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ABSTRACT: In patients with emphysema being evaluated for lung volume reduction surgery,

Doppler echocardiography has been used to screen for pulmonary hypertension as an indicator

of increased peri-operative risk.

To determine the accuracy of this test, the present authors compared the results of right heart

catheterisations and Doppler echocardiograms in 163 patients participating in the cardiovascular

substudy of the National Emphysema Treatment Trial. Substudy patients had both catheterisation

and Doppler echocardiography performed before and after randomisation.

In 74 paired catheterisations and echocardiograms carried out on 63 patients, the mean values

of invasively measured pulmonary artery systolic pressures and the estimated right ventricular

systolic pressures were similar. However, using the World Health Organization’s definitions of

pulmonary hypertension, echocardiography had a sensitivity of 60%, specificity of 74%, positive

predictive value of 68% and a negative predictive value of 67% compared with the invasive

measurement. Bland–Altman analysis revealed a bias of 0.37 kPa with 95% limits of agreement

from -2.5–3.2 kPa.

In patients with severe emphysema, echocardiographic estimates of pulmonary artery

pressures correlate very weakly with right heart catheterisations, and the test characteristics

(e.g. sensitivity, specificity, etc.) of echocardiographic assessments are poor.
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T
he presence of pulmonary hypertension
(PH) and cor pulmonale increases mortal-
ity and predicts hospital readmission for

exacerbations in patients with chronic obstructive
pulmonary disease (COPD) [1–3]. The need to
identify PH in patients with COPD has taken on
new significance due to two developments. First,
the introduction of effective therapies for pul-
monary arterial hypertension has renewed inter-
est in treating other forms of PH, such as that
associated with COPD [4, 5]. Secondly, the
introduction of lung volume reduction surgery
(LVRS) for advanced emphysema increases the
need for a practical test to diagnose PH, which is
a contraindication to LVRS [6].

The standard for measuring pulmonary pres-
sures has been right heart catheterisation (RHC),
but this test is invasive and costly. Transthoracic

Doppler echocardiography (DE) has become a
common method to estimate pulmonary artery
pressures noninvasively after several investiga-
tors showed good correlation with RHC in
patients with cardiac, lung, and/or pulmonary
vascular diseases [7, 8]. However, the utility of
DE in patients with COPD is less well estab-
lished. This is, in part, due to the difficulty in
obtaining satisfactory echo images in a hyperin-
flated chest and potential rightward rotation of
the heart, making visualisation of the tricuspid
valve and vena cava more difficult [9].

The National Emphysema Treatment Trial
(NETT) is a prospective multicentre randomised
controlled trial comparing medical management
alone to medical management plus LVRS in
patients with severe emphysema. Three of the
17 centres participated in a substudy designed to
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examine cardiovascular function in this patient population. In
addition to the comprehensive battery of tests required for
participation in the main NETT trial, including DE performed
by standardised techniques, patients enrolled in the substudy
also underwent RHC both before randomisation and at
6 months. This large population of patients with severe
emphysema, having had both echocardiography and RHC
within a short interval, offered a unique opportunity to further
examine the accuracy of DE in estimating pulmonary pressures
in patients with severe emphysema. Some of this data has been
previously reported [10] and the baseline invasive pulmonary
haemodynamics of a subset of these patients has been
published [11].

METHODS
The institutional review boards for each participating NETT
centre approved the protocols and all patients provided
informed consent prior to enrolling in the study.

Patient population
The NETT methodology, and inclusion and exclusion criteria
have been previously published [6]. Briefly, patients had
advanced emphysema based on pulmonary function (forced
expiratory volume in one second (FEV1) f45%, total lung
capacity (TLC) o100%, residual volume (RV) o150% pre-
dicted (% pred)) and computerised tomographic findings.
Patients were excluded if they had medical comorbidities that
excessively increased their surgical risk, decreased their
expected functional benefit, or decreased the likelihood that
they would provide follow-up data. Evaluation included
arterial blood gases at rest while breathing room air and pulse
oximetry while walking. Domiciliary oxygen was prescribed
for hypoxic patients in accordance with the Centers for
Medicare and Medicaid Services guidelines [12]. All patients
underwent 6–10 weeks of pulmonary rehabilitation prior to
randomisation.

All patients screened for the NETT at the substudy centres
were asked to participate in the cardiovascular substudy
during their baseline evaluation. All cardiovascular substudy
subjects were included in this analysis, even if they subse-
quently failed to meet all NETT criteria for randomisation. Of
the substudy subjects, 67% met randomisation criteria. The
most common reasons for exclusion from randomisation were
as follows: not meeting pulmonary function or computed
tomography criteria; cardiac disease including pulmonary
hypertension; and physician judgment.

