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Cardiovascular Changes after Pulmonary Cement
Embolism: An Experimental Study in Sheep

J. Krebs
N. Aebli

B.G. Goss
K. Wilson

R. Williams
S.J. Ferguson

BACKGROUND AND PURPOSE: Most cement leaks during vertebroplasty are asymptomatic, but pul-
monary cement embolism has been reported to cause cardiovascular disturbances and even death.
Adding hydroxyapatite (HA) to polymethylmethacrylate (PMMA) cement to reduce the quantity of
barium may aggravate cardiovascular deterioration in the event of cement embolism by activating
coagulation. Thus, we investigated the cardiovascular changes after pulmonary cement embolism of
PMMA with and without HA.

MATERIALS AND METHODS: In 13 sheep, cement (2.0 mL) was injected into the pulmonary trunk. Two
different cements were used: 1) standard PMMA and 2) PMMA with 10% HA (PMMA & HA). Arterial,
central venous and pulmonary arterial pressures, heart rate, and cardiac output were monitored
continuously until 60 minutes after the injection. Blood gases and coagulation parameters (antithrom-
bin, D-dimer) were measured before and after injection.

RESULTS: Mean pulmonary arterial pressure had increased by approximately 9% (PMMA) and 14%
(PMMA & HA) 1 minute after injection and stayed elevated. There were no significant differences
between the groups. No evidence of thromboembolism was detected.

CONCLUSION: Cement embolism did not result in clinically significant pulmonary arterial hypertension.
Adding HA to PMMA cement did not cause more severe cardiovascular changes.

The main complication during vertebroplasty is leakage of
cement into adjacent structures, which occurs in 41% of

augmented vertebrae.1 These leaks are mostly asymptomatic,
but potential consequences are spinal cord or nerve root com-
pression,2-4 and respiratory and cardiovascular deteriora-
tion.5-7 Approximately 2% of the observed leaks are pulmo-
nary emboli; pulmonary cement embolism occurs in 0.6% of
augmented vertebrae.1 The reported incidence of pulmonary
cement embolism is not very reliable because more leaks are
detected when CT is used.8,9 Furthermore, patients are not
subjected to imaging of the thorax when there are no clinical
signs. The clinical significance of pulmonary cement embo-
lism is controversial. Most cases of pulmonary cement embo-
lism seem to be asymptomatic. However, a growing number of
reports list symptoms ranging from chest pain and dys-
pnea5,10,11 to acute respiratory distress syndrome12,13 and even
death.6,7,14 The incidence of pulmonary cement embolism
may increase further with the growing number of vertebro-
plasty interventions. However, the potential cardiovascular
consequences of cement embolism have not yet been investi-
gated in detail.

Optimal cement visualization during vertebroplasty is es-
sential for preventing cement leakage. Thus, barium sulfate is
most commonly added for cement opacification. However,
barium induces bone resorption15,16 and inflammation17 in

concentrations used for vertebroplasty (30% by weight).18

Hydroxyapatite (HA) is an alternative radiopaque material. It
has been added to polymethylmethacrylate (PMMA) for re-
ducing the quantity of barium and increasing the biocompat-
ibility of the cement. Furthermore, hydroxyapatite has an os-
teoconductive effect. However, concerns have been raised that
calcium phosphate materials may aggravate cardiovascular
deterioration in the event of cement embolism by stimulating
coagulation.19 Thromboembolism may also aggravate cardio-
vascular deterioration after PMMA embolism.11,20,21

Therefore, the aim of the present study was to investigate
the cardiovascular changes after pulmonary embolism of
PMMA cement with and without hydroxyapatite, with the use
of an animal model.

Materials and Methods
Animal Model. Experiments were carried out at the Biologic Re-

search Facilities of the Prince Charles Hospital in Brisbane, Australia,

using 13 skeletally mature mixed-bred ewes (mean age, 6.9 years;

mean body weight, 39.0 kg) that were subjected to intravenous injec-

tion of bone cement. Experiments were approved by the Queensland

University of Technology Animal Ethics Committee and were con-

ducted according to National Health and Medical Research Council

(NHMRC) guidelines.

