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Rationale: Transthoracic Doppler echocardiography is recommended for screening for the presence of pulmonary hypertension (PH).
However, some recent studies have suggested that Doppler echocardiographic pulmonary artery pressure estimates may frequently
be inaccurate.
Objectives: Evaluate the accuracy of Doppler echocardiography for
estimating pulmonary artery pressure and cardiac output.
Methods: We conducted a prospective study on patients with various

forms of PH who undenivent comprehensive Doppler echocardiography within 1 hour of a clinically indicated right-heart catheterization to compare noninvasive hemodynamic estimates with invasively measured values.
Measurements and Main Results: A total of 65 patients completed the
study protocol. Using Bland-Altman analytic methods, the bias for
the echocardiographic estimates of the pulmonary artery systolic
pressure was -0.6 mm Hg with 95% limits of agreement ranging
from +38.8 to ~40.0 mm Hg. Doppler echocardiography was inaccurate (defined as being greater than :10 mm Hg of the invasive
measurement) in 48% of cases. overestimation and underestimation of pulmonary artery systolic pressure by Doppler echocardiography occurred with a similar frequency (16 vs. 15 instances, respectively). The magnitude of pressure underestimation was greater
than overestimation (-30 1 16 vs. +19 1 11 mm Hg; P 0.03);
underestimates by Doppler also led more often to misclassification
of the severity of the PH. For cardiac output measurement, the bias
was -0.1 L/min with 95% limits of agreement ranging from +2.2 to
-2.4 L/ min.
Conclusions: Doppler echocardiography may frequently be inaccurate in estimating pulmonary artery pressure and cardiac output in
patients being evaluated for PH.
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Pulmonary hypertension (PH), a syndrome characterized by increased pulmonary vascular resistance and remodeling, is associated with significant morbidity and mortality, which are directly
related to cardiac function (1). Although the definitive diagnosis of
PH is currently established through right-heart catheterization,
accurate noninvasive assessment of pulmonary arterial pressure
and cardiac output (CO) is desirable both for diagnostic purposes
and to assess response to therapy.
Transthoracic Doppler echocardiography (DE) is recommended as the initial noninvasive modality in the screening and
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evaluation of PH (2). Echocardiography can be used to evaluate
of pericardial effusion, which are known to impact survival (3-5). Frequently, DE is used to estimate the right ventricular systolic
pressure by estimating the pressure gradient between the right
ventricle and the right atrium using the modified Bernoulli equation, 4v2, where v equals the velocity of the tricuspid regurgitant jet.
An estimated right atrial pressure is added to this number to
approximate the right ventricular systolic pressure, which equals
the pulmonary artery systolic pressure in the absence of puhnonic
stenosis. Using this method, several investigators have demonstrated an adequate correlation between the Doppler estimates
and direct measurements with right-heart catheterization (6, 7),
although the accuracy of DE has been called in to question in
certain clinical settings (8, 9).
Other than measuring pulmonary pressures, DE has the
potential to provide additional information important in the
management of patients with PH, such as assessment of CO, an
important prognostic indicator of survival in these patients (1).
However, little is known about the accuracy of Dopplerestimated CO in patients with pulmonary hypertension.
The purpose of this study was to prospectively evaluate the
accuracy of DE in estimating pulmonary artery systolic pressure
and CO in consecutive patients referred to a single center for
evaluation or treatment of PH and in whom DE was performed
within 1 hour of hemodynamic assessment by right-heart catheterization. Some of the results of the current study have been
previously reported in abstract form (10).
right—sided chamber size and function and the presence
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This study was conducted by the PH Program at Johns Hopkins
University. The Institutional Review Board approved the conduct of
this study, and all patients gave informed consent before enrollment.
Consecutive patients referred for right-heart catheterization for the
diagnosis or management of PH were asked to participate in the study.
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Study patients underwent a transthoracic DE within 1 hour of completing the right-heart catheterization. A subset of patients from this
cohort was reported previously (3, 11).

Right Heart catheterization
Right heart catheterization was performed at rest without sedation by
members of the research team (M.F. and H.C.). Pressure measurements were taken from the right atrium, right ventricle, and pulmonary
artery at the end of expiration. CO was determined using the thermodilution method using an average of a minimum of three measurements.
Left-to-right shunting was ruled out by oxirnetry.

