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Aortic valve stenosis is among the most frequent
valve diseases in the Western world (1) for which, to
date, surgical valve replacement represents the state of
the art and the only curative treatment (2). Although
the in-hospital outcome after isolated aortic valve
replacement (AVR) has steadily improved in recent
years and postoperative mortality is actually estimated
at approximately 4% (3), there still exists a particular
subset of patients in whom surgical results are poor
and in-hospital fatality rate remains unacceptably high
(1).

Thus, a method of identifying those patients who are
at higher operative risk is required. Both, experimental
reports (4) and review articles (5) have suggested that
ischemia/reperfusion damage, cardioplegic arrest and
cardiopulmonary bypass (CPB) elicit apoptotic

myocardial cell death per se. Very few data exist, how-
ever, concerning the role of apoptosis during the post-
operative period after valve surgery. Based on recent
findings which related the role of myocardial apopto-
sis to the pressure-overloaded left ventricle (6), the
study aim was to ascertain whether the apoptotic bur-
den in severe aortic stenosis has a clinical correlate
after AVR.

Clinical material and methods

Patient selection and preoperative evaluation
Eleven patients (nine females, two males) scheduled

for elective AVR for symptomatic severe stenosis (aor-
tic valve area ≤0.5 cm2/m2) at the authors’ institution
were included in the study, based on the following cri-
teria: Left ventricular hypertrophy (LVH) (end-dias-
tolic wall thickness ≥12 mm); preserved systolic
function (left ventricular ejection fraction (LVEF)
>50%); absence of aortic insufficiency, moderate to
severe valvulopathy at any position other than aortic,
coronary artery disease (at angiography), and past
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Background and aim of the study: Myocardial apopto-
sis has been implicated in heart failure and post-
infarct remodeling. In some patients with severe
aortic stenosis, delayed valvular replacement is asso-
ciated with a poor in-hospital outcome. The study
aim was to evaluate the impact of cardiomyocyte
apoptosis on the postoperative course after aortic
valve replacement (AVR) for severe aortic stenosis.
Methods: During elective AVR, myocardial biopsies
were obtained from the left ventricle of 11 patients
with severe left ventricular hypertrophy (LVH), and
the samples analyzed for apoptosis.
Results: The mean apoptotic rate was 10.4 ± 3.7‰
(range: 5-16‰). The apoptotic rate correlated directly
with preoperative NYHA functional class, duration
of intensive care unit (ICU) stay, number of days of
postoperative acute renal insufficiency, and serum
level of troponin T at 24 h; the apoptotic rate corre-

lated inversely with cardiac index at 24 h postopera-
tively. At multivariate analysis, the apoptotic rate
and left ventricular mass index were independent
predictors of prolonged ICU stay. The apoptotic rate
and duration of cardiopulmonary bypass were pre-
dictive of the duration of postoperative acute renal
insufficiency.
Conclusion: The study results showed an association
between myocardial apoptosis and postoperative
outcome in patients with severe LVH submitted for
AVR. Non-invasive correlates of apoptosis may be
introduced as a means of identifying patients at a
higher operative risk, and may help in the evaluation
of asymptomatic patients with severe aortic stenosis.
Anti-apoptotic strategies before and during surgery
would possibly ameliorate the surgical results.
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diagnosis of any type of cardiomyopathy.
Preoperatively, each patient was subjected to

transthoracic echocardiography in order to determine
the cardiac volume and left ventricular mass index
(LVMI).

All patients provided their informed consent to par-
ticipate in the study, the protocol of which was
approved by the Ethical Committee of the Catholic
University, Rome.

Surgical technique and sample harvesting
All operations were performed via a median ster-

notomy, with complete CPB and right atrial and
ascending aorta cannulation. Anterograde-retrograde
multidose blood cardioplegia was employed in all
study patients, according to a standardized protocol. A
‘free-hand’ myocardial biopsy was obtained from the
anterolateral free wall of the left ventricle after median
sternotomy, and immediately before CPB.