Preparation of Animals and Monitoring. Anesthesia was in-

duced (bolus of 150 mg per sheep) and maintained (1.0 g/h) with

propofol. Analgesia was achieved by administrating buprenorphine

(0.01 mg/kg). The trachea was intubated and the lungs were ventilated

with oxygen (10 –12 mL/kg) using a Campbell anesthetic ventilator

(Ulco Engineering, Marrickville, NSW, Australia), maintaining nor-

mal end-tidal and arterial CO2 tension before cement injection. Ven-

tilation settings were not altered after injection of the cement. A drip

infusion of Hartmann solution was maintained at 4 mL/kg/h. Probes

were placed on the skin for electrocardiogram (ECG) conduction.

The left carotid artery was cannulated for measuring arterial blood

pressure and taking arterial blood samples for blood gas analysis.

Central venous pressure was measured in the right jugular vein, and
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the left jugular vein was cannulated for measuring pulmonary arterial

pressure. Catheters were connected to pressure transducers (Mar-

quette Tramscop 12C; Philips Medical Systems, North Ryde, NSW,

Australia) via saline-filled pressure tubing.

Left fifth-interspace thoracotomy was performed for placing an

ultrasonic flow probe (Transonic Flowprobe 20A803; Transonic Sys-

tems, Ithaca, NY) around the pulmonary artery for measuring con-

tinuous cardiac output with a small animal blood flow meter (T206;

Transonic Systems).

Cardiac output, blood pressures, and ECG were digitized at 100

Hz using a MacLab A/D converter (ADInstruments, Castle Hill,

NSW, Australia) and stored on a computer for off-line analysis (Chart

5; ADInstruments). Heart rate was derived from the ECG. Cardiovas-

cular parameters were recorded continuously until 60 minutes after

starting the cement injection. Data were analyzed for 2-minute peri-

ods at each time point (before injection and every 10 minutes after

injection) and averaged.

Blood Sampling and Analysis. Arterial blood samples were

drawn 5 minutes before cement injection and 10, 30, and 60 minutes

after injection for blood gas analysis and evaluating the coagulation

status. An additional blood sample was taken before induction of

anesthesia (ie, before cannulation) for measuring coagulation param-

eters. Blood gases were measured immediately after sampling. Blood

samples for measuring coagulation parameters were centrifuged (15

minutes at 1000g, 0°C) immediately after sampling, and the plasma

was stored at �70°C for later batch analysis. The following coagula-

tion parameters were measured: antithrombin and D-dimer. Plasma

samples were analyzed at a certified clinical hematology laboratory.

Antithrombin concentrations were determined using a functional ac-

tivity assay (Coamatic Kit; Chromogenix, Instrumentation Laborato-

ries, Lexington, Mass). A latex agglutination immunoassay (HemosIL

Kit; Instrumentation Laboratories) was used to determine D-dimer

concentrations. Quantitative measurements were performed on an

automated coagulation analyzer (ACL Futura; Instrumentation

Laboratories).

Cement Injection. Cement was injected into the pulmonary trunk

through a venous catheter (Jelco; diameter, 1.63 mm; length, 32 mm;

Medex, Carlsbad, Calif). The injection location was chosen to ensure

that the total volume of injected cement was carried into the lungs.

The quantity of injectable cement was determined by the volume of

the catheter (0.3 mL) plus the volume (2 mL) of cement that had

caused 50% lethality (LD50) after pulmonary embolism in a previous

animal study (calcium phosphate cement injected in pigs).19 Thus, a

total of 2.0 mL of cement entered the bloodstream. The viscosity of

the cement at injection was as required for clinical application (ie,

vertebroplasty). Two different materials were tested, and manufac-

turers’ guidelines were followed: 1) standard PMMA cement contain-

ing 10% barium sulfate by weight (Simplex P; Stryker, St Leonards,

NSW, Australia) was mixed for 30 seconds and left to polymerize for

90 seconds before injection. Cement was injected over a period of 10

seconds. 2) PMMA cement, containing 10% hydroxyapatite and 25%

barium sulfate by weight (PMMA & HA; Vertecem, Synthes, Ober-

dorf, Switzerland) for enhancing radiopacity, was mixed for 60 sec-

onds and left to polymerize for 360 seconds before injection. Cement

was injected over a period of 30 seconds. Variations in mixing and

polymerization times (ie, time from mixing to injection) and dura-

tion of injection were a result of the different curing properties of the

2 materials. At the end of the protocol (60 minutes after injection),

animals were euthanized by an overdose of barbiturates.

