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Background Several factors can affect the viscosity of
a cement and therefore its handling characteristics. We
performed an in vitro study to ascertain whether anec-
dotal observations of differences in handling between
batches of the same brand of cement actually existed.

Methods 3 batches of Simplex P Tobramycin (SPT),
Refobacin Bone Cement (RBC), SmartSet GHV (SSG)
and Palacos R+G (PRG) were tested. 6 replicates of each
batch were vacuum-mixed and their viscosity in relation
to time was measured under laboratory conditions using
a rheometer. We examined the handling characteristsics
of 6 replicates of each batch after they were hand-mixed
under theater conditions.

Results Inter- and intra-batch variability was seen
in the viscosity of all brands of cement tested. Inter-
batch calculations were influenced by high intra-batch
variability in viscosity. The viscosity of RBC cement was
similar to that of SSG, but different to that of PRG (p =
0.01 at S N and p = 0.009 at 40 N).

Interpretation  Our results suggest that in clinical
practice, extrinsic factors such as preparation condi-
tions and methods probably play a more important role
than the intrinsic variability of cements. However, vari-
ability in handling and viscosity will exist in all brands
of cement prepared under theater conditions and the
surgeon must be aware of why they may act differently.

]

Antibiotic-loaded acrylic cements (ALAC) are pro-
duced by a range of companies and their different
handling and mechanical characteristics have been
well documented (Kuehn et al. 2005). In order to

achieve a properly interdigitated cement mantle, it
is essential for the surgeon to know the working
time of the cement so as to correctly pressurize the
cement and insert the components when at optimal
viscosity (Breusch et al. 2002). Extrinsic factors
such as pre-chilling (Jiranek 2005), mixing method
(He et al. 2003, Mau et al. 2004), ambient tempera-
ture and humidity (Eyerer and Jin 1986, Davies et
al. 1989, Askew et al. 1990, Dunne and Orr 2002)
must be taken into consideration.

From clinical experience, but also from previ-
ous in vitro studies with ALAC, the authors have
noticed considerable differences in handling
between samples of the same brand of cement.
Interestingly, our literature search showed there
has been very little research addressing this sub-
ject. Thus, in this study we examined 4 commonly
used antibiotic-loaded bone cements (Herberts et
al. 2003) and assessed whether there was any inter-
or intra-batch variability in their handling charac-
teristics and their viscosity as they polymerize.

Materials

3 different batches of Simplex P Tobramycin (SPT)
(LOT 849CL, 964JL, 913FL), Refobacin Bone
Cement R (RBC) (LOT 547A0, 546A0, 546BO),
SmartSet GHV (SSG) (LOT 2017644, 2017643,
2017957), and 3 batches of Palacos R+G (PRG)
(6382, 6381, 6380) were obtained from manufac-
turers after informing them of the study protocol.
SPT is a methylmethacrylate (MMA)-styrene
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copolymer cement, making it more voluminous
and hydrophobic. It contains Tobramycin and is
sterilized using gamma radiation, which is known
to reduce the molecular weight of the polymer. The
other 3 cements are similar in composition. They
are MMA-MA copolymers with added Gentami-
cin and are sterilized using ethylene oxide. SSG
contains twice as much Gentamicin than RBC and
PRG.

Methods
Handling

6 samples of each batch were tested for their hand-
ing characteristics at different temperatures.

The handling samples were made according to
the manufacturer’s instructions and hand mixed
with a polymeric bowl and spatula. They were
tested in a climate-controlled theater with a humid-
ity of 50 = 10% and a temperature of either 24 +
2°C or 19 = 2°C after being equilibrated for 24 h.
For SPT, only 3 mixes per batch were available for
handling and were tested at 19°C only. Conditions
were stable throughout each individual session, in
which 3 replicates of each batch of cement were
tested. We chose this setup to resemble a situation
as close to clinical routine as possible.

The tests were performed as defined by ISO and
ASTM standards by one surgeon who was famil-
iar with their use. The surgeon was blinded to the
batch being tested and time elapsed to minimize
both inter- and intra-observer bias.

