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Abstract

Background: Pulmonary artery thermodilution is the clinical reference method for cardiac output monitoring.
Because both continuous and intermittent pulmonary artery thermodilution are used in clinical practice it is impor-
tant to know whether cardiac output measurements by the two methods are clinically interchangeable.

Methods: We performed a systematic review and meta-analysis of clinical studies comparing cardiac output meas-
urements assessed using continuous and intermittent pulmonary artery thermodilution in adult surgical and critically
ill patients. 54 studies with 1522 patients were included in the analysis.

Results: The heterogeneity across the studies was high. The overall random effects model-derived pooled estimate
of the mean of the differences was 0.08 (95%-confidence interval 0.01 to 0.16) L/min with pooled 95%-limits of agree-
ment of — 1.68 to 1.85 L/min and a pooled percentage error of 29.7 (95%-confidence interval 20.5 to 38.9)%.

Conclusion: The heterogeneity across clinical studies comparing continuous and intermittent pulmonary artery
thermodilution in adult surgical and critically ill patients is high. The overall trueness/accuracy of continuous pulmo-
nary artery thermodilution in comparison with intermittent pulmonary artery thermodilution is good (indicated by

a pooled mean of the differences <0.1 L/min). Pooled 95%-limits of agreement of — 1.68 to 1.85 L/min and a pooled
percentage error of 29.7% suggest that continuous pulmonary artery thermodilution barely passes interchangeability
criteria with intermittent pulmonary artery thermodilution.
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CO calculation based on the Stewart-Hamilton principle;
after injection of a known amount of indicator the change
in indicator concentration downstream in the circulation
is related to blood flow [7-9].

Pulmonary artery thermodilution remains the clinical
reference method for CO monitoring [10]. For intermit-
tent pulmonary artery thermodilution a fluid bolus with
known volume and temperature is manually injected into
the right atrium through the proximal port of a pulmo-
nary artery catheter (PAC) and subsequent temperature
changes over time are detected by an integrated thermis-
tor more distal in the pulmonary artery [8]. To minimize
measurement error and account for cyclic changes in CO
throughout the respiratory cycle, CO is calculated based
on several consecutive thermodilution CO measure-
ments [8].

In contrast to intermittent pulmonary artery thermodi-
lution, continuous pulmonary artery thermodilution ena-
bles CO to be measured automatically (i.e., without the
need for manual indicator injection) [11]. PACs for con-
tinuous pulmonary artery thermodilution are equipped
with a thermal filament heating up the blood in the right
ventricle in a random binary sequence [11]. Changes in
blood temperature are detected downstream by an inte-
grated thermistor near the tip of the PAC. Based on the
detected blood temperature changes, CO is continuously
calculated using a stochastic system identification princi-
ple and an averaged CO value is provided by the monitor
[11].

Because both continuous and intermittent pulmonary
artery thermodilution are used in clinical practice it is
important to know whether CO measurements by the
two methods are clinically interchangeable. We, there-
fore, performed a systematic review and meta-analysis
of clinical studies comparing CO measurements assessed
using continuous and intermittent pulmonary artery
thermodilution.

Methods

Study design and registration

In accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
statement [12] we performed a systematic review and
meta-analysis of clinical studies comparing continuous
pulmonary artery thermodilution-derived CO measure-
ments (CO,,,; test method) with intermittent pulmo-
nary artery thermodilution-derived CO measurements
(COyp reference method) in adult patients having sur-
gery or critically ill patients treated in the intensive care
unit. This systematic review and meta-analysis was reg-
istered in the International Prospective Register of Sys-
tematic Reviews (PROSPERO; registration number
CRD42020159730).
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Eligibility criteria

For this systematic review and meta-analysis, we con-
sidered studies published in English between January
1st, 1975 and December 31st, 2019 comparing CO_,,
and CO,,, in adult (age > 18 years) surgical or critically
ill patients that report extractable or calculable mean
of the differences between CO_,,, and CO;,, with cor-
responding standard deviation (SD) and/or 95%-limits
of agreement (95% LOA). We did not consider corre-
spondences or case reports.

Information sources and search strategy

The electronic databases PubMed, Web of Science, and
the Cochrane Library were systematically searched
using a priori defined search strategies. As an example,
the full electronic search strategy for PubMed is pro-
vided in Additional file 1. Further, the reference lists of
the identified studies and the reference lists of previous
reviews were searched to find additional eligible studies
that had not been identified during the initial system-
atic database search.