Echocardiograms
Resting two-dimensional DE were performed using standard
techniques. Studies were interpreted by staff cardiologists at
each centre. In studies technically adequate for interpretation,
the transtricuspid pressure gradient was calculated using the
modified Bernoulli equation (4v2) where v is the maximum
velocity of the tricuspid valve regurgitant jet. Right atrial
pressure (RAP) was estimated by the respiratory variation in
the diameter of the inferior vena cava and was categorised as 5,
10 or 15 mmHg. Right ventricular systolic pressure (RVSP) was
calculated by adding the transtricuspid pressure gradient to
the RAP estimate.

Right heart catheterisations
RHC was performed with supplemental oxygen to maintain
arterial oxygen saturation .90%. All haemodynamic measure-
ments are reported as the mean of three measurements at end-
expiration. Mean pulmonary artery pressure (P̄pa) was
calculated as the pulmonary artery diastolic pressure plus
one-third of the pulse pressure. Thermodilution cardiac output
is reported as the mean of at least five injections in which
agreement was within 20%.

Statistical methods
The DE estimates of RVSP and the RHC pulmonary artery
systolic pressures (Ppas) were compared by correlation and
Bland–Altman analysis [11, 13]. The present authors report
bias and the 95% limits of agreement, calculated as the bias
¡1.96 times the SD of the differences. Clinically acceptable
accuracy was operationally defined as an RVSP within
1.33 kPa of the Ppas measurement.

Sensitivity, specificity, and positive and negative predictive
values were calculated using the World Health Organization
(WHO) criteria for PH (P̄pa during RHC .3.3 kPa, or RVSP
o5.3 kPa on DE) [14].

The individual differences between DE and RHC measure-
ments were correlated against body mass index (BMI), FEV1 %
pred, a global severity of emphysema score based on high
resolution computed tomography findings, and the RV/TLC
ratio.

RESULTS
The cardiovascular substudy enrolled 163 patients from the
NETT, including those who had been screened but not found
eligible for randomisation. The relationship between these
patients and the rest of the 3,777 patients screened at the 17
NETT centres is shown in figure 1. Subject demographics,
pulmonary function tests and arterial blood gas results at the
initial screening visit are shown in table 1, with mean values
for the substudy subjects compared with the total 1,218
patients randomised in the NETT. Compared with the NETT
population, patients in the substudy had slightly higher FEV1/
forced vital capacity, smaller TLC, and included more African-
Americans.
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FIGURE 1. Patient flow diagram. NETT: National Emphysema Treatment Trial;

DE: Doppler echocardiography; RHC: right heart catheterisation.
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Results from the pre-randomisation baseline RHC are shown
in table 2. The average P̄pa was 3.2 kPa (SD 0.8). In total, 37% of
patients met WHO criteria for PH (P̄pa .3.33 kPa). Of those,
48% had pulmonary capillary wedge pressures ,2.1 kPa,
suggesting that their elevated pressure was not due to left
heart disease. Nine (6%) out of the 163 patients met criteria for
moderate PH (P̄pa .4.66 kPa) and one (0.6%) out of 163 had
severe PH (P̄pa .6.0 kPa).

Table 3 shows results from the pre-randomisation baseline DE.
Results of DE were not available for 22 patients who were
found to be ineligible by other NETT exclusion criteria prior to
obtaining their DE. RVSP estimates could be recorded in only
37.6% of 141 patients on their baseline DE. The median time
between the DE and RHC was 23 days.

In 74 paired RHCs and DEs carried out on 63 patients, the
mean values of invasively measured Ppas and the estimated
RVSP were similar (4.9¡0.9 versus 5.2¡1.3 kPa). However, the
Bland–Altman plot of the Ppas (fig. 2) reveals substantial
imprecision. The bias was 0.37 kPa for the difference between
the DE and RHC pressures and the 95% limits of agreement
were -1.2–3.2 kPa. Furthermore, there was only very weak
correlation between the pressures as measured by RHC and
DE (fig. 3). Using an assumed RAP of 1.33 kPa instead of the
estimated pressure, the bias was 0.55 kPa and the 95% limits of
agreement were -2.3 and 3.4 kPa, respectively.

Echocardiography was inaccurate by .1.33 kPa in about one-
third of patients (fig. 4). There was also wide variability in the
RAP estimates (fig. 5), as demonstrated by the range of the
RHC RAP measurement for each of the three possible DE
estimates. However, using an assumed RAP of 1.33 kPa did
not improve the accuracy of the DE estimate of RVSP (31% of
estimates differed from Ppas by .1.33 kPa). Furthermore,
using the actual RAP measurement from RHC to calculate
the DE RVSP actually made the accuracy worse (35% of
estimates differed from Ppas by .1.33 kPa). This suggests that
the error in RAP estimation was not the major source of error
in the RVSP estimate.