The mixing phase was deemed to have started
as soon as all constituents had been combined, and
it lasted 30 sec. The period between mixing and
the point the cement can be applied is the waiting
phase. The end of the waiting phase was recorded
when a Biogel powder-free latex surgical gloved
finger (Regent Medical Co., Manchester, UK)
could be inserted 5 mm into the cement for less
than a second and not adhere to the mixture.

The working phase immediately followed wait-
ing phase and ended when upon folding, the cement
no longer adhered to itself. The end of the working
time until the moment at which the cement had
become completely hardened was recorded as the
setting phase.

Viscosity

6 samples of each batch were tested to examine the
viscosity of the cement as it cured. The viscosity
tests were performed after samples were mixed
according to the manufacturer’s instructions under
a vacuum of —200 millibars, using the Optivac
System in a climate-controlled laboratory with a
humidity of 50 + 5% and a temperature of 23 +
1°C. We chose laboratory conditions for this part
of the study to minimize extrinsic influences. The
SPT was stored at 23 + 1°C before testing but the 3
high-viscosity cements were pre-chilled to 4 +2°C
for 24 h to create comparable conditions. Pre-chill-
ing is recommended when vacuum mixing Palacos
(Lidgren et al. 1987), but not for SSG (according to
its manufacturer). When the monomer was added
after the powder (as is recommended by SPT and
SSG), care must be taken not to suck some of the
monomer into the suction tubing before it has had
a chance to mix with the powder. We resolved this
problem by briefly mixing the constituents before
applying the vacuum.

The samples were tested with the Gelnorm-Med
device (Gel Instrumente AG, Thalwil, Switzer-
land; Figure 1) 150 sec after the addition of all the
powder to the monomer. The cone-shaped measur-
ing tool with a diameter of 28 mm and surface area
of 6.1 cm? was dipped into the cement at a speed of
0.03 mm/sec. The force necessary to immerse the
tool was recorded. The procedure was continued
until the limiting force of 50 N. Two measurement
points (5 and 40 N) were chosen for data analy-
sis, as these had previously been found to correlate
with the end of the working phase and the setting
phase (Kuehn and Gopp 2001).

Statistics

The time at which 5 N is required to move plunger
approximates the end of the working phase and 40
N the end of the setting phase (Kuehn and Gopp
2001). Thus, these two time points were extrapo-
lated from the data and a one-way ANOVA was
performed to determine whether there was a dif-
ference in the viscosities between different batches
of a particular cement at these points. The level of
intra-batch variability precluded the use of statisti-
cal tests in the analysis of the handling curves, and
the results are presented as a graph.
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Figure 1. Gelnorm-Med Rheometer
Table 1. Handling phases
Temp n Mixing Waiting Working Setting Final setting
(°C) time (s) phase (s) phase (s) phase (s) time (s)
Mean 95% CI Mean 95% CI Mean 95% Cl Mean 95% Cl
SPT 1 19 3 30 122 56-180 297 264-325 148 130-164 597 579-612
SPT 2 19 3 30 125 100-147 312 297-327 182 167-194 648 625-669
SPT 3 19 8 30 102 90-112 322  302-339 152 129-172 605 590-618
SSG 1 19 3 30 57  40-71 260 249-270 200 180-218 547 518-572
SSC 2 19 8 30 48  34-61 230 210-247 213 192-232 522  504-537
SSC 3 19 3 30 48  45-51 263 245-279 195 178-210 537 528-544
RBC 1 19 3 30 20 20-20 283  263-301 237 203-267 570 555-583
RBC 2 19 3 30 28 22-34 265 255-274 228 220-236 552  543-559
RBC 3 19 8 30 18  15-21 308 297-319 210 190-228 567 560-572
PRG 1 19 3 30 42  23-58 352  333-368 170 140-196 593 585-601
PRG 2 19 8 30 43 15-68 345 296-388 175  130-215 593 564-619
PRG 3 19 3 30 48 31-64 322  305-336 193 182-204 593 585-601
SSG 1 24 3 30 33 27-39 250 220-276 190 175-203 503 495-511
SSC 2 24 3 30 33 30-36 272  248-292 208 185-229 543  498-583
SSC 3 24 3 30 35 20-48 280 246-310 197  180-211 542  508-572
RBC 1 24 3 30 30 24-35 333 315-349 182  162-199 575 569-580
RBC 2 24 3 30 33 25-41 328 296-357 162 118-201 553 527-577
RBC 3 24 3 30 48  37-59 340 312-365 168 157-179 587 569-602
PRG 1 24 3 30 20 20-20 333 282-378 188 157-216 572  544-596
PRG 2 24 3 30 18  15-21 345  328-360 168 137-196 562 547-574
PRG 3 24 3 30 17 13-20 348 317-376 165 145-183 560 532-585
Viscosity
Results

