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Background and aim of the study: Structural valve
deterioration (SVD) is the most common cause of
bioprosthetic valve failure. Coronary disease risk
factors, including hypercholesterolemia, might pre-
dict SVD. Here, the relationship was examined
between preoperative cholesterol levels and SVD in
patients undergoing bioprosthetic aortic valve
replacement (AVR).

Methods: A total of 7,150 patients (mean age 68 + 12
years) was identified who underwent bioprosthetic
AVR at the Cleveland Clinic Foundation, between
January 1975 and December 2002. Preoperative and
postoperative variables were retrieved from a
prospective, computerized database. A parametric
method was used to estimate the distribution of
valve explants; a multivariable risk factor model was
then developed to include patient demographics, car-
diac and non-cardiac comorbidities, valve type and
interactions. The primary end-point was explant for
SVD. All explants were examined, and observations
were censored at the time of any explant or death.

Bioprosthetic valves have been used with great suc-
cess for mitral and aortic valve replacements since the
early 1970s. Long-term follow up has shown that bio-
prosthetic valves compare favorably with mechanical
valves in terms of endocarditis risk, thromboembolic
events and valve thrombosis (1). The main drawback
of bioprostheses has been structural valve deteriora-
tion (SVD), which results in calcification, leaflet perfo-
ration and dehiscence from struts, and ultimately
valve failure with stenosis or regurgitation.

Despite over 30 years of experience with biopros-
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Bootstrap analysis was used to validate the model.
Results: Among 7,150 patients, 208 had explants for
SVD. Mean preoperative total cholesterol (TC) was
203 + 48 mg/dl, HDL-cholesterol 45 + 15 mg/dl, and
LDL-cholesterol 121 + 41 mg/dl. The average follow
up was 3.7 years, and 1,169 patients (16%) were fol-
lowed for more than eight years. In multivariable
analysis, only younger age (p <0.0001), greater body
weight (p <0.0001), elevated serum creatinine level (p
= 0.0004) and use of a pericardial valve (p = 0.04) pre-
dicted SVD. Neither preoperative cholesterol nor its
fractions predicted valve explant for SVD (log-rank p
= 0.19) Moreover, no cardiovascular risk factors were
predictive of SVD.

Conclusion: Preoperative cholesterol levels do not
predict SVD in patients undergoing bioprosthetic
AVR. Whether long-term hypercholesterolemia or
statin therapy impacts SVD requires further investi-
gation.
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thetic valves, very little is known about modifiable risk
factors for SVD. Large patient series have consistently
shown that valve position and patient age have a pro-
found effect on valve survival. Bioprostheses in
younger patients have markedly shorter lifespans, and
15-year freedom from SVD ranges from 37 to 76% for
aortic valves, whilst that for mitral valves ranges from
30 to 47% (2-5).

The pathology of SVD has been examined in detail,
and has led to speculation that it might share risk fac-
tors with atherosclerosis. The basis for this hypothesis
stems from common histopathologic features of SVD,
native valve aortic stenosis (AS) and coronary artery
disease (CAD). The hallmark of SVD is leaflet calcifi-
cation, which correlates with duration of implant (6).
Histologically, SVD is characterized by an inflammato-
ry cellular infiltrate, as well as amyloid and cholesterol
deposits. The calcification ultimately disrupts the col-
lagen matrix of the valve, and phagocytic destruction
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of the collagen fibrils has been described (7).
Deteriorated valves have also been found to have a
high content of collagenase, matrix metalloprotease
and glucuronidase enzymes - all of which are secreted
by macrophages - and this reinforces the potential role
of inflammatory cell-mediated degeneration (8).
Interestingly, the features of lipid deposition, collagen
fiber disruption, inflammatory cellular infiltrates and
tissue mineralization parallel native valve AS, which
in turn, has been linked with CAD (9).