Using WHO criteria for PH from RHC (P̄pa .3.3 kPa) and DE
(RVSP o5.3 kPa), sensitivity, specificity, and positive and
negative predictive values were calculated for DE.
Transthoracic DE had a sensitivity of 60% (95% confidence
intervals (CI) 42–76%), a specificity of 74% (95% CI 58–87%), a
positive predictive value of 68% (95% CI 49–83%) and a
negative predictive value of 67% (95% CI 51–81%) compared
with RHC.

The present authors sought to determine if characteristics of
body habits, hyperinflation or emphysema severity influenced
the accuracy of DE by correlating BMI, RV/TLC, percentage
predicted FEV1, and global emphysema severity on computed
tomography scan against the difference between RVSP and
Ppas. There was no correlation between any of the patient
characteristics and the measurement difference. Limiting the
Bland–Altman analysis to patients who had upper lobe
predominant emphysema also did not improve the accuracy
of DE.

DISCUSSION
RHC has long been considered the gold standard for
diagnosing PH. Current recommendations for the evaluation

TABLE 1 Demographics and pulmonary function

CV substudy NETT

Demographics

Patients n 163 1218

Age yrs 65.6¡6.6 66.4¡6.1

Male % 60.1 61.2

Race %

C/AA/O 89.6/9.8/0.6 94.9/3.4/1.6

Pulmonary function

FEV1/FVC 32.9¡7.2 31.6¡6.4

FEV1 % pred 27.2¡7.2 26.9¡7.1

FVC % pred 65.5¡15.6 66.8¡15.2

TLC % pred 125.2¡14.5 129.0¡14.5

RV % pred 223.2¡47.9 225.4¡48.0

DL,CO % pred 27.0¡9.3 28.3¡9.7

Arterial blood gas

pH 7.42¡0.03 7.42¡0.03

Pa,CO2 mmHg 42.8¡6.3 42.8¡5.3

Pa,O2 mmHg 65.2¡10.3 64.6¡10.2

Data are presented as mean for continuous variables¡SD, unless otherwise

indicated. CV: cardiovascular; NETT: National Emphysema Treatment Trial;

C: Caucasian; AA: African-American; O: other; FEV1: forced expiratory volume

in one second; FVC: forced vital capacity; % pred: % predicted; TLC: total lung

capacity; RV: residual volume; DL,CO: diffusing capacity of the lung for carbon

monoxide; Pa,CO2: carbon dioxide arterial tension; Pa,O2: arterial oxygen tension.

1 mmHg50.133 kPa.

TABLE 2 Baseline right heart catheterisation results

n Mean SD Minimum–maximum

Right atrial pressure mmHg 163 7.9 4.0 1–24

Pulmonary artery systolic pressure mmHg 162 35.7 7.8 14–66

Pulmonary artery diastolic pressure mmHg 162 18.1 6.0 2–38

Mean pulmonary artery pressure mmHg 163 24.0 6.2 11–47

Pulmonary capillary wedge pressure mmHg 163 12.8 4.9 2–28

Cardiac output L?min-1 160 5.1 1.1 2.3–9.1

All pressures were measured at end-expiration. 1 mmHg50.133 kPa.
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of patients with suspected PH begin with an echocardiogram
to estimate the RVSP and to evaluate for right heart chamber
enlargement [15]. This is supported by multiple previous
studies showing a good correlation between DE measurements
and RHC [7, 8]. However, these studies have been performed
largely in patients with diseases other than emphysema, in
whom DE estimates of peak tricuspid regurgitant velocity may
not be as technically challenging. These studies have included
patients with a variety of pulmonary and vascular disorders,
but with such a wide range of pulmonary artery pressures that
statistically significant correlations were found despite rather
large variance. The current study is one of the few limited to
patients with severe, well-characterised emphysema that has
compared these two diagnostic modalities.

The accuracy of DE for the assessment of right-sided pressures
in patients with lung disease has been questioned previously.
ARCASOY et al. [16] reported 166 patients with a variety of lung
diseases being evaluated for lung transplantation at a single
centre. As in the current study, ARCASOY et al. [16] defined DE

as ‘‘accurate’’ if the RVSP estimate was within ¡1.3 kPa of the
Ppas on RHC. Among the patients with obstructive lung
disease, RVSP could be estimated in only 38% of patients, or 96
patients. It was inaccurate 44% of the time, with a sensitivity of
76% and specificity of 65%. Signs of RV dysfunction on
echocardiogram did not improve the accuracy of DE. Another
study that compared RHC with DE measures of RVSP in 25
patients being evaluated for LVRS also found poor correlation
between the measures [17]. Despite the differences in patient
populations and methodology, these findings are quite similar
to the present findings and support the present conclusion that
DE is an inappropriate screening tool for pulmonary hyperten-
sion in patients with severe emphysema.

