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Abstract Purpose: To validate a
novel method of ultrasound dilution
(COstatus�; Transonic Systems, Ith-
aca, NY) for measuring cardiac
output in paediatric patients after
biventricular repair of congenital
heart disease. Methods: Children
undergoing biventricular repair of
congenital heart disease were pro-
spectively identified. Patients with
significant intracardiac shunts were
excluded. Postoperative cardiac out-
put was measured by ultrasound
dilution (COud) and concurrently
calculated by the Fick equation
(COrms) using measured oxygen
consumption by respiratory mass
spectrometry. Results: Thirty-five
patients were studied generating 66
individual data sets. Subjects had a
median (interquartile range) age of
147 days (11, 216), weight of 4.98 kg
(3.78, 6.90) and body surface area of
0.28 m2 (0.22, 0.34). Of the patients,
66 % had peripheral arterial catheters
and 34 % had femoral cannulation;
peripheral arterial lines accounted for
6/8 of unsuccessful studies due to

inability to generate sufficient flow.
The site of the central venous cannula
did not impact the feasibility of
completing the study. A mean bias of
0.00 L/min [2 standard deviation
(SD) ± 0.76 L/min] between COud
and COrms was found with a per-
centage error of 97 %. When
comparing cardiac index, bias
increased to 0.13 L/min/m2

(2SD ± 2.16 L/min/m2). Conclu-
sions: Cardiac output by ultrasound
dilution showed low bias with wide
limits of agreement when compared
to measurement derived by the Fick
equation. Although measurements
through central and peripheral arterial
lines were completed with minimal
difficulties in the majority of patients,
the application of COstatus� in neo-
nates with low body surface area may
be limited.
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Introduction

Cardiac output (CO) measurements in paediatrics can be
an integral tool in the optimal management of critically ill
children [1]. The current gold standard for such mea-
surements consists of the use of respiratory mass
spectrometry (RMS) to measure oxygen consumption
(VO2), with subsequent calculation of the CO through the

standard Fick equation [2]. Indicator dilution (tempera-
ture or dye) has been employed through accurate
semi-automated commercially available devices [3, 4].
Nevertheless, the widespread use of these systems has
been curtailed due to the requirement for a sealed airway
(for RMS) or centrally invasive arterial catheters, with
associated potential complications and a less than optimal
risk–benefit balance.
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The COstatus� device (Transonic, Systems, Ithaca,
NY) uses ultrasound saline dilution to calculate CO
through a modification of the Stuart–Hamilton principle.
Similar to all indicator dilution techniques, the COstatus�

device can measure CO in individuals with biventricular
cardiac physiology in the absence of significant intracar-
diac shunts. However, in contrast to other systems which
require pulmonary arterial or central systemic arterial
cannulation for the measurement, the COstatus� device
requires peripheral arterial and central venous cannulas.
This minimally invasive technique has been validated in
several animal and adult models [5–7]. We studied the use
of this technology in paediatric patients following
biventricular repair of congenital heart disease and vali-
dated it against RMS.

Methods

Patients

Following study approval by our institution’s research
ethics board, consecutive patients scheduled for repair of
congenital heart disease with a resultant biventricular
physiology were prospectively recruited. Intraoperative
transoesophageal or epicardial echocardiography was
used according to routine clinical practice. Individuals
with no identifiable significant residual intracardiac shunt
(defined as visible tiny shunts measuring \2 mm) who,
following transfer to the cardiac critical care unit, had an
endotracheal tube (ETT), arterial and venous lines in situ
met the criteria for study inclusion. A microcuffed ETT
was requested to avoid significant leak and allow for
accurate VO2 measurement. Postoperative management
was not protocolized for the purpose of the study, but
routinely included continuous infusion morphine for
analgesia, intermittent administration of benzodiazepine
(lorazepam/midazolam) for sedation, and muscle relaxa-
tion on an as-needed basis. Inotrope and vasoactive
agents were used at the physician’s discretion with overall
use measured by the vasopressor–inotrope score [IS =
dopamine dose (mcg/kg/min) ? dobutamine dose (mcg/
kg/min) ? 100 9 epinephrine dose (mcg/kg/min) ? 10
9 milrinone dose (mcg/kg/min) ? 10,000 9 vasopressin
dose (U/kg/min) ? 100 9 norepinephrine dose (mcg/kg/
min)] [8].

