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ABSTRACT: Studies have confirmed the close correlation of echocardiographically
estimated pulmonary arterial pressure with invasive measurements in patients with
chronic obstructive pulmonary disease (COPD), but there are few data on utility of
echocardiographic measurement in assessing pulmonary arterial hypertension (PH) in
COPD and correlation with pulmonary function tests.

Presence or absence of tricuspid regurgitation (TR) was determined by Doppler
echocardiography in 73 consecutive COPD patients attending a hospital outpatient
clinic. Transtricuspid pressure gradient (TTPG) was calculated. PH was defined as
TTPG ¢30 mmHg. Patients also underwent spirometry, forced expiratory volume in
one second (FEV1), single breath gas transfer (carbon monoxide transfer coefficient;
(KCO) and carbon monoxide diffusing capacity of the lung; DL,CO) and arterial blood
gas measurement.

Measurable TR was observed in 56/73 patients (77%). There were no differences
between the group in which TR was observed compared to that in which it was absent,
with regard to age, smoking history nor pulmonary function variables. PH was seen in
31/56 cases (55%), with good reproducibility. There were statistically significant
correlations of TTPG with FEV1 (r~-0.26, p~0.05), KCO (r~-0.31, p~0.04) and
DL,CO (r~-0.42, p~0.006) expressed as % pred. Stepwise regression analysis showed
that age and KCO combined provide a multivariate model for prediction of TTPG.

It is concluded the presence and degree of pulmonary arterial hypertension is readily
and reliably determined by echocardiography in the majority of chronic obstructive
pulmonary disease patients. Pulmonary arterial hypertension is common in severe
chronic obstructive pulmonary disease and transtricuspid pressure gradient correlates
with spirometry and indices of gas transfer, similar to previous invasive studies. In view
of the adverse effects of pulmonary arterial hypertension on morbidity and mortality
routine echocardiography in patients with severe chronic obstructive pulmonary disease
may be warranted.
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Chronic obstructive pulmonary disease (COPD) due
to smoking tobacco is the major cause of respiratory
insufficiency in industrialized countries, accounting for
6.4% of all deaths in British males and 3.9% of deaths in
British females [1]. It results in y450,000 hospitaliza-
tions per year in the USA [2] and is the fourth leading
cause of mortality in the USA (109,000 deaths per
annum, equivalent to 4.7% of all deaths) [3]. The disease
is characterized by slowly progressive airflow obstruc-
tion, resulting in dyspnoea and exercise limitation, and
pulmonary arterial hypertension (PH) is its major
cardiovascular complication. Although the true pre-
valence of PH is unknown, an elevation of pulmonary
arterial pressure is reported to occur in 5– 40% of
patients in series of selected individuals with severe
COPD undergoing right heart catheterization [4]. The
magnitude of PH measured invasively correlates with
indices of airflow obstruction and gas exchange, but the
relationship is weak [5]. The degree of PH secondary to

COPD is generally considered mild (e.g. mean pulmo-
nary arterial pressure in the region of 25 mmHg) and
slowly progressive (y1 mmHg.yr-1) [6], but dramatic
elevations of pulmonary arterial pressure are observed
on exercise, during nocturnal desaturations and during
acute exacerbations [7]. Pulmonary arterial pressure is
an important prognostic indicator in COPD, which has
been underlined by a recent study demonstrating that
PH predicts the number of exacerbations and length of
hospital stay in COPD patients [8]. Large studies have
confirmed that elevated pulmonary arterial pressure is a
predictor of mortality independent of airflow limitation
in COPD [9, 10], 5-yr mortality being particularly high
at mean pulmonary arterial pressures in excess of
30 mmHg, increasing to 100% at mean pressures
w50 mmHg [4].

