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Abstract

Background: Assessment of cardiac output (CO) in pulmonary hypertension (PH) relies on the thermodilution (TD) and Fick methods using
invasively derived data. Echocardiography (echo) enables quick, noninvasive assessment of CO. We assessed the correlation and agreement
among TD, Fick, and echo methods.

Methods: Indirect Fick, TD, and echo CO were compared in 89 subjects (age 55 + 16 yrs, 66% Group 1 PH) using linear regression and Bland-
Altman methods. The agreement among the methods for classifying subjects with low cardiac index (Cl < 2.5) and elevated pulmonary
vascular resistance (PVR > 3) was assessed. For assessment of PVR by echo, invasively derived pressures were used.

Results: Fick and TD demonstrated fair correlation (r=0.72, p < 0.001) and modest agreement (bias of +0.31 I/min for Fick, limits of agreement
-2.27 10 2.90). Echo CO had weak correlation with TD CO (r=0.46, p < 0.001) and inferior agreement (bias of +0.81 I/min for echo, -3.15 to 4.77).
Echo CO also had weak correlation and inferior agreement with Fick CO (r = 0.37, p < 0.001) (bias of +0.50 I/min for echo, -3.78 to 4.77). The
agreement by kappa for identifying Cl < 2.5 for Fick and TD, Fick and echo, and TD and echo were 0.55, 0.30, 0.27, respectively. TD classified
more patients with Cl < 2.5 than Fick or echo. The agreement by kappa for identifying PVR > 3 between Fick and TD, Fick and echo, and TD and
echo were 0.81, 0.57, 0.54, respectively. Ninety percent of those with PVR>3 were still classified as such by substitution of echo CO for Fick or
TD CO.

Conclusion: Fick and TD CO had fair correlation and agreement. Echo showed bias towards higher CO and had weaker correlation with Fick
and TD. Echo and Fick classified fewer patients with low Cl than TD, and all three methods had good agreement for distinguishing those with
and without elevated PVR.

Keywords: Cardiac output, Pulmonary hypertension, Echocardiography, Fick, Thermodilution, Low cardiac index, Elevated pulmonary vascular
resistance

Introduction

Right heart catheterization is the technique relied upon for
accurate assessment of cardiac output (CO) in patients with
known or suspected pulmonary hypertension (PH). The Fick
and TD methods are used for invasive assessment of CO. It
has not been established which invasive method is optimal
in PH. Studies comparing the two techniques have shown
variable levels of agreement with some concluding that
there are significant disparities in identifying patients with
low CO [1-3]. Transthoracic two-dimensional and Doppler
echocardiography is universally employed in the initial

assessment and subsequent monitoring of treatment effects in
PH patients. In patients without PH, small studies have shown
that echocardiographic assessment of CO correlates well with
invasive measurement of CO. In previous studies of PH patients,
echocardiography derived CO has been compared to either
Fick or thermodilution CO [3-5]. These studies have shown that
CO derived by echo and one invasive method have reasonable
correlation. However, there is little information regarding
the correlation and agreement among all three methods of
assessment of CO. It remains uncertain if echocardiography can
provide reasonably accurate assessment of CO compared with
Fick and TD methods. Reliance on right heart catheterization
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for ongoing risk assessment and treatment of PH patients may
be lessened if noninvasive assessment of CO can accurately
identify patients at higher risk with low cardiac index (Cl),
and elevated pulmonary vascular resistance (PVR) compared
with invasive measures. The purpose of this study is to assess
the correlation and agreement among the three methods for
assessment of CO and to compare the performance of the
three methods to identify higher risk subjects with low cardiac
index (Cl) and elevated PVR.

Methods
Patient selection

The study is a single center retrospective investigation
conducted at IU Health Methodist Hospital, Indianapolis, IN.
The study was considered exempt from requiring informed
consent by the Indiana University Institutional Review
Board. The study group was enrolled from 116 consecutive
patients with known or suspected PH who had transthoracic
echocardiogramswithin 48 hours of right heart catheterization.
Twenty-seven patients on intravenous inotropic therapy
at the time of catheterization, changes in pulmonary
vasodilator therapy, or changes in diuretic therapy between
the procedures were excluded. There were no patients with
moderate or worse uncorrected left heart valve disease. The
final study population was comprised of 89 patients.

