








4. METHODS USED TO REDUCE Tmax
4.1.  Overview
Approved bone cement brands are formulations that are commercial-prepared, with the principal constituents of the liquid being a monomer (usually, methyl methacrylate (MMA)), a polymerization reaction accelerator/activator                                    (usually, dimethyl-p-toluidine (DMPT)), and a polymerization reaction retardation/stabilization agent (hydroquinone),              and the principal powder constituents being pre-polymerized PMMA beads with or without a PMMA-based co-polymer,              a radiopacifier (usually, particles of either BaSO4 or ZrO2), and a polymerization reaction initiator                                                   agent (benzoyl peroxide (BPO)). Methods used to reduce Tmax may be grouped into three categories, namely, those that target the composition of the liquid, the composition of the powder, or the composition of both the liquid and the                  powder [41-81]. 


4.2. Modifications to Composition of Liquid 
The approaches taken were 1) partial substitution of MMA with a higher molecular weight methacrylate ester,                           such as isobornyl  or 4-N,N-(dimethylamino)phenethanol (QM-567) [56] or replacing DMPT with an alternative activator, namely, dicyclo-pentenyloxyethyl methacrylate (DEAPE) [56]; 2) substituting some of the MMA with 10-60 vol./vol.%                                                  of ethoxytriethyleneglycol methacrylate (TEG) [77]; 3) replacing DMPT with 4, N,N-dimethylaminobenzyl laurate, which is a long-chain acid derivative bearing an aromatic tertiary amine group [58]; 4) adding a methacrylic monomer derived from Vitamin E (MVE) to MMA (MVE content: 10-25 wt./wt.%) [47]; 5) in the case of CMWTM3 cement brand, substituting                 N,N-dimethylamino benzyl alcohol (DMOH) or 4,4’-dimethylamino benzdrol (BZN) for DMPT [59]; 6) introducing                         a co-monomer, such as 4-methacryloyloxybenzoic acid (MBA), diethyl amino ethyl methacrylate (DEAEM),                                   or 4-diethylaminobenzyl methacrylate (DEABM)  (each in the range of 0.05-0.30 molar fraction (Mf)), to the MMA [46];                       7) using an alternative compound,  N,N-dimethylamino-4-benzyl laurate (DMAL) and N,N-dimethylamino-4-benzyl             oleate (DMAO), in place of DMPT [55]; 8) adding a chain-stopping agent (namely, 1-dodecyl mercaptan (DDM) [43, 54];                                9) mixing in multi-walled carbon nanotubes that either are unfunctionalized or carboxy-functionalized [60];                                    10) dispersing 0.5 wt./wt.% functionalized nano-TiO2 fibers (mean diameter and length = 12 nm and 2 m) [61];                       11) adding an N-alkyl imidazolium methacrylate monomer (MEIM-x)  (x = alkyl chain length = 6-18) with a total mass fraction of 2 wt.% [62]; 12) adding oxidized and silanized graphene powder, with two different methods being used for that           purpose [48]; 13) incorporating isobornyl acrylate (BA) [63]; and 14) adding polydimethylsiloxane (PDMS) [64].  





