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Polymethylmethacrylate causes prolonged pulmo-
nary hypertension during fat embolism

A study in sheep
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Background Fat embolism (FE), the release of bone
marrow contents into the circulation and the subsequent
cardiovascular changes, is still a potentially fatal com-
plication during orthopedic surgery. Different causative
factors have been suggested, but the exact pathomecha-
nism of FE still remains unclear. We investigated the
role of polymethylmethacrylate (PMMA) in FE during
vertebroplasty in sheep.

Methods In 8 sheep, two vertebral bodies were aug-
mented alternatively with PMMA or bone wax. Pulmo-
nary and cardiovascular parameters were monitored
during the procedure.

Results The peak response was similar for both
groups and characterized by hypotension, a drop in car-
diac output and pulmonary hypertension. However, the
recovery in pulmonary arterial pressure and pulmonary
vascular resistance was quicker in the wax group.

Interpretation The injection of PMMA may cause
prolonged pulmonary hypertension during vertebro-
plasty and also arthroplasty. Surgeons should be aware
of this potential cardiovascular complication, especially
in patients with impaired pulmonary and cardiovascu-
lar function.

Fat embolism (FE) can be defined as a release of
bone marrow contents (including bone cement and
its components) into the circulation and the ensu-
ing cardiovascular changes (Aebli et al. 2002).
Manipulation of the bone marrow cavity (i.e. ream-

ing, cement injection or implant insertion) releases
bone marrow contents which cause microembo-
lization of the lung vessels within seconds after
starting the manipulation. Cardiovascular dete-
rioration during FE includes hypotension, hypox-
emia, arrhythmia, cardiac arrest and sudden death.
Fat embolism is observed intraoperatively during
cemented and cementless hip and knee arthroplasty
(Herndon et al. 1974, Fahmy et al. 1990, Ereth et
al. 1992, Parmet et al. 1993, Christie et al. 1994,
Morawa et al. 1996), during intramedullary nailing
of fractured long bones (Talucci et al. 1983, Pell
et al. 1993) and also during vertebroplasty (VP)
(Aebli et al. 2002, Chen et al. 2002). Intraopera-
tive cardiac arrest during hip arthroplasty has been
noted in 0.6-10% of patients and intraoperative
deaths have been reported in 0.02-0.5% (Coven-
try et al. 1974, Duncan 1989, Patterson et al. 1991,
Hofmann et al. 1999, Parvizi et al. 1999). Cardiac
arrest appears to be more common during hemiar-
throplasties for femoral neck fractures than during
total hip arthroplasty (Christie et al. 1994). Further-
more, cementless prostheses have been reported to
cause less severe hypotension and fewer cardiac
arrests than cemented ones (Ereth et al. 1992).
Even after many studies, the exact pathomech-
anism of FE is unclear. Firstly, the chemical and
thermal effects of the polymethylmethacrylate
(PMMA) bone cement and methylmethacrylate
monomer have been accused of being responsible
for the cardiovascular changes during FE (Homsy
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etal. 1972, Peebles et al. 1972, Berman et al. 1974).
It has been suggested that the monomer causes sys-
temic vasodilatation (Peebles et al. 1972, Berman
et al. 1974, Samii et al. 1980). However, the cur-
rently accepted mechanism is the microembolisa-
tion of the arterioles and capillaries in the lungs
due to the extravasation of bone marrow particles,
leading to cardiovascular deterioration (Breed
1974, Orsini et al. 1987, Wheelwright et al. 1993,
Schemitsch et al. 1998, Aebli et al. 2002). Other
explanations have included a nerve reflex trig-
gered by the increase in pressure within the bone
marrow cavity during manipulations (i.e. reaming,
cement injection or implant insertion), similar to
the carotid sinus reflex (Rudigier and Ritter 1983).
Furthermore, cardiovascular changes during FE
may be a result of vasoactive mediators from the
bone marrow cavity gaining access to the circula-
tion (Byrick et al. 1991, Wheelwright et al. 1993).

In the past, different animal models have been
used to investigate FE (Breed 1974, Rudigier and
Ritter 1983, Orsini et al. 1987, Wheelwright et al.
1993, Schemitsch et al. 1998). Recently, an animal
model of vertebroplasty has been developed to
investigate FE (Aebli et al. 2002). Reproducible
cardiovascular reactions during FE have been
observed in several studies using this animal model
(Aebli et al. 2003a, b).

We investigated the cardiovascular reactions to
injection of PMMA during the first minutes after
the initiation of FE during vertebroplasty in sheep.