COstatus�

The COstatus� system creates an extracorporeal closed
arterial–venous shunt system using a routine arterial line
and central venous catheter. The circuit, with a volume of
approximately 5 mL, is primed with heparinized saline.
When connected, a roller pump circulates blood through

the system, achieving flows of 8–12 mL/min. Warmed
saline (37 �C) is then injected into the venous limb with
ultrasound velocity measurements of circulating blood
continuously monitored through two sensor systems
(Fig. 1).

The ultrasound velocity of blood is dependent pri-
marily on the protein and ion concentrations of plasma
and typically lies between 1,560 and 1,585 m/s. The
determination of CO based on ultrasound velocity
employs saline injection (ultrasound 1,533 m/s) for hae-
modilution as an indicator. CO is then calculated as the
product of the volume of isotonic injection and decrease
in ultrasound velocity over the integral of ultrasound
velocity over time.

Measurements

After achieving steady state conditions, namely, 20 min
of haemodynamic stability (stable heart rate blood pres-
sure, no changes to inotropic–vasoactive support), we
made three consecutive CO measurements per session,
with the mean value (COud) calculated as an average.
Individual measurements were made by manual injection
of 0.5–1 mL/kg of warmed saline. Following each sam-
ple set the COstatus� loop was flushed and remained
connected in-line for a maximum of 24 h. Contempora-
neous COrms measurements were made with VO2 and

Fig. 1 Pictorial representation of COstatus� system (Transonic
Systems, Ithaca, NY)
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arterial/venous blood sampling for comparison. Arterial
(CaO2) and venous (CvO2) oxygen content was calcu-
lated as Ca=vO2 ¼ 1:36� Hemoglobinð g/dL� oxygen
saturationÞ þ 0:0003 Pa=vO2. Oxygen saturation was

measured by the central laboratory by co-oximetry using a
ABL800 Flex blood gas analyser (Radiometer, Brønshøj,
Denmark). CO was calculated according to the Fick
equation [CO = VO2/(CaO2 - CvO2)]. A maximum of
three repeat COud measurements were made over a 24-h
period or to study termination at time of extubation.

Respiratory mass spectrometry

An Amis 2000 quadrupole RMS (Innovision A/S, Odense,
Denmark) was used to measure VO2 consistent with a
previously described technique [9, 10]. In summary, with
this technique, multiple gases are measured continuously,
allowing for the calculation of oxygen consumption by
the Argon gas dilution method.

Statistics

Descriptive statistics were generated for baseline char-
acteristics with proportions represented as number
(percentage) and continuous data as mean (standard
deviation, SD) or median (interquartile range), as appro-
priate. A cutoff of p \ 0.05 was set for statistical
significance. A Bland–Altman agreement plot, demon-
strating mean bias and 95 % confidence limits of
agreement, was calculated for the entire population as
well as for individual subpopulations based on arterial
catheter type (radial vs. femoral). The CO from RMS and
COstatus� were averaged, and the mean bias was calcu-
lated as the mean difference between COud and COrms
across the range. Percentage error was calculated as the
quotient of twice the standard deviation (2SD) of the
mean difference of CO by the mean CO of the RMS.

Results

A total of 54 subjects were enrolled, of whom 19 were
excluded for the following reasons: extubation in oper-
ating room prior to the study period (10 patients), RMS
was not available (4 patients), severe leak around ETT
invalidated RMS data (1 patient) and presence of a sig-
nificant residual shunt (1 patient). Also excluded were
three subjects who were connected to the COstatus� cir-
cuit but in whom flow could not be established; one of
these subjects had an external jugular line, while there
was no attributable difference in the other two to explain
this difficulty. Since CO assessment was not possible,
these individuals were excluded from analysis. In total, 35
subjects were included in the analysis.

Baseline characteristics are summarized in Table 1.
Approximately one-third (34 %) of subjects had under-
gone an arterial switch operation for transposition of the
great arteries, 20 % had undergone ventricular septal
defect repair, 17 % had undergone atrioventricular septal
defect (AVSD) repair, and 11 % had repair of tetralogy of
Fallot (11 %). Ninety-one percent of measurements were
done while the subject was on hemodynamic support, with
a median vasopressor–intrope score of 6.6 [interquartile
range (IQR) 6.6, 9.9]. Radial arterial catheters were used
in 23 patients, and femoral arterial catheters were used in
the remainder. The majority of patients (n = 30) had
internal jugular cannulation, with femoral (n = 2), sub-
clavian (n = 2) and right atrial (n = 1) venous access
employed in the remainder. Repeat sampling data were
acquired for 22 patients, totaling 66 data-pairs for analysis.
No patient exceeded three data points. Median CO (range)
was 0.62 (0.28–2.73) L/min for COrms and 0.57
(0.16–4.60) L/min for COud. When indexed for body
surface area, median (range), the cardiac index (CI) for
RMS and COstatus� measured at 2.38 (1.24–6.97) L/min/
m2 and 2.38 (0.80–7.00) L/min/m2, respectively.