Cardiac catheterization remains the "gold standard"
for the measurement of pulmonary arterial pressures,
PH at catheterization being defined as resting mean
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pulmonary arterial pressure ¢20 mmHg or resting
systolic pulmonary arterial pressure ¢30 mmHg [11].
However, there are significant risks [12] and cost issues
associated with the procedure and, in any case, due to
the high prevalence of COPD it would not be feasible to
perform cardiac catheterization on every patient with
moderate to severe disease. Moreover, the technique
does not lend itself well to the repeated and temporally
close measurements required in clinical trials of
interventions in secondary PH. Thus, a reliable,
reproducible, noninvasive technique for assessment of
pulmonary arterial pressure would clearly be of great
clinical and research value.

SKJAERPE and HATLE [13] were the first to report that
the pressure gradient across a regurgitant tricuspid
valve can be estimated from the peak velocity of the
systolic transtricuspid jet measured using Doppler
echocardiography. Subsequent studies of the use of
Doppler echocardiography in assessing PH in patients
with COPD have generally concentrated on evaluating
the accuracy of the technique, mainly by correlating
echocardiographically derived measurements with pres-
sures obtained at cardiac catheterization. Large studies
have confirmed that echocardiographically derived
estimates correlate closely with pressures measured by
catheter (rw0.7) [14, 15], although in a mixed group of
COPD patients both with and without evidence of
elevated right ventricular systolic pressures the inves-
tigators found their Doppler measurements to be
adequate for estimation of tricuspid regurgitant velocity
in only 30% of patients [15].

Given the previously demonstrated accuracy of
estimation of pulmonary arterial pressures by measure-
ment of the tricuspid regurgitant jet and recent
advances in echocardiography, a study was designed
in a consecutive unselected series of hospital outpatients
with COPD in order to determine the utility of
continuous wave Doppler echocardiography in the
assessment of presence and severity of PH in such
patients.

Methods

Subjects

The study was approved by the Research Ethics
Committee of Imperial College School of Medicine,
Hammersmith, Queen Charlotte9s & Chelsea and
Acton Hospitals. All patients gave their written
informed consent to participate in the study.

The patient group consisted of an unselected
consecutive group of smokers and exsmokers recruited
from a single Respiratory outpatient clinic at the
Hammersmith Hospital. All had irreversible chronic
airflow limitation and a diagnosis of COPD made
according to British Thoracic Society guidelines [16].
Patients had not suffered an exacerbation of COPD for
at least one month prior to echocardiography.

Healthy volunteers were recruited from Medical
School staff to participate in an assessment of the
sensitivity of Doppler echocardiography to acute
changes in pulmonary arterial pressures.

Pulmonary function tests and echocardiography

Pulmonary function tests were performed by experi-
enced specialist lung function technicians. Patients were
seated. Spirometric measurements (forced expiratory
volume in one second (FEV1), vital capacity (VC)) were
made using a dry wedge bellows spirometer (Vitalo-
graph Ltd, Buckingham, UK) and single breath carbon
monoxide gas transfer (carbon monoxide transfer
coefficient (KCO), carbon monoxide diffusing capacity
at the lung (DL,CO)) measurements were made using a
Morgan Benchmark system (Rainham, Kent, UK).
Pulmonary function reference values were calculated
according to the European Respiratory Society9s
statement on standardized lung function testing [17].
Arterial blood gas samples were obtained if clinically
indicated and arterial oxygen and carbon dioxide
tension (Pa,O2 and Pa,CO2) measurements made using
an ABL5 blood gas analyser (Radiometer, Copenhagen,
Denmark).

Doppler echocardiographic investigations were per-
formed by experienced cardiac technicians using a
Toshiba Powervision model SSA380 ultrasound scan-
ner and a multifrequency probe with a range of
2.5 – 3.7 MHz (Toshiba Medical Systems, Crawley,
West Sussex, UK). Presence and location of systolic
tricuspid regurgitation (TR) was verified by colour
Doppler echocardiography. All patients were semi-
supine and continuous wave Doppler recordings of
maximal velocity were obtained from apical, lower left
parasternal and subcostal transducer positions.
Recordings were considered optimal after systematic
examination of each transducer position to locate the
signal of highest audible frequency, maximal velocity
and most clearly definable spectral envelope. The peak
regurgitant velocity of three waveforms was measured
where a clearly defined spectral envelope was visible.
Mean maximum TR velocity was recorded in m.s-1 and
inserted into the modified Bernoulli equation (4V2),
thus calculating the transtricuspid pressure gradient
(TTPG) in mmHg [18]. PH was defined as TTPG
¢30 mmHg [11].

