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A b s t r a c t
Poly-methyl methacrylate bone cements contain methyl methacrylate (MMA), which is known for 
its sensitizing and toxic properties. Therefore, in most European countries and in the USA, guidelines 
or regulations exist for occupational exposures. The use of vacuum mixing systems can significantly 
reduce airborne MMA concentrations during bone setting. Our goal was to test two commonly used 
vacuum mixing systems (Palamix® and Optivac®) using Palacos® R bone cement for their effectiveness 
at preventing MMA vapor release in a series of standardized trials in a laboratory as well as in an operat-
ing theatre. MMA was quantified every second over a period of 3 min using a photoionization detector 
(MiniRAE® 3000) device positioned in the breathing area of the user. Significant differences in MMA 
mean vapor concentrations over 180 s were observed in the two experimental spaces, with the high-
est mean concentrations (7.61 and 7.98 ppm for Palamix® and Optivac®, respectively) observed in a 
laboratory with nine air changes per hour and the lowest average concentrations (1.06 and 1.12 ppm 
for Palamix® and Optivac®, respectively) in an operating theatre with laminar flow ventilation and 22 air 
changes per hour. No significant differences in overall MMA concentrations were found between the 
two vacuum mixing systems in either location. Though, differences were found between both systems 
during single mixing phases. Thus, typical handling of MMA in orthopedic procedures must be seen 
as not harmful as concentrations do not reach the short-term exposure limit of 100 ppm. Additionally, 
laminar airflow seems to have an influence on lowering MMA concentrations in operation theatres.

K e y w o r d s :    bone cement; mean exposure level; methyl methacrylate; poly-methyl methacrylate

I n t r o d u c t i o n
Methyl methacrylate (MMA) is widely used in pro-
duction of acrylic glass, glues, and paints; in dentistry 
for dental casts and dental implants; and as the main 

component of the liquids of poly-methyl methacrylate 
(PMMA) bone cements for the fixation of implants in 
joint replacement surgery. MMA is a colorless, clear, 
flammable liquid of intense odor. The concentration 
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of MMA in the immediate breathing zone can vary 
significantly in an operating theatre (Buchhorn et al., 
1992).

No persuasive evidence has been provided that 
exposure to MMA is carcinogenic to human beings 
(Tomenson et  al., 2005). Allergic reaction to the 
MMA may occur through direct contact of the MMA 
liquid with the skin, as well as through inhalation. In 
high concentrations, MMA is known to irritate the 
eyes and the respiratory system mucosa or to possibly 
cause contact dermatitis (Marshall et al., 1978; Kassis 
et al., 1984; Scolnick and Collins, 1986; Gift, 1998). It 
has been reported that when inhaled in high concen-
tration, MMA may cause symptoms such as shortness 
of breath or coughing (Lozewicz et al., 1985; Savonius 
et al., 1993).

Reports also exist of MMA diffusion from poly-
mer and sensitization with dental prosthesis car-
rier, followed by mucosal inflammation (Bradford, 
1948; Fisher, 1954). Isolated cases of sensitization 
caused by a surgeon’s hand manipulating the PMMA 
bone cement have also been reported (Pegum and 
Medhurst, 1971; Fries et al., 1975).

For protection of workers from chemical risks, the 
European Commission has listed indicative occupa-
tional exposure limit values (IOELVs) with MMA 
being one of the substances mentioned. IOELVs are 
defined in accordance with scientific data and ‘set 
threshold levels of exposure below which, in general, 
no detrimental effects are expected for any given sub-
stance after short-term or daily exposure’ (Official 
Journal of the European Union, 2009). According to 
IOELV for MMA, the time-weighted average (TWA) 
must not exceed 50 ppm per 8 h and must not exceed 
the short-term exposure limit (STEL) of 100 ppm per 
15 min.

Several studies have shown that vacuum mixing 
systems can significantly reduce MMA vapor con-
centrations in the operating theatre compared to 
the traditional open bowl hand mixing (Bettencourt 
et al., 2001; Schlegel et al., 2004; Ungers et al., 2007). 
However, the vacuum mixing system cartridges are 
never completely sealed as the bone cement compo-
nents must be poured in and therefore some MMA 
vapor escapes during the preparation and mixing 
phases and during application.