The results of several clinical studies have suggested
that coronary risk factors, including hypercholes-
terolemia, accelerate the progression of AS (10-12).
Additional investigations, using serial echocardiogra-
phy, have indicated that statins attenuate AS progres-
sion (13,14). In light of the parallels between SVD and
native valve AS, recent studies have focused on poten-
tial links between SVD and atherosclerotic risk factors,
and in particular on hypercholesterolemia (15-17). The
results of these investigations have varied: two studies
reported that hypercholesterolemia increased the risk
of SVD (16,17), whilst study one refuted these findings
(15). The present authors’ institution performs a high
volume of bioprosthetic aortic valve replacements
(AVR). Thus, the study aim was to identify risk factors
for SVD; specifically, it was hypothesized that preop-
erative cholesterol levels might be associated with an
increased occurrence of SVD.

Clinical material and methods

Patient population

Patients who underwent primary or redo cardiac
valve surgery and received a bioprosthetic aortic valve
between January 1975 and December 2002 at the
Cleveland Clinic Foundation were identified using the
institution’s computerized, prospective cardiovascular
surgery database. This database has been approved for
research by the institutional review board. Patients
having concomitant bioprosthetic mitral valve replace-
ment surgery were excluded. In total, 7,150 AVRs were
performed during this time period; of these, 4,833 were
stented bovine pericardial valves, 1,456 were stented
porcine xenogafts, and 853 were homografts (eight
valves had unknown serial numbers, and therefore
were of unknown type).

The database incorporated systematic follow up on
all valve operations at two-year intervals. All cases of
valve explant were carefully reviewed through exami-
nation of the operative records, intraoperative echocar-
diographic data and, when necessary, pathologic data.
Follow up data were available on all but 16 patients.
The mean follow up period was 3.7 years (range: 1 day
to 24 years); 16% of the patients (n = 1,169) were fol-
lowed for more than eight years.
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Clinical data

Preoperative, operative and postoperative variables
were retrieved from the database, and are listed in
Table I. Demographic variables included age, gender
and body mass of patients. The mean patient age at
valve implant was 68 + 12 years, and 69% of the
patients were male. Additionally, data were collected
on concomitant cardiovascular disease, including
CAD, valvular dysfunction and left ventricular ejec-
tion fraction. Non-cardiac variables included tobacco
use, peripheral vascular disease, diabetes, hyperten-
sion and renal dysfunction (see Appendix I).

Preoperative cholesterol data

Preoperative cholesterol data were available for
5,063 patients. High-density lipoprotein (HDL)-choles-
terol values were available in 3,740 patients and low-
density lipoprotein (LDL)-cholesterol was recorded for
3,354. The total cholesterol (TC) data were analyzed
both as a continuous measure and by tertiles (<180,
180-220 and >220 mg/dl). Additionally, the TC:HDL-
cholesterol ratio was examined, because this variable
has been associated with native valve AS progression
(18).

End-points
The primary end-point of the study was explant for
SVD.

Statistical analysis

For all valves, unadjusted bioprosthetic valve sur-
vival (freedom from explant for SVD) was estimated
using the non-parametric Kaplan-Meier method.
Observations were censored at the time of explant for
any reason other than SVD or patient death. A para-
metric method was used to obtain the number of phas-
es for the instantaneous risk of explant (hazard
function) and to estimate its shaping parameters (19).
To identify factors associated with SVD, a multivari-
able risk factor model was developed using a directed
stepwise technique. Variables included in this analysis
are detailed in Appendix I. Bootstrap random resam-
pling was used to validate the model (20).

A rigorous investigation for possible interactions
between variables was performed. Interactions with age
and preoperative cholesterol level were investigated
because it is known that SVD is linked to younger age,
and younger persons may tend to have higher lipids.
The impact of valve type on the time course of events
was also closely scrutinized. Additionally, interactions
between preoperative cholesterol and gender, age, type
of valve, coronary disease, and other factors were inves-
tigated, as were the effects of valve type and age.

For patients with missing values of TC, HDL- and
LDL-cholesterol, mean value imputation was used.
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Missing value flags were constructed and retained in
the final model. To ensure proper calibration of vari-
ables with time to event, possible transformations of
scale were considered for ordinal and continuous vari-
ables.

All statistical analyses were performed using SAS®
version 8.2.