Statistical Analysis. Changes in recorded parameters were calcu-

lated as the difference between the baseline value (before injection)

and the value at each time point. Data were calculated and presented

as mean � SD and as 95% confidence intervals (95% CI). If the 95%

CI did not include zero, the null hypothesis was rejected with P � .05.

Comparisons between the 2 material groups at baseline and at time

points with significant changes were achieved with use of the Mann-

Whitney test. Post hoc power analysis was performed for mean pul-

monary arterial pressure and mean arterial blood pressure. A P value

of � .05 was considered significant for all analyses. Statistical analyses

were performed with the use of Statistica 7 software (StatSoft, Ham-

burg, Germany).

Results
Experimental Observations. One animal went into atrial

fibrillation during catheterization. Chemical (50 mg lidocaine
intravenously) and electrical cardioversion were unsuccessful.
The animal went into ventricular fibrillation and cardiac arrest
and subsequently died. No animal died after the cement
injection.

Cardiovascular Parameters. Baseline cardiovascular data
recorded before cement injection are presented in Table 1.
There were no statistically significant differences between the
material groups before injection.

One minute after having started the injection, mean pul-
monary arterial pressure had increased significantly by 9%
(�2 mm Hg) and 14% (�2 mm Hg) from the baseline (pre-
injection) value in the PMMA and PMMA & HA group, re-
spectively. No other changes were observed immediately after
cement injection. Mean pulmonary arterial pressure stayed
elevated in both groups for the duration of the experiment but
did not increase further (Fig 1). In the PMMA & HA group, the
increase in pulmonary arterial pressure was no longer statisti-
cally significant 30 minutes after injection and thereafter. In
the PMMA group, cardiac output was significantly lower at 30
minutes (11%) and 60 minutes (16%) after injection com-
pared with the baseline value. Furthermore, heart rate was

Table 1: Cardiovascular data before cement injection

PMMA PMMA & HA

Mean � SD 95% CI Mean � SD 95% CI
MABP (mm Hg) 114 � 8.6 105–123 126 � 14.6 110–141
MCVP (mm Hg) 10.5 � 4.1 6.2–14.8 7.5 � 3.8 3.5–11.5
MPAP (mm Hg) 21.7 � 5.0 16.4–26.9 17.5 � 4.4 12.9–22.1
CO (L/min) 3.7 � 0.7 3.0–4.4 3.4 � 0.7 2.6–4.1
CI (L/min/kg) 0.10 � 0.02 0.08–0.12 0.08 � 0.01 0.07–0.10
HR (beats/min) 124 � 18 105–143 119 � 13 105–133

Note:—PMMA indicates polymethylmethacrylate; HA, hydroxyapatite; SD, standard deviation; MABP, mean arterial blood pressure; MCVP, mean central venous pressure; MPAP, mean
pulmonary arterial pressure; CO, cardiac output; CI, cardiac index; HR, heart rate. In all cases, N � 6.
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significantly lower (6%) at 60 minutes after injection. There
were no other statistically significant changes and no signifi-
cant differences in the cardiovascular values between the 2
material groups after injection (Table 2).

The sample size of the current study (6 � n � 5) was suf-
ficient to detect clinically relevant differences (10 mm Hg for
mean pulmonary arterial pressure and 20 mm Hg for mean
arterial blood pressure) between baseline and postinjection
values with a power of 74%–99%.

Blood Gas Parameters. Blood gas data measured before
and after cement injection are presented in Table 3. There
were no statistically significant changes from preinjection to
postinjection values and no significant differences in the val-
ues between the material groups.

Coagulation Parameters. There were no significant differ-
ences between precannulation and preinjection values. A de-
creasing trend (not significant) of concentrations of anti-
thrombin was observed in both groups. Values dropped from
0.69 � 0.07 and 0.71 � 0.10 U/mL before injection to 0.65 �
0.06 and 0.68 � 0.12 U/mL 60 minutes after injection in the
PMMA and PMMA & HA groups, respectively. No D-dimer
results were available for the PMMA group because most
plasma samples were hemolytic. There was an increasing trend
of D-dimer concentrations in the PMMA & HA groups, which
was not significant (from 0.58 � 0.22 mg/L before injection to
0.62 � 0.25 mg/L at 60 minutes after injection).