Echocardiography

Complete two-dimensional echocardiographic and Doppler
exams were performed using commercially available
equipment (Phillips Epig-5, GE Healthcare Vivid E9, Vivid
S70 machines). Echo CO was calculated by the formula:
CO = heart rate x LV outflow tract area x LV outflow tract
velocity time integral (VTI). LV outflow tract dimension and
VTl measurements were performed by highly experienced
investigators blinded to the results of cardiac catheterization.
LV outflow tract dimension was assessed in the long axis view
by measurement from trailing edge to leading edge of the
outflow tract wall in close proximity to the aortic valve. After
initial measurements were performed, the measurements
were audited and revised by one investigator to ensure that
LVOT measurements were in line with dimensions predicted by
nomograms relating LVOT size to BSA. LV outflow tract VTl was
assessed by planimetry of pulsed spectral Doppler envelopes
acquired with the sample volume in close proximity to the
aortic valve. For the majority of studies, including patients
with atrial fibrillation or flutter, one representative Doppler
envelope was traced. For selected studies, more than one
envelope was traced and VTI measurements were averaged.

Right heart catheterization

Procedures were performed in the supine position using

a 7F balloon-tipped catheter with a PA temperature sensor
and port for TD. Hemodynamic measurements of right
atrial pressure, right ventricular pressure, pulmonary artery
(PA) pressure, and PA wedge pressure were made at end-
expiration. Following hemodynamic assessment, blood was
obtained from the distal port for measurement of mixed
venous oxygen saturation. Arterial oxygen saturation was
obtained by pulse oximetry or by direct assessment of femoral
or radial arterial blood oxygen saturation in patients also
undergoing left heart catheterization. Indirect Fick CO was
calculated using the following formula (VO2 of 125 ml/min/
m?) / (13.6 x hemoglobin g/dL x (arterial oxygen saturation
- mixed venous oxygen saturation)). TD measurements were
obtained by injection of 10 mL room temperature sterile saline
in the proximal port. Three to five values were averaged. PVR
was calculated according to the formula: (Mean PA pressure —
mean PA wedge pressure)/CO. Cl was calculated using body
surface area. Echo assessment of PVR utilized the invasively
derived pressures with substitution of echo CO for invasively
derived CO.

Statistical analysis

Continuous variables are expressed as mean + one standard
deviation. Linear regression of scatterplots was used to assess
correlation coefficients (r) for comparisons of TD, Fick, and echo
CO. Significant differences in r were assessed by Williams test.
The average percentage difference for pairwise comparisons
of indirect Fick versus TD, Fick vs echo, and TD vs echo for the
89 patients in the study were calculated using the following
formula: Average Percentage Difference = Mean {[(Method
A CO - Method B CO) / ((Method A CO + Method B CO)/2)] *
100%. Linear regression and percentage difference were used
to assess the reproducibility of VTI measurements.

The Bland-Altman method was employed to assess
agreement between two different methods of determining
CO by calculating the difference between measurements for
each patient and plotting the differences against the average
of the two methods. The normality of differences in CO for
pairwise comparisons was assessed by the Shapiro-Wilk test
and regression was used to assess for proportional bias in the
Bland-Altman analysis. Cohen’s kappa statistic and McNemar
test were used to assess the agreement between CO methods
for categorization of patients with low (Cl < 2.5) and normal
(Cl = 2.5), and for categorization of patients with elevated PVR
(PVR = 3) and not elevated PVR (< 3). P values < 0.05 were
considered significant.

