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Background. The second-generation Carpentier-Ed-
ards pericardial valve (Edwards Lifesciences LLC, Ir-

ine, CA) is widely used for aortic valve replacement.
owever, knowledge on the long-term outcomes of pa-

ients after valve implantation is incomplete. We used
icrosimulation to calculate the long-term outcome of

ny given patient after aortic valve replacement with the
arpentier-Edwards pericardial valve.
Methods. A meta-analysis of 8 reports on aortic valve

eplacement with the Carpentier-Edwards pericardial
alve (2,685 patients; 12,250 patient years) was used to
stimate the hazards of valve-related events other than
tructural valvular deterioration. Structural valvular de-
erioration was described by age-dependent Weibull
urves calculated from 18-year follow-up, premarket ap-
roval, Carpentier-Edwards pericardial primary data.
hese estimates provided the input data for the parame-

ers of the microsimulation model, which was then used
o calculate the outcomes of patients of different ages
fter valve implantation. The model estimates of survival

ere validated using two external data sets.
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Results. The Weibull analysis estimated a median time
o reoperation for structural valvular deterioration rang-
ng from 18.1 years for a 55-year-old male to 23.2 years for
75-year-old male. For a 65-year-old male, microsimula-

ion calculated a life expectancy and event-free life ex-
ectancy of 10.8 and 9.1 years, respectively. The lifetime
isk of at least one valve-related event was 38% and that
f reoperation due to structural valvular deterioration
7%, respectively, for this patient. The model estimates
f survival showed good agreement with external data.
Conclusions. Microsimulation provides detailed in-

ight into the long-term prognosis of patients after aortic
alve replacement. The Carpentier-Edwards pericardial
alve performs satisfactorily and offers a low lifetime
isk of reoperation due to structural valvular deteriora-
ion, especially for elderly patients requiring aortic valve
eplacement.

(Ann Thorac Surg 2005;80:825–31)

© 2005 by The Society of Thoracic Surgeons
tented bovine pericardial bioprosthetic heart valves,
which offer an alternative to the glutaraldehyde-

reated porcine valves, have been used for aortic valve
eplacement (AVR) for over 30 years. After disappointing
esults with the first-generation Ionescu-Shiley valve
Shiley, Inc, Irvine, CA) [1, 2], the second-generation
arpentier-Edwards (Perimount) pericardial bioprosthe-

is (Edwards Lifesciences LLC, Irvine, CA) was intro-
uced in 1982 and obtained US Food and Drug Admin-

stration (FDA) approval in 1991. It is currently the most
idely used pericardial valve worldwide and the only
ericardial valve approved by the FDA [3].
Compared with its predecessors, the Carpentier-

dwards pericardial valve incorporates significant design
odifications including improved tissue fixation and a

ophisticated method of mounting leaflets on a flexible

ccepted for publication March 16, 2005.

ddress reprint requests to Dr Puvimanasinghe, Department of Cardio-
lgiloy metal stent [4]. This has resulted in the reported
xcellent hemodynamics and durability of the valve [5, 6].
owever, knowledge on the long-term outcome of pa-

ients after valve replacement with Carpentier-Edwards
ericardial valves and the lifetime risk of valve-related
vents is still incomplete. This information would be
seful for comparison of the Carpentier-Edwards peri-
ardial valve with other bioprostheses, especially the
ore commonly used porcine valves, and in the choice of
valve for the individual patient.
We combined a meta-analysis and other data with mi-

rosimulation to provide insight into the age-related life
xpectancy and lifetime risks of valve-related events after
VR with the Carpentier-Edwards pericardial valve.

aterial and Methods

eta-Analysis
he estimates of hazards of valve-related events, other

han structural valvular deterioration (SVD), were ob-

ained from a meta-analysis of selected literature. For this

0003-4975/05/$30.00
doi:10.1016/j.athoracsur.2005.03.064
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urpose, we conducted a literature search of the Medline
atabase using the PubMed interface for the period

anuary 1995 to December 2002, to identify reports that
xamined the outcomes of patients after AVR with the
arpentier-Edwards pericardial valve. The text words
sed for the search were “Carpentier-Edwards” and the

erms “bioprosthesis” and “tissue heart valves” in com-
ination with “bovine” and “pericardial,” respectively.
he titles and abstracts of the search results were
creened for reports that contained data on valve-related
vents, their consequences, and long-term survival of
atients after AVR. The references in these reports were
ross-checked for other potentially relevant studies,
hich finally resulted in 30 published reports.
We then applied six criteria to these reports in order to

btain a similar group of studies. These criteria were the
ollowing: (1) valve sizes 19–31 mm, not focusing on a
articular size or range; (2) patients greater than 15 years
f age, not focusing on a particular age group; (3) pre-
ominantly first time AVR; (4) AVR with or without
oronary artery bypass grafting (CABG), excluding other
alve replacements; (5) predominantly patients who do
ot require long-term anticoagulation; and (6) no over-

apping patient populations. This excluded 22 reports,
eaving 8 reports for further analysis [6–13]. Valve-
elated events in these reports were defined according to
he guidelines of Edmunds and colleagues [14, 15]. The 8
eports were reviewed in detail to obtain data required
or calculation of the input parameters of the microsimu-
ation model.

