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Very high heat is generated during the polymerization of poly (methyl methacrylate) (PMMA) bone 
cement, which is used for implant fixation in orthopedic surgery. As such, it has been suggested that 
irrigating the bone cement layer in the surgical site with a saline solution is a way of cooling the layer. 
In this study, we aimed to determine the influence of irrigation with a saline solution on the flexural 
strength and the microstructure of the test specimens of two PMMA bone cement brands: Simplex 
P and FIX 1. Specimens were assigned to three groups: (1) irrigation with normal saline solution at 
25 °C (RS group), (2) irrigation with cold saline at 4 °C (CS group), and (3) no irrigation (control group). 
For each of the groups, the specimens were tested after various times of aging in phosphate-buffered 
saline solution (PBS) at 37 °C for 1 h, 24 h, and 7 days. Flexural strength was measured following ISO 
5833 protocol, and the surface microstructure was determined using scanning electron microscopy 
(SEM). The flexural strength results showed that for each of the cement brands, the difference between 
the groups was not significant, except for Simplex P specimens aged for 24 h, for which flexural 
strength of the RS and CS group specimens was lower than in the control group. The microstructural 
features of the surface of the specimens were similar across groups. These findings suggest that in a 
cemented arthroplasty, irrigation of the bone cement for the purpose of cooling it must only be used 
after very careful consideration.
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Polymethyl methacrylate (PMMA) bone cement is widely used in orthopedic procedures such as total hip and 
knee arthroplasties to fix prostheses1. The primary function of PMMA bone cement is to transfer the loads in the 
contact areas of bone and implants and secure prostheses in the adjacent bone2,3. Proper cementing technique 
prevents implant micromotion and subsequent aseptic loosening and improves long-term implant survival4,5.

Primary concerns with the use of PMMA bone cement are its extended setting time and the heat produced 
during the polymerization process, which increases the risk of thermal injury to the surrounding tissues6–9. 
Previous studies demonstrated that contact with temperatures about 47–50  °C for 1  min can impair bone 
regeneration10. Time-temperature-dependent mechanisms have been shown for thermal injury to the bone and 
related tissues. For instance, a temperature of 70  °C kills the cells immediately, but to have the same effect, 
a temperature of 50  °C needs to be maintained for 30  s and a temperature of 45  °C for 5 h11. Furthermore, 
reducing the setting time in cemented arthroplasty can shorten surgery duration, helping to mitigate adverse 
effects associated with prolonged surgery duration, such as increased risk of periprosthetic joint infection (PJI) 
and septic loosening12–14.

To reduce the polymerization temperature of PMMA bone cement and, hence, reduce the potential for 
thermal necrosis of the periprosthetic tissues, techniques such as combining nanoparticle additives and 
alternative monomers have been suggested15. Also, composite PMMA bone cements have been studied to reduce 
the polymerization temperature of PMMA bone cement16–19. However, these methods tend to result in longer 
setting times, lower compressive strength, and lower bulk modulus compared to commercial PMMA bone 
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cement16–18. Other thermal reduction techniques, such as pre-cooling the environment and implant, reducing 
cement thickness to less than 5 to 7 mm, or using fluid cooling after implant insertion, have been suggested20–22.

Fluid cooling has been demonstrated to effectively reduce the peak temperature of polymerization of bone 
cement23,24. One of the concerns regarding fluid cooling is the risk of cement shrinkage and the formation of 
minimal cracks that disturb the integrity of the bone cement. To the best of our knowledge, no previous study 
has investigated whether fluid cooling with low temperatures during bone cement polymerization affects the 
surface integrity of the bone cement and if this leads to any surface cracks. Since bone cement is usually used 
in contact with fluids such as saline and blood during the final stages of the cementing procedure, we aimed 
to investigate whether the fluid cooling of acrylic bone cement via normal saline (NS) solution irrigation with 
different temperatures affects its bending strength and surface microstructure. We hypothesized that the use of 
NS would result in a reduction in flexural strength compared to the control group and that colder NS would 
further decrease flexural strength compared to room-temperature NS.

