Prognostic Implications of Left Ventricular Filling Pressure
With Exercise
David J. Holland, BScApp; Sandhir B. Prasad, MBBS; Thomas H. Marwick, MBBS, PhD
Background—The estimation of left ventricular (LV) filling pressure from the ratio of transmitral and annular velocities
(E/e⬘) after exercise echocardiography may identify diastolic dysfunction in patients who complain of exertional
dyspnea. This study sought to determine the relative contributions of exercise E/e⬘ and ischemia to outcomes in patients
referred for exercise echocardiography.
Methods and Results—Rest and exercise E/e⬘ were obtained in 522 patients referred for exercise echocardiography, who
were followed for cardiovascular death and hospitalization over a median of 13.2 months. Exercise E/e⬘ ⬎2 SD from
normal was used to denote raised LV filling pressure with stress (n⫽75), and ischemia (n⫽250) was identified by
inducible wall motion abnormalities. There were 65 cardiovascular hospitalizations during the follow-up period.
Survival analysis showed patients without ischemia and with normal exercise E/e⬘ to have a better prognosis than those
with ischemia, with or without raised exercise E/e⬘ (P⫽0.003) and the outcomes of patients with isolated raised
exercise E/e⬘ and isolated ischemia to be similar. Exercise E/e⬘ was most valuable in patients with normal resting
E/e⬘; those with elevation with exercise had a worse outcome than those with normal exercise E/e⬘ (P⫽0.014).
Exercise capacity (hazard ratio, 0.893; P⫽0.008), exercise wall motion score index (hazard ratio, 1.507; P⬍0.001),
and exercise E/e⬘ ⬎14.5 (hazard ratio, 2.988; P⫽0.002) were independent predictors of outcome. The addition of
exercise E/e⬘ to exercise capacity and wall motion score index resulted in an increment in model power to predict
adverse outcome (P⫽0.006).
Conclusions—Exercise E/e⬘ is associated with cardiovascular hospitalization, independent of and incremental to inducible
ischemia. (Circ Cardiovasc Imaging. 2010;3:149-156.)
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T

he exclusion of ischemia at exercise echocardiography
(ExE) is prognostically very meaningful, the event rate
associated with a negative test being ⬍1% per year.1–3 The
risk associated with a positive test is quite variable and
depends on the extent of ischemia and ischemic threshold,
among other features.3–5 In both positive and negative test
settings, risk is related to underlying clinical status, with
important contributions of age, diabetes mellitus, and exercise capacity.1,6

Clinical Perspective on p 156
Dyspnea during stress testing has important clinical and
prognostic significance in patients both with and without a
history of coronary artery disease (CAD).7–9 Although this
contribution has been linked to silent ischemia,10 diastolic
dysfunction is an important contributor to dyspnea that
may be pertinent. Diastolic dysfunction is already recognized as a predictor of outcome, but this assessment is
performed at rest,11–14 and, in some patients, symptoms
(and raised filling pressure) may only be unmasked with

exercise. ExE permits the determination of E/e⬘ with
stress15–17; validation of this in ⬎50 patients suggests that
it is analogous to that obtained at rest.15,18 However, the
contribution of diastolic dysfunction to the prognostic
implications of ExE is undefined. In this study, we sought
whether an abnormal exercise E/e⬘ predicted adverse
outcome, independent of ischemia.

Methods
Patient Selection
We studied 538 consecutive patients undergoing clinically indicated
ExE with normal systolic function (ejection fraction ⱖ50%), in sinus
rhythm, and without valvular disease of greater than mild severity.

Resting Echocardiography Protocol
Echocardiography was performed by experienced sonographers on a
standard cardiac ultrasound machine (ie33 or Philips 7500, Philips,
Andover, Mass) using a 3.5-MHz transducer. Transthoracic images
were digitally recorded for off-line analysis. Mitral inflow velocities
were measured in the apical 4-chamber view during early (E), and
late (A) diastole, with the sample volume placed at the level of the
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mitral valve leaflets. Similarly, tissue velocities were measured
during systole (s⬘) and early (e⬘) and late (a⬘) diastole in the apical
4-chamber view by pulsed-wave tissue Doppler with the sample
volume positioned at the septal mitral annulus. Gain settings were
optimized to minimize spectral broadening, and the E/e⬘ ratio was
measured as the average of 3 cardiac cycles, with resting E/e⬘ ⬎15
considered raised. Left atrial (LA) enlargement was denoted as LA
area ⬎20 cm2 measured in the apical 2- or 4-chamber view.19
Normal diastolic function was determined by normal age-specific
deceleration time (DT)20 with resting E/e⬘ ⬍8, or E/e⬘ 8 to 15 with
normal LA dimensions. Patients with DT ⬎2 SD of normal values
with E/e⬘ ⬍15 were deemed to have impaired relaxation. Finally,
patients with elevated filling pressure were identified by E/e⬘ ⬎15 or
with a nonconclusive E/e⬘8 –15 with evidence of LA enlargement.