Discussion
Intravenous injection of cement (2 mL) resulted in a sudden (1
minute after injection) and slight (2 mm Hg) increase in pul-
monary arterial pressure in both the PMMA and the PMMA &
HA groups. Pulmonary arterial pressure stayed elevated but
did not increase further for the duration of the experiment.

An increase of 10 –15 mm Hg (67%–100%) in pulmonary
arterial pressure is considered mild pulmonary hypertension
in humans.22 In the present study, pulmonary arterial pressure
increased by only 2 mm Hg (9%–14%). Pulmonary cement
embolism did not cause severe cardiovascular deterioration in
sheep with a healthy cardiopulmonary system. However, pul-
monary arterial pressure stayed elevated for the duration of

the experiment (60 minutes after injection). Persisting in-
crease in pulmonary arterial pressure, though small, may
worsen with time as a result of the release of vasoactive medi-
ators such as endothelin. Endothelin is a very potent pulmo-
nary vasoconstrictor and stimulates the proliferation of
smooth muscle cells and fibroblasts.23 Thus, pulmonary ce-
ment embolism may cause more severe cardiovascular deteri-
oration in the long term. Present results are in accordance with
most clinical case reports of mild respiratory insufficiency af-
ter cement embolism. However, there is the potential of severe
and even fatal complications after cement embolism, espe-
cially in patients with an impaired cardiopulmonary system.

Adding hydroxyapatite to PMMA cement did not alter the
cardiovascular response to pulmonary embolism compared
with standard PMMA cement. There was no significant differ-
ence between the recorded values of the 2 groups. Concerns
about coagulation activation because of calcium ions leaking
from the cement or by the rougher surface of the PMMA & HA
cement were unsubstantiated. No significant changes in coag-
ulation parameters were observed in the present study. The
slight changes may have occurred as a result of cannulation
and blood sampling. There was no evidence of thromboem-
bolism. However, higher (�10%) concentrations of hydroxy-
apatite may activate coagulation. Present results are in accor-
dance with Blinc et al,24 who reported that PMMA did not
activate coagulation in vitro.

Pulmonary hypertension, arterial hypotension, hypoxia,
and hypercapnia are the hallmark symptoms of pulmonary
embolism. In the present study, only pulmonary hypertension
was observed. It was not severe enough to cause significant
changes in arterial pressure, cardiac output, and blood gas
values. A higher increase in pulmonary arterial pressure would
result in forward failure of the heart with a subsequent drop in
arterial blood pressure and decrease in cardiac output. In-
creased dead space ventilation and ventilation-perfusion in-
equality would lead to hypercapnia and hypoxia. Different
causes have been proposed for the increase in pulmonary ar-
terial pressure after pulmonary embolism (ie, mechanical
blockage,25,26 reflexive vasoconstriction of pulmonary ves-
sels,25,27 release of vasoactive mediators,28,29 an allergic reac-
tion to the material,30 or activated coagulation19,31). Activa-
tion of the coagulation cascade did not seem to play a role in
the present experiments. It is unlikely that an allergic reaction
caused the observed cardiovascular changes because all ani-
mals responded similarly to the injection. The present study
did not investigate the potential release of vasoactive media-
tors. However, one would expect that the release of vasoactive
mediators would have a generalized effect on the lung vessels,
causing pulmonary hypertension of a higher magnitude with
subsequent arterial hypotension and hypoxia. The degree of
pulmonary hypertension after mechanical occlusion of the
pulmonary arterial vascular bed depends on the size and num-
ber of emboli. If the diameter of the emboli is larger than 200
�m (macroemboli), blockage of more than 50% of the pulmo-
nary arterial vasculature is necessary to cause clinically signif-
icant pulmonary hypertension.26,32 Smaller emboli (micro-
emboli of �200 �m) initiate pulmonary vasoconstriction,
resulting in a considerable increase in pulmonary arterial pres-
sure, even if less than 50% of the pulmonary arterial vascula-
ture is blocked.27,33 In the present study, the slight increase in

Fig 1. Mean changes and 95% confidence intervals of pulmonary arterial pressure after the
injection of PMMA and PMMA with HA cement. * Significantly different from preinjection
(P � .05).
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pulmonary arterial pressure may have been a result of redis-
tribution of blood flow after macroembolism, blocking less
than 50% of the pulmonary arterial vasculature.