In order to assess reproducibility of TTPG estima-
tion a selected group of 20 patients with echocardio-
graphic evidence of PH underwent repeat
echocardiography within 3 months of their initial
assessment, with the sonographer naive to the previous
TR measurements.

Verification that continuous mode Doppler echocar-
diography is sensitive to changes in TTPG was
performed. Measurements of mean TR velocity were
made as described above in five normal volunteers
breathing room air and were then immediately repeated
after 10 min hypoxia breathing 10% oxygen via a
mouthpiece from a Douglas bag. Arterial oxygen
saturation and electrocardiograph were monitored
throughout.

Data analysis

Reproducibility of TR measurement was assessed by
Bland-Altman analysis [19]. Changes in TTPG under
conditions of hypoxia were analysed using a one-tailed
paired t-test. Differences in age, smoking history and
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lung function indices between the group in which TR
was measurable against that in which there was no
signal were compared using unpaired two-tailed t-tests.
Correlations of TTPG with age, smoking history and
indices of pulmonary function were tested for normality
and analysed using the Pearson test for parametric
data. Stepwise regression analysis was employed to
determine whether a multivariate model was a better
predictor of TTPG than individual variables (age,
FEV1, KCO or smoking history) alone. A cut-off of
p~0.1 was used for removing variables and p~0.05 for
adding variables.

Results

Seventy-three patients were recruited into the study.
Demographics, smoking history and pulmonary func-
tion are presented in table 1. There were no significant
differences with regard to age, smoking history nor
pulmonary function variables between the group in
which a transtricuspid regurgitant jet was measurable
compared with that in which there was no signal.

Based upon British Thoracic Society guidelines [15],
patients were classified as having mild (FEV1¢60%
pred, n~12), moderate (FEV1 40 – 59% pred, n~19) or
severe (FEV1v40% pred, n~42) COPD. TR was
observed in 56 patients (77%). Mean(SD) TTPG for the
entire group in which TR could be measured was 33.5
(10.5) mmHg. PH was seen in 31/56 cases (57%). The
frequencies of PH in mild, moderate and severe COPD
were 25%, 43% and 68% respectively.

The reproducibility of TR measurement was assessed
in 20 patients in whom echocardiography had
previously revealed a TTPG ¢30 mmHg. Bland-
Altman analysis demonstrated that the technique was

reproducible with no evidence of bias (fig. 1). Impor-
tantly, no patient was reclassified as not having PH in
the light of the second echocardiographic investigation.

In five normal subjects TTPG was confirmed to
increase under acute hypoxic conditions (fig. 2).
Mean(SD) TTPG was 20.7(2.4) mmHg during nor-
moxia and 27.5(2.1) during hypoxia (p~0.0002).

Combining the data from all patients with COPD,
there were statistically significant, but weak, inverse
correlations of TTPG with % predicted FEV1 (r~-0.26,
p~0.05, fig. 3), % predicted KCO (r~-0.31, p~0.04,
fig. 4) and % predicted DL,CO (r~-0.42, p~0.006,
fig. 5). There were no correlations of TTPG with other
measurements. Stepwise regression analysis revealed
that a multivariable model (effect size (95% CI)) for
predicting TTPG contains age (0.013 (0.002, 0.025);
p~0.02) and KCO (-0.004 (-0.007, -0.001); p~0.007).