Results
Patient population

A total of 89 patients were included in the study group.
Echocardiography and catheterization were performed on the
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same day in 32 patients. Clinical characteristics, and selected
catheterization and echocardiographic variables in the whole
population are shown in Table 1. Fifty-nine patients (67%)
were women and 59 (66%) had isolated group | pulmonary
hypertension. Fifty-seven (64%) patients had NYHA functional
class Il or higher. There were 51 patients (57.3%) not taking
group | PAH-targeted therapies during both studies. There
were 6 patients that had atrial fibrillation or flutter at the time
of echocardiography. Three patients had small right to left
shunts, all intrapulmonary. Nineteen subjects had moderate
to severe tricuspid regurgitation.

Reproducibility of echocardiographic assessment of
velocity time integral

In a subset of patients, two investigators performed
measurements of VTI. The r value for the correlation of these
measurements was 0.99, with a percentage difference of 3.1%.
In a subset of patients with regular rhythm, the VTl obtained
from a single systolic envelope was compared with an average
of multiple systolic envelopes. The r value for the correlation
was 0.99 with a percentage difference of 3.4%. In the 6 patients

who had atrial fibrillation or flutter, the percentage difference
between VTl obtained from a single representative envelope
and an average of VTI measurements from multiple cardiac
cycles was 8%.

Relationship and agreement of Fick, TD, and echo CO

The mean CO for Fick, TD, and Echo were 4.8 +1.8, 4.4 + 1.8,
and 5.3 £ 2.1. The plots in Figure 1 show the relationship
between indirect Fick, TD, and echo values for CO using linear
regression. There was a fair correlation between Fick and TD
(r=0.72, 95% Cl 0.60-0.81, p < 0.001). The correlation between
Indirect Fick CO adjusted using the LaFarge equation and TD (r
=0.73,95% Cl1 0.61-0.81, p < 0.001) was nearly identical to the
correlation of unadjusted indirect Fick and TD [6]. Therefore,
LaFarge adjusted Fick CO was not included in subsequent
analyses. The correlation between Fick and echo (r =0.37,95%
Cl 0.17-0.54, p < 0.001) was significantly weaker (p < 0.001)
compared to the correlation for Fick and TD. The correlation
between TD and echo (r = 0.46, 95% Cl 0.27-0.61, p < 0.001)
was also significantly weaker (p = 0.003) compared to the
correlation between the invasive methods.

Table 1. Baseline demographic, catheterization, and echocardiographic characteristics.

Variable Value
Age, years 548+ 16.4
Sex, Females No. (%) 59 (66.3%)

PHTN group 1 No. (%)

Number of pHTN meds (0, 1, 2, 3)
Functional Class # (I, Il Il llib, IV, not listed)
Mean nt-proBNP

Mean EF

Mean TAPSE

RA pressure

Mean PA pressure

PAWP

Indirect Fick CO

TD CO

Echo CO

Fick PVR

TD PVR

Echo PVR*

59 (66.3%), 2 (2.3%), 5 (5.6%), 8 (9%), 10 (11.2%)
57.3%, 20.2%, 16.9%, 5.6%

5.6%, 10.1%, 28.1%, 31.5%, 12.4%, 11.2%
4340 + 10848

64.9 + 8.6

1.6+0.5

107

41£15

13+8

48+1.8

44+18

53x2.1

73+59

79+63

6.8 +6.2

Table 1 displays the values for demographic, catheterization, and echocardiographic data for 89 patients. Values are presented as mean + standard deviation
or number (percentage), as appropriate. Functional class refers to WHO functional class. Cardiac output (CO) was measured using indirect Fick (Fick CO),
thermodilution (TD CO), and echocardiographic (echo CO) methods. Pulmonary vascular resistance (PVR) is reported in Wood units (WU).

a) *PVR for echo was calculated using invasive mean PAP and wedge with echo CO substitution for invasively derived CO.

b) Abbreviations: pHTN: Pulmonary Hypertension; nt-proBNP: N-terminal pro-B-type Natriuretic Peptide; EF: Ejection Fraction; TAPSE: Tricuspid Annular Plane
Systolic Excursion; RA: Right Atrium, PA: Pulmonary Artery; PAWP: Pulmonary Artery Wedge Pressure; CO: Cardiac Output; TD: Thermodilution; PVR: Pulmonary

Vascular Resistance

] Clin Cardiol. 2026
Volume 7, Issue 2

107



Failinger D], Osborn E, Green-Hess D, Sawada SG. Correlation of Thermodilution, Fick, and Echocardiographic
Determination of Cardiac Output in Pulmonary Hypertension. ] Clin Cardiol. 2026;7(2):105-115.