Materials and methods
Cement brands and specimen preparation
In this study, we utilized two commercially available bone cement brands: Stryker Simplex P (Stryker, Mahwah, 
NJ, USA) and FIX 1 (Groupe Lepine, Genay, France). The compositions of the brands are presented in Table 1. 
The cement was prepared using three steps. First, the powder (polymer) and liquid (monomer) were mixed 
according to the manufacturer’s instructions in a plastic bowl using a spatula to become homogenous at room 
temperature (24 ± 1 °C) for 1 min. Second, we waited once the mixture reached a high adherence nature for 90 s. 
Third, after the mixture reached the dough stage, we injected the cement into a stainless-steel mold.

Groups
Both types of cement have medium viscosity. Specimens from each cement were prepared for the three study 
groups. The cement in the first group (RS group) was irrigated with 200  cc of normal saline solution at a 
temperature of 25° C (room temperature). The second group (CS group) was irrigated with 200 cc of cold saline 
at 4° C. The cement specimens of the first two groups were irrigated with saline for 2–3 min. In the third group 
(Control group), the bone cement was placed in a sterile place in room air without any saline lavage. The bone 
cement specimens were immersed in phosphate-buffered saline solution (PBS) at 37 °C to simulate post-surgery 
contact with fluid in-situ for 1 h, 24 h, and 7 days after the preparation of bone cement specimens.

Bending strength evaluation
The flexural strength, defined as the ability to withstand bending stresses, was tested using the H25KS Universal 
Testing Machine (Hounsfield Co., USA). We prepared rectangular-shaped specimens measuring 75  mm × 
10 mm × 3.3 mm, and the four-point bending test was conducted with a crosshead speed of 5 mm/min, and the 
bending strength was calculated according to ISO 5833:200225. Five specimens were tested for each study group.

Surface microstructure
Also, specimens with a diameter of < 1 cm were collected and sprayed with a metal layer, and the surface cracks 
were assessed using scanning electron microscope (SEM) imaging (Hitachi Scanning Electron Microscope 
SU3500, Tokyo, Japan) at 2 and 24 h after the preparation of bone cement.

Statistical analysis
Statistical analysis was performed using SPSS software ver. 26.0 (IBM, Armonk, NY, USA). The normal 
distribution of data was assessed using the Kolmogorov-Smirnov Z-test. Parametric or non-parametric tests are 
used depending on the result of normal distribution. One-way ANOVA and Kruskal-Wallis tests were used to 
compare quantitative variables between the three groups. Continuous variables were reported as mean ± standard 
deviation. A p-value < 0.05 was considered statistically significant.

Simplex P Fix1

Component wt% Component wt%

Powder (40 g) Powder (40 g)

Poly methylacrylate-styrene 73.5 Polymethyl-methacrylate 87.6

Poly methylmethacrylate (PMMA) 15 Benzoyl peroxide 2.4

Benzoyl peroxide 1.5 Barium sulphate 10

Barium sulphate 10

Liquid (20 mL) Liquid (14.4 g)

Methyl methacrylate (MMA) (monomer) 97.45 Methyl methacrylate (MMA) (monomer) 85.3

N, N-Dimethyl-p-toluidene 2.55 Butylmethacrylate 13.2

Hydroquinone 80 ppm N, N-Dimethyl-p-toluidene 1.5

Hydroquinone 20 ppm

Table 1.  Compositions of Simplex P and FIX 1 bone cements.
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Results
The results show that those bone cement specimens that were exposed to a normal saline solution had lower 
flexural strength compared to the control group at the same time (Fig.  1). The flexural strengths in RS and 
CS groups of Simplex P bone cement were significantly lower than the control group 24 h after preparation 

Fig. 1.  Comparison of flexural strength values of bone cement specimens at different stages (a) Simplex P and 
(b) FIX 1: 1 h after preparation, after 24 h and 7 days (168 h) storage in PBS and temperature 37 ℃, in three 
different groups: control, normal saline solution (NS) and cold normal saline solution (Cold NS) at the time of 
cement preparation. Asterisks indicate significance compared to the control group (**: p < 0.01) (Mean ± SD).
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(P < 0.01). However, there were no significant differences between the three groups at 1  h and 1 week after 
production of Simplex P bone cement concerning the flexural strength (P > 0.05). The findings also show that 
exposure to cold normal saline solution causes a further reduction in the flexural strength of cement compared 
to the normal saline solution group at room temperature for 1 h and 24 h after the cement preparation.

