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Abstract

Background: Left ventricular (LV) diastolic function has received much attention recently.
However, few studies have evaluated LV diastolic function in the perioperative period. The
aim of this study was to elucidate perioperative changes in diastolic function using tissue
Doppler imaging (TDI) in patients undergoing repair of an infrarenal abdominal aortic
aneurysm (AAA).

Methods: Eight patients undergoing repair of an infrarenal AAA were studied
prospectively using transesophageal echocardiography. Doppler echocardiographic
examinations were performed before the surgical procedure (T1), immediately before aortic
unclamping (T2), 30 minutes after aortic unclamping (T3), and at the end of surgery (T4).

Results: Pulmonary edema developed in two patients on postoperative day 1. These two
patients had the lowest early diastolic mitral annular velocity (Ea) of the study group at the
end of surgery. The ratio of the peak velocity of early mitral inflow (E) to the peak velocity of
atrial inflow was significantly decreased at T3 and T4. The systolic ejection velocity was
significantly decreased at T3, but returned to the baseline value at T4. The Ea was
significantly decreased at T3 and T4. The E�Ea ratio showed a progressive rise and was
significantly increased at T3 and T4.

Conclusions: In patients undergoing repair of an infrarenal AAA, the Ea derived using
TDI decreases at T3 and is still reduced at T4. The E�Ea ratio, which is used to estimate LV
filling pressures, is significantly increased at T3 and T4. Further research is required to
confirm the development of diastolic dysfunction and determine its possible association with
increased postoperative morbidity and mortality.
(J Nippon Med Sch 2007; 74: 393―401)
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Introduction

Left ventricular (LV) diastolic function has
received much attention recently. It plays an
important role in determining LV filling pressures
and symptoms of pulmonary congestion in patients
with or without decreased LV ejection fraction (EF)1.
Nearly half of patients with congestive heart failure
(CHF) have diastolic dysfunction despite a normal
EF2, suggesting that the LV systolic and diastolic
functions may be uncoupled3. In contrast to systolic
dysfunction, the positive response to a fluid
challenge is limited as a result of decreased
compliance, sensitivity to increased afterload is
lower, and compensatory neuroendocrine activation
is less marked4. Recently, coupled to the growing
prevalence of CHF and the elderly population is the
dramatic increase in the number of surgical
procedures5. In addition, the elderly have a high
prevalence of CHF with preserved systolic function6.
These features may be important in the
perioperative setting because of the poor tolerance
to volume overload, a common perioperative event.
However, few studies have evaluated alterations in
myocardial diastolic function in the perioperative
period because its importance and characteristics
have only recently become apparent.
The operative risk for conventional open repair of

nonruptured infrarenal abdominal aortic aneurysm
(AAA) has steadily decreased over the past several
decades7. Nevertheless, population-based studies
suggest that the mortality rate for open AAA repair
is still nearly 7% in many communities7. Cardiac
complications are the major cause of death after
conventional AAA repair, accounting for up to 60%
of all deaths8―10. Adverse cardiac events have been
attributed to excessive stress on the myocardium
caused by the combined effects of anesthesia;
surgical procedures, such as aortic clamping and
unclamping; operative blood loss; inadequate volume
management; and associated hemodynamic and
metabolic changes11,12. In particular, the
hemodynamic alterations that occur during and after
infrarenal aortic clamping are often very severe.
However, no clinical reports have described the

effects of these manipulations on myocardial diastolic
function in patients undergoing repair of an
infrarenal AAA.
Tissue Doppler imaging (TDI) is a new ultrasound

modality that records systolic and diastolic velocities
within the myocardium13―15 and at the corners of the
mitral annulus16,17. The early diastolic mitral annular
velocity (Ea) has been used to evaluate LV
relaxation16―18 and predict LV filling pressure in
several different populations18 ― 21. Such clinical
observations suggest that Ea is less load-dependent
than conventional Doppler variables16,17. The systolic
mitral annular ejection velocity (Sa) is the clinical
variable most suitable as a surrogate for LVEF,
because of its accuracy and reproducibility22. The
aim of this study was to elucidate perioperative
alterations in systolic and diastolic function on TDI
during and after clamping of the aorta in patients
undergoing repair of an infrarenal AAA.