Two other studies have been less critical of DE, and it is
possible that it performs better in patients who are less
hyperinflated than the NETT subjects. LAABAN et al. [18] were

TABLE 3 Pre-randomisation baseline Doppler
echocardiography findings for patients with an
interpretable study

n Mean SD Minimum–

maximum

Right atrial pressure mmHg 58 8.4 2.4 5–10

Peak tricuspid regurgitant

velocity m?s-1

53 2.75 0.4 2–3.8

Right ventricular systolic

pressure mmHg

53 39.3 9.4 24–68

1 mmHg50.133 kPa.

�&

�&

�&

�&

&

'�&

'�&

�&  & �&

%
�
�!
(
)
*
+!

"
#
�,
,
"
�

�
� � � �

�
�

�
��

� �

�

�

�

�
��
�

���
�

�
�

�
�

�
�

��

�
�

�
�

��

� �
�

�

�

�

�

�
��

��

�
��

��
�

�

�

�

�
�

�

�

-%��!()*�.�!"#����
/$��,,"�

�

FIGURE 2. Bland–Altman plot of pulmonary artery systolic pressure (Ppas). The

abscissa is the average of the Doppler echocardiogram (DE) estimate and the right

heart catheterisation (RHC) measurement of the Ppas and the ordinate axis is

difference between the two measurements for each paired observation. DE, on

average, overestimates the measured Ppas (bias52.81 mmHg; –––––). RVSP: right

ventricular systolic pressure. The 95% limits of agreement (------) were -18.7 and

24.3 mmHg. n574 paired measurements on 63 patients. 1 mmHg50.133 kPa.

�&�& &�&�&

�&

�&

 &

�&

�&

�&

��
��0��,�!"#�,,"�

!
(
)
*
�0�
�,

�%
�
�,
,
"
�

�
�

�
�

��
�

� ��

�
�
�
�

�
�

�
�

�
�
� �

�
�
�

� �

�

�
�

�
��

�
��
��

�
�
�

�
�

�

�
��

��
�

�
�

���

�

�
�

�

�

�

�

�

FIGURE 3. Scatter-plot between Doppler echocardiography (DE) estimate of

right ventricular systolic pressure (RVSP) and pulmonary artery systolic pressure

(Ppas) measured at right heart catheterisation (RHC). Pearson’s correlation50.23

(95% confidence interval 0.001–0.44). n574 paired measurements on 63 patients.

1 mmHg50.133 kPa.
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FIGURE 4. Percentage of Doppler echocardiography (DE) estimates of right

ventricular systolic pressure (RVSP) within 10 mmHg of the measured pulmonary

artery systolic pressure at right heart catheterisation. n574 paired measurements

on 63 patients. 1 mmHg50.133 kPa.
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able to obtain DE estimates of RVSP in 66% of 41 patients with
COPD, and found a statistically significant correlation with
invasive systolic pulmonary artery pressure. However, these
patients were substantially less hyperinflated than the patients
in the current paper (RV 143 versus 223 % pred, TLC 99 versus
125 % pred). TRAMARIN et al. [9] also found a statistically
significant correlation between these measures in 30 COPD
patients whose lung function is not described. However, in
both these studies, the two measures differed from each other
by .1.33 kPa in about one-third of subjects, and one-quarter or
more would have been misclassified as to the presence of PH
based on RVSP. This illustrates that a significant correlation to
an accurate measurement does not imply that the correlate is
also accurate [13].

Positive and negative predictive values of a diagnostic test,
such as DE, will be dependent upon the disease prevalence in
the population. The present authors’ estimates for the
prevalence of PH in patients with severe emphysema may
not indicate its true prevalence, since patients evaluated for the
NETT are a highly select subset of patients with emphysema.
Many with previously known PH may not have been referred
for initial screening in the NETT and thus not included in this
substudy. Patients with severe hypoxia, poor functional
capacity, left heart failure, or other conditions associated with
PH in addition to emphysema would also have been excluded
from study or never referred. Alternatively, patients with
dyspnoea as a result of their secondary PH may have been
more likely to seek participation in the NETT. Although the
positive and negative predictive values of DE may vary in
other groups of emphysema patients, any test used for
screening purposes should have a high sensitivity.