4.3. Modifications to Composition of Powder 

The approaches taken were 1) adding a mixture of hydroxyapatite (HA) and chitosan powder [42]; 2) in the case of a cement in which radiopacity was provided by BaSO4 particles, substituting particles of a ceramic that has a higher thermal conductivity (ZrO2 particles) [65]; 3) adding 10-30 vol./vol.% of short fibers (1-3 mm long) of sodium polyacrylate              (PAASf) [66]; 4) adding particles of a strontium-containing bioactive glass (SrBG) [67]; 5) mixing in microcapsules of a phase change material (paraffin or paraffin-based), which were synthesized using an emulsion polymerization method ([43, 44]; 6) adding chitosan (CS), silver nanowires (AgNWs), methacryloyl chitosan (CSMCC), or carboxy-functionalized multiwalled carbon nanotubes (FMWCNTs) [38, 68]; 7) mixing in poly(methyl methacrylate-co-acrylic acid) [P(MAA-AA)] microspheres [41]; 8) substituting BaSO4 for ZrO2 [52] and silanized ZrO2 for ZrO2 [52]; 9) adding one of  three variants of hydroxyapatite (HA), namely, plain hydroxyapatite (oHA), vinylmethoxysilane-treated HA (vHAP), or  PMMA-grafted HA  (gHAP) [49];            10) adding 7 wt./wt.% hallyosite (HNT) fillers [70]; 11) using PMMA nanoparticles synthesized using a mini-emulsion polymerization, with sodium dodecyl sulphate (SDS) as an anionic surfactant, virgin coconut oil (VO) as a co-stabilizer, potassium peroxodisulfate as the initiator, and aqua DM instead of PMMA [71]; and 12) adding a mixture of chitosan (CS) and mineralized allograft bone (human-derived) (BP) powders (with it consisting mainly of HA; particle size:                               150-1000 m) [72]. 





4.4. Modifications to Compositions of Powder and Liquid


A drop in Tmax was obtained through increase of the mean particle size (Dm) and the particle size distribution of the                    pre-polymerized PMMA beads in the cement powder or, for given combination of Dm and BPO content, decrease                          of the DMPT content in the liquid, or for a given combination of Dm and DMPT, decrease of  the BPO content in the            powder [45]. Among the aforementioned three effects, the greatest was produced by the increase in Dm. The rationale given was that during the polymerization process, the small PMMA beads (< 20 m) completely dissolved in MMA and only the large beads (>50-60 m) remained to release the heat produced during the polymerization process [45].                                   

Careful variation of the concentration of DMPT and the amount of BPO led to a drop in Tmax [74].  Thus, for a given DMPT concentration (in the range 0.5-2 wt./wt.%), Tmax decreased monotonically with decrease in BPO amount, and, for a given BPO amount, Tmax decreased with a decrease in DMPT concentration although this trend was not  monotonic [74].                  From the results presented in this report [74], the present author obtained the following multilinear equation for the conjoint influence of DMPT content and BPO content on Tmax
    Tmax (oC) = 54.61 + 12.4 (DMPT content) + 14.07 (BPO content)                   Adjusted R2 = 0.66


With a cement whose powder included pretreated 20 wt./wt.% calcium acetate [Ca(CH3COO)2] and whose liquid included Bis[2-methacryloyloxy)ethyl] phosphate (B2meP), Tmax dropped monotonically with increase in B2meP content           (between 0 and 30 vol./vol.%) [69]. 



4.5. Mechanistic Insights

A variety of explanations was presented for the observed drop in Tmax, among which were 1) as a chain-stopping agent, DDM removes radicals produced during bone cement polymerization [43], 2) Vitamin E is a free-radical scavenger in an oxidative process, such as occurs during the bone cement polymerization [47]; 3) when an oxidized and silanized graphene powder was incorporated into the cement liquid, there was retardation of the polymerization reaction, resulting in the formation of  small-sized molecules [48]; 4) heat generated during cement polymerization was consumed during the curing of PDMS (an additive to the cement liquid) [64]; and 5) a PCM has a high latent heat and a suitable solid-to-liquid phase transition during bone cement polymerization [43, 54], and 6) CS and FMWCNTs act as a heat absorber and a free-radical scavenger, respectively [68]. 