The goal of our study was to examine the MMA 
vapor concentration reached when vacuum mixing of 

bone cement. Two different settings with two different 
vacuum mixing systems were compared.

M at e r ia  l s  a n d  M e t h o d s
We tested two vacuum mixing systems, the Palamix® 
(Heraeus Medical, Wehrheim, Germany) and 
Optivac® systems (Biomet, Berlin, Germany) using 
Palacos® R PMMA bone cement. Both vacuum mixing 
systems mainly consist of a cartridge, which is to be 
connected to a vacuum pump. Bone cement compo-
nents are mixed then at low pressure. By forwarding 
the bottom, the mixed bone cement is applied through 
the nozzle, which is placed on top of the cartridge. 
Thereby, the bottom of Optivac® cartridge precollects 
the bone cement as it moves up to the top due to being 
released at the low pressure—the vacuum collection 
mechanism, whereas Palamix® has a conventional 
mechanical collection. Mixing was performed accord-
ing to the manufacturers’ instructions.

Each of the vacuum mixing systems was used five 
times in a laboratory and five times in an operating 
theatre. The experiments were done in a random order 
within each of the settings.

Laboratory testing
The total volume of the laboratory room was 150 m3 
(L: 10 m; W: 5 m; H: 3 m). The laboratory was 
equipped with a standard nonlaminar flow ventila-
tion system set to operate at nine air changes per hour. 
Temperature and relative humidity were noted in the 
beginning of every mixing cycle. The measured tem-
perature ranged from 17.9 to 22.0°C, with an aver-
age of 19.9°C; relative humidity ranged from 63.0 to 
68.3%, with an average of 64.6%. All necessary mate-
rials were placed on the working table (L: 2.5 m; W: 
1 m; H: 0.9 m). The photoionization detector (PID) 
was positioned 50 cm above the working surface of 
the table and 140 cm above the floor to approximate 
the user’s breathing zone. Thereby, it was guaranteed 
that all mixings took place 15–20 cm beneath the PID 
sensor tip.

Operating theatre testing
The operating theatre had a total volume of 135 m3 
(dimensions L: 7.3 m; W: 6.15 m; H: 3 m). All mix-
ing took place under the laminar airflow ventilating 
system. The air exchange rate was 22 times per hour. 
Temperature and relative humidity were noted at the 
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beginning of each mixing cycle. Temperature meas-
ured in the operating theatre was constant at 23°C 
and relative humidity ranged from 44.6 to 48.2%, 
with an average of 46.0%. All necessary materials were 
placed on the working table (L: 1.2 m; W: 0.7 m; H: 
0.9 m). The PID was positioned in the same way as 
described above.

An experienced user of both tested vacuum mixing 
systems performed the mixing procedure for a total of 
ten times for each system.

MMA measurement was started with breakage of 
the MMA ampoule, thereupon the experiments were 
divided into three stages:

	 Stage 1: the cartridge was filled and sealed and 
vacuum was then allowed to build up (30 s).

	 Stage 2: the bone cement is then mixed. 
With the Optivac® system, bone cement 
collection occurs under vacuum and the 
cartridge is then loaded into an application 
gun. With the Palamix® system, the cartridge 
is loaded into the application gun and the 
cement is collected mechanically (60 s).

	 Stage 3: the bone cement is evacuated onto 
the working plate (90 s). Total time for the 
process is 3 min (180 s).

Prior to each experiment, all materials containing 
bone cement were removed and the laboratory/oper-
ating theatre was ventilated for at least 15 min, until no 
residual airborne MMA was measurable with the PID.

For MMA measurements, a PID device MiniRAE® 
3000 (Rae Systems, San Jose, CA, USA) was used 
with an extended range of 0–15 000 ppm and response 
time of 3 s (sampling pump with air flow rate of 0.5 l 
per minute). The energy of the detection lamp used 
in this study was 10.6 eV. For MMA detection, it was 
calibrated using isobutylene gas with a correction fac-
tor of 1.5.