Assuming a constant hazard over time, weighted mean
stimates of linearized annual occurrence rates were
alculated for valve thrombosis, thromboembolism, hem-
rrhage, and nonstructural dysfunction, respectively. The
isk of endocarditis was assumed to take 2 phases of
onstant hazard, the hazard within six months of implan-
ation greater than in the subsequent period. Hence, a
-period exponential model was fitted to the pooled
reedom-from-endocarditis curve obtained by combining
he individual curves in the selected reports [16]. The
ombined mortality and reoperation rates were also
alculated.

nalysis of Primary Data to Estimate Hazard of SVD
he risk of SVD in a bioprosthesis depends on the age of

he patient at implantation and on the time elapsed since
alve replacement. The risk decreases with implantation
ge, but increases with time since implantation. The
stimate of the hazard of SVD was obtained by fitting
ge-dependant Weibull curves on primary data [17, 18].
he Weibull formula for the freedom from SVD is:

S(t) � e�(t/�)��,

here S(t) indicates the freedom from SVD at time t
hile � and � denote the scale and shape parameters of

he model. The shape parameter reflects the changing
isk of SVD over time. We used a data set of 267 patients,
mplanted with Carpentier-Edwards pericardial prosthe-

es between 1981 and 1984, to calculate the parameters of T
he Weibull model. The SVD was diagnosed at explant
or this analysis. The mean age of the patients at implan-
ation was 65 � 12 years, 64% were men, and the
ollow-up extended to 18 years. These patients formed
art of the original four-center premarketing clinical

nvestigation conducted for the US FDA.

he Microsimulation Model
he microsimulation model is a computer application

hat simulates the life of a patient after AVR with a given
alve type, taking into account the morbidity and mor-
ality events that the patient may experience. The mor-
ality of a patient is composed of the mortality experience
f the general population, mortality due to valve-related
vents and an “additional mortality” component that is
ssociated with underlying valve pathology, left ventric-
lar function, and valve replacement procedure, respec-

ively [19].
The mortality experience of the general population was

ncorporated into the model by means of the life table of
he relevant population; American males in this analysis.

ortality due to valve-related events was incorporated
sing the data obtained from the meta-analysis. We
reviously estimated age-specific and sex-specific hazard
atios to represent the effect of additional mortality. They
ere 2.9, 1.8, 1.2, and 0.8 for male patients aged 45, 55, 65,

nd 75 years, respectively [20]. Operative mortality was
stimated at 1.5% for a 40-year-old patient, increasing
ith odds ratios of 1.022 per additional year of age and 1.7
er reoperation. The model calculates patient outcomes
y superimposing the morbidity and mortality estimates
f valve-related events on the other two mortality com-
onents. For each calculation, 10,000 simulations were
erformed. In principle, the model can be applied for any
alve type and for a patient of either sex. For this analysis,
he model was used to calculate outcomes of male pa-
ients after AVR with the Carpentier-Edwards pericardial
alve. A detailed account of the microsimulation struc-
ure and methodology has been given previously [21, 22].

alidation
o assess the validity of the microsimulation model
alculations, we compared the age-specific and sex-
pecific survival calculations of the microsimulation
odel with two separate data sets; the Carpentier-

dwards pericardial valve data set and the Carpentier-
dwards standard valve data set, both from the Provi-
ence Health System, Portland, Oregon. The pericardial
ata contain 1,021 patients who were implanted with the
rosthesis between 1991 and 2002. The mean age of the
atients was 74.3 years. We also compared the age-
pecific and sex-specific model outputs with the Portland
5-year follow-up data on patients who underwent AVR
ith the Carpentier-Edwards “standard” bioprosthesis

23].

ensitivity Analysis
one-way sensitivity analysis was performed to investi-

ate the effect of uncertainty in the parameter estimates.