Exercise Echocardiography Protocol
Two-dimensional echocardiographic loops were obtained for the
assessment of wall motion abnormalities at rest and after symptomlimited exercise using standard treadmill protocols with 12-lead ECG
monitoring. Transmitral flow and tissue Doppler was measured after
acquisition of these loops.15 In the event of fusion of E and A, or e⬘
and a⬘ Doppler signals at high heart rates, images are acquired at the
earliest time point when delineation between the aforementioned
parameters is possible.
A standard segmental model was used to measure wall motion
scores (WMS) for the detection of inducible ischemia, in accordance
with American Society of Echocardiography guidelines.19 Segments
were scored as normal (1), hypokinetic (2), severely hypokinetic
(2.5), akinetic (3), or dyskinetic (4) with the average of these
segments determining the wall motion score index (WMSI). Ischemia was identified by the consensus of 2 or more experienced readers
when new or inducible wall motion abnormalities were detected in
ⱖ1 segment. A single experienced reader (T.M.) supervised and
approved all WMS reports. Postexercise diastolic measurements
were made offline by 2 experienced observers.
Previously published data15 were used to determine an abnormal
exercise E/e⬘. From these data, exercise E/e⬘ in patients with normal
left ventricular (LV) diastolic pressure during diastolic stress testing
was 10.3⫾2.1. Therefore, E/e⬘ ⬎2 SD from normal (ie, exercise
E/e⬘ ⬎14.5) was used to define a raised LV filling pressure response
to exercise. Intraobserver and interobserver reproducibility of E/e⬘
measurements by our group have been reported,21 with small mean
differences (⬍0.02) and high intraclass correlations (⬎0.87;
P⬍0.001 for all) at both rest and exercise.
Patients were grouped on the basis of the E/e⬘ response to exercise
(normal, exercise E/e⬘ ⱕ14.5; abnormal, ⬎14.5) in the absence or
presence of inducible ischemia. The 4 groups were (1) normal
exercise E/e⬘ with no ischemia, (2) normal exercise E/e⬘ with
inducible ischemia, (3) raised exercise E/e⬘ with no ischemia, and (4)
raised exercise E/e⬘ with inducible ischemia. Finally, the patient
cohort was divided into groups, depending on the severity of
ischemia measured by the exercise WMSI. Patients without ischemia, those with a WMSI below the population mean, and those with
a WMSI above the mean were divided into the respective groups: (1)
no ischemia, (2) minor ischemia, and (3) major ischemia.

Angiography
Coronary angiography was performed as required on clinical
grounds, according to the judgment of the responsible physician.
Standard views were obtained and obstructive CAD was identified
on the basis of ⬎50% diameter stenosis.

Follow-Up
The primary outcome for this study was cardiovascular death or
hospitalization. The follow-up period was initiated on the day of
exercise testing, and follow-up data were obtained from the hospital
information registry. In addition to spontaneous events, we included
unplanned revascularizations for worsening symptoms at least 3
months after the ExE (and were not a direct result of the ExE

Table 1. Clinical Characteristics of the Study Population and
Those Lost to Follow-Up

Age, y
Male, %
Ejection fraction, %
Diabetes, %

Study
Population
(n⫽493)

Lost to
Follow-Up
(n⫽29)

58⫾11

53⫾13

0.051

58

72

0.453

54⫾4

55⫾3

0.518

21

14

0.448

P Value

Hypertension, %

42

39

0.834

Ischemia, %

51

41

0.555

Medications

␤-blockers, %

60

41

0.310

ACE inhibitors, %

39

7

0.009

ARBs, %

12

10

0.815

Nitrates, %

32

14

0.128

Statins, %

68

38

0.118

findings). Revascularization before this was attributed to the test
result and not considered as events.

Statistical Analysis
Student t tests were used to test for significant differences between
2 continuous variables, whereas the 2 test was used for categorical
variables. Statistical significance was identified by P⬍0.05. Cox
univariate analysis was used to determine relationships between
baseline and exercise parameters and outcome variables. Kaplan–
Meier survival analysis with log-rank tests for significance (overall
and between strata) was used to express the relationship of the
dependent variables (ischemia and exercise E/e⬘) to the cardiovascular end points.
Cox proportional hazards modeling using the backward-stepwise
method was used to evaluate the incremental benefit of ExE over
clinical and echocardiography parameters. Variables selected for
entry into the model were those with P⬍0.1 on Cox univariate
analysis, and Akaike Information Criterion was used to select the
optimal statistical model.22 Despite having univariate P⬎0.1, both
age and sex were forced into the Cox models throughout because
they are important clinical variables pertinent to LV filling pressure,
and their inclusion in the multivariate models improved overall
model power. Exclusion of both age and sex based on univariate
significance did not alter the model outcome. The final step of the
model was to include the detection of ischemia or raised E/e⬘ with
exercise. To allow direct comparison of hazards ratios, variables
were assessed per unit of their standard deviation. All statistical
analysis was performed using a standard statistical software package
(SPSS version 17.0, SPSS, Inc, Chicago, Ill).