. | -
Fick Vs TD CO Regression p=<0.001
12
. L]
10 ‘
a 3 R ——
P, T Wt
| I
s &2 ‘.}33.‘. -

0

Figure 1A. Indirect Fick vs TD Regression. Figure 1A shows a linear regression plot comparing cardiac output (L/min) measured by indirect
Fick and Thermodilution (TD). Each point represents one paired measurement (N=89) with the dotted line representing the best fit line.
(r=0.72, p < 0.001).
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Figure 1B. Fick vs Echo CO Regression. Figure 1B shows a linear regression plot comparing cardiac output (L/min) measured by indirect
Fick and echocardiography (echo). (r=0.37, p < 0.001).
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Figure 1C. TD vs Echo CO Regression. Figure 1C shows a linear regression plot comparing cardiac output (L/min) measured by
Thermodilution (TD) and echocardiography (echo). (r=0.46, p < 0.001).
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Figure 2 shows the agreement among the three methods
of CO determination using Bland-Altman plots. All three
pairwise differences (Fick vs TD, Fick vs echo, and TD vs echo)
were found to be normally distributed and no proportional
bias was found. In the comparison of CO by Fick and TD,
there was a mean bias of +0.31 |/min (95% Cl, 0.04 and 0.58)
for Fick. The limits of agreement (-2.27 to 2.90, 95% Cl -2.7
to -1.8 and 2.5 to 3.3) were wide. The percentage difference
for Fick and TD CO was 21.9% + 17.4% which is equivalent
to 1 I/min. Echo overestimated CO compared to Fick (mean
bias +0.50 for echo, 95% Cl between 0.05 and 0.95) with
relatively wide limits of agreement ( -3.78 to 4.77, 95% Cl
-4.5 to -3.1 and 4.1 to 5.5). The percentage difference for Fick
and echo CO was 33.2% + 26.7% which is equivalent to 1.7 I/
min. Echo also overestimated CO compared to TD (bias +0.81
for echo, 95% Cl between 0.39 and 1.23) with wide limits of
agreement (-3.15 to 4.77, 95% Cl -3.8 to -2.5 and 4.1 to 5.4).

The percentage difference for TD and echo CO was 34.7% +
24.1% which is equivalent to 1.7 |/min.