Bioprosthetic structural valve deterioration 263
C. N. Gring et al.

Results

Risk factors for SVD

Baseline patient characteristics are listed in Table I
During the study period, 319 valves were explanted,
with 208 valve explants for SVD. A total of 1,748
patient deaths was recorded prior to valve explant,

Table I: Baseline characteristics for aortic bioprosthesis patients and for patients undergoing explant for structural valve

deterioration.
Characteristic All patients* Explants for SVD*
(n = 7150) (n =208)
Demography
Age (years)’ 68.0+124 549 +£12.7
Height (cm)” 169.6 £10.6 172.6 £8.8
(n = 6813) (n =170)
Bodyweight (kg)" 79.0 +16.4 82.3 +13.9
(n = 6807) (n =168)
Male gender 4828 (69) 165 (79)
Non-cardiac characteristics
Diabetes 1059/6769 (16) 10/180 (6)
Peripheral vascular disease 2561/7148 (36) 19/207 (9)
Smoking history 3552/6891 (63) 71/187 (38)
Hypertension 4201/6688 (63) 77/168 (46)
Preop. serum creatinine (mg/dl)* 124 +1.0 1.7+22
Emergency surgery 105 (1.5) 1(0.5)
NYHA functional class
I 1092 (15) 41 (20)
II 3796 (53) 126 (61)
11 1599 (22) 30 (14)
v 658 (9) 10 (5)
History of myocardial infarction 1889 (26) 29 (14)
Left ventricular dysfunction
Normal/none 2274 (53) 105 (53)
Mild 775 (18) 39 (20)
Moderate 778 (18) 38 (19)
Severe 466 (11) 17 (8)
Not recorded 2857 9
Coronary artery disease (=50%)
Left main trunk 648 (9) 3(1.5)
LAD coronary artery 2961 (43) 44 (21)
Left circumflex coronary artery 2476 (36) 38 (18)
Right coronary artery 2725 (40) 42 (20)
Number of diseased vessels
0 2999 (44) 140 (68)
1 1128 (16) 25 (12)
2 1186 (17) 21 (10)
3 1554 (23) 19 9)
Operative procedure
CABG 3381 (47) 65 (31)
Mitral valve repair 682 (9) 13 (6)
Bovine pericardial bioprosthesis 4833 (68) 64 (31)
Porcine bioprosthesis 1456 (20) 121 (58)
Homograft bioprosthesis 853 (12) 23 (11)

“Values are mean = SD.

*Values in parentheses are percentages of respective column totals.
CABG: Coronary artery bypass graft; LAD: Left anterior descending.
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Figure 1: Unadjusted freedom from structural valve
deterioration (SVD). Each circle represents one event, and
is positioned according to the Kaplan-Meier estimate.
Vertical bars are asymmetric 68% confidence intervals (+ 1
SE). The solid line is the parametric estimate enclosed
within the dashed 68% confidence limits. Numbers of
patients at risk at five, 10 and 15 years were 1952, 748 and
261, respectively.

whilst there were 1,864 deaths over the entire study
period. Freedom from explant for SVD at five, 10 and
15 years was 99%, 93% and 74%, respectively (Fig. 1).
The hazard function for SVD explant resolved to two
phases; an early phase, which accounted for 16 events,
was observed during the first two years after valve
implant, while a late phase contained the other 192
events (Fig. 2). Multivariable model results show that
there were no significant risk factors for explant during
the early phase. In the later phase, only younger
patient age (p <0.0001), preoperative serum creatinine
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Figure 2: Hazard function for valve explant for structural
valve deterioration (SVD). The solid line is the parametric
estimate enclosed within the dashed 68% confidence limits.

level (p = 0.0005), body weight (elevated weight-to-
height ratio, p <0.0001) and the use of bovine pericar-
dial valves (p = 0.04) were risk factors for SVD (Table
11D).

Effects of lipids on SVD

Preoperative TC values were recorded for 5,063
patients, and 90% of these were measured within six
months of surgery. The mean preoperative TC level
was 203 + 48 mg/dl. HDL-cholesterol values were
available for 3,740 patients (mean 45 + 15 mg/dl), and
LDL-cholesterol values were recorded in 3,354 patients
(mean 121 +41 mg/dl). Selected patient characteristics
by preoperative TC tertile are listed in Table II.