Discussion

The present study demonstrates the utility of a state
of the art continuous wave Doppler echocardiographic

Table 1. – Demographics of chronic obstructive pulmonary
disease patients

Parameters All patients TRz TR-

Subjects n 73 56 17
Age yr 66.7 (8.1) 65.9 (8.5) 69.3 (6.3)
Smoking history

pack yrs 49.0 (22.5) 48.9 (23.1) 49.3 (20.5)
n~61 n~50 n~11

FEV1 % pred 39.4 (19.7) 65.9 (8.5) 69.3 (6.3)
VC % pred 77.8 (19.7) 38.0 (19.1) 43.8 (21.6)
FEV1/VC % 40.3 (16.0) 39.0 (15.9) 44.6 (16.1)
KCO % pred 89.3 (36.0) 85.2 (34.4) 101.6 (39.2)

n~56 n~42 n~14
DL,CO % pred 75.8 (31.7) 71.7 (33.3) 78.5 (25.5)

n~56 n~42 n~14
Pa,O2 kPa 8.98 (1.59) 8.42 (9.79) 5.65 (10.88)

n~27 n~23 n~4
Pa,CO2 kPa 5.52 (0.84) 5.5 (0.9) 5.62 (0.60)

n~27 n~23 n~4

Data presented as mean(SD); TRz~visible tricuspid
regurgitant jet; TR-~no visible tricuspid regurgitant jet;
FEV1: forced expiratory volume in one second; VC: vital
capacity; KCO: carbon monoxide transfer coefficient; DL,CO:
carbon monoxide diffusing capacity of the lung; Pa,O2:
oxygen tension in arterial blood; Pa,CO2: carbon dioxide
tension in arterial blood. There are no significant differences
between TRz and TR- groups (2-tailed unpaired t-tests).
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Fig. 1. – Bland-Altman plot of reproducibility of echocardio-
graphic estimation of transtricuspid regurgitant jet velocity (TR)
in 20 COPD patients. Mean(SD) difference~-0.12 (0.28) m.sec-1,
95% limits of agreement (-0.57, 0.54). t-test: t~-0.24, p~0.81).
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Fig. 2. – Increases in transtricuspid pressure gradient (TTPG) in
five normal subjects breathing 10% oxygen (hypoxia) compared
to room air (normoxia) (p~0.0002). Horizontal lines show mean
values for each group.
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technique to estimate TTPG in patients with COPD of
varying severity. Echocardiographically-derived right
ventricular systolic pressure (RVSP) is normally defined
as the TTPG plus the right atrial pressure estimated
from the elevation of the jugular venous pulse in cm
with respect to the sternum. However, it is difficult to
accurately measure the jugular venous pulse clinically.
YOCK et al. [14] showed that there is a poor correlation
between clinically estimated and invasively measured
right atrial pressure and that TTPG alone correlates
just as closely with invasively measured RVSP as TTPG
plus estimated right atrial pressure. It was therefore
decided to avoid introducing potential measurement
errors into the study by using TTPG alone as an index
of RVSP.

Initial studies of evaluation of RVSP by catheteriza-
tion and Doppler echocardiography suggested that the
noninvasive method provides an accurate and widely
applicable method, and that TTPG accurately reflects
pulmonary arterial catheter measurements [14]. How-
ever, these studies were performed in selected patients
with clinical signs of elevated right ventricular pres-
sures. A subsequent large multicentre study concluded
that Doppler echocardiography should be considered a
useful screening technique but probably lacked accu-
racy [15]. However, the latter study reported that the
TR signal was of sufficient quality for adequate
measurement in only 30% of unselected COPD
patients. In contrast, it has been found that more
modern equipment allows the determination of trans-
tricuspid pressures in over three-quarters of a group of
COPD patients studied at a hospital outpatient clinic.
Additionally, in a subgroup of patients with PH
diagnosed echocardiographically the measurements
were found to be adequately reproducible. As with
the majority of physiological measurements, pulmo-
nary arterial pressures would be expected to vary
spontaneously [20, 21]. However, repeated measure-
ment did not alter the diagnosis of pulmonary
hypertension in the patients. It has previously been
demonstrated that Doppler echocardiography is suffi-
ciently sensitive to detect changes in pulmonary arterial