Results
Clinical Characteristics
Clinical characteristics of the 522 patients (of 538) with
measurable E/e⬘ are presented in Table 1. Follow-up was
available in 493 of these patients; those lost to follow-up
(n⫽29, 5.6%) had lower resting E/e⬘ (9.1⫾3.2 versus
10.7⫾3.7; P⫽0.027) and had a higher exercise capacity
(11.5⫾3.1 versus 9.7⫾3.1 METs; P⫽0.002). Correction of
resting E/e⬘ for age, which was of borderline significance
between groups, removed the statistical difference in resting
E/e⬘ (P⫽0.06).
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Clinical, Echocardiographic, and Prognostic Data of the Study Groups

Group

1 (n⫽204)
Normal E/e⬘
No Ischemia

2 (n⫽214)
Normal E/e⬘
Ischemia

3 (n⫽39)
1 E/e⬘
No Ischemia

58.9⫾10.3

55.2⫾12.1

59.2⫾11.6

4 (n⫽36)
1 E/e⬘
Ischemia

ANOVA
P Value

62.1⫾10.9

⬍0.001

Clinical
Age, y
Male, %

58.3

Ejection fraction, %

60.0

54⫾4

52.6

54.2⫾4

55⫾4

52.8
54⫾3

0.646
0.713

Echocardiography
Rest
E/e⬘

10.2⫾2.8

9.5⫾2.4

15.7⫾4.6

15.3⫾4.8

⬍0.001

WMSI

1.04⫾0.09

1.12⫾0.20

1.03⫾0.10

1.073⫾0.15

⬍0.001

79⫾16

78⫾15

74⫾15

78⫾16

0.517

133⫾20

131⫾18

132⫾24

143⫾21

0.038

9.8⫾2.3

10.0⫾2.2

18.2⫾4.1

18.2⫾3.5

⬍0.001

⫺0.15⫾2.9

0.70⫾2.9

2.9⫾4.2

2.8⫾3.2

⬍0.001

Heart rate, bpm
Systolic blood pressure, mm Hg
Exercise
E/e⬘
⌬E/e⬘

1.04⫾0.09

1.43⫾0.31

1.03⫾0.09

1.43⫾0.35

⬍0.001

⫺0.00⫾0.03

0.30⫾0.27

⫺0.00⫾0.03

0.34⫾0.30

⬍0.001

Heart rate, bpm

150⫾23

148⫾22

144⫾27

147⫾26

0.586

Systolic blood pressure, mm Hg

173⫾25

170⫾24

175⫾23

170⫾23

0.373

Exercise capacity, METs

9.8⫾3.0

9.8⫾3.2

9.3⫾2.6

8.0⫾3.1

0.007

WMSI
⌬WMSI

Prognostic
No. of events
Median follow-up, d

15

37

5

8

406

351

467

457

0.865

Data are mean⫾SD unless stated.

Exercise Testing
Of 493 patients with follow-up, more than half (n⫽250)
developed ischemia with stress, in whom the resting WMSI
increased from 1.11⫾0.19 to 1.43⫾0.32 with exercise. Patients with ischemia were younger (P⫽0.007) and had a
lower resting E/e⬘ (P⫽0.08). There was no difference in
exercise E/e⬘ for patients with ischemia compared with those
without (P⫽0.92). There were no correlations between indices of exercise-induced ischemia and E/e⬘ at rest or exercise.
Finally, the WSMI was similar in patients with ischemia and
normal exercise E/e⬘ compared with those with a combination
of both (P⫽0.97). Table 2 displays results from resting and
exercise imaging.

LV Filling Pressure

Fifty-seven patients had E/e⬘ ⬎15 at rest (Table 3), in whom
the proportion of patients with (n⫽25) and without (n⫽32)
ischemia was similar to those with E/e⬘ ⬍15 (P⫽0.26). There
were 75 patients in total with an abnormal E/e⬘ response to
exercise (E/e⬘ ⬎14.5), in whom half (n⫽36) had inducible
ischemia. In patients with raised resting E/e⬘, 34 (60%) had
Table 3.

LV Filling Pressure Response to Exercise

Normal exercise E/e⬘
Raised exercise E/e⬘
Total

Normal Resting E/e⬘

Raised Resting E/e⬘

Total

395

23

418

41

34

75

436

57

493

raised E/e⬘ with exercise. There were an additional 41
patients (20 with inducible ischemia) with normal E/e⬘ at rest,
who had raised E/e⬘ with exercise. Exercise was terminated
because of dyspnea and/or fatigue in two thirds (n⫽30) of
patients with raised exercise E/e⬘, among whom 18 (60%) had
no ischemia.

