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The total porosity and mean pore sizes of various
bone cement preparations were measured using
image analysis. The porosity in different commer-
cial bone cements varied from 3% to 16% when
these cements were prepared in the usual fashion.
Centrifugation for 30 scconds resulted in & sub-
stantial reduction in the overall porosity of Sim-
plex P, AKZ, Zimmer Regular, and CMMW bone
cements by reducing both the mean pore size and
the number of pores per unit arca. In contrast, the
porosity of 1L.VC, Palacos R, and Palacos R with
gentamicin bone cements was not significantly de-
creased by centrifugation. Chilling the monomer
before mixing resulted in higher porosity of both
the centrifuged and uncentrifuged Simplex P,
Zimmer Regular, and CMW bone cements. Sim-
plex P mixed with chilled monomer and centri-
fuged for 120 seconds has one of the lowest porosi-
ties of the various cements, while retaining good
handling characteristics and excellent fatigue
strength.

Nonscptic prosthetic loosening of ce-
mented total joint replacements in the vast
majority of cases can be attnbuted to disrup-
tion of the integrity of the cement mantle or
its interfaces. 19
the causes of the poor strength of bone ce-
ments and attempts to improve the fatigue
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life of bone cements are of major importance
in cemented arthroplasty.

The porosity present in cured acrylic bone
cements is critically important in its pooy
mechanical properties.' 4071213 Plexigly,
(DuPont, Wilmington. Delaware). the com-
mercial preparatton of basically the same |
acrvlic matenal, exhibits considerably better
fatigue strength. However, 1t 1s cured indus
trially under high temperature and pressure
and 1s not porous. In contrast. surgical bone
cement mixed in the operating room and
cured cold under atmospheric pressure con-
tains numerous voids, both larce and
small. »3#12 The arge voids may resuit from
air entrapment during mixing® and the small
voids from evaporation of the volatile mono-
mer during the curing process.'® These voids
act as stress risers™ %% and make the cement
susceptible to carly fatigue failure. The desir-
ability of decreasing the porosity in surgical
bone cement has been emphasized epeat-
edly in the literature since Charnley first used
acrylic cement in this fashion.®

Efforts to timprove bone cement by at-
tempting to 1improve the polymer have been
unsuccessful }21011126 Baype of ¢f ! urged
that cfforts to improve bone cement be di-
rected at eliminating porosity rather than at
tempting to attain higher degrees of polymer-
ization. Lec ¢f al."? correlated the rapidity of
cement mixing with porosity and recom-
mended slower stirring rates. Centrifugation
has recently been shown to improve the fa-
tigue strength of Simplex P bone cement
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markedly by reducing its porosity.® Centrifu-
gation of Simplex P for only 30 seconds after
—ixing increascd the fatigue life by 136%.
However, the amount ol porosity that is pres-
cnt in various commercial bone cements and
ihe effects of the various preparation tech-
niques, such as different centrifugation times
and chilling the monomer, on the porosity of
{he various bone cements arc not known.

Ther-fore, the porosity and pore size distri-
putions of various commercial bone cements
that were prepared in the usual fashion were
qudied using high-speed computer-assisted
image analysis, The cfiects of centrifugation
fter mixing and chilling the monomer be-
fore mixing were also systematically evalu-
ated.

SIATERIALS AND METHODS

Simplex P (Howmedica, Rutherford, New Jer-
wv), AKZ (Howmedica), LVC(Zimmer, Warsaw,
indiana). Zimmer Regular (Zimmer), Palacos R
Merck, Hawthorn, New York). Palacos R with
gentamicin (Merck), and CMW (CMW, Excter,
England) bone cements were investigated. The
powder and hiquid constituents were supplied by
the myi:ufacturers. Four different batches of ce-
ments were mnvestigated for cach preparation.

For cach cement. a set of control specimens (the
first set from four batches of cement) was maxed as
recommended by the manutacturers at 21°. 50%
humidity, and a 2-Hz nuxing rate. After mixing,.
the cement was poured into cement svringes and
dlowed to cure.

A second sct of specimens was stmilarly pre-
pared with the higquid monomer chilied to 0° be-
fore 11 - ving. This technique was studied because it
15 used clinmically as a method of prolonging the
period of low viscosity or reducing the viscosity.
thereby improving intrusion of bone cement.