pressure [22, 23]. Under conditions of acute hypoxia,
pulmonary arterial pressure would be expected to rise
as a consequence of hypoxic vasoconstriction in the
pulmonary vascular bed [24] and, indeed, in a group of
five normal individuals in the present study, continuous
wave Doppler echocardiography was able to detect an
increase in TTPG when the subjects breathed 10%
oxygen for 10 min. It is therefore suggested that the
technique may be of value in following the course of
pulmonary vascular disease and that it may also be of
use in research in acute and chronic pharmacological
and other interventions in PH secondary to COPD in
which multiple repeated measurements are required.

The presented data show that PH is increasingly
common with increasing severity of COPD and that
there is a statistically significant correlation of TTPG
with degree of emphysema as reflected by KCO

measurement. Indeed, it has previously been suggested
that loss of alveolar capillary bed surface area may
contribute to the elevation of pulmonary arterial
pressure associated with severe emphysema [25].
Although the authors have been unable to find other
reports of correlations of TTPG with lung function
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Fig. 3. – Correlation of transtricuspid pressure gradient (TTPG)
with % pred forced expiratory volume in one second (FEV1)
(r~-0.26, p~0.05). Dashed lines show 95% confidence intervals
for the line of regression.
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Fig. 4. – Correlation of transtricuspid pressure gradient (TTPG)
with % pred KCO (r~-0.31, p~0.04). Dashed lines show 95%
confidence intervals for the line of regression.
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tests in COPD, a previous study of 33 patients
addressed whether pulmonary artery end diastolic
pressure estimated echocardiographically correlated
with pulmonary function indices and found a corre-
lation with KCO but not Pa,O2 [26]. A large multicentre
study of 370 patients with COPD correlated invasively
derived pulmonary arterial pressure with spirometry,
but not gas transfer measurements, and obtained a
correlation coefficient of -0.28 for FEV1 [5], which is
remarkably similar to the value of -0.26 reported in the
present study. This lends credence to the accuracy of
echocardiographic estimation of pulmonary arterial
pressures reported in the present paper. However, it
should be noted that, even though statistically sig-
nificant, the correlations of pulmonary arterial pressure
with spirometric and gas transfer indices are fairly poor.
Although a better predictor for PH than other
measurements, the partial pressure of arterial oxygen
has also previously been shown to correlate poorly with
pulmonary arterial pressure measured invasively [5]. A
statistically significant correlation between Pa,O2 and
TTPG was not observed, but arterial blood gas
measurements were only available in 27 patients, all
of whom had severe disease.

Taken together, the present and previous data
suggest that factors other than severity of COPD are
contributors to the pathogenesis of PH. These factors
may include nocturnal desaturation, frequent exacer-
bations, changes in haematocrit and ventilatory
response to hypoxia [7, 18]. Data is currently limited,
but it is also possible that genetic influences are
involved [27, 28], acting synergistically with the effects
of chronic hypoxia and predisposing certain COPD
patients to PH.

Routine investigation of the presence of pulmonary
arterial hypertension is not currently part of UK [16] or
US [29] guidelines for the diagnosis and management of
chronic obstructive pulmonary disease. Although
patients generally undergo electrocardiography, it is
insensitive in detecting right ventricular hypertrophy in
chronic obstructive pulmonary disease [18]. Based on
the present data showing the high prevalence of
pulmonary arterial hypertension complicating severe
chronic obstructive pulmonary disease, and the poor
predictive power of lung function indices, a case could
be made for screening all patients with severe chronic
obstructive pulmonary disease for pulmonary arterial
hypertension. This would contribute to the assessment
of prognosis in these patients and assist in identifying
individuals likely to suffer increased morbidity [9, 10]
warranting close monitoring and intense treatment of
their airways disease. Clearly, these speculations require
further study.
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