Materials and Methods

Patient Population
This was a prospective study of consecutive

patients undergoing repair of an infrarenal AAA
with transesophageal echocardiography (TEE)
monitoring from April 2005 through April 2006. The
study was approved by the Committee on Human
Subjects of Nippon Medical School, and all
participants provided informed consent. All patients
underwent a comprehensive preoperative
examination by cardiologists. This examination had a
fixed protocol consisting of a physical examination,
standard 12-lead electrocardiography, and
dobutamine stress echocardiography (DSE). The
exclusion criteria were: esophageal or gastric
disease, cervical spine instability, pulmonary
insufficiency, lack of sinus rhythm, right or left
bundle branch block, and significant mitral valve
disease. Patients were excluded if they had cardiac
dysfunction (defined as LVEF <40%), symptomatic
CHF, significant segmental wall motion
abnormalities before DSE, or new wall motion
abnormalities detected on DSE.
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Operative Procedures
All patients underwent the same anesthetic

procedure. General anesthesia was induced with
fentanyl (5 µg・kg-1), propofol (2.5 mg・kg-1), and
vecuronium (0.1 mg・kg-1). An endotracheal tube
was inserted and attached to a ventilator; the tidal
volume and ventilation rate were adjusted to
maintain normocapnia (arterial carbon dioxide
tension, 35～40 mmHg). Anesthesia was maintained
with sevoflurane in a mixture of oxygen�air, and
muscle relaxation was maintained with a continuous
infusion of vecuronium (0.1 mg・kg-1・min-1).
Standard intraoperative monitoring included a radial
artery cannula to continuously record blood
pressure, central venous pressure, and heart rate,
and a I-II-V5�6 ST-segment electrocardiogram
monitor. End-tidal carbon dioxide and oxygen
saturations were monitored to assess the adequacy
of ventilation, and arterial blood gas was analyzed to
assess acid-base balance. Blood losses were recorded
and replaced with adequate amounts of crystalloid
and colloid solutions. Monitoring was continued
throughout the period that the patient remained in
the high-dependency unit after the operation.
The infrarenal AAA was repaired through

xiphopubic laparotomy. The aorta and iliac vessels
were prepared, isolated, and clamped below the
renal arteries after systemic heparinization and
were then reconstructed with either a tube or
bifurcated Dacron graft, depending on the extent of
the aneurysm. All procedures were performed by
the same surgeon.

Echocardiographic Studies
All echocardiographic studies were performed

with the patient in the supine position. Complete
TEE was performed with a Sonos 5500 ultrasound
system (Hewlett-Packard, Andover, MA, USA)
equipped with TDI capability. Echocardiographic
examinations were performed before the surgical
procedure (T1), immediately before aortic
unclamping (T2), 30 minutes after aortic unclamping
(T3), and at the end of surgery (T4). Data were
obtained using standard views and techniques, and
images were stored digitally on magnetic optical
disks (Hewlett-Packard) for later playback and

analysis. Echocardiographic measurements were
performed off-line by an observer who had no
knowledge of the clinical data or other
hemodynamic measurements. All measurements
were made during the end-expiratory phase over
five consecutive cardiac cycles.
American Society of Echocardiography

recommendations23 were followed to determine LV
volumes and EF. The mitral inflow was recorded
using pulsed Doppler echocardiography, with the
sample volume placed at the mitral valve tips in the
midesophageal 4-chamber view. The Doppler beam
was aligned to produce the narrowest possible angle
between the beam and the blood flow vector. The
mitral inflow velocity was traced, and the peak
velocity of early (E) and late (A) filling, and
deceleration time (DT) of the E wave velocity were
derived. The E�A ratio and DT are the most widely
used indices and are recommended in the latest
guidelines for diagnosing diastolic dysfunction24,25.
The midesophageal 4-chamber view was used to
determine the pulmonary venous flow, with the
sample volume placed in the left upper pulmonary
vein 1 to 2 cm proximal to its entrance into the left
atrium. The peak systolic and diastolic velocities
were recorded, and peak systolic�diastolic (S�D)
velocity ratio was computed.
Velocities of the mitral annulus were recorded

using a TDI program, with a 5-mm sample volume
placed at the septal and lateral corners of the mitral
annulus and averaged as previously described18. The
following measurements were made from the DTI
recordings: systolic mitral annular ejection velocity
(Sa) , systolic mitral annular velocity during
isovolumic contraction, Ea and late diastolic mitral
annular velocity (Aa). All pulsed Doppler readings
were recorded for 5 to 10 cardiac cycles at a
horizontal sweep speed of 100 mm�s.

