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IMPORTANCE Thermodilution (Td) and estimated oxygen uptake Fick (eFick) methods are widely
used to measure cardiac output (CO). They are often used interchangeably to make critical clinical
decisions, yet few studies have compared these approaches as applied in medical practice.

OBJECTIVES To assess agreement between Td and eFick CO and to compare how well these
methods predict mortality.

DESIGN, SETTING, AND PARTICIPANTS This investigation was a retrospective cohort study with
up to 1 year of follow-up. The study used data from the Veterans Affairs Clinical Assessment,
Reporting, and Tracking (VA CART) program. The findings were corroborated in a cohort of
patients cared for at Vanderbilt University, an academic referral center. Participants were
more than 15 000 adults who underwent right heart catheterization, including 12 232 in
the Veterans Affairs cohort between October 1, 2007, and September 30, 2013, and 3391 in
the Vanderbilt cohort between January 1, 1998, and December 31, 2014.

EXPOSURES A single cardiac catheterization was performed on each patient with CO
estimated by both Td and eFick methods. Cardiac output was indexed to body surface area
(cardiac index [CI]) for all analyses.

MAIN OUTCOMES AND MEASURES All-cause mortality over 90 days and 1 year after
catheterization.

RESULTS Among 12 232 VA patients (mean [SD] age, 66.4 [9.9] years; 3.3% female) who
underwent right heart catheterization in this cohort study, Td and eFick CI estimates correlated
modestly (r = 0.65). There was minimal mean difference (eFick minus Td = −0.02 L/min/m2, or
−0.4%) but wide 95% limits of agreement between methods (−1.3 to 1.3 L/min/m2, or −50.1% to
49.4%). Estimates differed by greater than 20% for 38.1% of patients. Low Td CI (<2.2 L/min/m2

compared with normal CI of 2.2-4.0 L/min/m2) more strongly predicted mortality than low
eFick CI at 90 days (Td hazard ratio [HR], 1.71; 95% CI, 1.47-1.99; χ2 = 49.5 vs eFick HR, 1.42;
95% CI, 1.22-1.64; χ2 = 20.7) and 1 year (Td HR, 1.53; 95% CI, 1.39-1.69; χ2 = 71.5 vs eFick HR,
1.35; 1.22-1.49; χ2 = 35.2). Patients with a normal CI by both methods had 12.3% 1-year mortality.
There was no significant additional risk for patients with a normal Td CI but a low eFick CI
(12.9%, P = .51), whereas a low Td CI but normal eFick CI was associated with higher mortality
(15.4%, P = .001). The results from the Vanderbilt cohort were similar in the context of a more
balanced sex distribution (46.6% female).

CONCLUSIONS AND RELEVANCE There is only modest agreement between Td and eFick CI
estimates. Thermodilution CI better predicts mortality and should be favored over eFick in
clinical practice.
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A ccurate measurement of cardiac output (CO) is cen-
tral to diagnosis, management, and definition of prog-
nosis across a diverse range of medical contexts. Car-

diac output measurement is most commonly performed using
either the thermodilution (Td) technique or the estimated oxy-
gen uptake Fick (eFick) method.1-5 The accuracy of eFick hinges
on correctly estimating oxygen consumption (V̇O2). The V̇O2

estimates, and consequently eFick CO, are particularly prone
to error in the setting of pulmonary hypertension, heart fail-
ure, or abnormal body habitus.6-9 The accuracy of Td CO, where
a thermal registering device measures changes in tempera-
ture distal to proximal injection of saline with known tem-
perature and volume, can be confounded in the presence of
an intracardiac shunt or tricuspid regurgitation.10-14 Discrep-
ancies in CO estimates between methods are common and may
be associated with diagnostic misclassification.15 Imprecise CO
measurements have ramifications for a wide range of clinical
decision making.8,16-19 However, there are few data, to our
knowledge, comparing the performance of Td and eFick against
clinical end points, such as mortality.