his was done by varying each individual parameter,



w
e
i
t
l
e
f
c

R

M
T
p
i
S
m
C
a
w
a
T
i
o
m
s

S
T
m
d
m
n
a
p
i
r

M
T
s
v
t
e

a
o
w
a
v
o

o
a
r
i
a

r
c
t
w
t
a
v
w
1
y

T
E

V

V
T
H
E
N
S

a cardit
b rema

F
L

827Ann Thorac Surg PUVIMANASINGHE ET AL
2005;80:825–31 PROGNOSIS AFTER AVR WITH C-E PERICARDIAL VALVE

C
A

R
D

IO
V

A
SC

U
LA

R

hile keeping the other estimates fixed. Variation of the
stimates of valve-related events by their 95% confidence
ntervals yielded only very small changes in the long-
erm outcomes. Therefore, for this analysis we defined
arger ranges by increasing and decreasing the baseline
stimates by 25%. A plausible range was also considered
or the hazard ratio representing the additional mortality
omponent.

esults

eta-Analysis
he eight reports selected for the meta-analysis com-
rised 2,685 Carpentier-Edwards pericardial valve recip-

ents and 12,250 patient-years of follow-up, respectively.
ixty-two percent of the patients were male and the
ean age at implantation was 67 years. Concomitant
ABG was performed on about 30% of the patients,
lthough differences between the component studies
ere noted. The pooled incidence of valve-related events

nd their outcomes are given in Table 1. As depicted in
able 1, thromboembolism occurred with an annual

ncidence of 1.35% per patient-year while the incidence
f endocarditis was 1.76% per patient-year in the first 6
onths after implantation, decreasing threefold in the

ubsequent period.

tructural Valvular Deterioration
he value of the scale (�) parameter of the Weibull
odel, fitted to represent SVD in the pericardial valves,

epends on age: � � e2.31 � 0.0124 � age. Extension of the
odel with a quadratic function for age was found to be

ot significant and hence, a linear function for age was
ssumed. The shape parameter (�) � 3.76. With these
arameters, the median time to reoperation due to SVD

n the pericardial valves was 18.1, 20.5, and 23.2 years,
espectively, for 55-, 65-, and 75-year-old male patients.

icrosimulation Model Output
he microsimulation model calculated actuarial patient
urvival, reoperation-free survival, and event-free sur-
ival of male patients of different ages at valve implan-
ation. The areas under the respective curves give the life

able 1. Pooled Incidence of Valve-Related Events and Their
dwards Pericardial Valves

alve-Related Events
Events

(n) (per

alve thrombosis 2
hromboembolism 166
emorrhage 53
ndocarditis 70
onstructural dysfunction 4
tructural valvular deterioration 55

A two-period exponential model was constructed for the risk of endo
An age-dependent Weibull model was constructed using the original p
xpectancy (LE), reoperation-free life expectancy (RFLE), E
nd the event-free life expectancy (EFLE). For a 65-year-
ld male patient for example, the LE was 10.8 years, RFLE
as 10.0 years, and the EFLE was 9.1 years, respectively,

fter implantation with a Carpentier-Edwards pericardial
alve. The LE, RFLE, and EFLE for men at different ages
f valve implantation are given in Figure 1.
The microsimulation model also calculates the “actual”

r lifetime risks of valve-related events and reoperation
fter valve implantation (Fig 2). The lifetime risk of a
eoperation due to SVD reduced with advancing age of
mplantation and was 17% and 5%, respectively, for 65-
nd 75-year-old males.
We further compared the LE of male patients who

eceived Carpentier-Edwards prostheses with that of
orresponding males of the general American popula-
ion. As depicted in Figure 3, the relative LE increased
ith advancing age of implantation from 61% at 50 years

o about 95% for a 75-year-old patient. The relative LE of
hypothetical valve recipient who was immune from

alve-related events was also analyzed. It too increased
ith advancing age of implantation and was greater than

00% that of a person in the general population at 75
ears. The difference between the two curves represents

omes After Aortic Valve Replacement With Carpentier-

ard Rate
Patient Years)

Outcome

Death Rate Reoperation Rate

0.03 0.50 0.50
1.35 0.23 0
0.43 0.41 0
6/0.54a 0.38 0.17
0.13 0 0.50

b 0.09 0.85

is during and after the first six months after aortic value replacement;
rketing clinical investigation data set.

ig 1. Life expectancy (LE; �), reoperation-free LE (Œ), and event-free
E (�) for men after aortic valve replacement with the Carpentier-
Outc

Haz
100

1.7
dwards pericardial valve.
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he mortality associated with valve-related events. The
ifference between the curve for the hypothetical patient
nd the general population standard (ie, 100%) repre-
ents the additional mortality component, which was
ncorporated into the microsimulation model by way of
azard ratios.