Transthoracic Doppler Echocardiography

All patients had a comprehensive two-dimensional DE protocol within
1 hour of right-heart catheterization, as described previously (3).
Echocardiograms were performed by one technician (E.C.) using
a Philips Sonos 5500 with a 3.2 MHz transducer (Philips Medical
Systems, Andover, MA). Images were recorded in multiple views thus
obtaining optimal imaging for the primary analysis. Right atrial
pressure (RAP) was estimated by evaluating the inferior vena cava
(IVC) size and change with respiration (12). Briefly, RAP was
estimated to be 5 mm Hg when the IVC diameter was less than
20 mm and the collapsibility greater than 50%; 10 mm Hg when IVC
diameter was less than 20 mm and collapsibility less than 50%; 15 mm Hg
when IVC diameter was greater than 20 mm and collapsibility greater
than 50%; and 20 mm Hg when IVC diameter was greater than 20 mm
and collapsibility less than 50%. Continuous wave Doppler was used to
measure the peak velocity of the tricuspid regurgitant (TR) jet at endexpiration. The interpreting cardiologist (P.F.) also graded the quality
of the continuous wave Doppler envelope: excellent (high-intensity
Doppler signal with full “spade shaped” Doppler envelope with clearly
visualized peak), good (moderate- or high-intensity Doppler envelope
with mild signal dropout at the peak velocity), fair (moderate-to-low
intensity Doppler envelope with moderate-to-high signal dropout at
the peak velocity), and poor (low intensity Doppler envelope with
poorly visualized peak velocity). The degree of TR was assessed semiquantitatively (graded 0-3), as previously reported (3). Doppler
estimated CO was derived from the Doppler-estimated stroke volume
using the velocity time integral (VTI) of flow through the left
ventricular outflow tract (LVOT), the diameter of the LVOT, and
heart rate recorded during the imaging study, using the following
formula: COD,,,,,,,e, = [VTILVOT >< (Diameter of LVOT)2 X (0.785)] X
heart rate (13). Echocardiograms were interpreted by a single cardiologist (P.F.) who was blinded to the patients’ medical history and
diagnosis and to the results of the right-heart catheterization.

Statistical Analysis
Descriptive statistics were used to describe the study population using
Stata 8.0 (College Park, Texas). Pressures determined by right-heart
catheterization and DE were compared using analysis described by
Bland and Altman (14). Accuracy was predefined as 95% limits of
agreement within :10 mm Hg for pulmonary artery pressure estimates
and :1 L/min for cardiac output measurements.
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TABLE 1. PATIENT DEMOGRAPHICS
54.0 (14.7)
49 (75.4%)
55 (84.6%)
58 (89.2%)

Age, yrs (SD)
Caucasian, n (%)
Female, n (%)
PH Present, n (%)
Diagnosis

Idiopathic PAH

14

PAH-CTD

23

Other*, n

21

Definition of abbreviations: CT D = connective tissue disease; PAH = pulmonary
arterial hypertension; PH = pulmonary hypertension.
*0ther patient characteristics include: chronic thromboembolic pulmonary
hypertension, 1; interstitial lung disease, 5; obstructive sleep apnea, 2; HIVrelated PAH, 1; sickle cell disease, 1; diastolic dysfunction, 4; sarcoidosis, 1;
exercise induced, 1; unspecified, 1; portopulmary hypertension, 2; congenital
heart disease, 1; chronic obstructive pulmonary disease, 1.

Patient Characteristics
The baseline characteristics of the study population are presented
in Table 1. The patients tended to be white females with an average
age of 54.0 years. The majority of the patients had pulmonary
arterial hypertension (WHO Group I) as defined by the Venice
classification system (15). Other forms of PH were related to
interstitial lung disease (5 patients), pulmonary venous hypertension (4 patients), and obstructive sleep apnea (2 patients). Vascdilator challenges were performed when appropriate with inhaled
nitric oxide. Only one patient had a positive vasodilator response
as previously defined (16), and the pulmonary artery pressures
returned to pretesting levels immediately after cessation of the
agent. A minority of patients (32%) were undergoing follow-up
catheterization and were already on specific therapy for PH. No
changes in therapy were made during the brief time between the
catheterization and the echocardiogram.
Summary statistics for hemodynamic measurements
obtained by right-heart catheterization and DE are presented
in Table 2. These values during right-heart catheterization
revealed a wide range in right atrial and pulmonary artery
pressures, from 2 to 24 mm Hg and 20 to 120 mm Hg,
respectively. CO ranged from 1.6 to 11.2 L/min. Results of
DE measurements revealed a similar wide range of pressures
and outputs. Six patients were found not to have any appreciable tricuspid regurgitation. However, four of these patients had
evidence of pulmonary hypertension by catheterization including one with moderate PH (defined as a mean pulmonary artery
pressure greater than 35 mm Hg). No patients had evidence of
a left-to-right shunt by oximetry.
Accuracy of Echocardiographic Estimates