Temperature and humidity were measured using a 
GFTH 95 and GTH 175/Pt (Greisinger Electronic, 
Regenstauf, Germany) digital hygrometer/thermome-
ter. The thermometer had a measuring range of −199.9 
to +199.9°C and measuring resolution of 0.1°C. The 
hygrometer had a measuring range of 10–95% relative 
humidity and a measuring resolution of 0.1%.

MMA evaporation occurs during both mix-
ing and curing of the PMMA bone cement. MMA 

concentrations in the air might differ with the amount 
expelled from the vacuum mixing system. To com-
pare the two vacuum mixing systems against the 
residual amounts of bone cement, which remain in 
the cartridge, residual bone cement was measured by 
weighing all relevant system components before the 
filling stage and after the total evacuation of the bone 
cement. The residual bone cement weight was then 
computed simply by subtracting the weight of the 
empty system from the weight of the system after the 
mixing procedure.

Data were collected continuously at a rate of 1 
s, over a period of 3 min. For each recording period, 
we manually noted the starting time. Data were ana-
lyzed using Microsoft® Office Excel 2007 (Microsoft® 
Corporation, Redmond, WA, USA). We used the 
mean value and standard deviation to describe the 
collected data.

Mean concentrations were determined for every 
stage of each mixing cycle. Additionally, the mean 
level was calculated and graphically presented to show 
measured MMA concentrations over the whole meas-
uring period for each system.

For statistical analysis, we used the IBM® SPSS® 
Statistics 20.0.0 (International Business Machines 
Corporation, Armonk, NY, USA). For the compari-
son of two systems, results were tested in a univariate 
analysis and post hoc tests were calculated. A P value of 
≤0.05 was considered significant.

R e s u lt s
In the laboratory setting, the overall mean MMA 
vapor concentration for five complete mixing cycles 
was 7.61 ppm (SD 4.28) for the Palamix® system and 
7.98 ppm (SD 3.39) when using Optivac®. Statistical 
data analysis showed no significant difference in over-
all mean concentrations generated by the two systems. 
See the results summarized in Table 1.

During Stage 1 (filling and vacuum buildup), the 
highest concentration peaks were 27.4 and 10.7 ppm 
for the Optivac® and Palamix® systems, respectively. 
During Stage 2 (mixing and collecting), Optivac® had 
its highest peak at 12.6 ppm, whereas MMA vapor 
concentration with Palamix® was not >3.1 ppm. At 
Stage 3 (loading of the cement gun and evacuating), 
each system produced multiple peaks in concentra-
tion. With Optivac®, the peaks were 12.6 ppm at 120 
s and 18.2 ppm at 160 s and with Palamix®, the peak 
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concentrations occurred at 120 s (19.7 ppm) and 
170 s (24.7 ppm). These values each are average across 
all five experiments performed with each system.

The timeline of mean MMA vapor concentration 
over all stages of the mixing procedure is shown in 
Fig. 1.

In the operating theatre testing, the total mean 
MMA vapor concentration for five mixing cycles over 
3 min with Palamix® was 1.06 ppm (SD 0.36) and 1.12 
ppm (SD 0.11) when using Optivac®. Statistical data 
analysis showed no significant difference in total con-
centration between the two systems. However, a sig-
nificant difference between the highest peaks of the 
two systems (P ≤ 0.05) was found in Stage 1. See the 
results summarized in Table 2.

During Stage 1 (filling and vacuum buildup), the 
highest concentration peaks were 1.86 and 0.8 ppm 
for Optivac® and Palamix®, respectively. In Stage 2 
(mixing and collecting), Optivac® had its highest 
peak at 2.24 ppm, whereas MMA vapor concentra-
tion with Palamix® was not >1.57 ppm. During the 
last stage, for Optivac®, the peak was 1.61 ppm at 120 
s and for Palamix®, there again were two peaks: 1.74 
ppm at 140 s and 1.63 ppm at 160 s. These values each 

are average across all five experiments performed with 
each system.

The mean MMA vapor concentration timeline over 
all stages of the mixing procedure is shown in Fig. 2 for 
both mixing systems. Notice that there is a difference 
in scale between Figs 1 and 2.

The values of mean total MMA exposure from both 
experiment settings for both vacuum mixing systems 
(Fig. 3) are summarized below. MMA concentrations 
reach much higher levels in the laboratory experi-
ments than in experiments conducted in the operation 
theatre. During none of the experiments did MMA 
concentrations exceed the 15-min STEL of 100 ppm.