Research comparing CO measurement techniques has
focused on experimental validity in highly selected study
samples.5,12,14,15,20 Neither the agreement between Td and eFick
CO nor the comparative prognostic value of these methods as
applied in clinical practice is known to date. To bridge this
knowledge gap, we systematically analyzed correlation and
agreement between Td and eFick, as well as the association
of each method with survival in 2 independent, large patient
cohorts. This study aimed to address the pressing need for an
evidence-based approach to clinical measurement of CO, with
important implications for patients with cardiopulmonary dis-
ease, sepsis, and other disorders.

Methods
Data Sources
The Veterans Affairs Clinical Assessment, Reporting, and Track-
ing (VA CART) program uses a software application embed-
ded in the VA electronic health record (EHR) for documenta-
tion of catheter laboratory procedures. Key patient and
procedural data on cardiac catheterizations conducted in the
76 VA catheter laboratories nationwide are linked to the VA
EHR.21 Quality checks are performed regularly to ensure
completeness and accuracy. Additional details have been de-
scribed previously.21,22 Particulars of the hemodynamic
cohort at Vanderbilt University, an academic referral center,
are included in the eMethods in the Supplement and
elsewhere.23,24 The Colorado Multiple Institutional Review
Board approved this study, and a waiver of the requirement
for written informed consent was granted.

Study Sample
We evaluated all US veterans undergoing right heart catheter-
ization (RHC) in the VA system between October 1, 2007, and
September 30, 2013. Patients were included in the analyses if
the following were available from a single RHC: height, weight,
Td CO estimate, eFick CO estimate, and mean pulmonary ar-

tery pressure. For each individual included in the analysis, all
hemodynamic data were extracted from the same catheter-
ization. For patients who underwent multiple RHCs during
the study period, only hemodynamic and clinical data from
the earliest qualifying study were analyzed. For CO, mean pul-
monary artery pressure, and pulmonary artery wedge pres-
sure, a small proportion of physiologically implausible val-
ues were observed and were either corrected based on ancillary
data or were excluded; the internal consistency of hemody-
namic data was confirmed as described in a previous study.22

Analysis of correlation and agreement between Td and
eFick estimates included all patients who fulfilled the above
criteria (n = 12 232). Analysis comparing outcomes between
those with a low cardiac index (CI) and those with a normal CI
excluded patients with elevated Td or eFick CI (>4.0 L/min/m2

based on prior data on the range of normal CI)25 because an
elevated CI may also reflect abnormal pathophysiology asso-
ciated with increased risk, such as sepsis, severe anemia, cir-
rhosis, or other high CO disease states. There was no indica-
tion of the timing of the CO measurements during the
catheterization relative to interventions performed, so we ex-
cluded patients who underwent procedures that could be as-
sociated with substantial changes in CO and also with mortal-
ity, including intra-aortic balloon pump placement, temporary
pacemaker insertion, aortic or mitral valvuloplasty, pericar-
diocentesis, or alcohol septal ablation. Overall, 806 of the 12 232
patients (6.6%) were excluded from the survival analysis for
one of these reasons. Therefore, survival analysis was per-
formed on a sample of 11 426 patients from the VA CART co-
hort. The approach for the Vanderbilt cohort was similar, with
details provided in the eMethods in the Supplement. The over-
all Vanderbilt cohort comprised 3391 patients of whom 3197
were included in the survival analysis.

Calculation of CI
A single CO estimate for each of the methods, Td and eFick,
was recorded directly in the database (ie, the analysis used the
recorded values rather than values calculated from compo-
nent variables). Cardiac index was calculated by dividing either
the Td or eFick CO estimate by body surface area calculated
using the Du Bois formula.

Key Points
Question Which commonly applied method to measure cardiac
output, thermodilution or Fick using estimated oxygen
consumption, performs better in routine clinical practice?

Findings Among more than 15 000 adults in this cohort study
who underwent right heart catheterization, thermodilution and
estimated Fick cardiac output measurements agreed poorly, with
estimates differing by greater than 20% in well over one-third of
patients. Thermodilution estimates of cardiac output were more
strongly associated with mortality than estimated Fick cardiac
output estimates.