Fifty-nine patients had DE estimates of pulmonary artery
pressure. Using Bland—Altman analysis, the bias for the echocar-

RESULTS
Seventy—five consecutive right-heart catheterizations were
performed between March and October 2004 on patients
referred to the PH program. Three patients refused to
participate in the study; two patients could not have echocardiograms performed because of scheduling conflicts; one
patient underwent an exercise right-heart catheterization;
and one patient was excluded because a left heart catheterization was required at the time of the right-heart catheterization. For two patients who had a repeat right-heart catheterization during the study period; only the first study pairing of
DE and catheterization was used in the analysis. The echocardiogram on one other patient could not be adequately
interpreted for this study. Therefore, data from a total of
65 patients were available for the final analysis.

TABLE 2. HEMODYNAMIC VALUES OBTAINED BY RIGHT-HEART
CATHETERIZATION AND DOPPLER ECHOCARDIOGRAPHY
Right-Heart Catheterization
RAP, mm

Hg

PASP, mm Hg

mPAP, mm Hg

C0, L/min
Echocardiogram
RAP, mm Hg
RVSP, mm Hg

C0, L/min

n

Mean

SD

65
65
65
65

9.4
68.5

41.4
4.4

5.0
23.9
14.6
1.7

65
59
64

12.4
70.2
4.3

25.1
1.4

4.7

Definition of abbreviations: CO = cardiac output; mPAP = mean pulmonary
artery pressure; PASP = pulmonary artery systolic pressure; RAP = right atrial
pressure; RVSP = right ventricular systolic pressure.
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diographic estimates of the pulmonary artery pressures was
-0.6 mm Hg with 95% limits of agreement ranging from +38.8
to 40.0 mm Hg (Figure 1). The correlation coefficient for the DE
and invasive measurement of pulmonary artery systolic pressure
was 0.66 (P < 0.001). Using a definition of an accurate pulmonary
artery pressure estimate of within 10 mm Hg of the value from
catheterization, 48% of the echocardiographic estimates were
accurate. Six of 16 patients (38%) pressure overestimates were
greater than 20 mm Hg, whereas 12 of 15 (80%) pressure
underestimates were greater than 20 mm Hg. In keeping, the
magnitude of underestimation was greater than the overestimation (-30 :t 16 vs. +19 1 11 mm Hg; P 0.03). Of note, 10 of 12
(83%) underestimates greater than 20 mm Hg were associated
with a fair or poor quality Doppler jet across the tricuspid valve,
suggesting inadequate or incomplete resolution of the maximal
jet velocity as the cause of underestimation. The TR grade was
comparatively less for subjects with “poor” or “fair” versus
“good” or “excellent” quality transtricuspid Doppler velocity
signals (1.3 i 0.1 vs. 2.2 1- 0.1; P < 0.001).
The distribution of estimates of the right atrial pressure and
the measured pressure is shown in Figure 2. A total of 29
subjects had an echo—estimated RAP of 15 mm Hg or greater,
however invasive RAP measurements revealed that 11 of 20 of
these patients had an RAP <10 mm Hg, and 4 of 20 had an
RAP <5 mm Hg. In fact, half (8 of 16 subjects) of the cases of
PA systolic pressure overestimation were related solely to right
atrial pressure overestimation by echocardiography. Comparing
the transtricuspid gradient estimate from the echocardiograms
and a calculated transtricuspid gradient from the right—heart
catheterization yielded a bias of -1.8 mm Hg, with 95 % limits
of agreement of 33.6 and —37.2 mm Hg.
For clinical perspective, Table 3 compares the pulmonary
artery systolic pressure (PASP) obtained by right—heart catheterization with the DE PASP (for under- and overestimate
values), along with the corresponding diagnostic category of
severity that each subject would fall into for each technique. PH
was categorized as severe if the PASP was greater than 65 mm Hg,
moderate (55 to 64 mm Hg), and mild (40 to 54 mm Hg). Of
note, 47% of patients with pressure underestimation by DE had
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Figure 1. Bland—Altman plot of Doppler echocardiographic estimates of
pulmonary artery pressure and right-heart catheterization measurements. The bias was -0.6 mm Hg and the 95% limits of agreement
were +38.8 and -40.0 mm Hg. Triangles represent excellent- and goodquality Doppler signal; circles
fair- and poor-quality Doppler signal;
dotted line = bias; dash/dotted line = upper and lower limits of
agreement. Abbreviations: DE = Doppler echocardiography; PASP =
pulmonary artery systolic pressure; RHC = right-heart catheterization.
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Figure 2. Comparison of right atrial pressure as estimated by Doppler
echocardiography and right-heart catheterization. RHC = right-heart
catheterization.