Table II: Baseline patient characteristics by preoperative total cholesterol tertile.

Characteristic Cholesterol (mg/dl)
<180 180-220 >220
(n =1651) (n = 1696) (n=1716)
Demography
Age (years)
Mean* 68 +13 68 +12 67 +11
Median 71.7 70 69
Height (cm)* 171 £ 10 170 +10 168 £ 10
Weight (kg)* 80 =16 80 +16 78 +16
Operative procedure
Coronary artery bypass graft 780 (47) 773 (46) 828 (48)
Mitral valve repair 229 (14) 127 (7) 107 (6)
Bovine pericardial bioprosthesis 1225 (74) 1101 (65) 1024 (60)
Porcine bioprosthesis 216 (13) 405 (24) 549 (32)
Homograft bioprosthesis 209 (13) 188 (11) 140 (8)

“Values are mean =+ SD.
“Values in parentheses are percentages.
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Figure 3: Freedom from structural valve deterioration
(SVD) by total cholesterol tertile.

No lipid variable significantly impacted upon the
development of SVD in any type of bioprosthetic
valve. Preoperative TC, whether analyzed as a contin-
uous variable or by tertile, did not predict explant for
SVD (Fig. 3). Similarly, neither HDL- nor LDL-choles-
terol, nor the TC:HDL-cholesterol ratio impacted upon
freedom from SVD. No interactions were found
between preoperative cholesterol level and any bio-
prosthetic valve type, including homografts; neither
were there any interactions between cholesterol and
age or other atherosclerotic risk factors.

Effects of CAD and CAD risk factors on SVD

Coronary artery disease and CAD risk factors were
prevalent in this patient population. Coronary disease
(>50% stenosis) was found in 56% of patients, and 23%
had three-vessel disease. At the time of valve surgery,
47% of patients underwent concomitant coronary
artery bypass surgery. Additionally, 26% had a history
of myocardial infarction. With respect to coronary risk
factors, 16% of patients had diabetes, 36% had periph-
eral vascular disease, 63% were current or past smok-
ers, and 63% were hypertensive.

Neither CAD nor the need for bypass surgery con-
ferred any additional risk for SVD. Likewise, no ather-
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osclerotic disease risk factor increased the likelihood of
SVD. These findings were true, regardless of prosthet-
ic valve type.

The effect of statins on SVD

The present database did not contain information on
patient medication use, and particularly on hexam-
ethyl-glutaryl co-enzyme A (HMG-CoA) reductase
inhibitors (statins). Nevertheless, an attempt was
made to infer indirectly data on the impact of statin
therapy on SVD. The results of the Scandinavian
Simvastatin Survival Study (45) were published in
1994, after which time statin use became the standard
of care for patients with CAD. As previously noted,
neither the presence of CAD nor the need for coronary
bypass surgery altered a patient’s risk of SVD. These
data were re-analyzed in two groups - pre- and post-
1994 - with the assumption being made that patients
who received bypass surgery after the release of 4S
data would have a higher likelihood of receiving statin
therapy. However, no effect of preoperative cholesterol
level, concomitant CAD or bypass surgery, regardless
of the time period examined, could be demonstrated.

Discussion

In the present study, preoperative cholesterol levels
did not impact upon valve failure due to SVD. Only an
elevated body weight:height ratio, elevated serum cre-
atinine level, use of pericardial valves and age were
predictive of SVD. The impact of age on SVD has been
very well described in almost all studies that have
examined the long-term durability of bioprostheses.
Similarly, the association between renal insufficiency
and valve degeneration has been well described previ-
ously (21,22). The present authors are not aware of any
prior studies that have associated an increased body
mass with valve degeneration. Nonetheless, such an
association is plausible on a pathophysiologic basis,
because increased body mass correlates with increased
cardiac output, and this may lead to accelerated valvu-
lar deterioration.