Meaning Thermodilution and estimated Fick cardiac output
estimates should not be considered interchangeable;
thermodilution is preferable for most situations in clinical practice.
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Statistical Analysis
Pearson product moment correlation was used to analyze the
association between Td and eFick CI estimates. The mean dif-
ference and 95% limits of agreement between methods were
further assessed using Bland-Altman analysis, repeated for ab-
solute (in liters per minute per meters squared) and percent-
age differences in CI; the results were essentially equivalent
for CO, and only data for CI are presented.

Based on a clinically accepted cutoff for differentiating a
low Td CI (<2.2 L/min/m2) and normal CI (2.2-4.0 L/min/m2),
patients were categorized for each measurement method de-
pending on the value of their respective continuous Td and
eFick measurements.26-28 In addition, patients were catego-
rized based on agreement between the Td and eFick CI assess-
ments, resulting in the following 4 groups: concordant low (ie,
both Td and eFick <2.2 L/min/m2), concordant normal, and
2 discordant groups where either Td or eFick was low, while
the other estimate was normal. Because there was only a trivial
systematic difference between Td and eFick estimates in the
VA CART cohort, the same proportion of patients had low CI
by Td and eFick. This was not the case for the Vanderbilt co-
hort (3391 adults between January 1, 1998, and December 31,
2014). As a consequence, for this cohort, we compared pa-
tients in the lowest tertile of CI for each method with those in
the upper 2 tertiles; this cut point was chosen to provide a simi-
lar proportion of low CI to that seen in the VA CART cohort for
each group. For each cohort, differences in baseline clinical and
hemodynamic characteristics between the 4 resulting CI cat-
egories were analyzed using analysis of variance for continu-
ous variables or using χ2 test for categorical variables. Cumu-
lative incidence (ie, 1 minus Kaplan-Meier survival estimate)
curves were created with mortality as an outcome and strati-
fied by CI status.

Time to event data for the outcome measures of all-cause
mortality were analyzed using Cox proportional hazards re-
gression models accounting for clustering by RHC site using a
random effect (ie, a frailty model). Details are given in the
eMethods in the Supplement.

To assess the relationship between mortality and continu-
ous CI (in contrast to categorical CI), a penalized spline func-
tion was used, with separate models run for continuous CI cal-
culated by Td or eFick. These models were replicated with both
90-day and 1-year censoring.

Data preparation and analyses were conducted using SAS
(version 9.4; SAS Institute Inc) and R (version 3.2.5; R Foun-
dation for Statistical Computing). A 2-sided P < .05 was con-
sidered statistically significant.

Results
Study Sample Characteristics
A total of 12 232 VA patients met study entry criteria. Demo-
graphic, anthropometric, and clinical characteristics of the co-
hort are listed in Table 1 (column on the left). The study par-
ticipants were predominantly male (11 834 patients [96.7%]),
with a mean (SD) age of 66.2 (10.0) years. There was a high
prevalence of systemic hypertension (87.2%), congestive heart

failure (56.4%), diabetes (45.8%), chronic obstructive pulmo-
nary disease (33.2%), chronic kidney disease (28.5%), and liver
cirrhosis (7.2%). Left heart catheterization was performed at
the time of RHC in 8006 patients (65.5%).

Correlation and Agreement Between
Td and eFick CO Estimates
The mean (SD) CO by Td and eFick was 5.3 (1.7) and 5.3 (1.6)
L/min, respectively. The mean (SD) CI was 2.5 (0.7) L/min/m2

for both methods. Correlation and agreement between meth-
ods were similar for CO and CI; therefore, only data for CI
are presented. Correlation between methods was modest
(r = 0.65). There was no important systematic difference for
eFick relative to the mean value of Td and eFick estimates
(−0.02 L/min/m2, or −0.4%). However, agreement between the
2 methods was less favorable, with 95% limits of agreement
of −1.31 to 1.27 L/min/m2, or −50.1% to 49.4% (Figure 1). Ther-
modilution and eFick estimates differed by greater than 20%
for 38.1% of the catheterizations. The eFick estimates were
slightly higher than the Td estimates at the lower end of the
CO range (CI<2 L/min/m2) and at the higher end of the CO range
(CI>4.0 L/min/m2) (eFigure 1 in the Supplement).