Agreement for categorizing Cl and PVR

The proportion of patients identified as having Cl < 2.5 by
Fick, TD, and echo were 55%, and 72%, and 52% respectively.
The agreement of the methods for categorizing patients
with low and normal Cl are shown in Figure 3. There was
moderate agreement between Fick and TD (k=0.55, 95% ClI
0.38 to 0.73) for Cl, with TD classifying more subjects with Cl
< 2.5 compared to Fick (p= 0.003). The agreement between
Fick and echo (k= 0.30,95% CI 0.10 to 0.50) was modest, with
neither method more likely to assign patients to the low Cl
group (p=0.72). The agreement between TD and echo was
also modest (k =0.27, 95% Cl 0.06 to 0.47) with TD classifying
more subjects as having low Cl (p = 0.001).
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Figure 2A. Fick vs TD Bland-Altman Plot. Figure 2A shows Bland-Altman plot comparing cardiac output measured by the indirect Fick
and Thermodilution (TD). The x-axis represents the mean cardiac output of the two methods, and the y-axis represents the difference
between methods (Fick — TD), expressed in L/min. Each point represents a paired measurement (N = 89). The solid green line indicates the
mean bias (0.31 L/min), while the dashed lines represent the 95% limits of agreement (—2.27 to 2.90 L/min).
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Figure 2B. Fick vs Echo Bland-Altman Plot. Figure 2B shows a Bland—Altman plot comparing cardiac output measured by indirect Fick and
echo with mean bias 0.5 L/min toward echo with limits of agreements between -3.78 and 4.77 L/min.
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Figure 2C. TD vs Echo Bland-Altman Plot. Figure 2C shows a Bland-Altman plot comparing cardiac output measured by Thermodilution
(TD) and echo with mean bias 0.81 L/min toward echo with limits of agreements between -3.15 and 4.77 L/min.
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Figure 3A. Categorization of Cl (2x2), Fick vs TD. Figure 3A shows a 2x2 table of agreement between cardiac index (Cl) categorized
between Fick vs Thermodilution (TD). The table shows the number of paired measurements (N = 89) classified as Cl >2.5 or <2.5 by each
method. Fick and TD agreed in classification of Cl in 79% (70/89, K= 0.55). When Fick and TD classification of Cl was discordant, TD classified
significantly more subjects with Cl < 2.5 (17 vs 2, p = 0.003).
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Figure 3B. Categorization of Cl (2x2), Fick vs Echo. Figure 3B shows a 2x2 table of agreement between cardiac index (Cl) categorized
between Fick vs echocardiography (echo)(N = 89). Fick and echo agreed in classification of Cl in 64% (57/89, K = 0.30) with neither more
likely to classify subject with Cl < 2.5 when classification was discordant (17 vs 14, p =0.72).
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Figure 3C. Categorization of Cl (2x2), TD vs Echo. Figure 3C shows a 2x2 table of agreement between cardiac index (Cl) categorized
between TD vs echocardiography (echo)(N = 89). TD and echo agreed in classification of Cl in 63% (56/89, K = 0.27). When TD and echo
classification of Cl was discordant, TD classified significantly more subjects with Cl < 2.5 (25 vs 7, p = 0.001).
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The proportion of patients identified as having PVR > 3 by
Fick, TD, and echo were 80%, 80%, and 81% respectively. The
PA mean - PAWP difference derived by catheterization was
used for the calculation of PVR by echo to see if echo CO could
be substituted for invasively derived CO for differentiating
patients with and without elevated PVR. The agreement of
the methods for categorizing patients according to PVR are
shown in Figure 4. Fick and TD had excellent agreement for
identification of patients with high PVR (k=0.81, 95% Cl 0.65
to 0.97) with neither method more likely to assign patients
as having high PVR (p = 0.65). Fick and echo had moderate
agreement (k = 0.57, 95% Cl 0.33 to 0.81) with no statistically
significant discordance in assignment of patients as having
normal versus normal PVR (p = 0.37). TD and echo also had
moderate agreement (k= 0.54, 95% ClI 0.30 to 0.78) and no
statistically significant discordance in assignment of patients

as having normal versus normal PVR (p = 0.78). Despite the
overestimation of CO by echo relative to Fick and TD (Figure
2b and 2c), substitution of echo CO for Fick CO or for TD CO
would still have identified over 90% of those with PVR > 3
determined by either invasive method (see Figure 4).

Due to the known impact of heart rate on CO, we reviewed
the heart rate data at the time of echo and right heart
catheterization. Thirty patients had a >10 beat/min or more
difference in heart rate between procedures. A subgroup
analysis was performed in the 59 subjects with lesser
differences in heart rate between procedures to determine
if the correlation and agreement between echo and invasive
measures could be improved by excluding subjects with
substantial heart rate differences. There was a fair correlation
between echo and invasive modalities (Fick vs echo, r=0.42,