their PH underestimated by two or more diagnostic categories
(major error); 33% of the underestimates were within one
diagnostic category (minor error); and 20% of underestimates
were within the same diagnostic category. In contrast, only 13%
of patients with pressure overestimates by DE had their PH
overestimated by two or more diagnostic categories (major
error); 31% by one diagnostic category, and 56% of overestimates were within the same diagnostic category.
Echocardiographic estimates of cardiac output were compared with thermodilution determinations in Figure 3. The bias
of -0.1 L/min with 95 % limits of agreement ranging from 2.2 to
—2.4 L/min fell outside the predetermined limits of clinical
acceptability (see METHODS section). The correlation coefficient
for the DE and thermodilution cardiac output was 0.74; P <
0.001. We also tested whether the velocity time integral from
the right ventricular (RV) outflow tract (VTIRVOT ) could
differentiate subjects with a low or relatively preserved cardiac
index, the latter being defined as a cardiac index greater than
2.2 L/min/m2. Using receiver operator curve analysis, the area
under the curve for the VTIRVOT was 0.82 (95% confidence
interval [CI] 0.70-0.94; P < 0.0001); the best VTIRVOT cutpoint
for a reduced cardiac index was 12.2, with a sensitivity and
specificity of 85.7 and 70.8%, respectively.

DISCUSSION
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This study evaluated the utility of echocardiography for the
estimation of pulmonary hemodynamics and CO in a population
of patients referred for right-heart catheterization at a single
PH center. Both tests were completed sequentially and within
a very short timeframe (1 hour). Despite these optimized conditions, echocardiographic estimates for right atrial and pulmonary
artery pressures differed significantly from those determined by
invasive measurements, as assessed by Bland-Altman analysis,
with a tendency to both overestimate and underestimate the
pulmonary artery systolic pressure. Underestimations were larger
in magnitude and more often significantly misclassified the severity
of PH. Finally, measurements of CO by DE, which has been
validated in other patient populations, appeared least useful.
Clinical interest in using DE to estimate right ventricular
pressure arose after Berger and colleagues and Currie and
colleagues demonstrated good correlation between echocardiographic estimates and directly measured pressures (6, 7). However, establishing good correlation does not imply that one test is
an accurate substitute for another. More recent studies have
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TABLE 3. COMPARISON OF PH SEVERITY ACCORDING TO PASP
DERIVED FROM RHC VS. PASP ESTIMATED BY DE*
RHC

DE

Categor)/cam
PASP

severe

51

severe

mild_

2

56
56
94
59
74
77
30
33

severe
severe
severe
severe
severe
severe

moderate
moderate

61

50

51

severe
severe
severe

moderate
moderate
moderate
moderate
PASP

S4

3

Underestimates
2

48
46
43
54

1 1

Error

mild
mild
mild
mild

70
76
65
90
72
1 18
106
1 05
76
1 26
1 19
60
66
64

80
96
78
80
70
70
84
65
64
60
63
58
62
48

Category.,°,,,,.,,,

127
1 03
1 08
1 00
1 02
81

89
1 1 1

76
120
82
78
73
73
65
74

.

severe

2

2
2
1

1

O

severe
none
none

O

2

2
1
1

Overestimates
severe

severe

severe

severe
severe

severe
severe
severe
severe

severe
severe

0
0
0
O

0

severe

0
0
0

severe

severe

0

moderate
moderate
moderate
moderate
moderate
mild
mild

severe
severe
severe

severe
severe

severe

severe
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severe

severe
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0

moderate

mild
mild

or

Difference Between DE and
RHC Measurement
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1
1