Study selection

Titles and abstracts of all identified studies were
screened by three investigators (PH, ME, BS). The full-
text of potentially eligible studies was used to assess
study eligibility based on the above-mentioned prede-
fined eligibility criteria. Discrepancies were resolved by
discussion among the three investigators.

Data collection process and data items

Four different investigators (KK, AB, CV, LB) indepen-
dently extracted the data from the included studies and
data were checked for consistency. Discrepancies were
discussed and resolved based on the original data. We
extracted data on the results of comparative statistics,
i.e., the mean of the differences between CO,,,, and
CO;,¢ with SD, 95% LOA, and the percentage error (PE)
[13]. We report the mean of the differences between
CO¢ont and CO;,, as CO,,, — CO;p We re-calculated
the mean of the differences for studies reporting the
mean of the differences as CO;,, — CO,,,, accordingly.
If not provided in the studies, the SD of the mean of
the differences was re-calculated as (upper 95% LOA —
mean of the differences)/1.96. For studies not providing
the PE but reporting mean CO,_,, and mean CO,,, the
PE was calculated as (1.96 - SD of the mean of the dif-
ferences)/(mean of CO_,,, and CO,,,).

In addition to the results of comparative statistics,
we extracted data regarding the study setting (operat-
ing room or intensive care unit), the patient population,
the number of patients, the total number of measure-
ment pairs, and the year of publication.
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Risk of bias in individual studies

Based on the Quality Assessment of Diagnostic Accuracy
Studies guidelines (QUADAS-2) [14] we used an adapted
questionnaire (Additional file 2) to assess study quality by
objectively performing judgments on bias and applicabil-
ity of the included studies [14—16]. Risk of bias classifica-
tion is based on different signaling questions of different
domains that were marked with “yes’, “no” or “unclear”
which finally results in classifying these domains as “low”,
“high” or “unclear” risk of bias. Concerns about applica-
bility of the included studies were rated as “low”, “high”
or “unclear” An independent quality assessment of each
included study was performed by three investigators (KK,
AB, LB) and discrepancies were resolved by discussion
among the three investigators.

Principle summary measures

The mean of the differences between CO_,,, and CO;,, of
the individual studies is the principal summary measure
of the current meta-analysis. We used a random effects
model for means as outcomes with restricted maximum
likelihood as the estimator to summarize the mean of the
differences, the SD of the mean of the differences, and the
sample size. This random effects model derives a pooled
estimate of the mean of the differences that represents
the trueness/accuracy of CO_,,, compared to CO,,.

For each study, we calculated the 95%-confidence
interval (95% CI) for the reported/calculated mean of the
differences between CO,,,, and CO,,, as 1.96 - standard
error of the mean (SD/V/ sample size) to account for study
sample size. We summarized these 95% CIs with the ran-
dom effects model and report the resulting overall ran-
dom effects model-derived pooled estimate of the 95%
CL

Further, we report overall random effects model-
derived pooled estimates of 95% LOA.

We summarized the PE using a random effects model
for proportions with DerSimonian-Laird as the estimator
[17] and report the overall random effects model-derived
pooled estimate of the PE with 95% CI. We defined clini-
cal interchangeability between CO,,, and CO,, based
on the established 30% PE threshold [13]. Heterogeneity
and inconsistency were assessed by means of Cochran’s
Qand I%

Synthesis of results

The database includes all relevant data to perform the
meta-analysis. To obtain overall random effects model-
derived pooled estimates, a random effects model was
computed for each outcome. We reported Cochran’s
Q as a measure of heterogeneity and I* as a measure of
consistency.
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Risk of publication bias across studies

We calculated funnel plots with corresponding Eggers
regression tests for asymmetry to address the potential
problem of selective reporting [18].

Subgroup analyses, additional analyses

We performed subgroup analyses considering the factors
"setting" (operating room and intensive care unit) and
“patient population” (liver transplantation and cardiac
surgery).

Additionally, we investigated the relation between the
mean of the differences between CO_,,, and CO;,, from
individual studies and a) the reported mean CO;,, and b)
the year of publication.

Statistical software

We used the software R version 4.0.2 (R Foundation for
Statistical Computing. Vienna, Austria) with the R-pack-
age metafor version 2.4—0 for statistical analyses [19].