1D
Fick |PVR=3 66 2
PVR<3 3 14

Figure 4A. Categorization of PVR (2x2), Fick vs TD. Figure 4A shows a 2x2 table of agreement for Pulmonary Vascular Resistance (PVR)
categorized between Fick vs TD. The table shows the number of paired measurements (N = 85) classified as PVR =3.0 or <3.0 by each method.
Fickand TD agreed in classification of PVR in 93% (80/86, K = 0.81) with neither more likely to classify subject with PVR <3 when classification
was discordant (2 vs 3, p=0.65). Three patients did not have PVR data for either Fick or TD, and one patient had TD PVR data only.
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B e
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Figure 4B. Categorization of PVR (2x2), Fick vs Echo. Figure 4B shows a 2x2 table of agreement for Pulmonary Vascular Resistance (PVR)
categorized between Fick vs echo (N =85) with agreement in classification of PVR at 87% (74/85, K = 0.57). Neither were more likely to
classify subject with PVR <3 when classification was discordant (7 vs 4, p=0.37).
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Figure 4C. Categorization of PVR (2x2), TD vs Echo. Figure 4C shows a 2x2 table of agreement for Pulmonary Vascular Resistance (PVR)
categorized between TD vs echo (N =86) with agreement in classification of PVR at 86% (74/86, K = 0.54). Neither were more likely to classify
subject with PVR <3 when classification was discordant (7 vs 5, p=0.78).
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95% Cl between 0.19 and 0.61, p < 0.001) (TD vs echo, r=0.55,
95% Cl between 0.34 and 0.71, p < 0.001), which was not
significantly improved compared to the correlations in the
whole study population (Fick vs echo r = 0.37, TD vs echo, r =
0.46). In the subgroup of patients with heart rate difference <
10 beats/min, echo overestimated CO compared to Fick (mean
bias +0.62 for echo) with wide limits of agreement -3.76 to 5).
In this subgroup, echo also overestimated CO compared to TD
(bias +1.15 for echo) with wide limits of agreement -2.68 to
4.99.

We also investigated the impact of timing of the
catheterization and echo procedures on our results by
assessing the correlation of invasive CO and echo CO in the
subset of patients who had the procedures on the same day.
The correlations between Fick and echo (r = 0.34, 95% Cl
between 0.02 and 0.60), and between TD and echo (r=0.43,
95% Cl between 0.13 and 0.66) in those with same day
procedures were similar to the whole population (Fick vs echo
(r=0.37),TD vs echo (r=0.46).

Discussion

Comparison of Fick and thermodilution methods for CO
assessment

In our study, indirect Fick and TD methods had fair correlation
(r=0.72) which is similar to the results of previously published
investigations comparing direct Fick and TD assessment of
CO [2,3,7-9]. Although the correlation of invasive methods
was reasonable, Bland-Altman analysis demonstrated wide
limits of agreement -2.27 to 2.90 I/min with a percentage
difference of 21.9% which was equivalent to 1 I/min. The limits
of agreement between indirect Fick and TD found in our study
are at the upper range of limits found in prior investigations
comparing direct Fick and TD methods in patients with
pulmonary hypertension [2]. In individual studies, the limits of
agreement have ranged from a low of -0.72 to 0.92 to a high of
-2.93t02.03[2,3,7]. Alimitation of our study was the use of the
indirect Fick method. A prior investigation comparing indirect
Fickand TD methods in patients with pulmonary hypertension
showed both a similar correlation (0.61) between the methods
and comparably wide limits of agreement -3.3 to 2.1 I/min
[10]. Although it is acknowledged that the direct Fick method
is more accurate than the indirect method, the latter is more
commonly used. It has been argued that in patients with
pulmonary hypertension direct Fick should be used because
of variability in resting oxygen consumption. However, at least
one study demonstrated no significant difference in resting
oxygen consumption in pulmonary hypertension patients
compared to normal subjects [11].

The majority of priorinvestigations have also shown a modest
bias (ranging up to 0.64 I/min) towards larger CO using direct

Fick compared to TD. Our study also demonstrated a small
mean bias towards higher CO by indirect Fick (+ 0.31 I/min).
Various explanations have been given for the suboptimal
agreement between the Fick and TD methods and the bias
towards higher CO with the Fick method in patients with
pulmonary hypertension. CO may be underestimated by TD
in patients with tricuspid regurgitation [12]. However, other
studies have not shown a significant impact of tricuspid
regurgitation on TD measurements of CO [13,14]. The
optimal invasive method for assessment of CO in pulmonary
hypertension may be open to debate. If the Fick method is
used, resting oxygen consumption should be measured.