1
1

severe

1

severe

2

severe

2

Definition of abbreviations: DE
Doppler echocardiography; PASP = pulmonary artery systolic pressure; PH = pulmonary hypertension; RHC = right-heart
Catherization.
*ClassifiCation of PH severity (category) by RHC or DE: severe (2 65 mm Hg);
moderate (55-64 mm Hg); mild (40-54 mm Hg). The degree of misclassiflcation
(error) of the severity of PH by DE is graded from 0-2 (0 = same category; 1 = 1
Category of misclassification; 2 = 2 or more categories of misclassification).
=

focused on the value of echocardiography in assessing RV function by various techniques, including measurement of the tricuspid
annular plane systolic excursion (TAPSE), two-dimensional strain,
tissue Doppler echocardiography, or the speckle tracking method
(3, 17, 18). However, RV systolic pressure (RVSP) remains the
most commonly emphasized echo-derived parameter in routine
clinical practice, particularly as the diagnosis of PH often hinges
upon its initial recognition by Doppler echocardiography. Also,
direct comparisons of echocardiographic estimates (e.g., RVSP)
and hemodynamic values obtained by right-heart catheterization,
with the two procedures being performed within an acceptable
time frame, have been relatively lacking in PH studies.
Bland and Altman developed statistical methods to better
assess the equivalence or accuracy of one test compared with
another (14), which we used for the present study. The BlandAltman method is arguably a more optimal way to compare two
numerical tests. Although conclusions from the present study
(related to the accuracy of DE) are at odds with those reached
by Berger and colleagues and Currie and colleagues, they are in
agreement with studies by Arcasoy and colleagues and Fisher
and colleagues (8, 9). The former study assessed the utility of
DE in patients with advanced lung disease who had been
referred for lung transplantation. Although DE values corre-

0

2

4

6

8

10

12

Average of DE and RHC Measurement

Figure 3. Bland-Altman plot of Cardiac output estimated by DE and
measured by right-heart catheterization. The bias was -0.1 L/min and
the 95% limits of agreement were 2.2 and -2.4 L/min. Diamonds
represent difference in CO; dotted line = bias; dash/dotted line = upper
and lower limits of agreement. Abbreviations: CO = cardiac output;
DE = Doppler echocardiography; RHC = right-heart catheterization.