4.6. Assessment of Methods

In an effort to reduce Tmax, about equal research attention has been paid to modifications of the composition of the liquid of the control cement as to modifications of the composition of its powder. Across the compositional changes reported in the studies discussed above, the resulting  % decrease of Tmax obtained ranged from 1.4 to 56.9, with the mean, median, and population standard deviation being 20.4, 24.6, and 14.4, respectively. When the index of acceptable improvement in reducing Tmax is taken to be 50 % decrease, 7 formulations meet this criterion, 4 of which involved modification of the composition of the liquid (Table 1). However, this approach measures effectiveness of  a Tmax reduction method rather than the potential  clinical efficacy of an experimental cement formulation. For that insight, the results should be discussed                               vis a vis  the postulated  criterion for initiation of thermal necrosis of periprosthetic tissue. To do this, however, requires overcoming two challenges. First,  in some studies, this criterion has been given as a threshold temperature (Tinc) only whereas, in other studies, it has been given in terms of Tinc and its duration. Second, various values of Tinc have been presented, these being 44-47 oC [82], > 55 oC [83], >56 oC [84], > 70 oC [85], and > 90 oC  [75]. Since, in nearly all of the studies reviewed in the present work, both temperature and time at that temperature results were not given, an evaluation of the potential clinical usefulness of the results is limited to reported Tmax when compared to Tinc. When this is done using the lowest value of Tinc postulated in the literature (44 oC), it was found that 12 experimental cement formulations have potential for use in anchoring arthroplasties (Table 2). 





	Table 1. Summary on experimental cement formulations that produced % decrease in Tmax of50% (relative to the mean value for the control cement) 

	Experimental 
cement 
formulation 
identifier
	Compositional informationa
	% decrease
	     Source of results
          [Ref. #]

	0.30-DEAEM
	Liquid formulation includes 0.30 molar fraction of a co-monomer, DEAEM 

	56.9
	      Cervantes-Uc 
       et al. [46]

	PMMA-BC-60%AA
	60% molar ratio of P(MMA-AA) microspheres were mixed with the powder of the control cement.

	55.8
	       Chen et al. [41]

	0.20-DEAEM
	Liquid formulation includes 0.30 molar fraction of a co-monomer, DEAEM 

	54.5
	      Cervantes-Uc 
       et al. [46]

	73PMMA-PAASf
	PAASf were blended with the powder of the control cement (proportion of PMMA to PAASf = 7:3)
	54.4
	       Tang et al. [66]

	PMMA-BC-50%AA
	50% molar ratio of P(MMA-AA) microspheres were blended with the powder of the control cement.

	54.0
	       Chen et al. [41]

	25MVE
	MVE was added to the liquid of the control cement in the amount of 25 wt./wt.% 

	53.8
	        Méndez et al.  [47]
       

	5-MEIM-12
	5 vol./vol.% of a quaternary ammonium monomer with N-alkyl chain length of 12 (MEIM-12) was dissolved into the MMA in the liquid of the control cement. 
	51.8
	         Zhu et al. [62]

	aDetailed information on the compositions of the formulations are given in the text.



















	Table 2. Summary on experimental cement formulations with Tmax  44 ℃

	Experimental 
cement 
formulation 
identifier
	Compositional informationa
	Tmax (℃)
	         Source
         [Ref. #]

	EXP-60TEG
	In the liquid,   60 vol./vol.% of TEG was blended with the MMA

	44
	 Pascual et al. [77]

	5-MEIM-10
	5 vol./vol. of a quaternary ammonium monomer with N-alkyl chain length of 10 (MEIM-10) was dissolved into the MMA in the liquid of the control cement. 

	42.2 ± 1.6
	  Zhu et al. [62]

	5-MEIM-12
	5 vol./vol. of a quaternary ammonium monomer with N-alkyl chain length of 12 (MEIM-12) was dissolved into the MMA in the liquid of the control cement. 

	40.4 ± 3.3
	  Zhu et al. [62]

	0.20-DEAEM
	Liquid formulation includes 0.20 molar fraction of DEAEM as co-monomer.

	40.1 ± 1.0
	Cervantes-Uc 
 et al. [46]

	2DDM
	2 vol./vol.% of DDM was dissolved into the liquid of the control cement.