Statistical Analysis
All values are reported as mean (± SD) for

variables with a normal distribution and as median
(interquartile range) for variables without a normal
distribution. Data without a normal distribution were
subjected to log-normalization before parametric
analyses were performed. Post hoc analysis was
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Table 1 Clinical Characteristics and Perioperative 
Data

Baseline characteristics
8Patients (n)
68±8Age (yrs)
59.5±9.7Weight (kg)
163±5 Height (cm)
6/2Men/women (n)
8Hypertension (n)
5Diabetes mellitus (n)
7Hyperlipidemia (n)
7Smoking history (n)

Preoperative medications
7ACE inhibitors (n)
6Calcium channel blocker (n)
3Diuretics (n)
3Oral hypoglycemic (n)
7Beta-blocker (n)

Operative details
288±60Operation time (min)
 75±12Aortic cross-clamping time (min)
350±80Intraoperative blood losses (mL)
12.8±3.5Fluides administered (mL/kg/hr)
 0.30±0.08Colloids/crystalloids ratio

Postoperative coutcomes
2Pulmonary edema (n)

Values are presented as number and means±SD. 
ACE＝angiotensin-converting enzyme.

performed of multiple comparison testing to
determine differences from control values (Dunnett).
A correlation analysis (Pearson) was used to test for
significant linear relationships between changes in
myocardial velocities and the aortic occlusion time.
Differences with P<0.05 were considered as
statistically significant.

Results

Eight patients were enrolled in the study. The
clinical characteristics and perioperative data are
summarized in Table 1. There were 6 men and 2
women, aged 60 to 79 years (mean, 68 ± 8 years).
None of the patients undergoing repair of
traditional�open AAA required suprarenal clamping.
There were no in-hospital deaths. Pulmonary edema
developed in two patients on postoperative day 1. It
is noteworthy that these patient had the lowest Ea
of the study group at the end of surgery (5.3 and 6.5
cm�s), and that the E�Ea ratio in these patients
increased to 11.8 and 11.3 cm�s. One of these
patients required noninvasive positive pressure
ventilator support. No patients had ST-segment
changes on electrocardiography at any time during
the study.
The hemodynamic and echocardiographic data are

shown in Table 2. Heart rate was significantly
increased at T3 and T4. Systolic blood pressure,
diastolic blood pressure, left ventricular end diastolic
volume index (LVEDVI), and stroke volume were
slightly but not significantly lower at T3. The LVEF
was significantly decreased at T3 but returned to
the baseline value at T4. The changes in LVEF are
shown in Figure 1. Compared with the baseline
value, the LVEF decreased by 6.8% at T3 but
inversely to increase at T4. Before surgery, all
patients demonstrated a normal pattern of mitral
inflow with an E�A ratio >1 and DT <200 ms, and a
normal pulmonary venous flow S�D ratio of >1. The
mitral E�A ratio and the pulmonary venous S�D
ratio were significantly decreased at T3 and T4. Six
patients had a decrease in E�A ratio to <1 at T3,
and 2 of these patients had an increase in DT to >
200 ms with acute mild-to-moderate diastolic
dysfunction. Four patients had a persistent decrease

in E�A ratio to <1 at T4, and one of these patients
had an increase in DT to >200 ms. This patient had
a decrease in S�D ratio to <1 at T3 and T4. The Sa
was significantly decreased at T3 and returned to
the baseline value at T4. The Ea was significantly
decreased at T3 and T4. All patients showed acute
and consistent decreases in Ea after aortic
unclamping (Fig. 2). Compared with the baseline
value, the Ea decreased by 2.0 cm�s at T3 and by
1.9 cm�s at T4. The E�Ea ratio showed a
progressive rise and was significantly increased at
T3 and T4. There were no significant correlations
between changes in myocardial velocities and the
aortic occlusion time.