alidation
he actuarial 7-year survival of 60- to 69-year-old males

n the Portland pericardial data, who survived the AVR
rocedure, was 69%. The corresponding microsimulation
stimate for a 65-year-old male was 68%. The actuarial
-year survival of 70- to 79-year-old males was 54%,
ompared with the 8-year estimate of 47% calculated by
he microsimulation model. The small numbers at risk
nd the absence of events precluded comparison up to 10
ears and in the 50- to 59-year-old age group, respec-

ig 2. Lifetime risk of at least one valve-related event (�), reopera-
ion due to structural valvular deterioration (�), and thromboembo-
ism (Œ) for males after aortic valve replacement.

ig 3. Life expectancy of males after aortic valve replacement, as a
roportion of the life expectancy of comparable males in the general
opulation. Œ � with valve-related events; � � immune from
malve-related events.
ively. Further, the survival outputs of the microsimula-
ion model for males of different ages compared favor-
bly with the corresponding curves of the Carpentier-
dwards standard Portland experience, through 25 years
ostimplantation (Fig 4).

ensitivity Analysis
he LE and EFLE of a 65-year-old male patient, on

ndividually increasing and decreasing the baseline
alve-related event estimates by 25%, are given in Table
. Variation in the median time to SVD and the hazard
atio representing additional mortality had the most
ffect on the life expectancies.

omment

he pericardial bioprostheses, which have been in use
or more than 30 years [4], are considered an important
lternative to the porcine valves. The pericardial biopros-
heses are fabricated using bovine pericardium, which is
ewn into a valvular configuration on a stented frame.
he first commercially available pericardial valve, the

onescu-Shiley valve was abandoned in 1988 due to a
igh incidence of valvular deterioration characterized by

eaflet tears and valve incompetence [2, 24]. Of the
econd-generation pericardial valves, the Carpentier-
dwards pericardial valve has shown better results than

he other valve in its class, the Pericarbon pericardial
ioprosthesis (Sorin Biomedica, Italy) [8]. The former,
hich received FDA approval in 1991 and is widely

mplanted in many centers at present, was chosen to
epresent the pericardial valves in this analysis.

We used a microsimulation model to provide insight
nto the age- and sex-related life expectancy and lifetime
isks of valve-related events after AVR with the Carpen-
ier-Edwards pericardial valve. Simulation techniques,
y modeling complex outcome paths that result from

ig 4. Comparison of microsimulation model (MSM) outputs and
orresponding Portland Carpentier-Edwards standard valve survival
or 55- (top), 65- (middle), and 75- (bottom) year-old males after
solated aortic valve replacement. � � MSM; - � Portland.
any competing risks, provide a useful adjunct to stan-
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ard statistical methods in calculating the outcomes of
atients after AVR. Data required to parameterize the
icrosimulation model were obtained by two methods.

stimates of the occurrence of valve-related events were
btained by a meta-analysis of published reports. An
dvantage of pooling data was that it represented the
xperience of many centers. The SVD was incorporated
nto the microsimulation model by age-dependent

eibull curves. Grunkemeier and colleagues [25] have
hown that the Weibull distribution was efficient in
ummarizing SVD in biological valves. However, they
tressed that at least 12 years of follow-up was needed to
rovide reliable estimates. We used data on the Carpen-

ier-Edwards pericardial valve, with an 18-year follow-
p, to calculate the Weibull parameters. Accordingly, the
edian time to reoperation due to SVD for 55-, 65- and

5-year-old males implanted with pericardial valves was
8.1, 20.5, and 23.2 years, respectively. These estimates
ay be used to compare the durability of pericardial

alves with the porcine valves and with newer
ioprostheses.
The LE, RFLE, and EFLE for males of different ages as

stimated by the microsimulation model, are depicted in
igure 1. Mortality of an AVR patient who survives the
peration is greater than that of a matched person in the
eneral population. This excess mortality is due to valve-
elated mortality and an additional mortality. The addi-
ional mortality, which may be related to underlying
alve pathology, left ventricular residual hypertrophy,
nd functional abnormality and the valve replacement
rocedure, is not clearly defined and estimated at
resent. Hence, we had previously estimated age- and
ex-specific hazard ratios to represent the effect of addi-
ional mortality in the model, using data from a follow-up
tudy on stented porcine bioprostheses [26]. Kvidal and
olleagues [27], who investigated the excess mortality
fter heart valve replacement, described an increasing
xcess hazard during follow-up and a decreasing excess
azard with advancing age of implantation. This sup-

able 2. Summary of Sensitivity Analysis for a 65-Year-Old

arameter
Baseline
Estimate

Plausible Rang

Favorable Unfav

alve thrombosis 0.03 0.02 0
hromboembolism 1.35 1.01 1
emorrhage 0.43 0.32 0
ndocarditis 1.76/0.54 1.32/0.41 2.2
onstructural dysfunction 0.13 0.10 0
VDb 20.5 years 25.6 years 15.4
dditional mortality
(hazard ratio)

1.2 1.1 1

The baseline estimates (except for the hazard ratio) were increased a
tructural valvular deterioration.