Subgroup analysis identified specific patient subsets in
which there appeared to be systematic difference between the
2 methods. We observed that eFick CI estimates were on aver-
age greater than Td CI estimates for patients older than 75 years,
while the converse was true for those 65 years or younger (eFig-
ure 2 in the Supplement). Other variables exhibiting signifi-
cant difference between CI methods included body mass in-
dex category, body surface area, hemoglobin concentration, and
oxygen saturation. There was also a modest difference of 0.11
L/min/m2 (95% CI, 0.02-0.20 L/min/m2; P = .003) between Td
and eFick in patients with tricuspid valve disease.

Low CI (<2.2 L/min/m2) when measured by Td and eFick
was present in 4347 patients (38.0%) and 4366 patients (38.2%),
respectively. Overall, 24.2% of patients had a low CI by both
methods, and 47.9% of patients had normal CI by both meth-
ods. We observed that 14.0% had low eFick but a normal Td
CI, while the remaining 13.9% had low Td but normal eFick CI
(Table 1). Certain characteristics were associated with in-
creased likelihood of normal eFick with a low Td CI, includ-
ing older age, male sex, normal or overweight BMI, atrial
fibrillation or flutter, chronic kidney disease, and lower he-
moglobin concentration. However, there was no difference in
the prevalence of tricuspid valve disease between the discor-
dant groups. A clinically meaningful difference was not ob-
served between the mean eFick CI estimates in low eFick
groups (1.8 L/min/m2 for both Td and eFick low vs 1.9 L/min/m2

for eFick low and Td normal), and similar findings were ob-
served for the 2 groups with low Td estimates (Table 1). There-
fore, discordant groups do not appear to simply reflect pa-
tients with borderline CI values.

Relationship Between CO and Mortality
One-year mortality was lower among patients with a concor-
dant normal CI by both methods compared with those who had
a low CI by both methods (12.3% vs 19.9%, P < .001). Those clas-
sified as having discordant estimates but with a normal CI by
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Td had essentially the same mortality as a concordant normal
CI (12.9%, P = .51); those with discordant estimates where eFick
suggested normal CI had higher mortality (15.4%, P = .001). The
pattern was similar for 90-day and 1-year mortality (Figure 2A)
and in the Vanderbilt cohort (Figure 2B); cumulative inci-
dence plots are shown in eFigure 3 in the Supplement.

For the study sample taken as a whole, there was no im-
provement in predictive power with the measurement of CI by
both methods compared with Td alone. The C statistic for a Cox
proportional hazards regression model that included only con-
tinuous Td CI as a predictor variable for mortality over 90 days
was 0.587; the equivalent value for continuous eFick CI was
0.548. There was no improvement in overall model perfor-
mance when both Td and eFick were included in the same
model (0.584; likelihood ratio χ2 = 0.03, P = .87). The pattern
was equivalent for 1-year mortality (C statistic, 0.566 for Td
alone, 0.547 for eFick alone, and 0.566 for both; P = .12).

Analyzing the data simply stratified by a CI less than 2.2
L/min/m2, patients with a low CI had a higher risk of mortal-
ity compared with patients with a normal CI. This was true for
both methods, but the relationship was stronger for Td CI than
eFick CI (Table 2 and Figure 3A and B); equivalent data for the
Vanderbilt cohort are provided in Table 2 and Figure 3C and
D. This finding was consistent among all subgroups analyzed
(see eFigure 2 in the Supplement for a list of subgroups). Even
among patients with tricuspid valve disease, low Td CI was
more strongly associated with mortality than low eFick CI (haz-
ard ratio [HR] for 90-day mortality, 3.4; 95% CI, 1.4-8.0 for Td
vs 1.8; 95% CI, 0.8-3.9 for eFick).