Animals and methods
Animal model

We conducted experiments on 8 skeletally mature
mixed-bred ewes (3—5 years old, mean body weight
64 kg) which were subjected to unilateral augmen-
tation of 2 vertebral bodies (L1 and L2), using
PMMA or bone wax. The study was approved by
our local Animal Ethics Committee.

Preparation of animals and monitoring

Anesthesia was induced with thiopental (bolus
of 1.0 g/sheep) and maintained with halothane
(1-2%) in a mixture of nitrous oxide (0.5 L/min)
and oxygen (1.5 L/min). The animals underwent
positive-pressure ventilation; the rate and end tidal

pressure were adjusted to maintain a normal end
tidal pCO, (40 (SD 2) mm Hg) prior to inject-
ing augmentation material into the first vertebral
body.

We placed catheters into both carotid arteries
and attached them to Statham pressure transducers
(P23AC) to measure arterial blood pressure (diam-
eter 1.5 mm; length 3.8 cm) and left ventricular
pressure (diameter 1.5 mm; length 30.5 cm). The
correct position of the ventricular catheter was
established by observing the pressure readings.
An introducer (Intro-Flex, 8.5F, Edwards Criti-
cal-Care Division, Irvine, CA) for a Swan-Ganz
catheter was inserted into a jugular vein. Subse-
quently, a Swan-Ganz catheter (Model CCO/SvO,,
Edwards Critical-Care) was floated into the pul-
monary artery to measure pulmonary arterial pres-
sure (PAP), central venous pressure (CVP), cardiac
output (Q) and venous oxygen saturation (SvO,).
A saphenous vein was cannulated and a saline drip
infusion established.

Arterial blood pressure, PAP, CVP and left ven-
tricular pressure were digitized at 100 Hz using a
MacLab A/D converter (ADI Instruments, Castle
Hill, NSW, Australia) and displayed on a Macintosh
LCIII computer. The heart rate (HR) was derived
from the arterial pulse. Cardiovascular variables
were recorded continuously. We collected cardiac
output data with a Vigilance monitor (Model VM/
E, Edwards Critical-Care) which was connected
to a Macintosh LCIII. The thermodilution tech-
nique using a thermal filament enabled continu-
ous monitoring of Q (periodic measurements). In
order to obtain Q data at certain time points (i.e.
0.5, 1, 3, 5 and 10 min postinjection), we used the
bolus thermodilution method. Iced saline solution
(0-5°C; 10.0 mL) was injected through the Swan-
Ganz catheter and the Q value was calculated by
the Vigilance monitor. We analyzed cardiovascu-
lar data in 2-min time intervals for 10 min before
the first injection of augmentation material. These
data were averaged and represented pre-VP data.
Cardiovascular data were also analyzed at 0.5, 1,
3, 5 and 10 min postinjection, for each VP. The
values at 0.5 min postinjection represented peak
response (maximum or minimum change) because
a previous study had shown that the maximum or
minimum changes in cardiovascular parameters
were reached approximately 30 sec after starting
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the injection (Aebli et al. 2002). Vertebral bodies
were augmented at 10 min intervals because in the
same earlier study (Aebli et al. 2002), it had been
noted that mean arterial blood pressure (MABP)
had recovered to a new steady state—which was
within 10% of the original baseline—5 min after
the injection of one vertebral body. We calculated
pulmonary vascular resistance (PVR) and systemic
vascular resistance (SVR) according to the follow-
ing formula: PVR = 80 x (MPAP-LVDP) / Q (dyne
s/cm’) and SVR = 80 x (MABP-MCVP) / Q (dyne
s/cm) where LVDP is left ventricular diastolic
pressure.

At the end of the protocol, the animal was killed
with an overdose of barbiturates.

Surgical procedure and augmentation

With the sheep in a sternal position, we made a
20 cm midline incision over the vertebral spinal
processes of T11-L4. The paravertebral muscles
were then detached dorsoventrally, exposing the
intervertebral joint line. A 3.2-mm hole was drilled
through the right pedicle into each vertebral body
to a depth of 10 mm, so that a syringe would fit
tightly into it.

Medium viscosity bone cement (CMW3 DePuy
New Zealand Ltd., NZ) was used for PMMA injec-
tion. The base (16 g) and monomer (9 mL) were
mixed for 1 min and then drawn into 3-mL syringes
with reinforced plungers. To achieve a pasty con-
sistency, the cement was allowed to cure at room
temperature for 4-6 min prior to injection. Bone
wax (Ethicon, Johnson and Johnson Medical NZ,
Auckland, New Zealand) was heated in a water
bath (46—47°C) to achieve similar viscosity to the
cement. Bone wax was also injected using 3.0-
mL syringes. In both groups, 6.0 mL was injected
unless injection pressure was perceived as being
too high—meaning that filling of the vertebral
body had been achieved. As the first augmentation
(L1) could alter the cardiovascular reaction to the
second augmentation (L2), we alternated PMMA
and wax injections such that each type was evalu-
ated for first and second injection.