lated with hemodynamic measurements (the two studies were
performed within 72 hours of each other), DE was found to be
frequently inaccurate and to overestimate the degree of PH.
The latter study related to patients participating in the cardiovascular substudy of the National Emphysema Treatment Trial
(NETT), using a similar Bland-Altman analysis in these patients
with end-stage chronic obstructive pulmonary disease (COPD);
the authors concluded that DE estimates of pulmonary artery
pressures correlated very poorly with hemodynamic measurements obtained by cardiac catheterization. In addition, the DE
test characteristics of sensitivity and specificity were also poor.
The temporal relationship between the DE and hemodynamic
measurements in that study was not defined. In another
comparison of DE and right-heart catheterization limited to
a population of patients with scleroderma (19), and in which the
mean interval between the two techniques was an average of
1.8 months, Denton and colleagues found a good correlation (R =
0.83, P < 0.001), however, with large discrepancies in pulmonary
artery systolic pressures (PASP), of over 20 mm Hg in approximately 25% of patients, between the two techniques, particularly with increasing PASP. Nevertheless, the authors felt that
DE was a useful technique to detect PH in this particular
population. In a more recent study of 42 patients with various
forms of PH in whom DE was performed simultaneously (in 22
patients) or nonsimultaneously (60 patients, some with repeated
measurements) with cardiac catheterization (with the two procedures separated by up to 48 hours), Selirnovic and colleagues
found good correlations and small absolute differences for PASP
and CO between the two approaches (20). However, large discrepancies in individual values for CO and transpulmonary gradient
were found.
The present study extends the findings of these previous
studies to a more assorted, and clinically relevant, population of
patients with pulmonary arterial hypertension (PAH; which
constituted 68% of our patient sample) as well as other causes
of PH. Moreover, our study addresses important limitations of
some of these previous studies in being prospective rather than
retrospective and limiting the interval between invasive and
noninvasive measurements to 1 hour, thus obviating as much as
possible potential daily variations in hemodynamic measurements. Importantly, unlike the study by Selimovic and colleagues,
we excluded repeated measurements in the same patients, which
has the potential to bias results (e.g., if an individual had
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particularly good or poor echocardiographic windows) and is not
appropriate when performing a Bland-Altman analysis. In the
present study, Figure 2 demonstrates that PASP obtained by DE
was frequently underestimated, often to a significant extent,
particularly when quality of the Doppler envelope was fair or
poor. This is expected because the accuracy of the Doppler
method is contingent upon obtaining the correct peak velocity
from which the peak pressure can be estimated. Likewise, our
data show that a lesser degree of TR is more common in patients
with underestimated pressure by DE, which stands to reason. This
data does not account for the six (excluded) subjects with no
appreciable TR, four of whom had PH by right-heart catheterization. Thus, a complete or relative lack of TR, although typically
associated with a more compensated right ventricle, should not be
interpreted as “reassuring” for ruling out the presence of PH. Of
note, 12 of 15 patients in whom PA pressure was underestimated
by DE had evidence of RV enlargement and/or dysfunction on
their DE exam, supporting the notion that the clinician should
integrate evidence of RV size and function, along with pressure
estimates in the overall DE interpretation.
The PASP was overestimated even when the envelope
quality was adequate, with the absolute degree of pressure
overestimation greatest at higher pressures. Interestingly, when
we evaluated the validity of echo-estimated RAP, we found
a wide spread between values obtained by DE and right-heart
catheterization, particularly when RAP pressures were deemed
elevated by DE (Figure 3). In fact, an inaccurate RAP estimate
accounted for half of the cases of noninvasive pressure overestimation. Therefore, these results indicate that the size of the
IVC, and its variation with respiration routinely used to
estimate RAP, may not be as useful as commonly believed in
patients with chronic pulmonary hypertension.
Our data also demonstrate that from a diagnostic or clinical
perspective, pressure underestimation was more likely to lead to
gross misclassification of the degree of PH in the individual
patient; 47% of subjects whose pressure was underestimated by
Doppler were misclassified by two or more diagnostic categories
(e.g., severe PH by invasive measurement, estimated to be mild
PH by DE exam). In contrast, only 13% of subjects with
pressure overestimation by Doppler had gross misclassification
of their PH severity by DE exam. Therefore, the pressure
underestimations were not only greater in magnitude but also
more clinically misleading. These data serve to underscore the
importance of pursuing definitive PA pressure assessment by
right-heart catheterization in the patient with suspected PH if
there is uncertainty about the DE estimated value for whatever
reason, may it be a suboptimally visualized Doppler signal
across the tricuspid valve or evidence of RV dysfunction.
In addition, our study is the first to evaluate the accuracy of
echocardiographically estimated CO in a large group of
patients with PH. The wide 95% limits of agreement between
the thermodilution CO and the noninvasive estimate suggests
that echocardiography has limited utility in this patient
population in assessing CO, a finding that was suggested in
the smaller study by Selimovic and colleagues (20). However,
the discrepancies between the DE assessment and the hemodynamic values were smaller when CO was low (Figure 3).
Therefore, it is unlikely that changes involving the left
ventricle or diastolic ventricular interaction (more common
in severe pulmonary hypertension where CO is expected to be
low) would significantly affect the accuracy of DE assessment.
Some of the noted discrepancy between the two measurements
may be due to inherent and clinically “acceptable” variability
in the invasive CO estimation by thermodilution, recognizing