	39.4 ± 1.7
	   McKee et al. [43]

	0.30-DEAEM
	Liquid formulation includes 0.30 molar fraction of DEAEM as co-monomer.

	38.0 ± 1.0
	  Cervantes-Uc 
   et al. [46]

	BC-20MPn1
	20 wt./wt.% of microcapsules containing MPn              (n = ratio of MMA  to paraffin = 1 ) were blended with the powder of the control cement
	37.6
	  Xia et al. [44]

	25MVE
	25 wt./wt.% of MVE was added to the liquid of the control cement. 
	35.8 ± 0.0
	 Mendez et al. [47]

	15MEPAR
	15 wt./wt.% paraffin microcapsules were blended with the powder of the control cement.

	35.2 ± 2.1
	  McKee et al. [43]

	      3DDM
	3 vol./vol.% DDM was dissolved into the liquid of the control cement.
	34.2 ± 1.4
	  McKee et al. [43]

	25MEPAR
	25 wt./wt.% paraffin microcapsules were blended with the powder of the control cement.

	32.4 ± 2.3
	   McKee et al. [43]

	
   BC-30MPn2
  
	30 wt./wt.% of microcapsules containing (MPn) (n = ratio of MMA to paraffin = 2)  were blended with the powder of the control cement     
	       32.1
	       
   Xia et al. [44]


	aDetailed information on the compositions of the formulations are given in the text.


5. SHORTCOMINGS OF THE LITERATURE AND AREAS FOR FUTURE STUDY

Several shortcomings of the studies covered in this review are noted, which suggest twelve areas for future study. 

First, in some studies, the experimental cement formulations were radiolucent [45, 67, 69, 71, 76, 77, 78],                                           a control cement formulation was not included in the formulations evaluated [45, 71, 74], a reference cement                   (herein, defined as an approved or commercial-prepared brand) was not included [41, 46, 47, 48, 49, 52, 53, 54, 62, 65, 67, 69, 74, 77, 78], or the reference cement brand was taken to be the control cement [38, 50, 68]. In each future study,                      a separate control cement and at least one reference cement brand should be included. Additionally, future studies should include emerging novel experimental formulations for which attractive properties have been reported but whose Tmax was not determined [68, 75, 78, 86-88].  An example is a cement that contains two-dimensional magnesium phosphate nanosheets and hydroxyapatite nanofibers, whose attractive properties include enhanced quasi-static compressive strength and excellent bioactivity [68]. 


Second, the method used to blend an additive to the liquid of a cement formulation or to mix/combine additive(s) to the powder of a cement formulation was stated in only a few reports. In terms of the liquid, the method used was ultrasonic agitation [61]. As for the powder, the devices used include a vortex mixer [38] and “a three-dimensional motion mixer” [67]. In future studies, the same mixing methods should be used so that when study results are compared, mixing method is not a confounding variable.


Third, there are three deficiencies that appear in many studies. One, at least one commercial-prepared and approved cement brand was not among those whose Tmax was determined. Two, either the PLR used in preparing an experimental formulation was not stated [56, 66] or a value other than 2 g mL-1, (which is recommended by companies for mixing nearly all commercial-prepared and approved cement brands; RPLR) was used [47,49, 52, 54, 57, 59, 60, 71, 76, 78].                   Three, with the exception of four studies [43, 50, 60, 70], the method used to mix the powder and the liquid was not             stated [48, 56, 74] or was hand mixing [46, 52, 54, 78, 89]. In current arthroplasty practice, a third-generation cementation technique is used, which entails mixing the powder and the liquid and delivering the resulting dough to the prepared bone bed using a vacuum mixing system [90]. Each of the above-mentioned  deficiencies should be considered when designing future studies.


Fourth, in one study (Kim et al. [50]), even though the work was on bone cements for use in vertebroplasty,                                     the reference cement brand that was used (CMWTM3) was, in fact, for anchoring arthroplasties. Thus, in future studies,                        this mismatch must be avoided. 