Discussion

The Ea and Sa derived from TDI data were
significantly decreased at T3 in patients undergoing
repair of an infrarenal AAA. The Sa returned to the
preoperative value at T4, whereas the Ea remained
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Table 2 Hemodynamic and Echocardiographic Variables

T4T3T2T1 Variables
＊＊＊ 68.0 (15.5)＊＊68.0 (10.0)65.0 (8.5)60.0 (7.5)Heart rate (beats/min)

105.0 (12.0)99.0 (20.0)106.0 (12.5)104.0 (11.5)Systolic blood pressure (mm Hg)
50.0 (7.5)45.5 (10.5) 44.5 (12.0) 51.5 (10.5)Diastolic blood pressure (mmHg)
 8.0 (3.5)7.0 (5.0) 9.0 (2.0) 8.0 (4.0)Central venous pressure (mmHg)
59.1 (6.2)61.3 (13.7) 62.8 (15.1) 62.5 (10.2)LVEDVI (mL/m2)
40.2 (9.5)35.4 (12.6) 38.3 (12.0)39.8 (7.0)Stroke volume index (mL/m2)
68.0 (7.3)＊＊57.9 (14.8)61.0 (8.4)63.7 (7.9)Left ventricular ejection fraction (%)

＊＊ 1.08 (0.38)＊＊0.98 (0.48) 1.32 (0.54) 1.43 (0.52)Mitral E/A ratio
146 (38)140 (37) 165 (67)158 (27)DT (ms)

＊ 1.33 (0.45)＊1.38 (0.53) 1.55 (0.31) 1.51 (0.35)Pulmonary venous S/D ratio
 7.1 (0.9)＊＊6.6 (1.3) 7.4 (1.6) 7.7 (1.9)Average Sa (cm/s)

＊＊＊ 7.7 (1.2)＊＊＊7.8 (1.2) 9.5 (1.9)10.5 (2.3)Average Ea (cm/s)
＊ 8.2 (3.2)8.5 (3.5) 7.1 (2.7) 8.3 (2.7)Average Aa (cm/s)
＊＊ 9.1. (2.5)＊8.2 (2.0) 8.0 (2.0) 7.0 (2.6)E/Ea ratio

＊p<0.05, ＊＊p<0.01, ＊＊＊p<0.001, vs. T1 (repeated measure one-way ANOVA followed by Fisher’ s PLSD for 
multicomparison).
Values are median (interquartile range).
LVEDVI＝left ventricular end diastolic volume index; E＝peak velocity of early mitral inflow; A＝peak 
velocity of atrial mitral flow; DT＝deceleration time of early mitral flow; S＝peak systolic pulmonary venous 
flow velocity; D＝peak diastolic pulmonary venous flow velocity; Sa＝systolic mitral annular ejection velocity; 
Ea＝early diastolic mitral annular velocity; Aa＝late diastolic mitral annular velocity; T1＝before surgical 
procedure; T2＝immediately before aortic unclamping; T3＝30 minutes after aortic unclamping; T4＝at the 
end of surgery.

Fig. 1 The changes in the LVEF from baseline 
values     at    each    point    of     different 
perioperative times. Values are expressed 
as means±SEM. The change in LVEF＝
LVEF [Tn]－LVEF [T1], n＝2, 3, and 4. 
Compared with the baseline value, the 
LVEF decreased by 6.8% at T3 but tended 
to increase at T4.

Fig. 2 The changes of tissue Doppler Ea from 
baseline values at each point of different 
perioperative times. Values are expressed 
as means±SEM. The change of Ea＝Ea [Tn]
－Ea [T1], n＝2, 3, and 4. Compared with the 
baseline value, the Ea decreased by 2.0 cm/s 
at T3 and by 1.9 cm/s at T4.