Results

Study selection

After removal of duplicates, we identified 426 different
records based on the initial electronic database search
(Fig. 1). We excluded 362 records after title and abstract
screening. Full-text screening of the remaining 64 articles
identified 54 studies fulfilling our predefined inclusion
criteria [20-73]. Six studies were divided into two studies
each for the following reasons: measurements before and
after caval clamping/graft perfusion during liver trans-
plantation [26], measurements reported separately for
infusion rates > 1000 mL/h and < 1000 mL/h [41], meas-
urements with different PAC devices [60, 72], measure-
ments reported separately for patients with an ejection
fraction higher or lower than 45% [65], and measure-
ments reported separately for patients with a CO higher
or lower than 8 L/min [36]. One study was divided into
four studies because different software versions and dif-
ferent fluid bolus temperatures were used [67].

Study characteristics

We included a total number of 1,522 individual patients
in the final analysis with a median of 21 patients
included per study (minimum: 7 patients, maximum: 84
patients). All studies reported the number of measure-
ment pairs except for one study. The total number of
reported measurement pairs was 17,920 with a median
of 168 (interquartile range 108 and 238) measurement
pairs per study. In 51 of the 54 studies, the mean of the
differences was reported; for the remaining three stud-
ies the mean of the differences was calculated. In 24 of
the 54 studies, 95% LOA were reported; for 30 studies
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Records identified by
database searching
(PubMed, Cochrane Library,
and Web of Science)
(n=647)

| > Duplicates excluded
l (n=221)

{ Records for screening }

(n=426)

| Records excluded after title
and abstract screening

l (n=362)

v

Full-text articles for screening
(n=64)

| Full-text articles not
fulfilling eligibility criteria
! (n=8)

v

Full-text articles fulfilling
eligibility criteria
(n=56)

| Full-text articles excluded
due to inconclusive results
! (n=2)

v

Studies included in
qualitative synthesis
(n=54)

|

e . Bottiger (1997), Greim (1997), Neto (1999),
comitatve syntheds Rodig (1999), Z6liner (2001), and Costa (2008)
(n=54) were divided into two studies each, Schmid
(1999) was divided into four studies.

Fig. 1 Flowchart of the literature search based on the PRISMA statement

95% LOA were calculated. In 11 of the 54 studies, the  CO,,, were reported or calculated. A summary of the
PE was reported; for 16 studies the PE was calculated.  included studies and CO measurement data is provided

In 23 of the 54 studies, the mean values of CO,,, and in Additional file 3.
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Risk of bias in individual studies

The adapted QUADAS-2 questionnaire was used to
assess the risk of bias in the included studies (Additional
file 4). In 19 studies, the risk of bias was identified to be
“unclear” or “high” at least for one domain, in six studies,
the risk of bias was identified to be “high” at least for one
domain.

Overall meta-analysis
Individual means of the differences between CO,,,, and
CO,,, with SD and 95% LOA for each study are shown
in Additional file 3. The overall random effects model-
derived pooled estimate of the mean of the differences
between CO,,,, and CO;,, was 0.08 (95% CI 0.01 to 0.16)
L/min with pooled 95% LOA of — 1.68 to 1.85 L/min
(heterogeneity: Q=200.1 (P<0.001), I*=75%) (Fig. 2).
The overall random effects model-derived pooled esti-
mate of the PE was 29.7% with 95% CI of 20.5 to 38.9%
(heterogeneity: Q=281.3 (P<0.001), I>*=90%) (Fig. 3).
The PE was <30% in 19 out of 27 studies (70%).

Risk of publication bias across studies

Funnel plots indicating the risk of publication bias across
studies including Eggers regression tests are shown in
Additional file 5 for CO (P=0.843), and Additional file 6
for PE (P=0.474).

Subgroup analyses, additional analyses

We performed subgroup analyses considering the fac-
tors "setting" (operating room and intensive care unit),
“patient population” (liver transplantation and cardiac
surgery), and “availability of the PE” (studies where the
PE was reported or calculable and studies where the PE
was not reported or calculable).