Differences between the animal model and the clinical sit-
uation pertain to the limitations of the present study. Cement
was injected directly into the pulmonary trunk and did not
enter the bloodstream through the basivertebral veins. Trans-
port of the cement by the bloodstream via the vena cava and

right heart into the lungs may increase the risk of coagulation
activation. However, generating pulmonary cement embolism
by injecting cement into a vertebral body would have caused
several problems. It would not be possible to control the loca-
tion of cement leakage. Cement may leak into epidural veins
or end up in the external vertebral venous plexus without be-
ing transported into the lungs. In addition, it would be impos-
sible to control the quantity of embolized cement. Further-

Table 2: Changes in cardiovascular data after cement injection

10 Min 20 Min 30 Min 40 Min 50 Min 60 Min
MABP (mm Hg)

PMMA �1.3 � 2.0 �1.3 � 1.9 �0.5 � 2.3 �1.7 � 2.9 �1.2 � 2.0 �1.7 � 2.1
�3.4–0.7 �3.3–0.6 �2.9–1.9 �4.7–1.4 �3.3–1.0 �3.8–0.5

PMMA & HA �0.3 � 2.2 �0.7 � 2.4 �1.7 � 3.6 �1.7 � 3.6 �2.0 � 2.4 �2.7 � 3.1
�2.6–1.9 �3.2–1.9 �5.4–2.1 �4.5–1.1 �4.5–0.5 �6.0–0.6

MCVP (mm Hg)
PMMA �0.2 � 0.8 0.0 � 1.4 0.2 � 0.8 0.3 � 0.8 0.0 � 0.6 �0.3 � 1.0

�1.0–0.6 �1.5–1.5 �0.6–1.0 �0.5–1.2 �0.7–0.7 �1.4–0.8
PMMA & HA �0.2 � 0.8 �0.2 � 0.8 0.0 � 1.1 �0.2 � 1.3* �0.2 � 1.5 0.2 � 1.3

�1.0–0.6 �1.0–0.6 �1.1–1.1 �1.8–1.4 �1.7–1.4 �1.2–1.6
MPAP (mm Hg)

PMMA 1.5 � 1.2† 1.3 � 1.0† 1.5 � 1.0† 1.5 � 1.0† 1.7 � 1.2† 1.8 � 1.0†
0.2–2.8 0.2–2.4 0.4–2.6 0.4–2.6 0.4–2.9 0.8–2.9

PMMA & HA 2.5 � 1.2† 2.0 � 1.3*† 1.8 � 2.5 2.2 � 2.4 2.0 � 2.4 2.0 � 2.4
1.2–3.8 0.7–3.3 �0.8–4.4 �0.8–5.2 �0.8–4.8 �0.5–4.5

CO (L/min)
PMMA �0.4 � 0.4* �0.5 � 0.6 �0.4 � 0.3† �0.4 � 0.4 �0.3 � 0.4 �0.6 � 0.4†

�0.8–0.1 �1.1–0.1 �0.8–�0.1 �0.8–0.0 �0.7–0.0 �1.0–�0.2
PMMA & HA 0.0 � 0.2 0.0 � 0.2 �0.1 � 0.1 �0.1 � 0.2 �0.1 � 0.4 �0.1 � 0.4

�0.2–0.3 �0.3–0.3 �0.3–0.1 �0.4–0.2 �0.6–0.4 �0.6–0.4
CI (L/min/kg)

PMMA �0.01 � 0.01* �0.01 � 0.02 �0.01 � 0.01 �0.01 � 0.01 �0.01 � 0.01 �0.02 � 0.01
�0.02–0.0 �0.03–0.0 �0.02–0.0 �0.02–0.0 �0.02–0.0 �0.03–0.0

PMMA & HA 0.0 � 0.0 0.0 � 0.01 0.0 � 0.0 0.0 � 0.01 0.0 � 0.01 0.0 � 0.01
0.0–0.0 �0.01–0.01 �0.01–0.0 �0.01–0.0 �0.01–0.01 �0.01–0.01

HR (beats/min)
PMMA �0.8 � 6.2 �1.7 � 7.3 �2.7 � 6.3 �4.0 � 5.8 �4.0 � 7.4 �6.8 � 4.7†