Bland–Altman analysis revealed zero bias between
CO measured using RMS and that measured using
the COstatus� device; the limits of agreement (LOA)
were ±0.76 L/min. Two outliers were noted with a CO

Table 1 Baseline characteristics (N = 35 subjects)

Parameter Valuesa

Age (days) 147 (11, 216)
Weight (kg) 4.98 (3.78, 6.90)
Body surface area (m2) 0.28 (0.22, 0.34)
Arterial cannulation

Radial artery 23 (66 %)
Femoral artery 12 (34 %)

Venous cannulation
Internal jugular vein 30 (86 %)
Subclavian vein 2 (6 %)
Femoral vein 2 (6 %)
Right atrial 1 (3 %)

Inotrope score 6.6 (6.6, 9.9)
Cardiac diagnosis

Transposition of great vessels 12 (34 %)
Ventricular septal defect 7 (20 %)
Atrioventricular septal defect 6 (17 %)
Tetralogy of Fallot 4 (11 %)
Aortic stenosis 3 (9 %)
Atrial septal defect 3 (9 %)

Cardiac output
RMS 0.62 (0.28–2.73)
COstatus� device 0.57 (0.16–4.60)

Cardiac index, median (range)
RMS 2.38 (1.24–6.97)
COstatus� device 2.38 (0.80–7.00)

RMS Respiratory mass spectrometry
a Unless indicated otherwise, data are presented as the median with
the interquartile range (IQR) in parenthesis, or as the number
(of patients) with the percentage in parenthesis, as appropriate
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of [3 L/min. The first outlier excluded from the study
was a 7.5-year-old undergoing primary AVSD repair
(study injection of normal saline occurred at room tem-
perature due to a malfunctioning heater); the second
patient was excluded due to a large time discrepancy
between the collection of arterial and venous gases and
timing for COud (making temporal correlation of mea-
surements problematic). On re-evaluation of all subjects

with a mean CO of\3 L/min, a mean bias of 0.03 L/min
and LOA of ±0.59 L/min were found (Fig. 2). Subjects
with peripheral arterial line placement had a mean bias
(±LOA) of 0.08 L/min (±0.59) compared to a mean bias
of -0.03 (±0.60) with central arterial access. When the
CO was indexed to body surface area (denoted as CI),
the mean difference was 0.13 L/min/m2 with LOA at
±2.16 L/min/m2 (Fig. 3).

Fig. 2 Bland–Altman plot of
all individuals with a cardiac
output (CO) of \3 L/min
showing the comparison of CO
as measured by ultrasound
dilution (COud) and that
measured by RMS (COrms).
Bias was 0.03 L/min with limits
of agreement of ±0.59 L/min.
COCS CO as measured by the
COstatus� device, COMS CO
as measured by mass
spectrometry

Fig. 3 Bland–Altman plot
showing the comparison of
cardiac index (representing
subjects with CO of
\3.0 L/min) between
COstatus� and RMS showing a
bias of 0.13 L/min/m2 with
limits of agreement of
±2.16 L/min/m2. CICS cardiac
index as measured by
CoStatus� device; CIMS
cardiac index as measured by
mass spectroscopy
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The percentage error was calculated at 97 % for the
entire data set, which decreased to 80 % using the CI
data.

Discussion

Cardiac output monitoring has been mainly utilized in the
management of critically ill adults for goal-directed
therapy [11, 12]. Although useful, the routine measure-
ment of CO in most intensive care units requires the
insertion of pulmonary arterial or central arterial cathe-
ters. This is an invasive procedure associated with the risk
of significant morbidity that has curtailed the use of such
catheters in pediatrics. The clinical benefits of these
catheters has also been questioned as large studies
investigating the use of pulmonary artery catheters dem-
onstrated no significant change in outcome [13].
Furthermore, the use of these measuring devices has also
been implicated in increased mortality, morbidity and
health expenditures [14], with documented complications
including haemorrhage (e.g. haemothorax), line infection,
pulmonary embolism/infarction, arrhythmias and various
degrees of conduction block [13–15]. All of these factors
have led to a significant decrease in the routine use of CO
measurement across institutions and an increasing reli-
ance on clinical examination for CO assessments [16].
However, both adult and pediatric studies have shown a
poor correlation between a physician’s clinical determi-
nation of CO and measured results [17, 18]. This has
motivated the development of accurate, minimally inva-
sive measurement technologies which would also be safe
and reliable in children.