The hazard for mortality appeared to increase for both
methods at a CI just under 2.2 L/min/m2, with substantially
higher risk of mortality as CI decreased below 2 L/min/m2 (eFig-
ure 4 in the Supplement). Very low Td CI estimates (<1.6 L/min/
m2) were associated with a greater incremental increase in risk
than similarly low eFick CI estimates. There was also a sug-
gestion of slightly increased risk for eFick CI estimates at the
upper part of normal range (CI approximately 3-4 L/min/m2).
This U-shaped relationship was absent for Td estimates.

Vanderbilt Cohort
Characteristics of the 3391 patients included in the indepen-
dent Vanderbilt University hemodynamic cohort are listed in
the eTable in the Supplement. The mean (SD) CO by Td and
eFick, respectively, was 5.0 (1.6) and 5.6 (1.8) L/min. The re-
spective corresponding mean (SD) values for CI were 2.6 (0.8)
and 2.8 (0.9) L/min/m2. Data presented below are on CI; the
results for CO were similar. Correlation between the 2 meth-
ods was modest (r = 0.63). In contrast to the VA CART cohort,
there was a systematic difference between methods, with
eFick, on average, estimating CI 0.3 L/min/m2 (9.3%) greater
than Td (eFigure 5 in the Supplement). Agreement between the
2 methods was poor, similar to that seen in the VA CART co-
hort, with 95% limits of agreement of −1.1 to 2.0 L/min/m2, or
−40.8% to 59.9%. Thermodilution and eFick estimates dif-
fered by greater than 20% for 36.4% of the catheterizations.

Among the overall sample of 3391 patients, a CI less than
2.2 L/min/m2 was present in 1171 patients (34.5%) by Td and
785 patients (23.1%) by eFick. This discrepancy reflected theTa
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systematic difference between methods in this cohort; as a re-
sult, we grouped patients into lowest tertile vs second and third
tertiles for each method to yield a proportion of low CI simi-
lar to the VA CART analysis.

The 2 methods showed concordance in terms of low vs nor-
mal CI in 74.0% of cases (19.8% for both low and 54.2% for both
normal) and showed discordance in the remaining 26.0%,
evenly split 13.0% each for eFick low and Td normal and eFick
normal and Td low (eTable in the Supplement). Patients who
had concordant normal CI by both methods were less likely to
die over the following year (15.0%) compared with those who
had a low CI by both methods (28.5%). Those classified as dis-
cordant but with a normal CI by Td had marginally higher mor-
tality compared with a concordant normal CI (16.9%); how-
ever, those with discordant estimates where the eFick CI was
normal had substantially higher 1-year mortality (20.6%). The
pattern was similar for 90-day mortality (Figure 2B and eFig-
ure 3B in the Supplement).

A finding of low a CI by either method was associated with
higher mortality, but a low CI by Td was a stronger predictor.
These results are summarized in Table 2 and Figure 3C and D.

Discussion
Measurement of CO is critical to appropriate clinical assessment
ofpatientsacrossabroadspectrumofdiseasecommonlyencoun-
tered in general medical practice. The present analysis of inva-
siveclinicalhemodynamicdatafromalarge,nationalcohortwith
validation of the findings in a second, independent cohort dem-
onstrates that (1) there is poor agreement between CO measured
by Td and eFick methods and (2) Td CO estimates are superior
to eFick for predicting all-cause mortality.