Outcomes
The median (25% to 75% range) follow-up period was 13.2
(2.2 to 29.2) months, during which there were 65 cardiovascular hospitalizations but no cardiovascular deaths. Most
events were ischemic (26 with acute coronary syndromes and
6 with acute myocardial infarction), late coronary revascularization (n⫽21), dyspnea, or heart failure (n⫽11) and stroke
(n⫽1).

Contributions of Exercise E/eⴕ and Ischemia
to Events
Patients with normal exercise E/e⬘ who were also free of
ischemia had the most favorable prognosis compared with
patients with ischemia, with or without raised exercise E/e⬘
(P⫽0.003 for both, Figure 1). Importantly, prognosis was
similar in patients with isolated raised exercise E/e⬘ and those
with ischemia and normal E/e⬘ (P⫽0.46).

Association of the Extent of Ischemia
With Outcome
This association was assessed by comparing prognosis in
patients with normal and raised exercise E/e⬘, respectively.
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Normal E/e’ – No Ischaemia
Raised E/e’ – No Ischaemia
Normal E/e’ + Ischaemia
Raised E/e’ + Ischaemia
Log rank Chi-square = 11.79
p=0.008
n=493

n=216

n=94

Figure 1. Kaplan–Meier survival curves
depicting the prognosis associated with
the 4 groups of classiﬁcation based on
ischemia and exercise E/e⬘. Patients are
grouped by normal or raised exercise
E/e⬘, in the absence or presence of ischemia. Numbers of patients at risk are
labeled on the x-axis. Patients with isolated ischemia or ischemia and raised
E/e⬘ have worse outcome than those with
neither (P⫽0.003 for both). There was no
difference in outcome between patients
with isolated ischemia or isolated raised
E/e⬘ (P⫽0.46).

n=9

The average WMSI in patients with inducible ischemia was
1.40. The study population was, therefore, classified as (1) no
ischemia, WMSI⫽1.00, (2) minor ischemia, WMSI ⬍1.40,
and (3) major ischemia, WMSI ⬎1.40. In patients with
normal exercise E/e⬘ (Figure 2A), the severity of ischemia
appeared to contribute incremental value when compared
with those with no ischemia (minor ischemia, P⫽0.062;
major ischemia, P⬍0.001). In patients with raised exercise
E/e⬘ (Figure 2B), however, the influence of ischemia, regardless of severity, did not affect the outcome (P⬎0.05 for all).

Severity of Diastolic Dysfunction and Outcome
The role of exercise E/e⬘ and ischemia to outcomes was also
explored in patients with mild diastolic dysfunction, defined
by DT ⬎2 SD from age-specific normal values.20 In patients
with normal DT, the results were similar to those in unselected patients, shown in Figure 1, where ischemia and

A

ischemia plus raised exercise E/e⬘ had worse prognostic
outcome than those with neither (P⬍0.05 for both). When
patients with mild diastolic dysfunction were assessed, there
was no difference in outcome between the individual groups
(P⬎0.3 for all).

Change of E/eⴕ From Rest to Exercise
This analysis sought to identify subgroups of patients in
whom the measurement of exercise E/e⬘ would be of most
value. The subgroups were (1) normal resting E/e⬘, with
either (1a) normal exercise E/e⬘ or (1b) raised exercise E/e⬘,
and (2) raised resting E/e⬘ (⬎15). In patients with elevation of
E/e⬘ at baseline, the additional prognostic information afforded by exercise E/e⬘ did not reach statistical significance
(P⬎0.05 for the difference between all groups). In patients
with normal E/e⬘ at rest, those with elevation with exercise
had a significantly worse outcome than those with normal

B

No Ischaemia
No Ischaemia
Minor Ischaemia
Major Ischaemia

Log rank Chi-square = 12.21
p=0.002
n=418

n=183

n=82

Major Ischaemia
n=7

Minor Ischaemia

Log rank Chi-square = 1.76
p=0.414
n=75
n 75

n=33
n 33

n=12
n 12

n=2
n 2

Figure 2. Kaplan–Meier survival curves showing the prognosis associated with the degree of ischemia in patients with normal exercise
E/e⬘ (A), and raised exercise E/e⬘ (B). No ischemia indicates no inducible wall motion abnormalities (n⫽243); minor ischemia, exercise
WMSI ⬍1.40 (n⫽154); major ischemia, exercise WMSI ⬎1.40 (n⫽96). In patients with normal E/e⬘, those with ischemia have worse outcome than those with no ischemia (major ischemia, P⬍0.001; minor ischemia, P⫽0.062). In patients with raised exercise E/e⬘, there is
no difference in outcome regardless of the extent of ischemia (P⬎0.3 for all).
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Exercise Filling Pressure and Outcome