The ultrasound velocity method allows for direct CO
measurement using routine catheters that are already in
place in the majority of intensive care patients. This
method has been studied in several adult models,
including postoperative cardiac patients, and been shown
to correlate well with pulmonary arterial catheter mea-
surements [7, 19]. A paediatric animal model has recently
been validated in a general post-heart transplant paediat-
ric population [5, 6]. All of these studies have compared
the accuracy of ultrasound dilution to other dilution
methods.

Our aim was to validate this technology against the
CO measurement determined by the RMS/direct Fick
method, which is currently the physiological gold stan-
dard in CO calculation and based on the accurate
measurement of VO2 and use of the Fick equation [2].
When combined with contemporaneous arterial and cen-
tral venous oxygen content from blood sampling, CO is
calculated through the Fick equation. This system
requires expensive specialized equipment and expert
operational training, making it an impractical option for
studying multiple patients in a busy critical care unit for

clinical purposes [20, 21]. In our heterogenous group of
infants who had undergone surgery for congenital heart
disease with biventricular physiology, the CO measured
by COud, on average, reflected the CO of the reference
standard. However, the poor precision of the measure-
ment by COud was noted, with the SD ranging between
0.3 and 0.38. This represents 40 % of the mean calculated
CO. The SD appeared to increase at higher mean CO and
CI values, reflecting poorer agreement at higher flows.
Subjects with central arterial cannulation had marginally
improved bias but no significant difference in agreement
between COrms and COud.

Previous studies have used recommendations by
Critchley and Critchley that a percentage error of B30 %
is clinically acceptable when two CO technologies are
compared [22]; this has been associated with a mean bias
of as high as 0.3 L/min in certain studies. Other studies
have shown a lower mean bias, but with SD of up to
0.4 L/min [3, 5]. The clinical effects of such variations
cannot be discounted, in particular when dealing with
smaller patients. The mean bias in our study was low at
0.03 L/min with a CO of \3 L/min; however, a wide
LOA and high percentage error of 97 % brings into
question the use of COud for CO measurement in this
population. Improved agreement was noted with
decreasing mean CO. Analysis of the subjects at the lower
spectrum of CO, i.e. those with a CO of \1 L/min,
revealed a mean bias of 0.05 L/min with LOA ±0.4 L/
min and percentage error of 77 %. Although this seems
encouraging, the degree of agreement would hazard the
use of COstatus� even in smaller patients.

The agreement for CI was somewhat poorer at 0.13 L/
min/m2 with LOA of 2.16 L/min/m2. Indexing CO to
body surface area needs to be assessed with caution as it
introduces additional opportunities for error without
providing increased accuracy. Adapting the measurement
to the CI also disproportionately inflates the variance in
measurement as all individuals in our study were infants
with a body surface areas of\1. Nevertheless, the clinical
impact of the poor precision demonstrated by both the CO
and CI must be considered.

Although this is not the first study to examine the
validity of ultrasound dilution in children, to the best of
our knowledge it is the only study to focus on infants. In a
recent publication, Crittendon et al. [5] demonstrated that
ultrasound dilution performed well against pulmonary
artery dilution in children undergoing cardiac catheteri-
zation. In their study population comprising children
older than 1 year with a minimum weight of approxi-
mately 10 kg and central arterial catheterization, a SD of
±0.4 L/min was noted for a range of CO between 1 and
6 L/min. Our results complement their work well in
investigating the use of ultrasound dilution in infants, a
population not previously studied. In our study, the
absolute CO ranged between 0.2 and 2.2 L/min but gen-
erally fell below the range studied above. The absolute
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variance in the mean difference in CO is consistent with
that reported from human pediatric and adult studies and
animal models with a SD in the range of 0.2–0.5 L/min.
However, the same variance at a lower CO represents a
higher percentage error, leading to a higher potential
clinical impact. The weaker measurement performance in
our study may reflect a limitation of COud in smaller
individuals or an inherent variance to this technology that
does not tighten at lower CO. Potentially this may be
overcome with modification to the measurement algo-
rithm when this patient group is being studied.