Fifth, in nearly all the studies, the test was carried out at ambient laboratory temperature  (22-23 oC) rather than at 37 oC  (normal body temperature). It is known that handling properties of a bone cement are strongly affected by the temperature at which they are determined  [58]. Thus, there is opportunity for either developing and validating a new standard for the test or revising the existing standard to include conducting it at 37 oC. With regard to the former issue, alternative means of obtaining the temperature of the polymerizing dough should be included, an example being use of an infrared thermography camera [91].               



Sixth, in many studies, the influence of two or more compositional variables on Tmax was investigated [45, 53, 56, 73, 74, 78-81]. For example, in the studies by Ginebra et al. [73] and Milner et al. [74], the combinations were amounts of BPO and DMPT and in the study by Girijia et al. [78], the combinations were amounts of a bioactive agent (Ca2MgSi2O7) and a radiopacifier (ZrO2) in the cement powder. In each of the above-referenced studies, the conjoint influence of the combination of variables used was not determined.  This lacuna presents an opportunity to perform an optimization study that would take the form of determining the optimum values of the variables to obtain a stated value of Tmax.                                                             In this regard, the study by Ruiz Rojas et al. [53] should be instructive. 





Seventh, in only two studies was an ALBC used as the control or reference cement [38, 43]. ALBCs are widely used in both primary and revision cemented arthroplasties for preventing and managing periprosthetic joint infection (PJI) [92-97].                Future in vitro characterization studies of ALBCs should include determination of Tmax and methods of reducing it, if needed.                         In each study, the roster of cements studied should include at least one commercial-prepared and approved ALBC brand, such as Palacos®R+G and Surgical SimplexTM with Tobramycin.


The current generation of approved ALBC brands (those in which the antibiotic is gentamicin, clindamycin, daptomycin, tobramycin, or vancomycin, or a combination  thereof) has many shortcomings, among which is development of resistance by bacteria that commonly present in PJI cases (such as methicillin-resistant S. aureus and S. epidermidis) to the           antibiotic [98, 99]. Thus, there is ongoing work to formulate and characterize novel antibacterial/antimicrobial/antibiotic-loaded PMMA bone cements (ABMALBCs) [100-109], such as 1) long-release type (in which an antimicrobial agent is released over an extended period of time; typically, > 10 weeks) [101, 102] and 2) one that contains a sortase A                inhibitor [107]. The eighth shortcoming is a shortage of studies that report Tmax of emerging ABMALBCs.                                 Future studies should address this.
 

Ninth, in several literature reports, a statistical analysis of the study results was not included [44, 45, 46, 54, 65, 66, 71, 74, 77, 80, 81, 89] and, in the studies in which this was done, there are issues with the method used. Thus, with the exception of three studies [43, 52, 70], the method(s) used were parametric methods, most commonly one-way analysis-of-variance (ANOVA) [34, 38, 41, 47, 53, 59, 62, 68, 82]. It is highlighted that a parametric method should be used only if it is first shown, through the use of a normality test (such as the Smirnoff-Kolmogorov test), that each of the datasets being compared is a normal distribution and, through, for example Levene’s test, that there is homogeneity of variance between the datasets.        If that is not the case, then, a non-parametric test of comparison should be used, an example being the Kruskal-Wallis test. In the interest of efficiency, in future studies, non-parametric method(s) should be used.


Tenth, each of the approaches that have been taken, to date, in discussing the clinical relevance of Tmax suffers from twin shortcomings of being empirical and lacking validation. Future studies should develop a rigorous, first-principles-based, and validated methodology that yields a critical value for initiation of thermal necrosis in the periprosthetic tissue (TNINC).          Work in developing TNINC should be informed by results of studies on parameters that influence the T-versus-t behavior of a bone cement, such as, in biomechanical tests, it has been found that the extent of thermal necrosis at the cement-bone interface is influenced by implant material and cement mantle thickness [110]. Most importantly, it should be ensured that the methodology for determining TNINC is not computationally intensive and that the resulting TNINC is validated using results from, at the minimum, well-designed animal model studies.