Right ventricular systolic pressure is estimated with DE by
aligning the Doppler probe parallel to the axis of the
regurgitant jet across the tricuspid value. The regurgitant flow
signal is imaged, peak flow velocity is measured, and the
transvalvular gradient calculated using the modified Bernoulli
equation [7]. This is added to RAP, which is either assumed to
be the same in all patients or estimated from the height of
jugular vein distension or from the degree of inspiratory
collapse of the inferior vena cava.

There are two reasons why these theoretically sound techni-
ques may fail in patients with emphysema: 1) difficulty in
visualising the heart and in aligning the probe because of the
heart’s narrow, vertical orientation; and 2) difficulty in
obtaining a clear signal of regurgitant flow because hyperin-
flation increases the distance between the probe and degrades
the image. These technical difficulties are likely to explain why
interpretable signals could not be obtained at all in the majority
of patients. It is a reasonable speculation that the signals,
though measurable, were of suboptimal quality in many of the
remaining patients. The use of contrast (i.e. agitated saline) has
been shown to increase the ability to estimate RVSP [19–21];
however, it is unclear if this improves its accuracy.

Limitations of this study arise from the original design of the
cardiovascular substudy, which was not specifically designed
to examine the accuracy of DE. The DE were not performed
immediately before or after RHC, so the possibility that the
patient’s pulmonary artery pressure had changed in the

interval can not be excluded. However, limiting the analysis
to studies that were carried out within 14 days of each other
failed to improve agreement between DE and RHC measure-
ments. Furthermore, a long-term study of pulmonary arterial
haemodynamics in patients with COPD with f6 yrs of follow-
up showed changes smaller than the differences seen using the
two techniques in the present study [2]. Thus, it is unlikely that
the discrepancies between methods are due to biological
changes in the patients between testing.

The present study is also limited by the data recorded on case
report forms for the NETT cardiovascular substudy. The reason
why a study was technically inadequate was not recorded.
Measures of right ventricular function, dimensions, or wall
thickness were also not recorded. These variables are available
to the clinical echocardiographer and can influence their
interpretation of the presence or absence of PH. The present
study design does not make it possible to determine if those
factors would increase the diagnostic accuracy of DE. Earlier
studies have suggested that the absence of right-sided chamber
enlargement has a high negative predictive value [16, 17].

Patients were all on oxygen during their RHC, whereas they
only used oxygen during DE if it had been prescribed.
However, all patients who were hypoxic at rest were
prescribed oxygen. If the administration of supplemental
oxygen during RHC had caused pulmonary vasodilation,
systematic underestimation of RHC pressures compared with
DE would have resulted. Although the bias was in that
direction, its value was close to zero and DE underestimated
the pressure almost as frequently as it overestimated it.

Echocardiography was performed at each clinical centre
according to specifications in the NETT manual of procedures.
However, technicians were not specially trained in image
acquisition for the NETT, equipment was not uniform, and
studies were interpreted on-site by local cardiologists. This
may have introduced some error, compared with using a
highly standardised technique with a few, specially trained
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63 patients. 1 mmHg50.133 kPa.
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technicians and cardiologists or centralised image interpreta-
tion and discrepancy resolution. While this may lead to an
underestimation of the potential accuracy of DE, it is much
more representative of how echocardiography is performed in
general practice. Thus, these findings may be more readily
generalised to the community and, unfortunately, cast doubt
on the utility of this widely used test in patients with
emphysema.

The findings of the present study also raise concerns about the
use of DE in the main NETT study and its use in the
community to screen patients prior to LVRS. The present
findings would suggest that an unknown number of patients
with exclusionary pulmonary hypertension were nevertheless
enrolled in the NETT and randomised to surgery. Similarly, an
unknown number of qualified subjects may have been
excluded based on DE measures that were in error. The
NETT outcomes remain valid when applied to patients
screened by the same techniques. However, caution is advised
when excluding patients for LVRS based only on an elevated
RVSP measurement, and suggest that the absence of PH in
eligible patients be confirmed by RHC prior to surgery.

In conclusion, the present study has found that Doppler
echocardiography is frequently inaccurate in patients with
severe emphysema. The test characteristics (sensitivity, speci-
ficity and predictive values) are poor for the ability of Doppler
echocardiography to detect pulmonary hypertension. As
detecting pulmonary hypertension in the current patient
population can have important diagnostic, prognostic and
therapeutic implications, physicians should interpret results of
Doppler echocardiography cautiously and consider confirming
these estimates with right heart catheterisation after taking into
account the risks of this more invasive procedure.
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