Handling (Table 1)

The combined handling and setting phases were
similar in length at both ambient temperatures
(Figures 2-5). For all cements there was intra-
batch handling variability, but no obvious inter-
batch handling variability was observed.

2 specimens of RBC and one specimen each of both
SSG and SPT were discarded because of large air
pockets and their extreme effect on the measure-
ment. These were excluded from further analysis.
Simplex yielded the lowest initial viscosity and
shortest curing time (Figures 6 and 7). All other
cements showed comparable median viscosity
curves in terms of shape (Figure 6). Calculated
median viscosity of RBC was similar to that of
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Figure 3. Handling phases for Palacos R + G
(n=3x3x2=18).
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Figure 6. Median viscosity curve from each cement
(n=68).

SSG, but was significantly different from that of
PRG (p=0.01 at 5 N and p = 0.009 at 40 N using
Student’s t-test, not corrected for multiple com-
parisons).

In all batches of all cement brands tested, large
intra-batch variability (wide confidence intervals)

Figure 5. Handling phases for SmartSet GHV
(n=3x3x2=18).
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Figure 7. Viscosity of Simplex P Tobra (n = 17).

in viscosity (not to be confused with chemical
composition) was found (Table 2, Figures 11 and
12). Batch 3 of RBC showed the lowest intra-batch
variability (Figures 9, 11, and 12) and PRG batch
1 and 2 showed the widest confidence intervals
(Figures 8, 11, and 12). Inter-batch variability was
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Table 2. Cement viscosity
Batch Temp Time toreach 5 N (s) ANOVA Time toreach 40 N (s) ANOVA
(°C) n Mean 95% Cl P-value Mean  95% ClI P-value

PRG 1 4 6 461  418-503 0.9 643 612-675 0.8
PRG 2 6 471 435-507 662 615-709
PRG 3 6 468 440-495 642  586-697
RBC 1 4 ) 462 435-489 0.009 575  566-584 0.03
RBC 2 6 428 405-450 595  566-634
RBC 3 ) 403 393-413 640  600-680
SSG 1 4 6 391 365417 0.7 610  579-641 0.9
SSG2 6 398 379-417 614  583-646
SSG3 5 385 372-398 620  598-642
SPT 1 23 6 375 351-399 0.22 427  418-436 0.2
SPT 2 5 359 352-366 427  418-436
SPT 3 6 354 339-368 407  400-414
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Figure 8. Viscosity of Palacos R+G (n = 18).
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Figure 9. Viscosity of Refobacin Bone Cement (n = 16).

calculated, but did not show statistical significance
(due to the large intra-batch variability in viscos-
ity), except for RBC. There was a significant dif-
ference in the means of the 3 RBC batches at 5 N
(p=0.009) and 40 N (p = 0.03) (Table 2).
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Figure 10. Viscosity of SmartSet GHV (n = 17).

Discussion

Cement handling and viscosity are highly depen-
dent on both intrinsic factors, i.e. related to the
composition of the cement itself, and extrinsic fac-
tors.

Intrinsic variations

Viscosity and therefore the handling characteris-
tics are initially determined by the speed at which
the powder dissolves and swells in the monomer
(Farrar and Rose 2001). Variables that affect this
diffusion process are: how hydrophilic the co-poly-
mer molecules are, the relative surface area of the
polymer beads, the powder/liquid ratio, the con-
centrations of activators and initiators, and the way
in which the cement is sterilized.