Statistics

Data were calculated and presented as mean (SE).
We used mixed model analysis to account for inter-
group and intragroup variability relating to pre-

and postinjection periods. Two-way ANOVA was
used to test for significance regarding the changes
of cardiovascular data from preinjection value
(PreVP) to peak value and values at 1, 3, 5 and
10 min for both groups. We used simple regression
analysis to test for any correlation between dif-
ferent cardiovascular variables. Post hoc analyses
were achieved using the paired t-test. Statistical
comparison was also done between the PMMA and
wax group at preinjection and for peak response
using ANOVA and unpaired t-tests. A p-value of
< 0.05 was considered significant for all statisti-
cal analyses. The 95% confidence intervals (Cls)
were calculated for the cardiovascular parameters
with significant changes. Statistical analyses were
performed using Microsoft Excel XP.

Results

Augmentation

On average, 5.7 (SD 0.1) mL. PMMA or 5.8 (SD
0.2) mL bone wax was injected into each vertebral
body over a period of 35-60 sec. At postmortem,
PMMA and bone wax leakage into paravertebral
veins was discovered in all animals.

Hemodynamic changes

Baseline cardiovascular data collected before VP
(Pre-VP) are presented in Tables 1 and 2. There
was no significant difference between the two
groups before VP.

We found no significant difference between the
cardiovascular responses to the first and second
injection in both groups. Thus, we pooled the
data for the two injections, for each group sepa-
rately, and statistical analysis was performed for
the PMMA group and the bone wax group. Injec-
tion of both PMMA and bone wax resulted in car-
diovascular changes (Tables 1 and 2). The peak
response was similar for both groups (no statis-
tically significant difference between PMMA and
bone wax) and characterized by a drop in MABP,
Q and SvO2 as well as an increase in MPAP and
MCVP. There was no statistically significant
change in HR and LVDP. Mean arterial blood
pressure dropped by 47% and 40% for the PMMA
and wax groups respectively. The drop in Q was of
similar magnitude (PMMA: 61%, and bone wax:
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Table 1. Cardiovascular data for the PMMA and wax groups prior to vertebroplasty (pre-VP) and following vertebro-

plasty (peak at 0.5 min to 10 min). Values are mean (SE)

n Pre-VP Peak Min 1 Min 3 Min 5 Min 10
MABP (mm Hg) 8 PMMA 90 (5.5) 48 (6.0) 2 85 (9.0) 98 (7.1) 86 (7.4) 79 (5.4)
8 Wax 89 (7.4) 53 (9.4)2 92 (8.3) 99 (8.0) 91 (7.4) 83 (7.7)
MPAP (mm Hg) 6 PMMA 19.8 (2.8) 40 (5.4)2 30.6 (3.5)® 29.6(3.4)P 281 (3.1)P 23.4(3.3)
6 Wax 18.9 (3.6) 37 (6.3) @ 26.3(3.8)P 22.1(4.9) 22.4 (3.3) 20.6 (2.4)
MCVP (mm Hg) 6 PMMA 6 (1.0) 12.1(1.8)2 8.5 (1.7) 8.1(1.2) 7.6 (1.2) 6.2 (1.3)
6 Wax 6.5 (1.3) 10.8(1.4)2 8.3(0.9)° 7.6 (1.1) 7(1.9) 6.5 (0.8)
HR (beats/min) 8 PMMA 118 (7.6) 118 (9.6) 115 (7.9) 117 (7.9) 113 (6.5) 114 (7.3)
8 Wax 121 (7.4) 115 (8.8) 117 (7.5) 118 (7.5) 121 (7.7) 118 (8.1)
Q (L/min) 8 PMMA 6.4 (0.6) 2.5(04)2 5(0.6) b 52(0.7)® 5.5 (0.6) 5.9 (0.6)
8 Wax 5.7 (0.7) 3.5(0.7)2 5.3 (0.5) 5.6 (0.5) 6.4 (0.6) 6 (0.6)
LVDP (mmHg) 5 PMMA 2 (2.2) 3.6 (2.4) 4.4 (2.3) 4(2.7) 3.6 (2.6) 4 (2.1)
5 Wax 3.2 (2.3) 3.2(2.2) 3.8 (2.4) 4.6 (2.6) 4.0 (1.4) 2.6 (0.7)
SvO, (%) 5 PMMA 77 (1.0) 71(1.5)2 72 (1.7)® 75 (0.5) 76 (10.9) 76 (1.4)
5 Wax 77 (1.6) 72 (2.5)2 73 (2.6) 75 (1.9) 77 (1.2) 77 (0.9)
SVR (dyne s/cm®) 5 PMMA 1144 (296) 1363 (103) 1339 (53) 1379 (49) 1193 (33) 1015 (47)
5 Wax 955 (122) 1034 (278) 1186 (169)® 1261 (214)® 1003 (158) 942 (140)
PVR (dyne s/cm®) 5 PMMA 266 (26) 1222 (117)2 549 (53) 2 459 (49) @ 426 (33)@ 336 (47)
5 Wax 276 (49) 1031 (120) @ 412 (56) a 346 (62) 308 (52) 314 (42)