In the present study, neither the need for coronary
bypass surgery at the time of valve implant nor any
conventional atherosclerotic risk factor was associated

Table III: Incremental risk factors for explant for structural valve deterioration.

Risk factor (Late phase) Estimate SE p-value
Younger age* -0.52 0.06 <0.0001
Preop serum creatinine 0.24 0.07 0.0005

Weight/height ratio 4.8 1.1 <0.0001
Bovine pericardial valve 0.33 0.16 0.04

*Exponential transformation of age, (age/50)"4.
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with a higher risk of SVD. Prior studies have shown
that bypass surgery at the time of valve replacement is
associated with higher late mortality (23), but that con-
comitant coronary artery bypass grafting is also pro-
tective against SVD and extends the life of
bioprosthetic valves (24). No association was found
between hyperlipidemia, hypertension, tobacco abuse
or diabetes and SVD.

Three recently reported smaller studies have exam-
ined hyperlipidemia and other CAD risk factors in the
setting of bioprosthetic valve deterioration, although
the results of these investigations have varied. Farivar
and Cohn (16) retrospectively examined the relation-
ship between hypercholesterolemia and SVD in a
cohort of 144 patients, and found that cholesterol cor-
related with prosthetic valve calcification levels. In a
separate case-control analysis of 66 explanted valves, a
high preoperative cholesterol level was predictive of
explantation for SVD, irrespective of statin use (16).
Hypertension, diabetes and tobacco abuse were not
predictive of explant. Nollert et al. (17) examined 90
patients without significant CAD who underwent
reoperation for SVD. Among younger patients (aged
<57 years), diabetes, female gender, tobacco use and
elevated preoperative TC level were all associated
with SVD in a multivariable analysis. In patients aged
over 57 years, none of these risk factors was associated
with SVD. Finally, Antonini-Canterin et al. (15) con-
ducted an echocardiographic study of patients with
aortic valve bioprostheses, and found that statin use
was protective against SVD; preoperative cholesterol
levels, however, were not associated with valve deteri-
oration.

There are several key differences between the pres-
ent findings and those of prior studies. First, both
Farivar and Cohn (16) and Nollert et al. (17) linked
cholesterol levels to SVD. Although Nollert et al. also
used preoperative cholesterol levels, Farivar and Cohn
averaged TC values monitored after the valve had
been implanted. Second, in the analysis by Nollert et
al., there was an interaction between age and lipids,
and thus the data analysis was stratified by patient
age. Only in the younger group (aged <57 years) was
SVD associated with lipids and other atherosclerotic
risk factors. In the present study, no evidence was
found of any interaction between age and lipids on
SVD. The mean age of the present patient group was
68 years, and there was no influence of CAD risk fac-
tors on the need for subsequent AVR. In addition, there
were no data available to evaluate directly the impact
of statin use on SVD. However, when time was ana-
lyzed as a continuous variable no association was
found between year of implant, preoperative choles-
terol and SVD. Additionally, the data from pre- and
post-1994 groups were evaluated, with the assumption

] Heart Valve Dis
Vol. 15. No. 1
January 2006

being made that statin use should have been much
more prevalent after the publication of the 4S Trial in
1994, especially in patients with CAD. However, no
difference could be shown in SVD between the two
groups, irrespective of any CAD history, need for
bypass surgery or preoperative cholesterol level.

Study limitations

Among study limitations, the primary drawback
was that the data, although prospectively collected,
were extracted from a large clinical database. As with
any database research, there are inherent limitations
on data availability and analysis. A second limitation
was that the cholesterol data were restricted to preop-
erative values only. Clearly, a single preoperative value
cannot be equated with steady-state postoperative
lipid levels, and thus it is possible that long-term
hyperlipidemia during the postoperative period might
have some effect on SVD. In addition, a substantial
minority of patients had missing preoperative choles-
terol values, though attempts were made statistically
to compensate for missing values. A third limitation
was that data on medication use were not available.
For the purpose of this study, data on statin therapy
would have been valuable. The most important limita-
tion was that SVD is a time-related process, not an
event. However, few data were available on the devel-
opment of SVD; thus, explant for SVD was used as a
hard end-point. Such an end-point is, however, subject
to physician and surgeon bias, to patient tolerance of
gradually diminishing valve function, and to the prob-
ability of death with or from unrecognized SVD. Few
autopsies were available to investigate the latter possi-
bility.