For patients studied in the operating room [20, 22, 26,
34, 37, 38, 41, 44, 48, 49, 52, 62, 64, 69], the overall ran-
dom effects model-derived estimate of the mean of the
differences was 0.14 (95% CI 0.00 to 0.28) L/min with
pooled 95% LOA of — 2.03 to 2.44 L/min (Additional
file 7). For patients studied in the intensive care unit [21,
23, 24, 27-29, 31-33, 35, 36, 39, 40, 42, 45, 46, 51, 53-60,
66—68, 70—73], the overall random effects model-derived
estimate of the mean of the differences was 0.07 (95% CI
—0.04 to 0.17) L/min with pooled 95% LOA of —1.66 to
1.76 L/min (Additional file 8).

For patients having liver transplantation [20, 22, 26,
35, 36, 38, 41], the overall random effects model-derived
estimate of the mean of the differences was 0.07 (95% CI
—0.26 to 0.40) L/min with pooled 95% LOA of —2.89 to
3.01 L/min (Additional file 9). For patients having car-
diac surgery [23, 25, 27, 30-32, 34, 39, 43-45, 47-49, 52,
54, 56, 60, 61, 63-65, 67, 69, 70, 72, 73], the overall ran-
dom effects model-derived estimate of the mean of the
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differences was 0.09 (95% CI — 0.01 to 0.18) L/min with
pooled 95% LOA of —1.38 to 1.54 L/min (Additional
file 10).

There were no clinically meaningful differences in the
mean of the differences and the 95% LOA between stud-
ies with reported/calculable PE and studies without
reported/calculable PE (Additional files 11 and 12).

The mean of the differences between CO_,,, and
CO,,¢ from individual studies was not influenced by the
reported mean CO,,, (Additional file 13) or the year of
publication (Additional file 14).

Discussion

In this meta-analysis of clinical studies comparing CO_,,,
and CO,, in adult surgical and critically ill patients, the
heterogeneity across studies was high. The overall ran-
dom effects model-derived pooled estimate of the mean
of the differences between CO_,, and CO;,, was 0.08 L/
min with pooled 95% LOA of —1.68 to 1.85 L/min and a
pooled PE of 29.7 (95% CI 20.5 to 38.9)%.

In CO method comparison studies, the agreement
between a test and a reference method is described by the
trueness (often called “accuracy”) and precision of agree-
ment [74-76] based on Bland—Altman analysis [77-79].
In Bland-Altman plots, the difference between meas-
urements with a test and a reference method is plotted
against the mean of the two measurements [77-79]. The
mean of the differences (often called “bias”) reflects the
trueness of test method measurements, the SD and 95%
LOA of the mean of the differences reflect the precision
of agreement [74—76]. The PE is used frequently in CO
method comparison studies to characterize the precision
of agreement; the PE is 1.96 SD of the mean of the differ-
ences between measurements divided by the mean value
of all measurements [13]. In their landmark study, Critch-
ley et al. proposed 28.3%, rounded up to 30%, as the PE
threshold defining interchangeability [13]. Nevertheless,
one should keep in mind that the PE threshold of 28.3% is
based on the assumption that the precision of method of
both the test method and the reference method are 20%.
Because the precision of method is not exactly known,
using a 30% PE threshold may lead to misinterpretations
concerning the clinical interchangeability of CO,,,, and
Coint‘