2 significantly different from pre-VP value (p < 0.001).
b significantly different from pre-VP value (p < 0.05).

Table 2. The 95% confidence intervals for selected cardiovascular parameters of the PMMA and wax groups prior to
vertebroplasty (pre-VP) and following vertebroplasty (peak at 0.5 min to 10 min)

n Pre-VP Peak Min 1 Min 3 Min 5 Min 10
MABP (mm Hg) 8 PMMA 79-101 36.3-60 67-102 84-112 71-100 69-90

8 Wax 74-104 34.6-72 76-108 83-114 77-106 77-106
MPAP (mm Hg) 6 PMMA 14.3-25.3 29.6-51 23.9-37.4 23.0-36.2 22.0-34.2 16.8-29.9

6 Wax 11.9-25.8 23.8-53 18.9-33.6 13.6-30.6 15.9-28.8 15.8-28.9
MCVP (mm Hg) 6 PMMA 4-8 8.6-15.5 5.2-11.9 5.8-10.4 5.3-9.8 3.7-8.7

6 Wax 4-9 8.1-13.5 6.6—10 5.5-9.7 5.5-8.5 5.5-8.4
Q (L/min) 8 PMMA 5.1-7.6 1.6-3.3 3.8-6.1 3.9-6.5 4.5-6.6 4.8-7.0

8 Wax 4.3-7.1 2.1-4.9 4.3-6.2 4.6-6.6 5.2-7.7 5.2-7.6

39%). The increase in MPAP was the most promi-
nent change: 103% and 96% for the PMMA and
bone wax groups, respectively.

Hypotension had ceased after 1 min in both
groups (Figure 1 and Table 1). Cardiac output
values had recovered after 1 min and 3 min for
the bone wax and PMMA groups, respectively.
The major difference between the cardiovascular
response of the PMMA group and that of the bone
wax group was the recovery in MPAP (Figure 2
and Table 1). 3 min postinjection, MPAP had
fully recovered to baseline values in the bone wax
group, whereas in the PMMA group MPAP had
only recovered by 52%. Mean pulmonary artery

pressure had recovered to baseline values after 10
min in the PMMA group.

Discussion

The augmentation of vertebral bodies resulted in
cardiovascular changes regardless of the material
used. However, our findings indicate that PMMA
may have an adverse effect on pulmonary arte-
rial vessels, causing prolonged pulmonary arterial
hypertension.

The main observation in our study was that the
recovery time of PVR was shorter in the wax group
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Figure 1. Mean arterial blood pressure (MABP), mean central venous pressure (MCVP), cardiac output and venous O,
saturation recorded prior to vertebroplasty (time 0) and 0.5, 1, 3, 5, and 10 min following vertebroplasty with PMMA and
bone wax. Asterisks indicate values that are significantly different from the preinjection (time 0) value (p < 0.05).

than in the PMMA group. The methylmethacrylate
monomer may have directly caused vasoconstric-
tion of the pulmonary arteries (Johansen and Benu-
mof 1977, Fairman et al. 1984) and consequently
delayed recovery of MPAP in the PMMA group.
Alternatively, the monomer or other cement com-
ponents may have stimulated the formation of
thrombi (Hallin et al. 1974, Dahl et al. 1992) or
the agglutination of plasma lipids (Dustmann et
al. 1972). It has also been suggested that PMMA
increases systemic levels of histamine during
arthroplasty (Tryba et al. 1991), but to date, the
release of vasoactive cytokines due to PMMA has
not been fully investigated.