�7.4–5.7 �9.3–6.0 �9.3–3.9 �10.1–2.1 �11.7–3.7 �11.7–�1.9
PMMA & HA �0.5 � 9.0 �0.8 � 10.1 �1.5 � 15.3 0.2 � 16.8 �0.2 � 15.2* �7.2 � 10.3

�10.0–9.0 �11.5–9.8 �17.5–14.5 �17.4–17.8 �19.1–18.7 �18.0–3.6

Note:—MABP indicates mean arterial blood pressure; PMMA indicates polymethylmethacrylate; HA, hydroxyapatite; MCVP, mean central venous pressure; MPAP, mean pulmonary arterial
pressure; CO, cardiac output; CI, cardiac index; HR, heart rate. The values are given as mean � SD and on the next line as 95% confidence intervals. Unless otherwise indicated, N �
6.
* N � 5.
† Significantly different (P � .05) from before injection.

Table 3: Blood gas data before and after cement injection

Before
Injection N 10 Min N 30 Min N 60 Min N

pH
PMMA 7.41 � 0.03 5 7.40 � 0.08 5 7.41 � 0.08 5 7.41 � 0.08 5

7.36–7.45 7.29–7.50 7.31–7.51 7.31–7.51
PMMA & HA 7.47 � 0.09 5 7.38 � 0.11 6 7.40 � 0.10 6 7.41 � 0.10 6

7.35–7.58 7.27–7.49 7.30–7.51 7.31–7.51
PCO2 (mm Hg)

PMMA 42.9 � 6.3 5 44.8 � 5.9 5 43.6 � 6.5 5 43.0 � 6.5 5
35.0–50.8 37.5–52.2 35.5–51.7 34.9–51.1

PMMA & HA 35.7 � 7.4 5 48.0 � 12.7 6 46.0 � 12.7 6 44.5 � 10.5 6
26.4–44.9 34.6–61.3 32.6–59.3 33.5–55.5

PO2 (mm Hg)
PMMA 509 � 60 5 361 � 175 5 453 � 75 5 461 � 66 5

435–583 144–579 360–547 378–543
PMMA & HA 504 � 33 5 328 � 163 6 342 � 145 6 377 � 121 6

462–545 158–499 190–494 251–504

Note:—PMMA indicates polymethylmethacrylate; HA, hydroxyapatite; PO2, partial pressure of oxygen; PCO2, partial pressure of carbon dioxide. The values are given as mean � SD and
as 95% confidence intervals on the line below.
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more, cement injection into vertebral bodies would give rise to
fat embolism34 and would thus mask the cardiovascular reac-
tion to cement embolism. In the present study, cardiovascular
parameters were monitored for 1 hour after the cement injec-
tion, which should have been sufficient for detecting an acti-
vation of the coagulation system. No information is available
concerning the volume of pulmonary cement emboli in the
clinical situation. The present study did not intend to deter-
mine the safety threshold for cement embolism but aimed to
investigate the cardiovascular consequences of a substantial
cement leak. Bernards et al19 reported a very high mortality
rate (up to 86%) after embolism of 2 mL of calcium phosphate
cement; thus, 2 mL were injected in the present study. With
the present model, higher quantities of cement may have
caused more severe reactions, but this was outside the scope of
this study. Finally, experiments were carried out in sheep with
a healthy cardiopulmonary system. Pulmonary embolism of 2
mL of cement may cause more severe cardiovascular deterio-
ration in patients with an impaired cardiopulmonary system.

Conclusion
Cement embolism during vertebroplasty should be prevented
by all means, but the acute cardiovascular consequences of
considerable PMMA leaks (2 mL) may not be severe in persons
with a healthy cardiopulmonary system. Adding hydroxyapa-
tite (10%) to PMMA cement did not cause more severe car-
diovascular changes. Further studies are needed to investigate
the long-term consequences of pulmonary cement embolism.
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Dr. Marcel Zwahlen for their statistical advice. Dr. Hans-Peter
Kohler offered his expertise on coagulation parameters.