Simplex P is an MMA-Styrene co-polymer
and the other 3 cements are MMA-MA co-poly-
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Figure 11. Time (s) to reach 5 N in all batches (n = 68).

mers. Styrene cements are more hydrophobic than
MMA-MA, and so take longer to dissolve in the
monomer—resulting in a lower initial viscosity,
as also found here. An increased proportion of the
small hydrophilic MA molecules in the MMA-MA
copolymer results in faster dissolution and there-
fore higher initial viscosity.

The handling of a cement can be altered if neces-
sary by changing the proportion of large and small-
sized co-polymer molecules in the powder compo-
nent (Pascual et al. 1996, Lewis and Carroll 2002).
Small beads have a large relative surface area and are
dissolved in the monomer more rapidly, thus increas-
ing the cure rate. Waiting time is substantially inde-
pendent of higher DmpT (accelerator in liquid mono-
mer) or BPO (initiator in powder) concentrations, but
both will shorten final setting times by speeding up
polymerization (Milner 2004). SPT powder is ster-
ilized using y-radiation, which is known to reduce
the molecular weight by around 50%. The other 3
cements are sterilized using ethylene oxide, which
does not alter their molecular weight.

The manufacturing process that bone cement
undergoes before a surgeon uses it in theater—
and in particular, the ways in which its handling
characteristics can be manipulated—is important
to understand. Approximately 3 tons of polymer,
from one of a low number of PMMA manufac-
turers worldwide, is sufficient to produce around
10-20 batches. Each batch is unique, and can be
regarded as only having minimal variations after it
is divided into 8,000 mixes of 40 g that are pack-
aged and sterilized ready for use. There are small
variations in the polymer beads produced, and so
all batches of cement are tested in-house by qual-

Time to 40 N (s)

900
800 |

S A el ivy
600 1 R PN ? H
500 O

ao| So S0 @

300 |

200 |

100 |

ol — — — —
Baton ! SiT ! P;G ? ! RZI;C ? ! sge ?

cement

Figure 12. Time (s) to reach 40 N in all batches (n = 68).

ity control to try to ensure product standardization
before mass production. It is common practice that
prior to release, all cements are fine-tuned to try to
reduce inter-batch variability.

Extrinsic factors

Examples of extrinsic factors that alter the han-
dling of cement include the temperature at which
the two components are stored, ambient tempera-
ture and humidity during preparation, the mixing
method chosen, the mixing technique used, how
vigorously the dough is manipulated during curing,
and how handling itself is measured.

Pre-chilling of high-viscosity cements has
become common practice as it reduces peak tem-
peratures during polymerization (Iesaka et al.
2004), allows easier application via a syringe, pro-
longs the working phase, and minimizes variations
in handling due to different ambient temperatures
during preparation (Jiranek 2005). The sensitivity
of the final setting time to temperature has been
found to be more dependent on swelling and disso-
lution than on the polymerization process (Milner
2004). High relative humidity shortens the work-
ing phase; thus, surgeons must expect the cement
to cure more quickly in warm, humid conditions.
Surgeons can choose to prepare the cement by
hand mixing or under a vacuum using one of the
many commercially available devices (Mau et al.
2004).

He et al. (2003b) found that reducing O, con-
centration (as occurs by applying a vacuum during
mixing) does not affect the waiting time but does
reduce the setting time by 10%. Monomer that is
sucked up the vacuum tubing, powder left in the
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recesses of some mixing systems (Dunne and
Orr 2002), or spillage of either constituent before
mixing will all alter the handing of the cement pro-
duced. The more kinetic energy transferred from
the person mixing or handling the cement will
shorten the setting time. A constant mixing time
and rate must be used if reproducible results are to
be expected.

As well as all of the aforementioned factors that
can alter the viscosity of a cement, measurement
of the handling curve is notoriously inaccurate for
a number of reasons. For example, the brand of
the powder-free latex glove used has been noted
to have a significant effect on the waiting time (He
et al. 2003a). Also, the observer may press his or
her finger a variable distance into the dough when
measuring the doughing time, a subjective amount
of force is applied to the dough when it is folded
together to measure the end of the working phase,
and the observer may handle the dough more
vigorously and thus speed up its curing rate. We
therefore used one blinded observer wearing the
same brand of glove as routinely used to perform
arthroplasty in theater for all of the handling tests.
This person tested each sample every 10 seconds in
order to minimize potential observer error.