To assess the effect of centrifugation on porosity
reduction, the various cements were mixed at 50%
humidity and a 2-Hz mixing rate, with the mono-
mer at 21° (sccond sc0). Immediately after mixing
oaliquid state. they were poured into the syringes
and s inan [EC Model CL centrifuge (Damon/
IEC iivision. Needham. Massachusctts) at 4000
mm. To evaluate the eftect of the duration of cen-
trifugation on porosity. the third set of such speci-
mens was spun for only 30 seconds, and the fourth
St of such spectmens was spun for two minutes.
The specimens were removed from the centrifuge
and, without further manipulation, allowed to
cure in the syringes.

To evaluate the effect of both chilling and cen-
trifugation on porosity, two additional scts of speci-
mens were preparcd by mixing with chilled mono-
mer and centrifuging for 30 seconds (fifth set) and
for two minutes (sixth sct).

The cured cylindrical specimens were removed
from the syringes and serially sectioned from top
to bottom into discs 5 mm thick using a water-
cooled diamond saw. Each face of cach dis¢ was
ground flat on a Buchler grinding wheel (Lake
Bluff, IHinois) with 600-grit siticon carbide paper
and polished with 0.03-gm alumina powder to a
mirror finish. Residual grinding debris was re-
moved by an ultrasound cleanser. The dises were
then spray painted with a flat black painat to stain
the pores. After drying. the paint was wiped ofl the
polished surface, which left the pores stained black
to contrast them from the surrounding white ce-
ment.

Porosity measuremcents were determined using
a high-speed image analysis system consisting of' a
high-resolution television camera. analog-1o-digi-
tal and digital-to-analog converters, a frame bufier
with an internal memory of 400 kilobvtes, and a
Vax 11/750 mimicomputer (Digital Equipment,
Mavnard. Massachusetts). The television camera
was attached to a dissecting microscope. and the
images were digitized at 30 Hz to 712 X 512 pixel
frames with cight bits of gray resolution. Digital
images were accessed and processed by the com-
puter, which determined the fractional porosity
and the pore sizes based on the differences in the
gray levels between the black-stained pores and
the white cement.

Two-dimcensional measurements of the pore
arca fraction were used to derive the three-dimen-
stonal volume porosity, stnce I isometric speci
mens the arca fraction cquals the volume fraction.
The pore size measurements, however. represent
only two-dimensional measurements and were
not converted to three-dimensional quantitics in
this study.

RESULTS

The porosity values of the control bone ce-
mcnt preparations are shown in Figure 1.
The mean (+ standard deviation) porosity of
control specimens prepared with the mono-
mer at 21° measured 9.39% = 1.53¢%: [or Sim-
plex P, 9.49% + 2.36% for AKZ, 9.7%
+ 1.83% for Palacos R. and 9.83% + 2.31%
tfor Palacos R with gentamicin. None of these
valucs was significantly different. The LVC
control specimens, however, had a porosity
of 5.00% + 0.52% when mixed with the
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111G, 1. Porosity of commercial bone cements mixed with chilled and room-temperature monomer.

monomer at room temperature, which was
significantly lower than all of the other con-
trol specimens prepared in an identical man-
ner (p < 0.005). The Zimmer Regular and
CMW control specimens mixed with the

monomer at 21° exhibited porosities of

12389 + 2.5 1% and 11.99% + 2.1 8%, respee-
tively. These vatues were significantdy higher
than the Stmplex control specimens prepared
i identical fashion (p -2 0.005).

The Sunplex P and CMW control speci-
mens prepared with the monomer chitied fo
0 exhibited significantly higher porositics
than the corresponding Simiplex P and CMW
control specimens prepared with the mono-
mer @t room temperaiuce (p < 0.0005). In
contrast, the porositics ol AKZ and Zimimer
Regular control specimens prepared with
chilled monomer were not significantly dit-
ferent from the corresponding control speet-
mens prepared with the monomer at room
temperature. The Palacos R and Palacos R
with gentamicin specimens prepared with
chilled monomer exhibited slight but insignit-
icant increases in porosities compared with
the corresponding control specimens pre-

pared with the monomer at room tempera-
ture. The LVC control specimens prepared
with chilled monomer showed slightly higher
porosity compared with the LLVC control
specimens prepared with the monomer at
room temperature (p < 0.01).