Infants following cardiopulmonary bypass surgery,
with a systemic inflammatory response and inotropic
requirement, may also have a unique physiology that
contributes to weaker measurement performance that
would not have manifested in the relatively healthy sub-
ject population used in previous pediatric models [5, 6].
The majority of studied infants were on inotropic support,
mainly milrinone, which may have affected measure-
ments. However, a high agreement was noted in COud
measurements in corresponding adult patients following
cardiac surgery [7]. Lastly, our trial is unique in com-
paring two completely distinct CO measurement
techniques, as all previous studies compared the trans-
pulmonary dilution technique used in COud to other
dilution CO measurements. As such, the tighter agree-
ment in previous studies may reflect biases consistent
across dilution CO measurements that are not seen in the
RMS/direct Fick method. The CO calculation using the
Fick equation and measured VO2 value has been gener-
ally accepted as the physiological gold standard.
Nevertheless, several potential sources of error have been
associated with its use in intensive care patients. The
accuracy of continuous VO2 measurements in intensive
care patients has been questioned particularly in associ-
ation with increased pulmonary consumption in the
presence of lung pathology [23]. Poor agreement between
Fick and CO measured by thermodilution, another refer-
ence standard, has been identified in numerous intensive
care studies [24–26]. Another potential source of sys-
tematic error is the use of central venous saturation
(CvO2), in contrast to the optimal mixed venous satura-
tion (MvO2) in the Fick calculation. Although a tight
correlation is usually observed between the two mea-
surements, CvO2 has been shown to reflect MvO2 poorly
in the setting of severe heart failure or shock [27]. It is
unclear how large a role this played in this validation
study.

To examine the feasibility of COstatus� utilization
within the routine care of pediatric postoperative patients,
we did not modify or standardize postoperative operative
care or catheter selection. The study group represented the
wide variation of repairs and case complexity seen in
biventricular repairs of congenital heart disease. As
mentioned, in only three of the 54 children recruited for
study was the COstatus� measurement not completed due

to the inability to achieve adequate flows through the
circuit; of these individuals, one patient had an external
jugular line providing high downstream pressure, and two
had decreased arterial flow through 22-gauge radial
arterial catheters. Five other study patients had at least
one episode during which sufficient flow was not gener-
ated through the circuit; four of these patients had a radial
arterial line. The inability to generate adequate flows was
attributed to elevated circuit resistance, potentially due to
mild distal catheter obstruction.

The most important benefit offered by this technology
is the ability to run CO measurements with peripheral
arterial catheters that are the standard of care in many
institutions. Although 75 % of patients who did not
achieve adequate flows had radial arterial lines, this rep-
resented fewer than 15 % of all patients with arterial
lines. Two patients were even successfully studied with a
24-gauge radial arterial line. All patients with difficulty
achieving adequate arterial flows had a body surface area
of\0.25 m2. The site of the arterial cannula position had
very little effect on the performance of the COstatus�

measurement. When used with central arterial cannulas,
COud tended to overestimate the CO by a mean of
30 mL/min/m2; in comparison, the CO was marginally
underestimated by 80 mL/min/m2 by COud when
peripheral arterial lines were used. These differences are
not clinically significant.

This study has certain inherent limitations. Recruit-
ment was predominantly limited to younger and smaller
patients by virtue of their ongoing postoperative ventila-
tory requirement. Additional investigation is required to
validate COStatus� technology for larger children who
are do not fall below the previously validated adult size
[7, 28]. Secondly, this study was limited to individuals
with biventricular physiology without significant shunts.
CO monitoring in children with a single ventricle is still
limited to calculated values based on the Fick equation
and VO2 measurement. Further studies investigating the
role of this technology in the wider setting of congenital
heart disease surgery are warranted.

Conclusion

Based on our results, we conclude that the ultrasound
dilution measurement of CO using the COstatus� device
in infants shows a poor agreement with CO determined by
measured oxygen consumption and the Fick equation.
This wide range in agreement level, which persisted even
when data were transformed from CO to CI, may reflect a
limitation of this transpulmonary dilution technique in
individuals with low body surface area and may restrict
its applicability in neonates following bypass surgery.
Technically, the COud measurements were completed
with little difficulty in patients with central arterial lines.
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Difficulty in achieving adequate flows was noted in a
minority of subjects with peripheral arterial lines. There
were no patient-related complications during the trial.
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