For the FIX 1 bone cement specimens, no significant difference was found between the three groups at 1 and 
24 h and 1 week after preparation with respect to the flexural strength, as demonstrated in Table 2 (P > 0.05).

The strength of Simplex P cement specimens irrigated with cold normal saline solution was lower compared 
to the RS group 1 and 24 h after the cement preparation. Similarly, the flexural strength of FIX 1 cement in the 
CS group was lower compared to the normal saline solution group 1 h after the cement preparation, but these 
differences were not statistically significant (Table 2).

Evaluation of the surface microstructure of the bone cement specimens using SEM images demonstrated that 
no surface cracks were visible in any of the three groups (Figs. 2 and 3).

Discussion
Our findings demonstrated that the bending strengths of PMMA bone cement specimens of RS and CS groups were 
lower than those of the control group for samples aged 24 h in PBS after production. This trend can be attributed 
to the effect of saline irrigation on the cement’s polymerization process. Also, irrigation with cold normal saline 
solution reduced the bending strength more than the NS with 25 °C. The accelerated polymerization due to cold 
saline exposure likely leads to less organized polymer chains and increased microstructural inconsistencies, such 
as porosity, which are not visually detectable as cracks but could affect the long-term mechanical integrity26,27. 

Fig. 2.  The microstructures of the fractured surfaces of dry bone cement after 2 h of storage, (A) Simplex P 
control cement, (B) Simplex P cement exposed to NS (ambient temperature), (C) FIX 1 control cement, (D) 
FIX-1 cement exposed to NS (ambient temperature), and (E) FIX 1 cement exposed to cold NS.

 

Cement Group

Aging time

1 h 24 h 1 w

Simplex 
P

Control 47.16 ± 4.01 51.30 ± 2.89 35.63 ± 1.23

NS 44.56 ± 4.20 37.93 ± 6.32** 35.26 ± 7.22

Cold NS 40.31 ± 1.23 30.67 ± 3.10** 35.73 ± 6.16

FIX 1

Control 43.76 ± 1.21 45.45 ± 2.51 41.89 ± 0.74

NS 43.91 ± 1.86 40.91 ± 2.39 39.23 ± 4.27

Cold NS 39.70 ± 3.10 40.95 ± 3.29 38.51 ± 4.08

NS: Normal saline solution at room temperature
Cold NS: Cold normal saline solution (4 ℃)
**: P < 0.01, ANOVA, LSD Test, In comparison to the control 
group

Table 2.  Flexural strength (MPa) after aging of bone cement specimens in PBS at 37 °C.
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The trend of decreased strength of the CS group compared to the RS group (at ambient temperature) suggests 
a temperature-dependent effect on the curing kinetics of the cement. However, bending strength was not 
significantly different between the three groups one week after bone cement polymerization.

The bending strength of the control group reached its highest peak 24 h after the cement preparation, and 
the strength of both cements decreased after 24 h. This finding aligns with recommendations of international 
standards, including ISO 5833, which declares that the appropriate time to assess the strength of cement is 24 h 
after its preparation25,28. Studies have shown that mixing techniques, temperature, cement viscosity, and cement 
porosity can affect the fracture toughness of acrylic bone cement specimens29–31.

Previous studies have reported that exposure of cement to fluids in physiological conditions (at 37 ℃) 
reduces the bending strength of cement compared to the dry specimens32. In our study, we put all the specimens, 
including the control group, in PBS at 37°. The strength of control cement specimens decreased 10 to 35% after 
one week of storage under physiological conditions. In the RS and CS groups, which were exposed to the normal 
saline solution at different temperatures, the cement specimens’ bending strength after one week of storage in PBS 
solution showed approximately the same values. Our findings showed that exposure of bone cement to normal 
saline at room temperature or cold normal saline solution causes a significant decrease in bending strength 24 h 
after formation. Based on previous studies, no significant difference was recorded regarding complications such 
as aseptic loosening between immediate unrestricted weight-bearing compared with partial weight-bearing 
in patients undergoing uncemented hip arthroplasty33. As shown, using a normal saline solution reduced the 
bending strength of cement 24  h after surgery compared to the control group. Evaluating the possibility of 
increased aseptic loosening at 24 h after arthroplasty between NS-cemented, non-NS cemented, and cementless 
groups is recommended.