that an average of three values is taken, allowing up to 10%
variation between each measure. Although some reports have
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shown consistent CO underestimation by the thermodilution
method in subjects with significant TR, others have demonstrated that in patients with severe PH, even in the presence of
significant TR, the thermodilution has acceptable agreement
with the Fick method (21). In addition, in animal models, the
creation of acute tricuspid regurgitation has been shown not to
affect thermodilution cardiac output measurements (22). In
our study, there did not appear to be a serial underestimation
of CO in the subgroup of patients with moderate or greater TR
(mean bias -0.04 L/min), making TR-related CO underestimation by thermodilution an unlikely culprit for the discrepancies seen between CO estimates by thermodilution and
Doppler here. There was a high, but imperfect correlation
between heart rate at the time of the catheterization and the
DE (r = 0.88), making heart-rate variability a potential but
likely minor contributor to the CO differences between the
two methods. Another known limitation, and thus source of
variability, inherent to this Doppler method of CO estimation
is that the diameter of the LVOT must be squared, thus, error
in LVOT diameter estimation is subject to amplification (23).
This latter issue can be circumvented by simply using the VTI
as a surrogate for stroke volume and thus cardiac index. In our
dataset, a VTIRVOT less than 12 was a relatively accurate
predictor of a cardiac index 2.2 or less, suggesting that easily
derived Doppler echocardiographic data can still be used to
provide insight into cardiac output in PH patients. Similarly,
we recently showed that a TAPSE less than 1.8 was an
accurate predictor of a stroke volume index <28 ml/m2; thus,
even if we cannot obtain precise CO estimations by Doppler,
a more integrated use of easily obtained Doppler and 2D echocardiographic measures can still provide useful information in
identifying patients with a low cardiac index (3).
A potential limitation of this study is that the two measurement methods were not performed simultaneously, which has
been done previously only in a small subset of patients (20).
However, we felt that performing DE in the catheterization
laboratory in a large group of patients studied prospectively
would have interfered with adequate hemodynamic measurements and rendered the study technically difficult. Pulmonary
pressures in patients with PAH are known to fluctuate significantly over the course of several hours as demonstrated by
Rich and colleagues (24). However, the degree of variation
noted in our study is far greater than would be expected in such
a short time frame without any interventions or change in
position or activity (patients were left idle in the supine position
during the time, equal to or less than an hour, separating the
two procedures). Additional sources of variability are also inherent to obtaining accurate hemodynamic pressure recordings,
and thus, for every patient, appropriate transducer position
relative to the heart, zero—referencing, and obtaining pressures
at end-expiration, were part of standard procedure to minimize
these potential issues. Because the study assessed only one
time-point, it does not address the validity of following trends in
serial measurements. However, based on significant differences
between these two methods at one time-point, addressing serial
comparative measurements appears futile.
In conclusion, we believe that DE remains an invaluable
screening tool for the evaluation and further management of
PH. However, our study underlines the significant limitations of
DE when used to evaluate right—sided cardiac pressures and CO
in patients with PH. DE does not always accurately reflect
pulmonary artery and right atrial pressures and can significantly
under— or overestimate these values in individual patients.
Particular caution should be exercised in assessing PA pressure
by DE when the TR jet quality is low, as serious pressure underestirnations can occur, leading to missed or delayed diagnosis of
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a disease with high morbidity and mortality. DE has also been
shown to provide an estimate of PVR, measured as the ratio of the
tricuspid regurgitant velocity (TRV) to the VTI of the right
ventricular outflow tract (RVOT). TRV/VTIRVOT has been
shown to predict mortality and adverse cardiovascular events in
patients with stable coronary artery disease (25). However,
because the relation of TRV/VTIRVOT to PVR has been established in a population with an average PVR of 2 mm Hg/L/min, its
application in patients with very high PVR values (i.e., pulmonary
vascular disease) remains to be determined. In addition, acceleration time of the pulsed wave Doppler velocity envelope in the
RV outflow tract correlates reasonably well with mean PA
pressure and, unlike estimates based on tricuspid regurgitation
velocity, is available in virtually all patients (26). Regression
equations have been proposed to estimate mean pulmonary
artery pressure based on echocardiographic findings (27, 28),
including formulas using pulmonary artery acceleration time
(PAAT), which are somewhat heart rate—dependent but correlate well with mean pulmonary artery pressure in patients with
heart rates between 60 and 100 per minute (29).
In summary, DE remains an indispensable screening tool
for the assessment of PH; however, clinicians should not be
overly reliant on Doppler pressure estimates alone in the
initial approach to the patients with suspected PH. Moreover,
it cannot be overemphasized that DE does not replace cardiac
catheterization for definitive hemodynamic assessment of
known or suspected PH. Furthermore, we feel that DE may
not be very useful when used serially in assessing changes in
pulmonary artery pressure in response to therapy (although
this was not specifically addressed in our study), due to
significant individual over and underestimation of pressures,
which underscores the importance of taking other echo—de—
rived metrics (i.e., measures of RV size and function) into
consideration as well. The validity of specific DE measurements or combination of measurements for that purpose will
only be answered in carefully designed prospective studies.
Finally, this study suggests that DE may be of limited value for
the assessment of CO.
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