The effect of centrifugation on the porosity
of different cements mixed with the mono-
mer at 217 and at 09 s shown iy Figures 2
and 3. Centrifugaton of Simplex P bone ce-
ment mixed with the monomer at room tem-
perature {21°) for 30 scconds substanaally
reduced its porosity to 4.23% + {217 iFig,
2y, Centrifuging Simplex P for two minutes
fowered the porosity further to 2.89%
+ (.6 1%, The porosity values obtained with
centrifugation of Simplex P for 30 scconds
and for two munutes were signiticantly lower
than uncentrifuged Simplex P control <eci-
mens (o < 0.0005). Centrifugation of Sim-
plex P tor two minutes resulted in signifi-
cantly lower porosity than centrifugation for
30 seconds (p < .003).

When Simplex Powas prepared using
chilled monomer, centrifugation for 30 sec-
onds and for two minutes also resulted na
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F16. 2. Efleet of centrifugation on porosity with the monomer at 21°.

significant decrease in its porosity compared
with the uncentrifuged specimens prepared
with chilled monomer. Both of these values
were signiticantly different trom the corre-
sponu:ng control specimens as well as from
each other (2 < 0.0005 and p < 0.005, respec-
tively). However, the porosities of specimens

20~

1 Uncentrifuged
Centrifuged 30 sec.
B3 Centrifuged 120 sec.
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prepared with chilled monomer and centri-
fuged for 30 seconds or two minutes were sig-
nificantly higher than the corresponding spec-
imens prepared with the monomer al room
temperature and centrifuged for 30 seconds
(p < 0.0005) or two minutes (7 < 0.001).
When AKZ bone cement was mixed with

[

|

SIMPLEX-P Lve KZ

PALACOSR PALACOSR  ZIMMER

WiITH
GENTAMYCIN

REGULAR

Fic;. 3. Bttect of centrifugation on pososity with the monomer at 0°.
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chilled monomer, centrifugation for 30 sec-
onds resulted in significant porosity reduc-
tion (p < 0.005) but not when it was mixed
with the monomer at 21°, Centrifugation of
AKZ for two minutes after mixing with ei-
ther chilled or unchilled monomer produced
a significant further porosity reduction. The
reduction in porosity between the 30-second
centrifuged unchilled monomer specimens
and the two-minute centrifuged unchilled
specimens was significant (p < 0.0005). Thus,
centrifugation for 30 scconds significantly re-
duced the porosity of AKZ only when this
cement was mixed with chilled monomer,
but centrifugation for two minutes signifi-
cantly reduced the porosity of both the
chilled and unchilicd monomer specimens.

Centrifugation of Palacos R and Palacos R
with gentamicin bone cements for either 30
scconds or two minutes did not significantly
decrease the porosities in these cements when
they were prepared with chilled monomer.
Centrifugation after mixing with the mono-
mer at 21° proved diflicult for the Palacos R
and Palacos R with gentamicin cements be-
causc of their high viscosity. Therefore, the
effect of centrifugation was not studied for
these preparations.

The 1.VC bone cement, which had the least
porosity when prepared in the usual recom-
mended fashion, also failed to obtain signifi-
cant porosity reduction with centrifugation
cither for 30 scconds or for two minutes. This
was true whether the monomer preparation
was 07 or 21°. Centrifugation of LVC, there-
fore, did not result in significant reduction in
Its porosity.

Centrifugation of Zimmer Regular bone
cement for 30 seconds after mixing with the
monomer at either 21° or 0° significantly re-
duced its porosity. However, the porosity of
Zimmer Regular specimens mixed with
chilled monomer and centrifuged for 30 sec-
onds was significantly higher than the poros-
ity of the specimens mixed with the mono-
mer at 21° and centrifuged for 30 seconds.
Centrifugation of Zimmer Regular bone ce-
ment for two minutes resulted in a significant

further decrease in its porosity when mixeqd
with the monomer at 21° (p < 0.05). The
specimens that were centrifuged for two mip.
utes after mixing with chilled monomer g}
tained significantly lower porosity than thoge
centrifuged for 30 scconds after mixing with
chilled monomer but not those centrifuged
for two minutes afier mixing with unchilled
monomer. Thus centrifugation was very ef.
fective in reducing the porosity of Zimmer
Regular bone cement. A greater reduction i
porosity was obtained when this cement wag
mixed with the monomer at 21° and centri-
fuged.