In this meta-analysis, the overall random effects model-
derived pooled estimate of the mean of the differences
between CO_,,, and CO,,, was<0.1 L/min—which is less
than a 2% difference for an average adult CO of 5 to 6 L/
min. This meta-analysis thus suggests a good trueness/
accuracy of CO,,,, compared with CO,, when looking
at the overall pooled mean of the differences. However,
a low pooled mean of the differences in meta-analyses
can be misleading because averaging study results with
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Mean (95%-
-3 -2 -1 0 1 of the confidence
Study N | 1 1 1 | differences interval)
Béttiger (1997) B 12 o -0.79 (-3.23,1.65
Albert (1999) 60 —o—— -0.74 (-1.30, -0.18
Costa (2014) 20 —o—— -0.68 (-1.25, -0.11
Ishihara (2004) 36 —0— -0.64 (-0.91, -0.37
Zéllner (1999) 20 —o0—— -0.52 (-1.09, 0.05
Costa (2008) A 23 ———t -0.52 (-1.00, -0.04
Burchell (1997) 21 —o0—— -0.49 (-0.92, -0.06
Rauch (2002) 25 —— -0.40 (-0.89, 0.09
Cho (2016) 20 —0— -0.38 (-0.63, -0.13
Bao (2008) 13 ————i -0.18 (-0.71,0.35
Mihm (1998) 47 —0— -0.12 (-0.36, 0.12
Monchi (1998) 19 —o0— -0.12 (-0.53,0.29
Nelson (2001) 28 —0— -0.11 (-0.38,0.16
Singh (2002) 20 —o0— -0.10 (-0.41, 0.22
Zoler (2001) A 9 —o——— -0.09 (-0.77, 0.59
Neto (1999) A 22 —0— -0.07 (-0.29,0.15
Lazor (1997) 29 0 -0.06 (-0.24, 0.12
Zollner (2001) B 10 —0—— -0.04 (-0.50, 0.42
Boldt (1994) 35 O+ -0.03 (-0.20, 0.14
Béttiger (1995) 30 —0— -0.02 (-0.23,0.19
Padua (2003) 16 o -0.02 (-0.07, 0.03
Yelderman (1992) 54 ~0~ -0.02 (-0.16, 0.12
Neto (1999) B 22 —O— -0.01 (-0.22,0.19
Jacquet (1996) 23 —O0— -0.01 (-0.29, 0.27
Seguin (1998) 15 —O—— -0.00 (-0.38, 0.37
Schmid (1999) A 14 —0—— 0.00 (-0.47, 0.47
Della Rocca (2002) 62 —0— 0.02 (-0.16, 0.20
Hamm (2010) 9 —0— 0.03 (-0.24, 0.30
Béttiger (1996) 22 —0— 0.05 (-0.18,0.29
Rédig (1999) B 13 —0— 0.06 (-0.35, 0.47
Thierry (2003) 8 —o0—— 0.07 (-0.39, 0.53)
Schmid (1999)D 14 —O0— 0.07 (-0.30, 0.44)
Boyle (1997) 38 —O0— 0.07 (-0.20, 0.34)
Ditmyer (1995) 14 —0— 0.10 (-0.24, 0.44)
Peyton (2014) 30 —O— 0.10 (-0.44, 0.64)
Rédig (1999) A 13 —O0— 0.12 (-0.28, 0.51)
Rédig (1998 24 O 0.13 (-0.08, 0.34)
Della Rocca (2003) 58 —0— 0.15 (-0.03, 0.33)
Kotake (2009) 42 00— 0.19 (-0.05, 0.43)
Schmid (1999) B 14 —0— 0.20 (-0.22, 0.62)
Greim (1997) A 14 —0—— 0.20 (-0.27, 0.67)
Ganter (2016) 47 —O— 0.23 (-0.14, 0.60)
Bottiger (1997) A 12 ! 0.24 (-0.77, 1.25)
Cecchini (2012) 15 —0— 0.27 (0.02, 0.51)
Mielck (2003) 22 —0— 0.28 (-0.11, 0.67)
Cecconi (2010) 29 0t 030 (-0.06, 0.66)
Jakobsen (1995) 20 00— 031 (-0.07, 0.69)
Bendjelid (2006) 14 —0— 033 (0.02, 0.64)
Button (2007) 31 ——0— 033 (-0.09, 0.75)
Haller (1995) 12 ——0—— 035 (-0.22, 0.92)
Schmid (1999)C 14 —0— 036 (-0.08, 0.80)
Kotake (2003) 28 00— 038 (-0.05, 0.81)
Cathelyn (1999) 7 —0— 0.39 (0.12, 0.66)
Le Tulzo (1996) 21 0 0.39 (0.03, 0.75)
Leather (2004) 34 —0— 0.40 (0.05, 0.75)
Hogue (1994) 25 —o0— 0.41 (0.09, 0.73)
Sakka (2000) 12 00— 0.43 (0.03, 0.83)
Costa (2008) B 23 —o—— 0.44 (-0.11, 0.99)
Manecke (2007) 50 —0— 0.50 (0.32, 0.68)
McGee (2007) 84 —O— 0.66 (0.44, 0.88)
Akiyoshi (2011) 20 0.79 (0.11, 1.47)
Lefrant (1995) 19 —O— 0.80 (0.26, 1.34)
Greim (1997) B 14 1.00 (0.06, 1.94)
Random effects model for all
Heterogeneity: Q = 200.1 (P <0.001) S 0.08 (0.01, 0.16)