consistently reduced. The E�Ea ratio was
significantly increased at T3 and at T4.
Diastolic dysfunction plays an important role in

determining LV filling pressures and symptoms of

pulmonary congestion in patients with and without a
low LVEF1. It is related to a variable combination of
abnormal myocardial relaxation and reduced
ventricular compliance4. In contrast to systolic
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dysfunction, the positive response to a fluid
challenge is limited as a result of decreased
compliance, sensitivity to increased afterload is
lower, and compensatory neuroendocrine activation
is less marked4. Patients may be faced with
numerous triggers of acute CHF in the perioperative
period, including the withdrawal of drugs to treat
CHF, hypertension, inadequate volume management,
severe bleeding, tachyarrhythmias, and myocardial
ischemia4. Diastolic dysfunction may be the primary
mechanism responsible for acute perioperative CHF,
regardless of the presence or severity of systolic
dysfunction. The elderly have a particularly high
prevalence of CHF with preserved systolic function6,
which may be important because of their poor
tolerance to volume overload, a common
perioperative event. However, previous studies did
not evaluate diastolic dysfunction because its
importance and characteristics did not become
apparent until recently.
Doppler echocardiography has become the

noninvasive technique of choice for the evaluation of
LV relaxation16―18 and filling pressures18―21. Although
mitral inflow and pulmonary venous flow velocities
can often provide valuable information, they have
limitations. They are most useful in patients with a
low EF, but are much less reliable when the EF is
normal (>50%)26,27. The strong influence of loading
conditions on these velocities also precludes their
application to drawing inferences about LV
relaxation in situations where filling pressures are
increased28. The new ultrasound modality of TDI
records systolic and diastolic velocities within the
myocardium13―15 and at the corners of the mitral
annulus16,17. The velocity of annular motion reflects
shortening and lengthening of the myocardial fibers
in a longitudinal plane. The Ea has recently been
demonstrated to decline progressively with age, and
to be reduced in pathologic LV hypertrophy16 and
restrictive cardiomyopathy 17. It is therefore
commonly believed that Ea behaves as a preload-
independent index of LV relaxation. In the present
study, the Ea was significantly decreased at T3 and
was consistently lower at T4 than the baseline value.
The ratio between the early mitral inflow measured
by conventional Doppler and the displacement of the

mitral annulus measured by TDI was also
significantly increased at T3 and at T4. This ratio
has been shown to accurately reflect pulmonary
capillary wedge pressure in cardiac patients18,27. The
LVEF and Sa were significantly decreased at T3,
but returned to the baseline value at T4. These
findings indicate that left ventricular systolic and
diastolic function were impaired after aortic
unclamping in patients undergoing repair of an
infrarenal AAA, and that diastolic function remained
consistently impaired despite the complete recovery
of systolic function at the end of surgery.
Why the reduced diastolic function persisted for a

longer time after aortic unclamping is unknown.
Diastolic dysfunction frequently occurs in the
absence of systolic dysfunction. It has also been
reported that LV relaxation and filling is sensitive to
ischemia29 and that Ea decreases before LVEF
becomes abnormal30. LV diastolic dysfunction may be
a primary abnormality if the EF is preserved. In
patients with preoperative LV diastolic dysfunction,
biventricular filling patterns are impaired initially
but return to preoperative status 6 months after
coronary artery bypass grafting31. Diastolic function
may increase the susceptibility to myocardial injury.
The pathophysiologic disturbances that occur

during aortic clamping and unclamping in repair of
an infrarenal AAA may be closely related to the
hemodynamic alterations described and the high
complication rates32. During aortic cross-clamping,
the blood volume redistribution and increase in
preload and afterload require appropriate
adjustments in myocardial contractility and coronary
blood flow32. Many observers have reported no
increase in cardiac output in response to the
increased preload, induced volume redistribution and
increased afterload during infrarenal aortic cross-
clamping33,34, suggesting a lack of the required
increase in myocardial contractility. Observations
with nuclear ventriculography have shown
depressed myocardial performance and systolic
function during cross-clamping of the abdominal
aorta35; the authors interpreted this observation as
being due to myocardial ischemia. In the present
study, we excluded patients with CHF and coronary
artery disease who had significant segmental wall
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motion abnormalities before DSE or had new wall-
motion abnormalities detected on DSE; no patients
had ST-segment changes on electrocardiography
throughout the study. The cardiovascular response
to infrarenal aortic cross-clamping is less significant
than that to high aortic cross-clamping. Therefore,
we did not find any alterations in LVEF or Sa, which
is a load-independent index, during cross-clamping.
Unclamping of the aorta is consistently associated