References
1. Hulme PA, Krebs J, Ferguson SJ, et al. Vertebroplasty and kyphoplasty: a sys-

tematic review of 69 clinical studies. Spine 2006;31:1983–2001
2. Harrington KD. Major neurological complications following percutaneous

vertebroplasty with polymethylmethacrylate: a case report. J Bone Joint Surg
Am 2001;83:1070 –73

3. Ratliff J, Nguyen T, Heiss J. Root and spinal cord compression from methyl-
methacrylate vertebroplasty. Spine 2001;26:E300 –E302

4. Teng MM, Cheng H, Ho DM, et al. Intraspinal leakage of bone cement after
vertebroplasty: a report of 3 cases. AJNR Am J Neuroradiol 2006;27:224 –29

5. Jang JS, Lee SH, Jung SK. Pulmonary embolism of polymethylmethacrylate
after percutaneous vertebroplasty: a report of three cases. Spine
2002;27:E416 –E418

6. Yoo KY, Jeong SW, Yoon W, et al. Acute respiratory distress syndrome asso-
ciated with pulmonary cement embolism following percutaneous vertebro-
plasty with polymethylmethacrylate. Spine 2004;29:E294 –E297

7. Monticelli F, Meyer HJ, Tutsch-Bauer E. Fatal pulmonary cement embolism
following percutaneous vertebroplasty (PVP). Forensic Sci Int 2005;149:35–38

8. Schmidt R, Cakir B, Mattes T, et al. Cement leakage during vertebroplasty: an
underestimated problem? Eur Spine J 2005;14:466 –73

9. Yeom JS, Kim WJ, Choy WS, et al. Leakage of cement in percutaneous trans-
pedicular vertebroplasty for painful osteoporotic compression fractures.
J Bone Joint Surg Br 2003;85:83– 89

10. Amar AP, Larsen DW, Esnaashari N, et al. Percutaneous transpedicular poly-
methylmethacrylate vertebroplasty for the treatment of spinal compression
fractures. Neurosurgery 2001;49:1105–14

11. Padovani B, Kasriel O, Brunner P, et al. Pulmonary embolism caused by acrylic
cement: a rare complication of percutaneous vertebroplasty. AJNR Am J Neu-
roradiol 1999;20:375–77

12. Tozzi P, Abdelmoumene Y, Corno AF, et al. Management of pulmonary em-
bolism during acrylic vertebroplasty. Ann Thorac Surg 2002;74:1706 – 08

13. Charvet A, Metellus P, Bruder N, et al. [Pulmonary embolism of cement during
vertebroplasty]. Ann Fr Anesth Reanim 2004;23:827–30

14. Stricker K, Orler R, Yen K, et al. Severe hypercapnia due to pulmonary embo-
lism of polymethylmethacrylate during vertebroplasty. Anesth Analg
2004;98:1184 – 86

15. Lazarus MD, Cuckler JM, Schumacher HR Jr, et al. Comparison of the inflam-
matory response to particulate polymethylmethacrylate debris with and
without barium sulfate. J Orthop Res 1994;12:532– 41

16. Sabokbar A, Fujikawa Y, Murray DW, et al. Radio-opaque agents in bone ce-
ment increase bone resorption. J Bone Joint Surg Br 1997;79:129 –34

17. Kobayashi N, Togawa D, Fujishiro T, et al. Histological and radiographic eval-
uation of polymethylmethacrylate with two different concentrations of bar-
ium sulfate in a sheep vertebroplasty model. J Biomed Mater Res A
2005;75:123–27

18. Mathis JM. Percutaneous vertebroplasty: complication avoidance and tech-
nique optimization. AJNR Am J Neuroradiol 2003;24:1697–706

19. Bernards CM, Chapman J, Mirza S. Lethality of embolized Norian bone ce-
ment varies with the time between mixing and embolization. Annual Meeting
of the Orthopaedic Research Society, March 3–7, 2004, San Francisco, Calif.

20. François K, Taeymans Y, Poffyn B, et al. Successful management of a large
pulmonary cement embolus after percutaneous vertebroplasty: a case report.
Spine 2003;28:E424 –E425

21. Perrin C, Jullien V, Padovani B, et al. Percutaneous vertebroplasty complicated
by pulmonary embolus of acrylic cement. Rev Mal Respir 1999;16:215–17

22. World Health Organization (WHO). Primary Pulmonary Hypertension. Exec-
utive Summary from the World Symposium on Primary Pulmonary Hypertension
1998, Evian, France.
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