P=75%

[ I I I I
-3 -2 -1 0 1

Mean of the differences CO [L/min]

Fig. 2 Forest plot for cardiac output. Forest plot showing the results of the meta-analysis for cardiac output (CO) with mean of the differences
(dots) calculated as the mean of continuous pulmonary artery thermodilution-derived CO measurements minus intermittent pulmonary artery
thermodilution-derived CO measurements and corresponding 95%-confidence interval (bars) per individual study in relation to the overall random
effects model-derived pooled estimate (vertical dashed line). Heterogeneity is presented with Cochran’s Q and I°. N, number of patients per study.
Bottiger and colleagues [26], Costa and colleagues [36], Greim and colleagues [41], Neto and colleagues [60], Rédig and colleagues [65], and ZdlIner
and colleagues [72] are treated as two studies in the analysis (A and B). Schmid and colleagues [67] is treated as four studies in the analysis (A, B, C,
and D)
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(95%-
0 20 40 60 80 Percentage confidence
Study N | 1 1 1 J error interval)
Padua (2003) 16 ——O0— 4.8 (-5.7, 15.3)
Costa (2008) B 23 00— 14.5 (0.1, 28.9)
Hamm (2010) 9 O 17.0 (-7.5, 41.5)
Costa (2008) A 23 00— 18.7 (2.8, 34.6)
Nelson (2001) 28 00— 18.7 (4.3,33.1)
Della Rocca (2002) 62 —0— 19.0 (9.2, 28.8)
Rodig (1998) 24 00— 19.1 (3.4, 34.8)
Le Tulzo (1996) 21 —O——— 21.7 (4.1, 39.3)
Bao (2008) 13 O 22.0 (-0.5, 44.5)
Bendjelid (2006) 14 O 22.0 (0.3,43.7)
Della Rocca (2003) 58 —O— 22.3 (11.6, 33.0)
Jacquet (1996) 23 00— 22.3 (5.3, 39.3)
Seguin (1998) 15 ; O { 22.7 (1.5, 43.9)
Cecchini (2012) 15 O 23.9 (2.3, 45.5)
Rodig (1999) A 13 O 241 (0.9, 47.3)
Rodig (1999) B 13 1% 25.5 (1.8, 49.2)
Zollner (2001) B 10 O 25.8 (-1.3, 52.9)
Cho (2016) 20 00— 26.7 (7.3, 46.1)
Zollner (2001) A 9 O 27.2 (-1.9, 56.3)
Cecconi (2010) 29 00— 28.0 (11.7, 44.3)
Mielck (2003) 22 —O0— 29.0 (10.0, 48.0)
Costa (2014) 20 00— 29.9 (9.8, 50.0)
Kotake (2009) 42 00— 334 (19.1, 47.7)
Hogue (1994) 25 S 37.6 (18.6, 56.6)
Ganter (2016) 47 00— 40.4 (26.4, 54.4)
Akiyoshi (2011) 20 : O 1 43.0 (21.3, 64.7)
Kotake (2003) 28 I 47.2 (28.7, 65.7)
Peyton (2014) 30 00— 513 (33.4, 69.2)
Leather (2004) 34 00— 56.9 (40.3, 73.5)
Albert (1999) 60 —0— 89.3 (81.5,97.1)
Random effects model for all ¢
Heterogeneity: Q =281.3 (P <0.001) 29.7 (205, 38.9)
1?=90%
[ I I I |
0 20 40 60 80
Percentage error CO [%]
Fig. 3 Forest plot for percentage error. Forest plot showing the results of the meta-analysis for the percentage error (dots) with 95%-confidence
interval (bars) per individual study in relation to the overall random effects model-derived pooled estimate (vertical dashed line). Heterogeneity is
presented with Cochran’s Q and 1. CO, cardiac output; N, number of patients per study. Costa and colleagues [36], Rédig and colleagues [65], and
Z6lliner and colleagues [72] are treated as two studies in the analysis (A and B)

negative and positive means of the differences of similar Regarding the precision of agreement between CO,,,,
absolute amount can result in a very low pooled mean of and CO,, this meta-analysis revealed that the pooled
the differences despite marked measurement differences  95% LOA of the mean of the differences between CO_,,,
in single studies. In this meta-analysis, studies reporting and CO;, were —1.68 to 1.85 L/min. The overall ran-
an overestimation and those reporting an underestima-  dom effects model-derived pooled estimate of the PE was
tion of CO,,,,, compared to CO,, neutralized each other, 29.7 (95% CI 20.5 to 38.9)%—thus suggesting that CO_,,
as illustrated in Fig. 2. barely passes interchangeability criteria with CO,,, [13].