with substantial decreases in vascular resistance and
arterial blood pressure. The most likely reasons for
the unclamping hypotension include central
hypovolemia caused by the pooling of blood in
reperfused tissues distal to the aortic occlusion,
hypoxia-mediated vasodilatation with a subsequent
increase in vascular (venous) capacity in the
extremities below the occlusion, and accumulation of
vasoactive and myocardial-depressant metabolites32.
Furthermore, ishemia-reperfusion injury following
aortic cross-clamping leads to activation of cytokines
and inflammatory pathways36,37, resulting in injury to
distant organs, such as the heart, lungs and kidneys,
which may dysfunction and eventually fail37. The
release of inflammatory cytokines and the
expression of inducible nitric oxide synthase have
recently been suggested to play important roles in
mediating cardiac dysfunction by direct actions on
myocytes37. We have reported that esophagectomy is
associated with transient depression of myocardial
function. Interleukin (IL)-6 may contribute to this
postoperative myocardial dysfunction38. Finkel et al.
have clinically confirmed that IL-6 levels in
pulmonary venous effluent markedly increase
immediately after aortocoronary bypass surgery;
they have also shown experimentally that the same
concentrations of IL-6 can cause reversible
myocardial depression in the human heart39.
Furthermore, increasing evidence suggests that both
systolic and diastolic functions are affected in severe
sepsis and septic shock40. An excessive and
prolonged increase in the levels of circulating
myocardial-depressant metabolites may, therefore,
be associated with a protracted deterioration of left
ventricular diastolic function after repair of an
infrarenal AAA. anticytokine therapy may attenuate
the elevated release of myocardial-depressant

metabolites, leading to improved myocardial
performance. Further studies are required to clarify
the association between increased cytokine release
and postoperative diastolic dysfunction.
In the present study, we found no significant

correlation between changes in myocardial velocities
and the aortic occlusion time. The duration of aortic
cross-clamping may be correlated with the amount
of circulating myocardial-depressant factors released
from ischemic tissues. However, we did not measure
circulating myocardial depressants. In AAA repair,
ischemia and reperfusion can occur for several
reasons, such as direct ligation of vessels, mesenteric
traction, bowel hypothermia, and the release of
vasoactive mediators from the vascular endothelium
within the gastrointestinal tract. Therefore, we
cannot find an association between decreased
myocardial function and the duration of aortic
clamping.
In the present study, we found prolonged

postoperative diastolic dysfunction with preserved
systolic function using TDI in all patients
undergoing repair of an infrarenal AAA.
postoperative pulmonary edema without systolic
dysfunction developed in two patients, one of whom
required postoperative ventilatory support. It is
noteworthy that these patients had the lowest Ea of
the study group at T4 (5.3 and 6.5 cm�s) and that
the E�Ea ratio in these patients increased to 11.8
and 11.3 cm�s, Previous echocardiographic studies
have suggested that diastolic dysfunction
contributes to perioperative hemodynamic instability
and adverse outcomes following cardiac surgery41.
Our sample size was not large enough to document
clinical outcome variables, but our results suggest
that the development of diastolic dysfunction may
be closely related to postoperative cardiac
complications, regardless of the presence or severity
of systolic dysfunction. Furthermore, the prolonged
diastolic dysfunction identified by TDI may predict
adverse outcomes.
Previous studies have shown that CHF is an

important risk factor, but the magnitude of the risk
may be underappreciated42. Recent studies have
shown that among patients 65 years or older
undergoing major noncardiac surgery, those with
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CHF have higher morbidity and mortality rates
despite advances in perioperative care, whereas
those with coronary artery disease without CHF
have a similar mortality rate to the general
population42. Nearly half of patients with CHF have
diastolic dysfunction despite a normal EF2. There
are few guidelines for clinicians on how to treat
patients with CHF during the perioperative period.
Our results may explain why patients with CHF
who are 65 years or older and undergoing major
noncardiac surgery have poor outcomes. Attention
should be focused on the treatment of patients with
CHF without systolic dysfunction through the
perioperative period. Further research is required to
confirm the development of diastolic dysfunction and
determine its possible association with increased
postoperative morbidity and mortality.
In patients undergoing repair of an infrarenal

AAA, the Ea derived from TDI data decreased after
aortic unclamping and remained consistently
reduced at the end of surgery. The E�Ea ratio,
which is used to estimate LV filling pressures, was
significantly increased after aortic unclamping and
at the end of surgery.
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