Eleventh, there is lack of use of artificial intelligence to extend and enhance studies in this area. Thus, future studies should include use of machine learning (ML) to design bone cement formulations with Tmax  < TNINC (as developed in future studies discussed above). The foundational work in such an ML study would entail a comparison of the predictive performance of a slate of ML algorithms/models (such as extreme gradient boosting, k-nearest neighbor, and random forest) for predicting Tmax, as a function of a large collection of compositional variables, against experimentally-obtained values of Tmax.                      For this comparison, the performance metrics should include coefficient of determination, mean absolute error,                         and simulation execution time.

Twelfth, none of the experimental formulations that show particular promise in in vitro tests in studies reviewed in this work has been the subject of animal model studies. These studies are crucial in the path to evaluation in randomized controlled trials (RCTs), obtaining a patent and, eventually, approval, by regulatory bodies, for commercial production and, finally, clinical use. Ideally, for the RCT, the predicate cement must be a bone cement brand that is widely used in many countries in the world (for example, Simplex P® (plain variety) and Palacos R with Gentamicin® (an ALBC));                                                                    the total number of patients should be at least 1,000, and assigned randomly to the two study groups                                  (predicate cement and experimental bone cement formulation); the patients should be matched for relevant characteristics, such as age, body mass index, ratio of women to men, and incidence of pathology that necessitated arthroplasty                       (for example, end-stage osteoarthritis), and implant design; the RCT should be carried out at a variety of medical centers (such as large teaching hospitals, specialized surgery centers, and rural hospitals) located in many countries evenly spread across the world; and the minimum follow-up duration should be 5 years.  






6. Conclusion

[bookmark: _GoBack]The following is concluded of the key points made in this review: 
 
(1)  PMMA bone cement is widely used in orthopaedic surgery, notably in cemented arthroplasties, where it is used to anchor the implant in the bone bed. Nonetheless, the cement many shortcomings, one of which is that its curing of the cement dough (mixture of powder and liquid) is an exothermic reaction, with the peak (or maximum) temperature (Tmax)                   high enough that it may cause or contribute to thermal necrosis of periprosthetic tissue (with some cement formulations in current clinical use).


 
(2) A large body of literature exists on methods to reduce Tmax through modifications to the composition of the liquid or         of the powder or both the powder and the liquid. In the present work, studies involving 29 such methods were reviewed.                                     When  decrease of Tmax of    (relative to Tmax of the control cement formulation) is used as a criterion of the effectiveness of the methods, the most effective method was one in which some of the methyl methacrylate                         (the monomer in the control cement) was replaced with 0.30 mole fraction of diethyl amino ethyl methacrylate                  (Tmax decrease = 56.9%). When Tmax 44 oC (a temperature above which, it has been postulated, thermal necrosis of periprosthetic tissue is likely to occur) is used as the criterion of performance of the Tmax reduction methods reported, 12 experimental cement formulations are identified as meeting this criterion, with the lowest Tmax (32.1 oC) obtained using a cement in which 30 wt./wt.% of microcapsules containing paraffin/poly(methyl methacrylate–methylene bisacrylamide) (MPn) (n = ratio of MMA content to paraffin content = 2) were mixed with the powder of the control cement.





(3) The literature has several shortcomings, among which are paucity of studies that involve antibiotic-loaded PMMA bone cements (which are very widely used in revision hip and knee arthroplasties), lack of a robust relationship between Tmax of a cement and the temperature at which thermal necrosis will be initiated (Tnc), and use of machine learning to design formulations whose Tmax would be substantially lower than Tnc. These shortcomings should be addressed in future studies.  
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