The Life Expectancy and Event-free life Expectancy were 10.8 and 9.1 ye

VD � structural valvular deterioration.
orts a “multiplicative” excess mortality, which was a u
tructural assumption in our model. The use of an “ad-
itive” model may increase LE estimates, especially in
atients under 70 [28, 29].
We have not addressed the possibility that the addi-

ional mortality component may vary with different valve
ypes and valve sizes, which would necessitate different
azard ratios to represent that component. In this regard,

he Carpentier-Edwards pericardial valve has been
hown to be less obstructive in the aortic position than
he Carpentier-Edwards standard and supraannular
alves [5, 30]. This may translate to greater and more
apid regression of left ventricular hypertrophy after
VR with a pericardial valve [31], thus conferring a
igher survival benefit than presently calculated by the
icrosimulation model. Hence, we have used sensitivity

nalysis to underscore the importance of excess mortality
n the outcomes of patients after AVR. The effect on LE
nd EFLE of a 65-year-old male, caused by lowering of
he hazard ratio, is given in Table 2.

Actuarial analysis is commonly used for the analysis of
alve-related events that are not necessarily fatal. Such
nalysis describes the risk for patients provided they
ere immortal. Hence, actuarial analysis overestimates

he risk of SVD, this error being magnified with increas-
ng age. A more relevant estimate is the cumulative
ncidence, termed actual analysis, which calculates the
ercentage of patients who will experience an event
efore they die [32, 33]. It provides a better estimate of

he durability of a bioprosthesis, especially in the elderly.
he microsimulation model calculates the actual lifetime
isk of valve-related events. For a 65- and 75-year-old
ale for example, the lifetime risk of reoperation due to

VD is 17% and 5%, respectively.
The American College of Cardiology/American Heart
ssociation guidelines for the management of patients
ith valvular heart disease [34] recommends a biopros-

hesis for those older than 65 years, based on the major
eduction in SVD and the increased risk of hemorrhage
n this age group. Birkmeyer and colleagues [28], who

Patient After Aortic Valve Replacement

Life Expectancy
(Years)

Event-Free Life
Expectancy (Years)

le Favorable Unfavorable Favorable Unfavorable

10.8 10.8 9.1 9.1
10.9 10.7 9.3 8.9
10.9 10.7 9.2 9.0
10.8 10.7 9.2 9.0
10.8 10.8 9.1 9.1

s 10.9 10.6 9.4 8.4
11.2 10.4 9.4 8.8

creased by 25% to estimate the plausible range; b Median time to

r a 65 year-old male patient.)
Male

ea

orab

.04

.69

.54
/0.68
.16
year
.3

nd de

ars fo
sed a Markov state-transition model to simulate the
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utcomes after AVR with a mechanical valve, calculated
20% or more lifetime risk of hemorrhage in a 65-year-

ld patient. Considering our model calculation for the
ifetime risk of reoperation, a lowering of the 65-year age
hreshold for implantation of a pericardial valve may be
onsidered, especially in younger patients whose life
xpectancy is reduced by concomitant disease.
Limitations of this study included certain structural

ssumptions in the microsimulation model and the un-
ertainty associated with the input parameters. For ex-
mple, a constant hazard was assumed for valve throm-
osis, thromboembolism, hemorrhage, and nonstructural
ysfunction. However, these hazards may vary with

ncreasing age and age at implantation. Based on a
revious study [35], we assumed endocarditis to take two
hases of constant risk, the initial risk up to 6 months
fter implantation, greater than in the subsequent pe-
iod. However, comparisons of different time periods of
mplantation have shown a significant decline in early
rosthetic endocarditis in recent years [36]. Many other
atient-related and surgery-related factors have been
hown to influence overall survival after AVR [37–40].
owever, at present the model calculates outcome for an

verage risk profile only. The moderate numbers of
vents for some valve-related events and possible publi-
ation bias give a degree of uncertainty to the input
arameters of the model.
In conclusion, we have described the use of micro-

imulation in providing detailed insight into outcomes
fter AVR with the Carpentier-Edwards pericardial
alve. This information can be useful for patient coun-
eling and in selecting the optimal valve prosthesis for a
iven patient.
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