Centrifugation had similar effects op
CMW and Zimmer Regular bone cements,
Centnfugation for 30 seconds and two min-
utes resulted o significant decreases in poros-
ity of CMW mixed with cither chilled or un-
chilled monomer (p < 0.0035), but a greater
reduction in porosily was obtained by centri-
fuging this cement after mixing with the
monomer at 21°.

The pore size distributions for the various
specimens showed that centrifugation of
Simplex P mixed with the monomer at 21°
decreased both the mean pore size and the
number of pores per unit arca (Table 1). Cen-
trifugation ehminated the large voids in all of
the other cements, but in contrast to Simplex
P.oan merease in the number of small voids
was obscerved in the other cements. This com-
bination of reduction in the number of Jarge
voids and an increase in the total numbr of
voids resulted in reduction of the overall po-
rosity of AKZ, Zimmer Regular, and CMW
specimens but did not result in reduction of
the overall porosity of LVC, Palacos R, and
Palacos R with gentamicin.

Mixing the cements with chilled monomer
resulted inan increase in the number of pores
per unit arca. Centrifugation after mixing
with chilled monomer was effective in reduc-
ing the porosity of Simplex P by decreasing
the mean pore size but not the number of
pores per unit arca. Thus, chilling the mono-
mer before mixing scemed to have the ad-
verse clfeet of increasing the number of
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TABLE 1. Pore Sizes of the Various Cement Preparations

Honorer Centrifuge Time Mean Pore oids Maximum Pore
Tenp. (secands) Size (mm) Ier i Size (nun)
Simplex P
21 0 0.48 93 3.32
0 0 0.44 165 3.20
7t 30 0.36 62 1.68
0 30 0.36 198 1.48
21 120 0.20 63 .56
G 120 0.28 197 0.88
AKZ
21 0 0.44 151 4.48
0 0 0.36 190 2.88
21 30 0.28 254 2.16
0 30 0.24 267 .52
21 120 0.24 257 1.48
& 120 0.24 253 [.56
LvC
21 0 0.28 92 1.28
0 0 0.28 107 1.72
21 30 0.20 188 1.22
0 30 0.16 317 0.60
21 120 0.16 184 0.68
0 120 0.16 288 0.60
Palacos R
21 0 0.32 164 6.56
0 30 0.40 232 .52
0 120 0.40 188 1.72

Palacos R With Gentamicin

21 . 0 0.32 223 5.69
0 30 0.40 230 1.76
' 120 0.40 213 1.52
Zimmer
21 0 0.36 211 6.32
0 0 0.36 190 0.88
21 30 0.20 257 0.68
0 30 0.28 325 .12
21 120 0.16 359 0.72
0 120 0.24 278 0.96
CMW
2] 0 0.34 202 5.98
0 0 0.38 218 6.49
21 30 0.26 272 1.96
0 30 0.28 316 2.32
2] 120 0.14 220 091
0 120 0.22 215 0.86
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voids. Centrifugation after mixing with
chilled monomer was effective in reducing
the overall porosity of some of the cements
but not necessarily the number of pores.

DISCUSSION

Charnlecy’s application of polymethyl-
mcthacrvlate (PMMA) bone cement to artifi-
cial joint fixation in 1959 was a milestone
achievement in the development of joint
surgery. Almost 30 ycars later, despite its
recognized shortcomings as a structural mate-
nal. PMMA remains the standard material
for anchoring total joint implants to the
skeleton.

Computer-assisted tmage analysis was
used in this study to measure the porosity of
different commercial bone cements, pre-
pared accordingto the manufacturers’ recom-
mendations, with chilled monomer and with
centrifugation after mixing. When mixed ac-
cording to the manufacturers” specifications,
different commercial preparations of bone
cement exhibited significantly different po-
rosities. White Simplex P, AKZ. Palacos R,
and Palacos R with gentamicin control speci-
mens obtained similar porosity values, LVC
control specimens exhibited significantly
lower porosity, and Zimmer Regular and
CMW bone cament control spectmens exhib-
ited signihcantly higher porosity. The poros-
ity in some of the bone cements approached
107 =16% of the volume and therefore could
be substantially deleterious to the bone ce-
ment,