However, the PE was only available for half of all studies
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because the PE per se or mean CO values necessary for
post-hoc PE calculation were not always reported. Never-
theless, 95% Cls were similar in studies with reported or
calculable PE and studies where the PE was not reported
or calculable suggesting that the PE for all studies would
probably also be close to 30%.

This meta-analysis showed a large variability in results
between studies, with means of the differences reported
in single studies ranging from —0.79 to 1.00 L/min and
PEs ranging from 4.8 to 89.3%. This variability strongly
suggests that the measurement performance of CO_
is influenced by various factors, that may include patient
characteristics, the clinical setting, and cardiovascu-
lar dynamics. Even subgroups of studies were hetero-
geneous. For example, the “operating room” subgroup
included patients having different types of surgery, the
“intensive care unit” subgroup included patients with
and without circulatory shock requiring different vaso-
pressor and inotropic support, and the “cardiac surgery”
subgroup included patients studied either during or after
surgery. It is important to bear in mind that the measure-
ment performance is context-sensitive when interpreting
validation studies of any CO monitoring system [80].

Intermittent pulmonary artery thermodilution remains
the clinical reference method for CO monitoring and
therefore is frequently used as the “gold standard” in
method comparison studies [10]. Continuous pulmonary
artery thermodilution offers the opportunity to measure
CO automatically without the need for manual indica-
tor injection, thus reducing contamination risk and sav-
ing time [81]. Although “continuous” suggests that this
PAC technology provides real-time CO measurements, it
actually provides “semi-continuous’, averaged CO values
[11, 81]. The averaging procedure improves the signal-
to-noise ratio but may cause a time delay of up to sev-
eral minutes. This time delay may become relevant when
hemodynamics change rapidly, e.g., during dynamic tests
such as passive leg raising and during therapeutic inter-
ventions such as fluid or vasopressor administration [8,
82, 83].

In today’s clinical practice, PACs are mainly used in
patients having cardiac surgery, liver transplantation, and
in critically ill patients with circulatory shock, especially
with right ventricular dysfunction [10, 84]. Using a PAC
allows monitoring of CO, mixed venous oxygen satura-
tion, and intravascular pressure and thus provides impor-
tant information on cardiovascular dynamics [85]. There
is nonetheless an ongoing debate on whether or not PACs
still have a place in daily clinical practice [86—88]. Some
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trials showed no clinical benefit of using the PAC with-
out treatment protocols in critically ill patients [89, 90]
or cardiac surgery patients [91]. Additionally, there are
now various methods to measure or estimate CO less
invasively or even non-invasively [3, 6]. The clinical use of
the PAC thus decreased over the last years in critically ill
patients and in surgical patients [92, 93].

Although intermittent and continuous pulmonary
thermodilution methods are widely used, we are not
aware of any meta-analysis investigating the overall
agreement between the two methods. In contrast, several
meta-analyses have already been published for Doppler
[94, 95], bioimpedance [15, 94], as well as invasive and
non-invasive pulse contour methods [15, 16, 94]. They all
reported pooled PE values ranging between 40 and 50%.

We only investigated the absolute agreement between
CO,, and CO;,, and did not analyze the trending ability
of CO,,,. The ability to track changes in CO is actually
the main expectation clinicians may have from a continu-
ous monitoring system over an intermittent technique.
Unfortunately, most studies of this meta-analysis did not
report concordance rates or polar plots, so that we were
unable to assess the ability of continuous pulmonary
thermodilution to track changes in CO. Furthermore,
several studies [19 of 54 (35%)] had a risk of bias classi-
fication of “unclear” or “high” that may further influence
the final results of this meta-analysis. About half of the
included studies [26 of 54 (48%)] were performed before
the year 2000, and only 6 (11%) studies after 2010.