Mean residual bone cement quantity when using 
Palamix® was 9.4 g (SD 0.64) or 15.6% of the bone 
cement mixed, whereas the mean residual quantity was 
16.9 g (SD 0.75) or 28.1% for the Optivac®. Statistical 
analysis indicates there is a significantly higher resid-
ual quantity of bone cement with the Optivac® system 
(P ≤ 0.05).

Di  s c u s s i o n
Use of PMMA bone cements during vacuum mix-
ing in orthopedic procedures using experimental 

1  MMA mean concentration for both systems over a period of 3 min—laboratory with 9 air changes per hour 
(five experiments per mixing system).

Table 1. Summary of MMA vapor concentrations in laboratory setting in ppm

Vacuum mixing system Palamix® Optivac®

Mean total exposure (0–180 s) 7.61 (SD 4.28) 7.98 (SD 3.39)

Mean exposure, Stage 1 (0–30 s) 4.52 (SD 5.22) 11.59 (SD 12.18)

Mean exposure, Stage 2 (30–90 s) 2.18 (SD 1.73) 6.55 (SD 3.77)

Mean exposure, Stage 3 (90–180 s) 12.26 (SD 7.57) 7.73 (SD 4.08)
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conditions similar to those encountered in workplace 
settings resulted in MMA vapor concentrations well 
below the IOELVs (TWA and STEL). However, over 
3 min, both of the tested systems produced measur-
able amounts of MMA, ranging at an average from 
7.61 to 7.98 ppm in the laboratory and from 1.06 to 
1.12 ppm in an operating theater for Palamix® and 
Optivac®, respectively.

We have identified three main causes for MMA 
vapor leakage into the environment while using 
vacuum mixing systems for PMMA bone cements 
in orthopedic procedures: (i) filling the cartridge 
with monomer liquid; (ii) mixing the bone cement, 
which allows small amounts of MMA vapor to escape 
through narrow openings; and (iii) evacuation of bone 
cement out of the mixing cartridge and handling as the 
polymerization reaction progresses. The latter is not 
dependent on the vacuum mixing system.

It has been suggested that vacuum mixing systems 
using mechanical collection of bone cement contrib-
ute to higher MMA evaporation (Wang and Breusch, 
2005). Our data do not support this, as MMA vapor 
concentrations during the mixing and bone cement–
collecting phase were significantly lower for the 

Palamix® vacuum mixing system with mechanical col-
lection compared to the Optivac®, which is equipped 
with a vacuum collection mechanism.

Laboratory testing
The two vacuum mixing systems showed no signifi-
cant difference in MMA vapor release across the full 
measuring period in the laboratory environment.

We observed peaks during the filling and vacuum 
stage when using both systems. To explain the occur-
rence of occasional peaks during the filling and vac-
uum stage, we suspect that the cause is most probably 
some random movement of the user of which we were 
not aware; however, based on our results, we hypoth-
esize that such random movement is less likely to pro-
duce higher peaks when using Palamix®. As part of 
the Palamix® vacuum mixing system, there is a filling 
funnel with two sections, for the bone cement pow-
der pouch and the MMA liquid ampoule. The open 
ampoule empties automatically upon being placed 
there. Thus, no additional manipulation is needed. 
This results in reduced chance of accidentally created 
peaks of MMA vapor concentrations during the filling 
process.

Table 2. Summary of MMA vapor concentrations in operating theatre setting in ppm

Vacuum mixing system Palamix® Optivac®

Mean total exposure (0–180 s) 1.06 (SD 0.36) 1.12 (SD 0.11)

Mean exposure, Stage 1 (0–30 s) 0.60 (SD 0.11) 0.96 (SD 0.31)

Mean exposure, Stage 2 (30–90 s) 1.17 (SD 0.30) 1.38 (SD 0.45)

Mean exposure, Stage 3 (90–180 s) 1.14 (SD 0.51) 1.00 (SD 0.25)

2  MMA mean concentration for both systems over a period of 3 min—operating theater with laminar flow at 22 
air changes per hour (five experiments per mixing system).
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Peaks were also measured after evacuation of the 
bone cement. As this stage is not system dependent, 
it is difficult to clarify if the peaks correlate directly 
with vacuum mixing systems. However, we hypoth-
esize that it is due to the significantly larger quantity of 
the bone cement that is evacuated out of the Palamix® 
vacuum mixing system. On average, the Palamix® sys-
tem emits 6.2 g (~10%) more of the total mixed bone 
cement than the Optivac® system. We were not able to 
exclude other possible causes for this, such as move-
ment of the user or the staff or other environmental 
factors.