Nonetheless, the present study had several notable
strengths. First, an unselected cohort of patients was
studied who received a bioprosthetic AVR, and obser-
vations at the time of patient death or valve explant
were censored for reasons other than SVD. This pro-
vided a more clinically relevant evaluation of the
impact of lipids on SVD. In addition, it avoided any
biases associated with the establishment of a cohort of
patients who had already experienced the end-point of
interest. A second strength was that, with the inclusion
7,150 patients in total and 208 cases of explant for SVD,
the study was substantially larger than any prior
research in this area. Third, a rigorous multivariable
analysis was carried out and multiple potential inter-
actions examined between lipid levels and age, valve
type, gender and atherosclerotic risk factors.

In conclusion, these data provide compelling evidence
that argues against a link between preoperative cho-
lesterol and bioprosthetic SVD. In this respect, the data
differ from the findings of Farivar, Nollert and col-
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leagues. Moreover, the data also run counter to recent
data linking native valve AS and atherosclerotic dis-
ease. As noted above, these differences in data could be
related to methodologic disparities - for example the
use of preoperative versus postoperative cholesterol
values. However, consideration must also be given
that the pathological effect of preoperative cholesterol
on native valves and bioprosthetic valves may differ.
Although native valve AS and bioprosthetic SVD share
several histologic features, these may be two distinct
pathophysiologic processes. AS, like CAD, occurs in
live, cellular and dynamic tissue. In contrast, implant-
ed valves are, at baseline, acellular; even homografts,
which structurally should be most like native valves,
lose their normal structure and cellularity after
implantation (25). Because of the fundamental differ-
ence between native and bioprosthetic valves, it is
quite possible that the factors which precipitate native
valve calcific AS are different from those that lead to
inflammatory infiltrates and dystrophic calcification in
prosthetic valves.
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Appendix I: Variables considered in analyses.*

Demography: gender, age (years), weight (kg), height (cm),
body surface area (m?), body mass index

Symptoms: NYHA class, Canadian angina class, emergency
surgery

Left ventricular (LV) function: grade of LV dysfunction,
history of myocardial infarction, LV ejection fraction from
catheterization

Valve pathology: aortic valve regurgitation, aortic valve
stenosis, mitral valve regurgitation, mitral valve stenosis,
pulmonary valve regurgitation, pulmonary valve stenosis,
tricuspid valve regurgitation, tricuspid valve stenosis
Cardiac comorbidity: family history of CAD, preoperative
atrial fibrillation, ventricular arrhythmia, complete heart
block/ pacer, history of endocarditis, history of cardiac
surgery

Non-cardiac comorbidity: history of smoking, peripheral
vascular disease, chronic pulmonary disease, carotid
disease, popliteal disease, pharmacologically treated
diabetes, insulin-dependent diabetes, hypertension, renal
disease, creatinine, cholesterol, HDL, LDL, triglycerides,
blood urea nitrogen, bilirubin, hematocrit

Coronary anatomy: left main trunk, left anterior descending
coronary artery, right coronary artery, and left circumflex
coronary artery coronary system disease (% maximal
diameter reduction, presence of >50% and >70% stenosis),
number of diseased systems (>50% criteria)

Operative procedure: coronary artery bypass grafting,
concomitant mitral valve repair or replacement, tricuspid
valve repair or replacement, type of bioprosthesis inserted
(homograft, stented porcine valve, stented bovine
pericardial

Experience: date of operation (number of years since
January 1975)

Interactions: age with diabetes and valve type; preoperative
cholesterol with age, CAD, smoking, diabetes, gender, date
of surgery, valve type, preoperative atrial fibrillation

*These are the primary variables that were considered;
however several derived variables were also investigated
and used in the analyses (i.e. transformations and
groupings of these primary variables for main effects and
interaction terms).