Raised Resng E/e’

Normal Exercise E/e’
/
Normal Resng E/e’
Log rank Chi-square = 6.00
p=0.050
n=493

n=216

Raised Exercise E/e’
n=94
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Figure 3. Kaplan–Meier curves showing
the prognosis associated with the change
in resting E/e⬘ with exercise. In patients
with normal E/e⬘ at rest, outcome is worse
in those with raised exercise E/e⬘
(P⫽0.014). Raised exercise E/e⬘ appeared
to have little incremental value in patients
with raised E/e⬘ at rest (P⫽0.11 for the
comparison with normal resting E/e⬘).

n=9

exercise E/e⬘ (P⫽0.014, Figure 3). Similarly, in patients with
normal resting E/e⬘ without inducible ischemia, those with
elevation of E/e⬘ with exercise had a significantly worse
prognosis than those with normal exercise E/e⬘ (P⫽0.033).
Among the 41 patients with an increased E/e⬘ response to
exercise, the event rate was 20% in the 20 without ischemia
and 29% in those with ischemia.

Independent and Incremental Association of E/eⴕ
With Outcome
Cox proportional hazards models were constructed to assess
the role of exercise E/e⬘ to outcomes in patients with normal
E/e⬘ at rest (Figure 4). On univariate analysis, resting and
exercise WMSI, ischemia, exercise capacity, and exercise
E/e⬘ ⬎14.5 were significant predictors of outcome. Using the
Akaike Information Criterion for model selection, Cox multivariate predictors of outcome were exercise capacity (hazard ratio, 0.893; P⫽0.008), exercise WMSI (HR: 1.507;

P⬍0.001), and exercise E/e⬘ ⬎14.5 (hazard ratio, 2.988;
P⫽0.002).
Using significant multivariate predictors of outcome, Cox
nested models were constructed to assess the incremental
value of exercise E/e⬘ over standard clinical characteristics
and ExE protocols (Figure 4). First, an objective measure of
exercise capacity (treadmill METs) was added to clinical
characteristics (age, sex). The exercise WMSI was subsequently added to exercise capacity, resulting in a significant
increase of model power, as represented by the model 2
(P⫽0.001). With the addition of exercise E/e⬘ ⬎14.5 to these
standard ExE measurements, there was an incremental, stepwise increase in power of the model (P⫽0.006).

Angiography
ExE is an imperfect test for the detection of CAD. An audit
of angiography studies was conducted to address the sensitivity of ExE to detect significant CAD in the study popula-

Figure 4. Cox proportional hazards model
showing the incremental beneﬁt of exercise E/e⬘ to standard exercise echocardiography protocols. The addition of exercise E/e⬘ to standard information obtained
during exercise echocardiography (exercise capacity, inducible wall motion
abnormalities) results in a signiﬁcant
increase of model power to predict
adverse outcome.
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Angiography Results
No.

Angiography (n)

Stenosis ⬎50% (n)

Normal E/e⬘, no ischemia

204

29

11 (38%)

Normal E/e⬘, ischemia

214

62

51 (82%)

Raised E/e⬘, no ischemia

39

4

2 (50%)

Raised E/e⬘, ischemia

36

10

8 (80%)

Group
1
2
3
4

tion. Of 493 patients with follow-up, 105 underwent angiography within 6 months of the ExE (Table 4). In patients with
ischemia, 72 (29%) underwent cardiac catheterization, in
whom 82% had angiographically significant CAD, defined by
a stenosis ⬎50% in at least 1 coronary vessel. There were 33
patients with the absence of inducible WMA on ExE who
underwent angiography, 4 of whom had raised exercise E/e⬘.
In this group of patients without echocardiographic evidence
of myocardial ischemia (n⫽33), 13 (39%) had angiographically significant CAD.

Discussion
The results of this study show that the identification of raised
LV filling pressures during exertion is associated with adverse cardiovascular outcomes. These findings are important
from 2 aspects. First, the study suggests that the measurement
of exercise E/e⬘ for the recognition of diastolic dysfunction
when exertional symptoms are present is clinically significant. Second, although these findings are independent of
detectable ischemia, they are nonetheless associated with
ischemic as well as heart failure events in follow-up.