In our study, the injection of PMMA or an inert
material (i.e. bone wax) into a lumbar vertebral
body resulted in pulmonary vasoconstriction 30
seconds after starting the injection. The increase
in PVR caused a forward failure of the heart, with
subsequent hypotension and decrease in cardiac
output in the presence of unchanged left ventricular
diastolic pressure. The increase in PVR may have
been due to pulmonary vasoconstriction triggered
by a reflex reaction to the embolization (Malik
1983, Dalen et al. 1967). Dalen et al. (1967) dem-
onstrated that the intravenous injection of silicon
beads of diameter of 50-250 um caused a reflex
increase in PVR within a few seconds after the
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Figure 2. Mean pulmonary artery pressure (MPAP) and PVR recorded prior to vertebroplasty (time 0) and following ver-
tebroplasty with PMMA and bone wax. Asterisks indicate values that are significantly different from the preinjection (time

0) value (p < 0.05).

injection. The purpose of such a reflex vasocon-
striction most likely prevents microembolization of
the brain, with its disastrous consequences (Dalen
et al. 1967, Malik 1983). Alternatively, pulmonary
vasoconstriction may have been caused by vasoac-
tive cytokines (Malik and van der Zee 1977, Binder
et al. 1980). It is unlikely that the increase in PVR
was due mechanical occlusion of the pulmonary
vessels by emboli or thrombi, because blockage
of more than 50% of all pulmonary arteries would
be necessary to increase PVR (Dalen et al. 1967,
Ohkuda et al. 1978).

Other experimental studies on FE have also
described an increase in PVR with forward failure
of the heart (Wheelwright et al. 1993, Woo et al.
1995). Wheelwright et al. (1993) pressurized the
distal femur of dogs with a piston, and observed
a 400% increase in PVR within the first 3 min
after starting the pressurization. The authors only
observed a fall in arterial blood pressure of 13%),
which contrasts with a drop of almost 50% in our
study. Breed (1974) pressurized the distal femur of
rabbits with PMMA and bone wax and observed
a fall in blood pressure in both groups within the
first few seconds after starting the injection. Breed
concluded that the cardiovascular disturbance
observed in his study could not be fully explained
by an adverse effect of the bone cement alone. He
therefore suggested that more than one pathologi-
cal mechanism may be involved. This is in accor-
dance with our results. The first mechanism may

be reflex pulmonary vasoconstriction due to micro-
embolization. The second mechanism may be
chemically (cement monomer) induced pulmonary
vasoconstriction. The existence of these two mech-
anisms would explain why FE occurs during both
cemented and cementless arthroplasty, but is less
severe during cementless arthroplasty (Ereth et al.
1992). This is why medullary lavage and venting
(with or without applied vacuum) during cemented
hip arthroplasty can reduce but not eliminate FE
(Wheelwright et al. 1993, Pitto et al. 1998).
Differences between clinical vertebroplasty and
this animal model have been discussed elsewhere
(Aebli et al. 2002). The volume of ovine lumbar
vertebral bodies is smaller than for their human
counterparts. According to the L4 measurements
of McLain et al. (2002), ovine L4 volumes (~15
cm3) are about one quarter of those of human
L4 (~57 cm?®). The volume of injected material
(6 cm?®) therefore represents 40% of the verte-
bral body volume. However, we did not intend to
achieve a vertebral filling that would be equivalent
to the clinic situation. In investigating FE during
VP, it was imperative to inject a similar amount
of material and thus replace a similar amount of
bone marrow during the experiment as in the clini-
cal situation (Cotten et al. 1998, Deramond et al.
1998, Heini et al. 2000). A second limitation of the
present study pertains to the lack of histological
evaluation of the lungs for fat emboli. However,
a previous study had shown that the injection of
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PMMA and bone wax resulted in similar quantities
of fat emboli in the lungs (Aebli et al. 2003b).

Surgical measures for minimizing FE during
vertebroplasty and arthroplasty may include avoid-
ing excessive bone marrow pressurization (Orsini
et al. 1987, Hofmann et al. 1999, Aebli et al.
2003a), medullary canal lavage (Sherman et al.
1983, Byrick et al. 1989, Wheelwright et al. 1993)
and the use of a venting hole (Herndon et al. 1974,
Jones 1975). The anesthetic management consists
of cardiovascular support by administrating 100%
inspired oxygen and aggressive volume support
(Jones 1975, Fallon et al. 2001). However, the
increase in PVR we observed may increase right
ventricular afterload, and thus lead to acute right
heart failure—especially in patients with preexisting
pulmonary and cardiovascular impairment. Exces-
sive fluid treatment may aggravate right heart fail-
ure. Fluid therapy should thus be monitored care-
fully. The placement of a pulmonary artery catheter
may be needed in order to utilize selective pulmo-
nary vasodilators, especially if PMMA is used. The
use of non-PMMA cements for vertebroplasty may
alleviate the cardiovascular changes during FE, but
will not prevent them.
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