Clinical follow up
All patients followed a standard anesthesiological

protocol. During the stay in the intensive care unit
(ICU), all data related to the clinical course were regis-
tered in a prospective database. For this purpose, the
following definitions were applied:
� Acute renal insufficiency: postoperative serum crea-

tinine level >2 mg/dl or an increase >2 mg/dl in
serum creatinine level with respect to the preopera-
tive level.

� ICU stay: the number of days (or part thereof) since
admission to the ICU.

� Cardiac index: cardiac output related to body surface
area.
Variables tested for association with apoptotic rate

included the rate/duration of major and minor com-
plications, duration of ICU and hospital stays, serum
markers of myocardial and end-organ damage, and
hemodynamic indices of left ventricular performance.

Samples processing
Myocardial biopsies were analyzed for apoptosis as

described elsewhere (7). Briefly, samples were stored
in buffered paraformaldehyde immediately after har-
vest, and then embedded in paraffin and sectioned.
The sections were stained for in-situ end-labeling for
DNA fragmentation (terminal deoxynucleotidyl trans-
ferase-mediated dUTP labeling; TUNEL assay) with
the Apoptag kit (Oncor, Gaithersburg, Maryland,
USA). In order to confirm the myocardial nature of
cells, sections were incubated with antibodies against
alpha sarcomeric actin; the sections were then stained
with antibodies against anti-activated caspase-3
(cleaved caspase-3 (Asp-175) antibody; Cell Signaling
Technology; Beverly, Massachusetts, USA). Suitable

negative and positive controls were set up, as specified
elsewhere (7). Briefly, controls for TUNEL were per-
formed as indicated by the manufacturer (positive con-
trol: normal female rodent mammary gland three to
five days after weaning of rat pups and staining, omit-
ting active terminal deoxynucleotidyl transferase but
including proteinase K digestion). The control for acti-
vated caspase-3 was a human lymph node (strong
immunoreactivity was evident in the apoptotic-prone
germinal center B-lymphocytes and not in the mantle
zone) (Fig. 1). The apoptotic rate was defined as the
rate of double-positive (TUNEL-positive and cleaved
caspase 3-positive) cardiomyocytes per field, and
expressed as ‰ of cardiomyocytes.

Statistical analysis
Data were analyzed using an electronic database and

SPSS 11.0 for Windows (SPSS, Chicago, IL, USA).
Continuous data were presented as mean ± SD. Linear
correlation analysis between continuous variables was
assessed with Pearson’s product-moment (bivariate
normal distribution). Following univariate analysis, a
multiple linear regression model was built, with the
duration of ICU stay as the single continuous response
variable. Variables such as patient-specific comorbidi-
ties, cross-clamp time and CPB time were included in
the final model in order to control for their potential
influence on outcomes. The assumptions of linear
regression were checked and met, and the model was
validated through a common ‘jack-knife’ procedure.
An alpha level of 0.05 was adopted.
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Figure 1: Histology of surgical biopsies. A) Dark brown
nuclear staining (arrowhead) indicating TUNEL positivity.

Non-apoptotic nuclei appear blue. B) Co-localization of
TUNEL (arrowhead) and red cytoplasmic staining for

cleaved caspase-3 (arrows). C) Positive control for TUNEL
assay. D) Negative control for TUNEL assay.



Results

The baseline features of the study population and
intraoperative details are listed in Table I. All patients
had concentric LVH and normal left ventricular end-
diastolic and end-systolic volumes. The mean aortic
valve area corrected for body surface was 0.3 mm2/m2

(range: 0.2 to 0.4 mm2/m2). Four patients with con-
comitant arterial hypertension received treatment with
angiotensin-converting enzyme inhibitors, and three
also with β-blockers. The mean apoptotic rate in the
samples was 10.4 ± 3.7‰ (range: 5 to 16‰).