Using the water-cooling method could lead to slower cement polymerization34,35, which may increase the 
working and setting times and finally increase the operation time. An increase in operation time could escalate 
the rate of periprosthetic joint infection (PJI)36. Also, it should be noted that the irrigation of the surgical site 
and the bone cement with saline carries the risk of dissolution of antibiotics from the outer surface of the cement 

Fig. 3.  The microstructures of the fractured surfaces of bone cement after 24 h of storage, (A) Simplex P 
control cement, (B) Simplex P cement exposed to NS (ambient temperature), (C) Simplex P cement exposed to 
cold NS, and (D) FIX 1 cement exposure to cold NS.
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mantle, which may increase the rate of PJI37. Therefore, evaluating the effect of saline irrigation with PJI after 
arthroplasty is recommended for future clinical studies.

We assessed the microstructure of the bone cement specimens by SEM findings and found no significant 
differences between groups at 2 h and 24 h after the storage. In a previous study, the porosity of bone cement 
tended to decrease with increasing the prosthesis’s temperature, as shown in their SEM results38. Our results 
show that decreased bending strength due to lavage by normal saline solution may not necessarily be associated 
with surface microfractures.

We designed a three-group study and evaluated the effect of bone cement exposure to normal saline solution 
and cold normal saline solution compared to the control group at three intervals, including 1 h, 24 h, and 7 
days. This study benefited from integrating biomechanical analyses and imaging evaluations as we illustrated 
flexural strength and SEM findings. Our findings highlight the critical impact of cooling methods on the early-
stage flexural strength of PMMA bone cement. A reduction in flexural strength, as observed with cold saline, 
could potentially increase the risk of micromovement and subsequent aseptic loosening. Therefore, our study 
highlights the need for careful consideration of cooling techniques during cemented arthroplasties. Surgeons 
should be aware that while cooling with saline might mitigate thermal damage to surrounding tissues, the use of 
cold saline can adversely affect the mechanical properties of the cement. By understanding these effects, surgeons 
can make more informed decisions about the cooling methods they employ, balancing the need to manage heat 
generation with the imperative to maintain the structural integrity of the cement. This knowledge can ultimately 
improve patient outcomes by reducing the incidence of implant failures (such as aseptic loosening) associated 
with compromised cement strength.

Despite these strengths, our study also has several limitations. First, our study focused on the in-vitro 
assessment of the bending strength and microstructure of the specimens and the peak temperature for each 
group was not assessed. Although in-vitro studies do not replicate the exact biological environment, they 
provide essential preliminary data that is fundamental for understanding the basic properties of materials. The 
lack of peak temperature assessment does not invalidate our findings on bending strength and microstructure, 
as these were measured consistently across all specimens. Our study was specifically designed to assess the 
bending strength and microstructure of the specimens. Other properties, such as fatigue resistance, wear 
characteristics, or biocompatibility, are important but were considered beyond the scope of the current research. 
Our conclusions are valid within this specific context and provide a strong foundation for future studies to 
explore additional characteristics. We evaluated bone cement specimens from the two most common brands in 
our region. The two cement specimens used in this study had medium viscosity, and evaluation of the effect of 
viscosity on the exothermic temperature is recommended for future studies. Another limitation of our study was 
that we prepared the specimens using manual mixing, and the effect of vacuum mixing was not available due to 
limited resources.

Conclusion
Our findings demonstrated that saline irrigation, particularly cold saline, adversely affects the early bending 
strength of PMMA bone cement by disrupting the polymerization process. Although the mechanical properties 
of all groups equalized after one week in PBS, the early-phase reduction in strength highlights the need to 
balance thermal management with maintaining cement integrity during cemented arthroplasties.

Data availability
The data used and analyzed during the current study are available from the corresponding author upon reason-
able request.
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