Prior reports comparing methods to estimate CO have gen-
erally involved applying a rigorous research protocol to a small
number of highly selected individuals.14,20,29-31 Reported pre-

Figure 1. Distribution of Differences and Bland-Altman Analysis of Thermodilution (Td) vs Estimated Oxygen Uptake Fick (eFick) Cardiac Index (CI)
Estimates in the Veterans Affairs Clinical Assessment, Reporting, and Tracking (VA CART) Cohort

20

15

10

5

0
–4 –3 –2 –1 0 1 2 3 4

Pa
tie

nt
s,

 %

Absolute Difference CI, L/min/m2

Absolute difference between Td and eFickA

6

4

2

–2

–4
0 6

Ab
so

lu
te

 D
iff

er
en

ce
 L

/m
in

/m
2

Mean CI, L/min/m2

5 74321

Bland-Altman plot of absolute CI differenceB

20

15

10

5

0
–120 –100 –80 –60 –40 –20 0 20 40 60 80 100 120

Pa
tie

nt
s,

 %

Percentage Difference CI

Percentage difference between Td and  eFickC

100

–100

50

–50

0 6

Pe
rc

en
ta

ge
 D

iff
er

en
ce

Mean CI, L/min/m2

5 74321

Bland-Altman plot of percentage differenceD

4

2

2

4

0

0

Mean difference:
–0.02 (–1.31 to 1.27)

Mean % difference:
–0.4 (–50.1 to 49.4)

Shown are the proportions of patients with a given absolute difference between
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and eFick CI estimates on the x-axis against the difference (eFick minus Td) on
the y-axis (B). Shown are the percentage differences between Td and eFick

estimates (C).There was no substantial systematic difference between Td and
eFick, but the 95% limits of agreement were wide (−1.31 to 1.27 L/min/m2, or
−50.1% to 49.4%) (D).
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cision and accuracy are unlikely to be reproduced in usual clini-
cal practice. Such experimental studies may not be able to iden-
tify patient subsets at risk for measurement error, and they do
not address the relative value of different methods to predict
clinical outcomes. The present study provides novel informa-

tion on real-world testing in 2 large, independent, clinical co-
horts with follow-up that included ascertainment of tangible
clinical end points.

There are multiple reasons one might expect that Td esti-
mates would be superior to eFick estimates. First are the known

Figure 2. Cumulative Mortality Through 90 Days and 1-Year Follow-up, Classified by Normal and Low Thermodilution (Td)
and Estimated Oxygen Uptake Fick (eFick) Cardiac Index Categories
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A, Shown are the cumulative proportions of patients who had died by 90 days
and 1 year after catheterization, stratified by cardiac index classification in the
Veterans Affairs Clinical Assessment, Reporting, and Tracking (VA CART) cohort.
All patients who survived had at least 1 year of follow-up. Patients with
concordantly low cardiac index estimates by both Td and eFick had the highest
mortality risk. Those with either normal cardiac index by both methods or
isolated low eFick cardiac index had the lowest risk. The incidence of death was

intermediate for patients with low cardiac index by Td but normal eFick cardiac
index. B, Shown are the corresponding Vanderbilt cohort results. The findings
are qualitatively equivalent (eg, isolated low Td was associated with worse
prognosis than isolated low eFick). However, in this cohort, there was
marginally increased risk of death for those with isolated low eFick cardiac index
relative to normal cardiac index by both methods.

Table 2. Survival Analysis for All-Cause Mortality Predicted by Low vs Normal Cardiac Index,
as Measured by eFick and Thermodilution (Td) Methodsa