Only one postoperative death occurred due to multi-
organ failure. This patient displayed the highest apop-
totic rate (16‰) of the study population at myocardial
biopsy. The patient displaying the lowest apoptotic
rate in the study group had received an angiotensin

converting-enzyme inhibitor (enalapril 10 mg/day)
preoperatively for the treatment of hypertension.

Correlations
The apoptotic rate correlated positively with preop-

erative NYHA functional class (r = +0.553, p = 0.039;
Fig. 2). As described previously, a significant positive
correlation was identified between the LVMI and over-
all ICU stay (r = +0.704, p = 0.16). Most interestingly, the
apoptotic rate was found to correlate positively with
the number of days of ICU stay (r = +0.521, p = 0.049;
Fig. 3). There was a significant correlation between the
apoptotic rate and the duration of postoperative acute
renal insufficiency (r = +0.601, p = 0.025; Fig. 4). A sig-
nificant inverse correlation was also identified between
the apoptotic rate and the cardiac index at 24 h postop-
eratively (r = -0.616, p = 0.044; Fig. 3B). Additionally, a
strong positive correlation was observed between
apoptotic rate and serum troponin T levels at 24 h post-
operatively (r = +0.752, p = 0.008; Fig. 4).
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Table I: Preoperative demographics and intraoperative data.

Parameter Value

Age (years)* 72.2 ± 8.2
Gender ratio (M:F) 2:9
NYHA class III/IV (n) 9
LVMI (g/m2)* 160.9 ± 18.8
LVEF (%)* 63 ± 5.9
EDV (ml/m2)* 88.4 ± 18.6
Hypertension (n) 4
CPB time (min)* 65 ± 13.1

*Values are mean ± SD.
CPB: Cardiopulmonary bypass; EDV: End-diastolic volume;
LVEF: Left ventricular ejection fraction; LVMI: Left
ventricular mass index.

Figure 2: A) Correlation between apoptotic rate (AR) and
preoperative NYHA functional class. B) Correlation

between apoptotic rate (AR) and duration of intensive care
unit (ICU) stay.

Figure 3: A) Correlation between apoptotic rate (AR) and
duration of postoperative acute renal insufficiency (ARI).
B) Correlation between apoptotic rate (AR) and cardiac

index (CI) at 24 h postoperatively.

Table II: Predictors of prolonged Intensive Care Unit stay
(multiple linear regression).

Variable β-coefficient 95% CI p-value

AR 0.578 0.502-1.381 0.023
LVMI 0.691 0.003-0.009 0.039
Serum TnT* 0.665 0.665-2.201 0.004

*At 24th postoperative hour.
AR: Apoptotic rate; CI: Confidence interval; LVMI: Left
ventricular mass index; TnT: Troponin T.



Multiple linear regression
Significant independent predictors of prolonged ICU

stay are detailed in Table II. Both, higher LVMI and
apoptotic rate were associated with a delayed dis-
charge from the ICU. Subsequently, a second model
was built with the number of days of acute renal
 insufficiency as continuous response variable. The
apoptotic rate and CPB time were also identified as
significant independent predictors (see Table III).

Discussion

The findings of the present study indicate that a
higher apoptotic burden in the human heart is associ-
ated with a worse postoperative clinical outcome after
AVR in patients with severe LVH. Patients with an
 elevated apoptotic rate are particularly likely to expe-
rience postoperative renal complications, this most
likely being linked to a worse cardiac function and
less-efficient systemic perfusion compared to individ-
uals with a lower apoptotic rate. In fact, the apoptotic
rate correlated inversely with cardiac index at 24 h
postoperatively. It is also known that kidney malfunc-
tion is among the most sensitive indices of poor organ
perfusion during the postoperative period (8). These
data were inconclusive however, and the correlation
identified in the present study suggest that additional,
larger studies must be conducted. In addition, the
present protocol was able to detect only end-stage
apoptotic cardiomyocytes, while caspase 3-mediated
destruction of myofibrillar proteins in the absence of a
complete apoptotic process may be responsible for the
functional deterioration of cardiomyocytes. Tailored
investigations will be needed to clarify this issue.