Operating theatre testing
Operating theatre results show much lower concentra-
tions of MMA in the breathing area of the user than in 
the laboratory. This was true for both vacuum mixing 
systems and all stages of their use.

We hypothesize that the laminar airflow ventilating 
systems with higher air exchange rates typically used 
in operating theatres are likely to contribute to lower 
levels of MMA. While average temperature or relative 
humidity differed slightly between the two experimen-
tal settings, it is unlikely that these would account for 
the significant differences in airborne concentrations.

The reason might be that air exhaustion is normally 
placed at the bottom of operating theatre walls, which 
is part of laminar airflow ventilation systems. Thus, 
a certain airflow pathway occurs. Handling PMMA 
bone cements inside this air pathway might result in 
sensing higher MMA vapor concentrations (Fig.  4). 
Therefore, we assume that in the operating theatre, 
the mixing system–operating nurse should be placed 
outside the airflow pathway so MMA vapors can be 

exhausted prior to being sensed by the user (Fig. 5). 
The position of the exhaustion as well as the air 
exchange rate can vary between operating theatres, 
causing variations in MMA concentration as well. It is 
therefore important for the user to familiarize himself 
or herself with the airflow patterns and take position 
in described manner. As a result, similar MMA con-
centration to the ones we measured can be expected.

During operating theatre trials over the whole 
measuring period, no significant differences were 
found between the Palamix® and Optivac® vacuum 
mixing systems in respect to the mean MMA vapor 
concentration in the breathing area of the user. This 
correlates with the results from the laboratory setting 
as for comparison of the two systems.

In the third stage of the mixing procedure, which 
involved evacuation of the bone cement out of the 
vacuum mixing cartridge onto a working plate, there 
was no significant difference in MMA concentra-
tions between the systems.Our MMA concentra-
tion values measured with Optivac® in the operating 
theatre correlate with Schlegel et al. (2004), where 
it was tested for MMA fumes using two detection 
methods (GC and PID); however, we were not able 
to confirm the results of another study of Schlegel 
et al. (2010) who tested also Palamix®. In that study, 
Palamix® averaged 7.4 ppm (SD 2.74) under similar 
positioning of the measuring device against the mix-
ing as in our operating theatre trials. We obtained 
a comparable result of 7.61 ppm (SD 4.28) in our 
laboratory trials, while the MMA concentration in 
our operating theatre trials was significantly lower at 
1.06 ppm (SD 0.36). However, this may be referred 
to the difference in air exchange rates and/or 

3  Mean total MMA concentrations over 3 min with SD measured with 
the PID.

498  •  Methyl methacrylate levels in orthopedic surgery



4  Mixing while staying within the air pathway.

5  Mixing while staying out of the air pathway.
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humidity levels between our settings and those from 
Schlegel et al. (2010).

Our results disagree with those of Wang and 
Breusch (2005) who found that collection under vac-
uum leads to lower MMA emission into the environ-
ment when compared to vacuum mixing systems with 
mechanical collection. Again, this might refer to the 
difference in our study settings.

It should be stated that this study was performed 
in a controlled environment. There are several major 
factors—such as ventilation rates, room volume, and 
larger quantities of PMMA bone cement used—that 
can influence the MMA concentration in the clinical 
working environment, thus eventually leading to higher 
exposure of the personnel. Therefore, it is important 
to implement sampling methods within the working 
environment, to assess personnel exposures, and con-
sequently provide protection steps to keep personnel 
exposures below the 15-min STEL value of 100 ppm.

Our results suggest that under similar environmen-
tal conditions, MMA concentrations during orthope-
dic procedures are unlikely to exceed the IOELV 8-h 
TWA of 50 ppm.
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