Comparison of echocardiography and invasive methods
for CO assessment

To our knowledge, there is limited information comparing
echo CO with both invasive measures of CO in PH patients. In
our study, echo CO was weakly correlated with both indirect
Fick (r = 0.37) and TD (r = 0.46) methods. Two prior studies,
comparing TD and echo derived CO showed better correlation
(r=0.72,and r = 0.82) [5,15]. A single study comparing direct
Fick and echo CO in PH also showed a better correlation
(0.72) than was demonstrated in our study [4]. Two of the
investigations utilized TD, and one direct Fick for invasive
assessment of CO. These prior investigations showed relatively
wide limits of agreement for echo and invasive methods from
a low of -1.8 to 1.8 I/min to a high of -2.81 to 2.92 |/min. In
our study, Bland-Altman analysis showed poor agreement
between echo and Fick (limits of agreement -3.78 to 4.77 I/
min, average difference in CO of 1.7 I/min) and between
echo and TD methods (-3.15 to 4.77 I/min, average difference
in CO 1.7 I/min). Explanations for the weaker correlation of
echo CO with invasively derived measures may include the
large proportion of patients with low Cl, lack of simultaneous
acquisition of echocardiography and catheterization data,
changes in hemodynamics between the two procedures,
and fundamental differences between assessment of CO
between echo and the invasive techniques. In our study,
more than 50% of patients had low Cl as measured by both
echo and the invasive methods. There may also be lessened
accuracy in assessment of CO by both Fick and TD methods
in the setting of low CO. The variability of echo calculation of
CO by measurement of velocity time integrals is expected to
increase when the magnitude of Doppler flow velocity profiles
is reduced in those with low stroke volumes.

Previous studies in both PH and non-PH cohorts showing
high correlation between echo CO and invasively derived
CO have obtained echo and catheterization data as close in
time as possible [16]. In our study, the correlation between
invasively determined CO and echo CO was not improved
in the subset of patients with same day procedures. Since
hemodynamic changes can quickly occur for various reasons
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such as sedation for the invasive procedure, environmental
temperature changes, and patient positioning, optimizing
the correlation of echo and invasive measurement of CO
might require near simultaneous performance of both
procedures. In our study, the correlation of echo and invasive
measurements of CO was not improved in those with minimal
heart rate differences between procedures. Two-dimensional
echo and Doppler determination of CO is fundamentally
different compared to invasive methods of assessment of
CO. Stroke volume is determined by multiplication of the
velocity time integral of the pulsed Doppler systolic envelope
by the cross-sectional area of the left ventricular outflow
tract. Measurement requires both accurate tracing of the
Doppler flow envelope and measurement of the diameter
of the outflow tract. In our study, these measurements
were performed by highly experienced investigators. The
interobserver reproducibility of measurement of VTl was
excellent. Some confounding factors such as significant
aortic regurgitation were minimized in our study. Early, small
studies in patients without pulmonary hypertension have
shown high correlation between invasive and echo derived
CO using the Doppler echo method employed in this study
[16,17]. However, other studies, including one meta- analysis,
have shown weaker correlation and agreement between echo
and TD assessment of CO with several investigations showing
limits of agreement >+3 |/min [18].

The bias towards larger CO by echo compared to Fick (0.50 I/
min) and TD (0.81 I/min) in our study is unexplained. Common
errors such as placement of Doppler sample volumes apical
to the LV outflow tract, suboptimal alignment of the Doppler
beam with the direction of blood flow, and underestimation
of LVOT area in patients with noncircular outflow tracts would
lead to under- rather than overestimation of CO by echo.
Previous investigations comparing echo and invasive methods
have not shown a consistent bias towards larger CO by echo
versus the invasive methods. [4,5,15].