The present study was undertaken to prove the
impact of myocardial apoptosis on the clinical out-
come of patients, and then to substantiate future inves-
tigations regarding the introduction of non-invasive
correlates of apoptosis in the evaluation of these
patients. In the present series, a higher apoptotic rate

predicted a prolonged ICU stay, which was an obvious
surrogate marker of complicated course and difficult
myocardial recovery. Although the association
between apoptotic rate and postoperative complica-
tions such as myocardial infarction or respiratory
insufficiency did not reach statistical significance, the
troponin T serum level at the 24th postoperative hour
increased with increasing apoptotic rate in the surgical
biopsy. Rather than being linked by a direct cause-
effect relationship, these variables most likely share the
same determinant - that is, an increased degree of tis-
sue ischemia related to hypertrophy and surgical
stress. In the present study, co-staining for muscle actin
was performed, thereby confirming the cardiomyocyte
nature of cells undergoing apoptosis and excluding
false-positive results (apoptosis of infiltrating cells
from a hematopoietic lineage).

The aim of the present study was to disclose the inter-
plays between the apoptotic load in the left ventricle
with severe aortic stenosis and the earliest clinical
 features of patients after valve replacement. Higher
apoptotic rates have been already correlated with unfa-
vorable clinical evolution and a worse prognosis in
ischemic heart disease (9). The present results, in terms
of valvular heart disease, indicate at least that this topic
is worthy of further investigation, which will likely
identify a direct cause-effect link between apoptosis
and a worsening clinical outcome. Moreover, determi-
nation of the myocardial expression of survivin may
also provide additional useful data for this purpose.

Study implications
Since the results of the present study suggest that

myocardial apoptosis influences clinical outcome after
AVR in patients with severe LVH, it should be evaluat-
ed as a therapeutic target in the surgical management
of patients with severe aortic stenosis. In this regard,
anti-apoptotic strategies (i.e., supplementation of the
cardioplegic solution with the mitochondria-depend-
ent apoptotic pathway inhibitor NIM811, or with cas-
pase inhibitor IDN6734) may possibly improve
surgical outcome when applied intraoperatively
and/or preoperatively. In addition, given the patho-
genetic role of apoptosis in pressure overload, and as
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Table III: Predictors of duration of postoperative acute renal
insufficiency (multiple linear regression).

Variable β-coefficient 95% CI p-value

AR 0.552 0.059-1.981 0.046
Duration of CPB 0.548 0.873-2.077 0.045

AR: Apoptotic rate; CI: Confidence interval; CPB:
Cardiopulmonary bypass.

Figure 4: Correlation between apoptotic rate (AR) and
troponin T (TnT) serum levels at 24 h postoperatively.
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the rate of apoptotic myocyte loss in compensated
hypertrophy is non-linear and may vary between
patients, non-invasive correlates of apoptosis might
help in the identification of asymptomatic patients
who should be referred for early surgery, thus lower-
ing the operative risk.

Study limitations
Clearly, the main limitation of the present study was

the limited sample size. Nonetheless, the finding of a
strong statistical association, despite small patient
numbers, suggests that these correlations would likely
be confirmed in larger populations. In-vivo myocar-
dial biopsies clearly would provide minimal patholog-
ical material, which may also suffer from regional
differences in the degree of ischemia. As yet, no evi-
dence exists to support the idea that regional ischemic
variations may deeply affect the local apoptotic load. It
has been proven that the global mechanical stretching
and tissue derangements that are widespread in the
hypertrophic ventricle are causative of apoptosis (10-
12). The impossibility of determining the in-vivo dura-
tion of the apoptotic process makes it difficult to
evaluate its real contribution in accelerating progres-
sion through failure. However, co-staining for selective
DNA fragmentation and cleaved caspase-3 marks the
final and irreversible steps of apoptosis, is highly spe-
cific, and virtually eliminates false-positive results.
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