Assessment of LV Filling Pressure
The finding of diastolic dysfunction at resting echocardiography is known to hold prognostic value.14,23–26 Redfield
et al23 showed that diastolic dysfunction was common, and
data from this and other studies24 indicated that many patients
with severe diastolic dysfunction may be asymptomatic.
Although this study showed that the prognosis associated
with any form of dysfunction was significantly worse than
those with normal diastolic function, the prognosis associated
with mild diastolic dysfunction, in the absence of raised LV
filling pressure, is controversial.26
The potential role of exercise E/e⬘ was explored because
patients with normal filling pressure (either a normal filling
pattern or delayed relaxation) may experience symptoms and
elevation of E/e⬘ only during exertion.16,27 We have previously reported that patients with raised LV filling pressure at
rest often maintain high pressures with exercise.15 In patients
with such obvious diastolic filling abnormalities evidenced
by raised LV filling pressure at rest, the incremental benefit
of ExE may be limited. In this study, however, 55% (41 of
75) of patients with elevation of E/e⬘ with exercise had a
normal (⬍8), or nonconclusive resting E/e⬘ (8 to 15), indicating the limited sensitivity for resting echocardiography to
identify those at risk when resting measures are not convinc-

ing. These patients may benefit most from detection of raised
LV filling pressure with exercise, especially in the investigation of cardiac causes of dyspnea.

Ischemia
The detection of inducible myocardial ischemia is often the
primary purpose for ExE, and this information holds significant, independent prognostic value.2– 6 Despite the sinister
outcomes associated with LV dysfunction related to ischemia,
many epidemiological studies investigating the prevalence
and prognosis associated with diastolic dysfunction fail to
account for the influence of ischemia. Furthermore, ischemia
has the propensity to influence LV filling pressure, particularly with stress.28 For these reasons, the current study is
unique in demonstrating the independent prognostic value of
exercise E/e⬘ after accounting for the influence of inducible
ischemia.

Study Limitations
Follow-up was obtained on 95% of patients who underwent
baseline testing. Although there were differences between
those who remained in the study and those lost to follow-up,
the differences probably represent clinical outpatient practice
in which younger and more active patients do not typically
require further hospital contact. In addition, age appears to
influence E/e⬘ at rest,29 which may affect the threshold for
detecting raised LV filling pressure. However, the mean age
of patients enrolled in the original validation study of exercise
E/e⬘ was similar to our population, and, because there are no
data describing changes in exercise E/e⬘ with age, we have
not adopted an age-dependent correction.
The accuracy of ExE for detecting angiographically “significant” stenoses is imperfect. In this study, the results of
ExE were comparable with published data for the detection of
CAD (sensitivity, 88%; specificity, 79%),30 but echocardiographic contrast agents—which were not available to us
during this study— could have improved these results. Inducible ischemia is a possible cause of disturbed LV filling and
therefore elevated filling pressure in patients with an ischemic response. However, the extent of ischemia was comparable in patients with and without an increased exercise E/e⬘,
supporting the contention that an increased E/e⬘ response to
exercise is independent of ischemia. The numbers of patients
with increased E/e⬘ was relatively small, and the study was
not powered to make definitive conclusions about the prognosis of this subgroup.

Clinical Implications
The detection and adequate treatment of patients with ischemia has been associated with improved outcome.31 However,
although the identification of raised LV filling pressure with
exercise appears to be of similar importance, the therapeutic
implications of these findings are currently unclear. Epidemiological data suggest that control of hypertension may be
effective in reducing the risk of patients with diastolic
dysfunction.23 Mechanistic studies also support the hypothesis that ventricular-vascular stiffening, possibly caused by the
chronic effects of hypertension, is an important contributor to
the development of heart failure with preserved ejection
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fraction.32,33 In patients without ischemia who display evidence of raised LV filling pressure with exercise, studies of
careful control of hypertension and improvement of ventricular-vascular interaction may demonstrate an improvement of
the LV filling pressure response to exercise and therefore
improve outcomes. Finally, although statistical modeling
separates the predictive power of ischemia and exercise E/e⬘,
raised LV filling with exercise may be a subclinical expression of myocardial ischemia, not visibly detected by wall
motion assessment. Further studies are required to test this
hypothesis.

12.

13.

14.
15.

Conclusion
In addition to permitting the detection of inducible myocardial ischemia, exercise echocardiography identifies a small
group of patients who demonstrate an increase of E/e⬘ with
exercise. The finding of raised exercise E/e⬘ is independently
associated with subsequent cardiovascular hospitalization.

16.

17.

Sources of Funding
This study was supported by a project grant (456139) from the
National Health and Research Council, Canberra, Australia.

18.

Disclosures
None.

19.