Echo, Fick and thermodilution CO for identification of
low Cl and elevated PVR

We attempted to assess the clinical impact of the bias
towards larger CO by echo and Fick compared to TD, and the
suboptimal agreement among the three methods by assessing
the agreement of the methods for identifying subjects with
low cardiac index and those with elevated PVR. Cardiac index
(Cl) < 2.5 I/min is used as a marker of increased risk in the
ESC/ERS risk scoring algorithm for PH, and threshold values
of Cl in this range identify patients with worse outcomes in
other cardiovascular disorders [19]. In our study, over 50% of
subjects were classified with low Cl by all three methods. The
classification of the majority of patients in our study as having
low Cl is somewhat surprising and the clinical implications are
unknown. Perhaps the finding of low Cl in most of our patients

does reflect the advanced level of illness of our population as
the majority were functional class Ill or above. Echo and Fick
classified a similar proportion of patients as having low Cl.
However, TD classified significantly more patients as having
low Cl. The clinical significance of this finding in patients with
pulmonary hypertension is uncertain. Prognostic studies
in patients with a broad range of cardiovascular disorders
suggest that CO determined by TD may have greater accuracy
than the Fick method in identifying patients with low Cl that
have poor outcomes [20,21].

Elevation of PVR, defined in our study as PVR > 3 Wood units,
identifies patients with pulmonary arterial hypertension. We
investigated the question of whether echo Cl could be used
as a substitute for Fick or TD ClI for identifying patients with
elevated PVR despite the poor agreement between echo CO
and the invasive measures. The agreement between invasive
and noninvasive classification of patients based on the PVR
cutoff value was moderate (k > 0.50 for the comparisons) and
there was no statistically significant discordance between
echo and Fick and echo and TD in the classification of patients
with elevated PVR. This result may in part be due to the large
proportion of patients found to have elevated PVR. In spite
of the bias towards higher CO by echo, substitution of echo
CO for invasively derived CO still “correctly” identified 90% of
patients who had elevated PVR by catheterization.

Limitations

Our study is a single-center retrospective investigation with
a relatively limited number of subjects. As was previously
discussed, use of the indirect Fick method is a limitation
of our study and may explain why the limits of agreement
between invasive methods were larger than in most studies
comparing the direct Fick method and TD. We included a
small number of patients with moderate or worse tricuspid
regurgitation. As previously discussed, inaccuracies of the TD
method have been linked in some studies to the presence of
significant tricuspid regurgitation. We did not exclude these
patients from our study as a number of other studies have
shown a nonsignificant impact of tricuspid regurgitation
on TD measurement of CO and in clinical practice these
patients are not excluded from assessment by TD [12,16].
Catheterization and echocardiography were not performed
simultaneously, and there were differences in heart rate at
the time of performance of the two procedures. In our study,
the correlation between invasively measured CO and echo CO
were not improved by performance of the two procedures on
the same day or by excluding subjects who had substantial
differences in heart rate between the two procedures. It
is acknowledged that hemodynamic changes occurring
between the performance of echo and catheterization may
have contributed to the poor agreement between echo and
the invasive methods.
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Conclusion

Indirect Fick and TD methods had fair correlation and
suboptimal agreement for assessment of CO in patients with
pulmonary hypertension. As has been recommended for
patients with other cardiovascular disorders, the Fick method
should be performed with measurement of resting oxygen
consumption [22]. It is unclear which invasive method should
be relied upon when Fickand TD are discordant. TD assessment
yielding low Cl and high PVR may identify higher risk patients.
Echo yielded higher values for CO and in this particular study
had poor agreement with invasive methods. Although it is
clear that echo CO is not a substitute for Fick or TD CO, echo
classified a similar proportion of patients with low Cl as did
indirect Fick. Assessment of the classification of patients with
PVR > 3 by echo was “artificial” in that pulmonary pressures
and pulmonary capillary wedge pressure was not assessed at
the time of echo. However, our findings would suggest that
despite the bias towards higher CO by echo, identification of
patients with elevated PVR may not be negatively impacted
by the use of echo CO. Some of the poor agreement between
echo and the invasive methods may be due to inherent
limitations of the two-dimensional echo Doppler method.
Three-dimensional color Doppler quantitation of stroke
volume has been shown to be superior to the standard echo
technique [23].
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