Centrifugation after mixing resulted in a
marked decrease in the porosity of several
bone cement preparations. Centrifugation of
Simplex P bone cement for 30 seconds after
mixing reduced 1ts mean porosity by about
one-half by eliminating all of the large voids
and many of the smaller voids. The mean po-
rosity was further reduced by a factor of two
when this cement was centrifuged for two
minutes. However, after centrifugation of
two minutes, the Simplex P mixed with
room-temperature monomer was 100 viscous

to be practical for clinical use. Similar syp.
stantial reductions in porosity were obtaineq
from centrifuging AKZ. Zimmer Regular,
and CMW bone cements, but porosity valueg
in these specimens remained higher than thy;
obtained by centrifuging Simplex P.

In contrast, centrifugation of Palacos R
and Palacos R with gentamicin for cither 3g
seconds or two minutes produced no signifi-
cant reductions in their porositics. Similarly,
porosity of LVC bone cement, which exhib-
ited the lowest initial porosity of the control
specimens. was not significantly reduced by
centrifugation. The tailure to obtain signifi-
cant porosity reduction in cither of the Pala-
cos bone cements may be accounted for
partly by the viscosity of these cement prepa-
rations. Palacos R and Palacos R with genta-
micin had the thickest consistency during
mixing, and they mav not have been mark-
edly affected by centrifugation. However, the
porosity of LVC bone cement. which had the
lowest viscosity of the cements tested, was
also not reduced by centrifugation, the rea-
sons for which arce not entirely clear. Part of
the explanation may lie in the fact that 1.VC
prepared in the usual fashion contained only
the smaller voids and had a low initial poros-
ity. which represented these smaller voids. Al-
though a small reduction in the mean pore
size was obtained with centrifugation of this
cement, the number of small voids per unit
area was increased, which resulted in an insig-
mhcant reduction of the total porosity.

Chilling the monomer to 0° before mixing,
often advocated as a means of reducing the
viscosity or of prolonging the lower viscosity
statc of bone cements, resulted in a higher
porosity for most of the cements mixed in the
usual fashion. Cements prepared by chilling
the monomer followed by centrifugation also
had greater porosity than the corresponding
specimens prepared by centrifuging after
mixing with the monomer at room tempera-
ture. The mean pore size and the number of
porcs per unit arca were increased by mixing
the cement with chilled monomer. Thus the
practice of chilling the monomer before nmix-
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ing to obtain lower viscosity and better intru-
sion properties may be detrimental to bone
cements. When cements are mixed in this
fashion, centrifugation 1s strongly recom-
mended to offset the adverse effect of chilling
the monomer on the porosity.

The fatigue strengths of the various cement
preparations were not measured in this study.
while porosity is clearly related inversely to
fatiguc life, within a given cement type, com-
paris. i1 of these porosity data to the fatigue
strengths of cements reported previously?
shows that variables other than porosity may
also affect the strengths of different commer-
cial preparations of bone cements. Although
LVC bone cement in this study had the low-
est porosity, Davies ¢r al.” have shown that
LVC bone cement had a substantially lower
fatig: - hfc than Simplex P when mixed in the
usual fashion. Variables such as powder size,
molecular weight, and addition of copoly-
mers and radiopaque materials may also be
important in determining the fatigue behav-
ior of cements. More extensive fatigue testing
and comparison with the porosity data may
elucidate some of these differences.

W hin cach of the cement formulations,
however, the changes in porosity obtained by
the different preparation techniques corre-
lated with previously reported fatigue
strengths.®? The reduction in porosity af-
forded by the centrifugation of Simplex P
and Zimmer Regular bone cements is most
likelv the cause of increased fatigue strengths
of Sis.iplex P reported previously with centrif-
ugation. More extensive fatigue tests of the
various cement preparations that obtained
the lowest porosity may show the optimum
formulations and preparation techniques.

Simplex P bone cement mixed with chilled
monomer and centrifuged for 120 seconds
had onc of the lowest porositics of the various
cem. at preparations tested in this study
while retaining good handling characteristics
suitable for its use in surgery. Simplex P
mixed with the monomer at room tempera-
lure and centrifuged for 120 seconds had
tven lower porosity but was too viscous to be

of practical use at surgery. Unlike many of
the other cements, Simplex P also has one of
the highest fatigue strengths, and it is this
preparation that is probably i1deal for use in
total arthroplasty.
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