References
1. McCully RB, Roger VL, Mahoney DW, Karon BL, Oh JK, Miller FA,
Seward JB, Pellikka PA. Outcome after normal exercise echocardiography and predictors of subsequent cardiac events: follow-up of 1,325
patients. J Am Coll Cardiol. 1998;31:144 –149.
2. Marwick TH, Case C, Vasey C, Allen S, Short L, Thomas JD.
Prediction of mortality by exercise echocardiography: a strategy for
combination with the Duke treadmill score. Circulation. 2001;103:
2566 –2571.
3. Yao S-S, Qureshi E, Sherrid MV, Chaudhry FA. Practical applications in
stress echocardiography: risk stratification and prognosis in patients with
known or suspected ischemic heart disease. J Am Coll Cardiol. 2003;42:
1084 –1090.
4. Krivokapich J, Child JS, Gerber RS, Lem V, Moser D. Prognostic usefulness of positive or negative exercise stress echocardiography for predicting coronary events in ensuing twelve months. Am J Cardiol. 1993;
71:646 – 651.
5. Abitbol E, Monin J-L, Garot J, Monchi M, Russel S, Duval A-M, Gueret
P. Relationship between the ischemic threshold at the onset of wallmotion abnormality on semisupine exercise echocardiography and the
extent of coronary artery disease. J Am Soc Echocardiogr. 2004;17:
121–125.
6. Metz LD, Beattie M, Hom R, Redberg RF, Grady D, Fleischmann KE.
The prognostic value of normal exercise myocardial perfusion imaging
and exercise echocardiography: a meta-analysis. J Am Coll Cardiol.
2007;49:227–237.
7. Abidov A, Rozanski A, Hachamovitch R, Hayes SW, Aboul-Enein F,
Cohen I, Friedman JD, Germano G, Berman DS. Prognostic significance
of dyspnea in patients referred for cardiac stress testing. N Engl J Med.
2005;353:1889 –1898.
8. Bergeron S, Ommen SR, Bailey KR, Oh JK, McCully RB, Pellikka PA.
Exercise echocardiographic findings and outcome of patients referred for
evaluation of dyspnea. J Am Coll Cardiol. 2004;43:2242–2246.
9. Christopher Jones R, Pothier CE, Blackstone EH, Lauer MS. Prognostic
importance of presenting symptoms in patients undergoing exercise
testing for evaluation of known or suspected coronary disease. Am J Med.
2004;117:380 –389.
10. Cook DG, Shaper AG. Breathlessness, angina pectoris and coronary
artery disease. Am J Cardiol. 1989;63:921–924.
11. Okura H, Takada Y, Kubo T, Iwata K, Mizoguchi S, Taguchi H, Toda I,
Yoshikawa J, Yoshida K. Tissue Doppler-derived index of left ventricular

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

Exercise Filling Pressure and Outcome

155

filling pressure, E/E’, predicts survival of patients with non-valvular atrial
fibrillation. Heart. 2006;92:1248 –1252.
Sharma R, Pellerin D, Gaze DC, Mehta RL, Gregson H, Streather CP,
Collinson PO, Brecker SJ. Mitral peak Doppler E-wave to peak mitral
annulus velocity ratio is an accurate estimate of left ventricular filling
pressure and predicts mortality in end-stage renal disease. J Am Soc
Echocardiogr. 2006;19:266 –273.
Hillis GS, Moller JE, Pellikka PA, Gersh BJ, Wright RS, Ommen SR,
Reeder GS, Oh JK. Noninvasive estimation of left ventricular filling
pressure by E/e’ is a powerful predictor of survival after acute myocardial
infarction. J Am Coll Cardiol. 2004;43:360 –367.
From AM, Scott CG, Chen HH. Changes in diastolic dysfunction in
diabetes mellitus over time. Am J Cardiol. 2009;103:1463–1466.
Burgess MI, Jenkins C, Sharman JE, Marwick TH. Diastolic stress echocardiography: hemodynamic validation and clinical significance of estimation of ventricular filling pressure with exercise. J Am Coll Cardiol.
2006;47:1891–1900.
Ha J-W, Oh JK, Pellikka PA, Ommen SR, Stussy VL, Bailey KR,
Seward JB, Tajik AJ. Diastolic stress echocardiography: a novel
noninvasive diagnostic test for diastolic dysfunction using supine
bicycle exercise Doppler echocardiography. J Am Soc Echocardiogr.
2005;18:63– 68.
Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK, Redfield
MM, Tajik AJ. Clinical utility of Doppler echocardiography and tissue
Doppler imaging in the estimation of left ventricular filling pressures: a
comparative simultaneous Doppler-catheterization study. Circulation.
2000;102:1788 –1794.
Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quinones MA.
Doppler tissue imaging: a noninvasive technique for evaluation of left
ventricular relaxation and estimation of filling pressures. J Am Coll
Cardiol. 1997;30:1527–1533.
Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E,
Pellikka PA, Picard MH, Roman MJ, Seward J, Shanewise JS,
Solomon SD, Spencer KT, St John Sutton M, Stewart WJ. Recommendations for chamber quantification: a report from the American
Society of Echocardiography’s Guidelines and Standards Committee
and the Chamber Quantification Writing Group, developed in conjunction with the European Association of Echocardiography, a
branch of the European Society of Cardiology. J Am Soc Echocardiogr. 2005;18:1440 –1463.
Klein AL, Burstow DJ, Tajik AJ, Zachariah PK, Bailey KR, Seward JB.
Effects of age on left ventricular dimensions and filling dynamics in 117
normal persons. Mayo Clin Proc. 1994;69:212–224.
Holland D, Prasad S, Marwick T. Should ischaemia and exercise E/E’
form part of the diagnostic criteria for heart failure with preserved
ejection fraction (HFpEF)? [abstract]. Eur Heart J Suppl. 2009;30:S828.
Akaike H. A new look at the statistical model identification. IEEE Trans
Automat Contr. 1974;19:716 –723.
Redfield MM, Jacobsen SJ, Burnett JCJ, Mahoney DW, Bailey KR,
Rodeheffer RJ. Burden of systolic and diastolic ventricular dysfunction in
the community: appreciating the scope of the heart failure epidemic.
JAMA. 2003;289:194 –202.
Abhayaratna WP, Marwick TH, Smith WT, Becker NG. Characteristics
of left ventricular diastolic dysfunction in the community: an echocardiographic survey. Heart. 2006;92:1259 –1264.
Brucks S, Little WC, Chao T, Kitzman DW, Wesley-Farrington D,
Gandhi S, Shihabi ZK. Contribution of left ventricular diastolic dysfunction to heart failure regardless of ejection fraction. Am J Cardiol.
2005;95:603– 606.
Abhayaratna W, Abhayaratna K, O’Reilly C, Sakuragi S, Becker N.
Asymptomatic left ventricular diastolic dysfunction and risk of death in
the community [abstract]. J Am Coll Cardiol. 2008;51:79A.
Kitzman DW, Higginbotham MB, Cobb FR, Sheikh KH, Sullivan MJ.
Exercise intolerance in patients with heart failure and preserved left
ventricular systolic function: failure of the Frank-Starling mechanism.
J Am Coll Cardiol. 1991;17:1065–1072.
Nakajima Y, Kane GC, McCully RB, Ommen SR, Pellikka PA. Left
ventricular diastolic filling pressures during dobutamine stress echocardiography: relationship to symptoms and ischemia. J Am Soc Echocardiogr. 2009;22:947–953.
De Sutter J, De Backer J, Van de Veire N, Velghe A, De Buyzere M,
Gillebert TC. Effects of age, gender, and left ventricular mass on septal
mitral annulus velocity (E’) and the ratio of transmitral early peak
velocity to E’ (E/E’). Am J Cardiol. 2005;95:1020 –1023.
Marwick TH. Stress echocardiography. Heart. 2003;89:113–118.