Conclusion

The heterogeneity across clinical studies compar-
ing CO,,, and CO,,, in adult surgical and critically ill
patients is high. The overall trueness/accuracy of CO_,
in comparison with CO,,, is good (indicated by a pooled
mean of the differences <0.1 L/min). Pooled 95% LOA of
—1.68 to 1.85 L/min and a pooled PE of 29.7 (95% CI 20.5
to 38.9)% suggest that CO,,, barely passes interchangea-
bility criteria with CO,,,. The PE was <30% in two-thirds
of studies with available PE.
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Additional file 6. Funnel plot for the percentage error with Eggers regres-
sion test. Funnel plot indicating the risk of publication bias across studies
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Additional file 7. Forest plot showing subgroup analysis for the setting
“operating room’”. Forest plot showing the results of the subgroup analysis
for the setting “operating room”for cardiac output (CO) with mean of the
differences (dots) and corresponding 95%-confidence interval (bars) per
individual study in relation to the overall random effects model-derived
pooled estimate (vertical dashed line). Heterogeneity is presented with
Cochran’s Q and I2. N, number of patients per study. Bttiger and col-
leagues [26], and Greim and colleagues [41] are treated as two studies in
the analysis (A and B).

Additional file 8. Forest plot showing subgroup analysis for the setting
“intensive care unit”. Forest plot showing the results of the subgroup
analysis for the setting “intensive care unit”for cardiac output (CO) with
mean of the differences (dots) and corresponding 95%-confidence
interval (bars) per individual study in relation to the overall random effects
model-derived pooled estimate (vertical dashed line). Heterogeneity is
presented with Cochran’s Q and I. N, number of patients per study. Costa
and colleagues [36], Neto and colleagues [60], and Zo6lIner and colleagues
[72] are treated as two studies in the analysis (A and B). Schmid and col-
leagues [67] is treated as four studies in the analysis (A, B, C, and D).

Additional file 9. Forest plot showing subgroup analysis for patients hav-
ing liver transplantation. Forest plot showing the results of the subgroup
analysis for patients having liver transplantation for cardiac output (CO)
with mean of the differences (dots) and corresponding 95%-confidence
interval (bars) per individual study in relation to the overall random effects
model-derived pooled estimate (vertical dashed line). Heterogeneity

is presented with Cochran’s Q and I°. N, number of patients per study.
Bottiger and colleagues [26], Costa and colleagues [36], and Greim and
colleagues [41] are treated as two studies in the analysis (A and B).

Additional file 10. Forest plot showing subgroup analysis for patients
having cardiac surgery. Forest plot showing the results of the subgroup
analysis for patients having cardiac surgery for cardiac output (CO) with
mean of the differences (dots) and corresponding 95%-confidence
interval (bars) per individual study in relation to the overall random effects
model-derived pooled estimate (vertical dashed line). Heterogeneity

is presented with Cochran’s Q and I°. N, number of patients per study.
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Additional file 11. Forest plot showing subgroup analysis for studies with
reported or calculable percentage error. Forest plot showing the results of
the subgroup analysis for studies with reported or calculable percent-
age error for cardiac output (CO) with mean of the differences (dots)

and corresponding 95%-confidence interval (bars) per individual study
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in relation to the overall random effects model-derived pooled estimate
(vertical dashed line). Heterogeneity is presented with Cochran’s Q and
12.N, number of patients per study. Costa and colleagues [36], Rodig and
colleagues [65], and Zoliner and colleagues [72] are treated as two studies
in the analysis (A and B).

Additional file 12. Forest plot showing subgroup analysis for studies
without reported or calculable percentage error. Forest plot showing the
results of the subgroup analysis for studies without reported or calculable
percentage error for cardiac output (CO) with mean of the differences
(dots) and corresponding 95%-confidence interval (bars) per individual
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estimate (vertical dashed line). Heterogeneity is presented with Cochran’s
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Greim and colleagues [41], and Neto and colleagues [60], are treated as
two studies in the analysis (A and B). Schmid and colleagues [67] is treated
as four studies in the analysis (A, B, C, and D).

Additional file 13. Influence of the level of cardiac output. Plot showing
the relation between the mean of the differences (dots) with corre-
sponding 95%-confidence interval (bars) per individual study and mean
intermittent pulmonary artery catheter-derived cardiac output (CO)
measurement (CO;,).

Additional file 14. Influence of the year of publication. Plot showing the
relation between the mean of the differences (dots) with correspond-
ing 95%-confidence interval (bars) per individual study and the year of
publication. CO, cardiac output.
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