The theater that the handling tests were performed
in over several sessions was air-conditioned, but
was subject to a greater range of temperature and
humidity than laboratory conditions would have
provided. Thus, when analyzing the data, we felt
that comparisons could only be made between the
3 batches of the particular cement being tested at
one temperature during one of these sessions. Our
results suggest that there is as much intra-batch
as inter-batch variability in the handling curves.
In contrast to what might be expected, in general
the batches prepared at the higher temperature did
not cure more rapidly. This can only be explained
by the variability in the storage and theater condi-
tions, although the same rooms were used for all
samples. As mentioned previously, we chose con-
ditions that were as close to the clinical routine as
possible. This can be both considered a weakness
and a strength of this study, as the findings have
highlighted the importance of extrinsic factors.
This would not have been so clear if laboratory
conditions had been implemented for the entire
study protocol.

We used the Gelnorm-Med rheometer (Gel
Instrumente AG, Thalwil, Switzerland) to qualita-
tively compare the cements in relation to time—and
not to provide quantative descriptions of the com-
plex viscoelastic properties of the two cements,
where an oscillating parallel cone plate at a low
shear rate would be considered the gold standard
(Farrar and Rose 2001). Our method was simple
and had the added benefit that the sample could be
tested in the mixing device, thus reducing artefact,
but its reproducibility must be questioned consid-
ering the irregular shape of some of the viscosity
curves, which was also observed in our preceding
study (Dall et al. 2007). Unfortunately, no other
publication on validation of this rheometer is avail-
able (Kuehn and Gopp 2001).

All of the cement manufacturers had seen the
study protocol before supplying the cement sam-
ples to be tested. With the exception of SPT, the
batches supplied were concurrent—and so were
probably as similar in composition as the manufac-
turers could make them. A wider inter-batch varia-
tion might have been seen if the batches had been
produced months apart. This would have meant
that the manufacturers would have been supplied
with slightly different PMMA bead sizes, so they
would have had to modify the proportions of the
other constituents to try to maintain a consistent
handling curve whilst maintaining minimal ISO
5833 standards. This must be considered the main
flaw of this study, as it probably reflects the best
case scenario for the manufacturers. Despite this,
our results showed significant variability in viscos-
ity between the three batches of RBC. However,
this was most likely the effect of the reduced intra-
batch variability in batch 3. We might have found
similar results in the other cement brands if there
had been less intra-batch variability. We do not
therefore consider this finding—although statisti-
cally significant—to be relevant to clinical prac-
tice.

The term intra-batch variation reflects all extrin-
sic, intrinsic, and measurement-related influences.
As there is only negligible intrinsic variation of the
product composition within each batch, the intra-
batch variation seen in our study is most likely
due to alterations in the extrinsic factors discussed
above, including any possible measurement errors.
Intra-batch variability must not be interpreted as
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poor cement composition and production quality.
The inter-batch batch variation is affected by the
aforementioned extrinsic factors, but is also influ-
enced by the subtle intrinsic differences between
(but not within) different batches of the same
cement.

Although not the main objective of our study,
we found shorter curing times for RBC compared
to PRG. This finding contrasts with results from
our previous study using older batches (Dall et al.
2007), where both RBC and PRG yielded similar
viscosity curves but had longer curing times when
compared to the predecessor Refobacin Palacos
R (RPR). It would appear that the more recent
batches produced resemble the viscoelastic prop-
erties of RPR more closely.

Our findings are still somewhat surprising, as we
found far less inter-batch variability than expected.
This suggests that extrinsic factors probably play
a more important role in clinical practice, as evi-
denced by the relatively high intra-batch variabil-
ity. However, inter- and intra-batch variability will
exist in all brands of cements prepared under the-
ater conditions and the surgeon must be aware of
why they may act differently.

Further research into the viscoelastic properties
of bone cement is required to allow manufactur-
ers to correlate these rheological findings with
the optimal moment for the surgeon to apply the
cement, pressurize it, and insert the prosthesis—in
order for the best cement mantle to be produced.
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