Variable

eFick Thermodilution

HR (95% CI) χ2 Statistic HR (95% CI) χ2 Statistic
VA CART Cohort

Univariate

90 d 1.42 (1.22-1.64) 20.7 1.71 (1.47-1.99) 49.5

1 y 1.35 (1.22-1.49) 35.2 1.53 (1.39-1.69) 71.5

Adjusted model, age/sex/race

90 d 1.43 (1.23-1.66) 21.4 1.60 (1.38-1.87) 37.3

1 y 1.36 (1.24-1.51) 37.9 1.44 (1.30-1.59) 51.7

Adjusted model, age/sex/race and
clinical variablesb

90 d 1.36 (1.17-1.58) 15.7 1.45 (1.24-1.69) 22.1

1 y 1.31 (1.19-1.45) 29.0 1.32 (1.19-1.46) 28.5

Vanderbilt Cohort

Univariate

90 d 1.63 (1.25-2.13) 13.0 1.98 (1.52-2.58) 25.8

1 y 1.67 (1.39-2.00) 30.5 1.85 (1.54-2.21) 43.7

Adjusted model, age/sex/race

90 d 1.74 (1.33-2.28) 16.1 1.82 (1.39-2.37) 19.1

1 y 1.75 (1.45-2.11) 34.9 1.72 (1.43-2.06) 33.1

Adjusted model, age/sex/race and
clinical variablesb

90 d 1.64 (1.14-2.35) 7.2 1.77 (1.23-2.53) 9.5

1 y 1.51 (1.19-1.91) 11.8 1.59 (1.25-2.00) 14.8

Abbreviations: eFick, estimated
oxygen uptake Fick; HR, hazard ratio;
Td, thermodilution; VA CART,
Veterans Affairs Clinical Assessment,
Reporting, and Tracking.
a The HRs with 95% CIs and χ2

statistics are given for the prediction
of all-cause mortality by low CI
(<2.2 L/min/m2) vs normal CI
(2.2-4.0 L/min/m2) by eFick and Td
methods. In the Vanderbilt cohort,
low is defined as the lowest tertile
of cardiac index for each method.
The univariate results are from
unadjusted Cox proportional
hazards regression analysis. For
both methods, a low cardiac index
was more strongly predictive of
90-d mortality than 1-y mortality.
Compared with eFick, Td estimates
were consistently associated with
better model performance in terms
of both HRs and χ2 statistics.

b Also adjusting for body mass index
category, atrial fibrillation or flutter,
systemic hypertension, chronic
obstructive pulmonary disease,
chronic kidney disease, diabetes,
liver cirrhosis, and tobacco use.
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inaccuracies in V̇O2 estimation.6-9 Narang and colleagues9 com-
pared the accuracy of estimated V̇O2 with directly measured V̇O2

in 535 patients; estimates differed greater than 25% from true
V̇O2 in up to one-quarter of patients, with some variability be-
tween estimating formulas. This error in V̇O2 translates into a
proportionally equivalent error in the CO estimate. Second, al-
though there has been debate regarding the validity of Td in pa-
tients with low CO or severe tricuspid regurgitation,10-13 other
studies14,30 have reported that agreement between Td and di-
rect Fick (ie, using measured V̇O2) estimates remains robust even
in these scenarios. The findings from the present data sets agree
with that assertion because we found only a small difference
between Td and eFick in either of these settings. Notably, eFick
was not significantly associated with mortality at 90 days in the
presence of tricuspid regurgitation, whereas Td remained pre-
dictive. While Td may be affected by other variables, including
the timing of injection during the respiratory cycle and the vol-
ume and temperature of injectate,32,33 Td proved more predic-
tive of mortality than eFick. Overall, our study lends further sup-

port to recent consensus statements suggesting that Td rather
than eFick alone should be the preferred method to measure
CO in clinical practice.34

These data argue that eFick CI measurements provide no
substantive additive prognostic value beyond Td CI among the
global population of patients undergoing cardiac catheteriza-
tion. However, one could interpret the results to suggest that,
while Td alone may be superior to eFick alone, the methods
may provide additive information, at least among the subset
of patients with a low Td CI. In that subgroup, those who had
normal eFick CI had lower mortality compared with the group
having concordantly low CI estimates. Of note, adjustment for
demographic, anthropometric, and clinical covariates re-
duced the difference in prognostic value between Td and eFick.
Adjustment for variables like age, sex, and body mass index
may serve to improve, indirectly, the accuracy of V̇O2 esti-
mates and act to ameliorate the resulting error as it relates to
the relationship between eFick CO and outcomes. Cardiac out-
put is measured in clinical practice primarily to define patho-

Figure 3. Cumulative Mortality Through 1-Year Follow-up, Stratified by Estimated Oxygen Uptake Fick (eFick)
and Thermodilution (Td) Cardiac Index (CI)