156

Circ Cardiovasc Imaging

March 2010

31. Dakik HA, Kleiman NS, Farmer JA, He Z-X, Wendt JA, Pratt CM,
Verani MS, Mahmarian JJ. Intensive medical therapy versus coronary
angioplasty for suppression of myocardial ischemia in survivors of acute
myocardial infarction: a prospective, randomized pilot study. Circulation.
1998;98:2017–2023.
32. Fischer M, Baessler A, Hense HW, Hengstenberg C, Muscholl M,
Holmer S, Doring A, Broeckel U, Riegger G, Schunkert H. Prevalence of
left ventricular diastolic dysfunction in the community: results from a

Doppler echocardiographic-based survey of a population sample. Eur
Heart J. 2003;24:320 –328.
33. Klapholz M, Maurer M, Lowe AM, Messineo F, Meisner JS, Mitchell J,
Kalman J, Phillips RA, Steingart R, Brown EJ Jr, Berkowitz R, Moskowitz
R, Soni A, Mancini D, Bijou R, Sehhat K, Varshneya N, Kukin M, Katz SD,
Sleeper LA, Le Jemtel TH. Hospitalization for heart failure in the presence of
a normal left ventricular ejection fraction: results of the New York Heart
Failure Registry. J Am Coll Cardiol. 2004;43:1432–1438.

CLINICAL PERSPECTIVE
Evidence of raised left ventricular filling pressure (based on the ratio of transmitral and annular velocities, E/e⬘ ratio) during
resting echocardiography holds important prognostic value. However, many patients with normal resting left ventricular
filling pressure complain of exertional symptoms, and some of these demonstrate an increment of E/e⬘ ratio with stress.
The prognostic implications of this response, especially in relation to other prognostic markers such as ischemia, are
undefined. This may be particularly important because many studies have failed to account for the influence of ischemia
on diastolic function. This study demonstrates the adverse outcome associated with raised E/e⬘ during exercise
echocardiography. Importantly, more than half of the patients with raised E/e⬘ with exercise had normal filling pressure at
rest indicating the incremental information provided by exercise. This study shows that the prognostic value of exercise
E/e⬘ is independent of ischemia. Despite the similar outcomes associated with raised exercise E/e⬘ and ischemia, treatment
options for raised filling pressure are not known, and objective identification of those at risk may assist in the investigation
of appropriate therapies.