0

No. at risk

30

15

Cu
m

ul
at

iv
e 

M
or

ta
lit

y,
 %

10

5

CI <2.2L/min/m2

CI ≥2.2L/min/m2
4366 3859 3619
7060 6477 6152

0

30

15

Cu
m

ul
at

iv
e 

M
or

ta
lit

y,
 %

10

5

CI <2.2L/min/m2

CI ≥2.2L/min/m2
4347 3811 3562
7079 6525 6212

Vanderbilt eFickC

0

30

15

Cu
m

ul
at

iv
e 

M
or

ta
lit

y,
 %

10

5

Vanderbilt TdD

0

30

25 25

25 25

20 20

20 20

15

Cu
m

ul
at

iv
e 

M
or

ta
lit

y,
 %

10

5

VA CART eFickA

0 180 270 360
Follow-up Time, d

90

Log-rank test: χ2 = 42.0

VA CART TdB

No. at risk

0 180 270 360
Follow-up Time, d

90

Log-rank test: χ2 = 76.3

No. at risk

0 180 270 360
Follow-up Time, d

90

CI <2.2L/min/m2

CI ≥2.2L/min/m2

Log-rank test: χ2 = 29.0

1049 790 690
2148 1612 1391

No. at risk

0 180 270 360
Follow-up Time, d

90

CI <2.2L/min/m2

CI ≥2.2L/min/m2

Log-rank test: χ2 = 45.6

1050 771 659
2147 1631 1412

Patients with low CI (<2.2 L/min/m2) in the VA cohort had a higher incidence of
death than those with normal CI, whether estimated by eFick (A) or Td (B).
However, the relative hazard for mortality and model fit was better for Td CI.
C and D, Equivalent plots are presented for the Vanderbilt cohort, stratifying CI

by lowest tertile vs second and third tertiles. The solid and dotted line in each
plot represents the cumulative mortality for those with low and normal CI,
respectively. Gray area reflects the 95% confidence interval.
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physiology rather than predict outcomes; in that context, un-
adjusted measurements are more relevant than adjusted
estimates. However, the multivariable results suggest that mea-
suring V̇O2 or more accurately estimating V̇O2 could address the
disparity between Td and eFick.

Limitations
Some limitations of this study merit consideration in inter-
preting these findings. We do not know how either technique
was performed across centers (eg, temperature of injectate used
for Td). This could influence the accuracy of CO measure-
ment. However, clinical decisions were made using only the
available data; therefore, our analysis is likely to be a valid com-
parison of these methods in the context of standard clinical
applications. The consistent findings in 2 large cohorts from
distinct settings strongly support broad generalizability. For
example, women are unrepresented in the VA CART cohort but
not in the Vanderbilt cohort (3.3% vs 47.5%). Direct Fick, with
measurement of V̇O2, would presumably be more accurate than
Td and may be superior for risk prediction; unfortunately, the
additional effort and equipment required have prevented wide-
spread use of this approach in clinical practice. The use of ad-
ministrative data to define comorbidities limits the granular-

ity of clinical phenotype; for example, while it seems likely that
most patients assigned a code of tricuspid valve disease had
clinically significant tricuspid regurgitation, we do not have
confirmatory data on the severity or type of this disease. In-
formation on the presence of shunting was not available for
the present analysis. Although significant intracardiac shunts
are uncommon in the general adult population, it should be
reiterated that Td is inaccurate in the setting of shunting.5 A
preference for Td over eFick to estimate CO should also not
come at the expense of appropriate comprehensive oximetric
shunt evaluations. Finally, we did not compare Td and eFick
with a criterion standard CO measurement but rather used the
association between CO and mortality both as an indepen-
dent indicator of clinical value and, implicitly, as a surrogate
marker of accurate CO measurement.

Conclusions
There is only modest agreement between Td and eFick CO
estimates. In the setting of a low CI, Td predicts incident mor-
tality better than eFick alone and should be favored in clini-
cal practice.
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