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Abstract The aim of our study was to determine the

validity of cardiac output (CO) measurements taken with

the ultrasonic cardiac output monitor (USCOM) by com-

paring to CO measured by pulmonary arterial catheter

(PAC) thermodilution during cardiac catheterization. We

enrolled thirty-one children (\18 years) undergoing car-

diac catheterization in this double-blinded, prospective,

observational study. The median CO measured by USCOM

was 4.37 L/min (IQR 3.73, 5.60 L/min) compared to

4.28 L/min (IQR 3.52, 5.26 L/min) by PAC thermodilu-

tion. The bias (mean difference) between the two methods

was 0.2 L/min, and the 95 % limits of agreement were

-1.2 to 1.6 L/min. The mean percentage error of CO

between USCOM and PAC thermodilution was 11 %.

When excluding a sole outlier, the bias between the two

measures decreased to 0.1 L/min (95 % limits of agree-

ment -0.6 to 0.9 L/min), and the percentage error was

reduced to 8 %. The median SVRI measured by USCOM

was 22.0 Wood Units (IQR 17.0, 26.8 Wood Units) com-

pared to 22.1 Wood Units (IQR 17.6, 27.4 Wood Units) by

PAC thermodilution. Bias (mean difference) between the

two methods was -0.6 Wood Units, and the 95 % limits of

agreement were -8.2 to 6.9 Wood Units. We found that

the estimation of CO and by extension SVRI with USCOM

is reliable against pulmonary artery catheter thermodilution

in children with normal cardiac anatomy. Given the non-

invasive nature of USCOM, speed of measurement, and

relative ease of use, it may be useful as a bedside tool for

pediatric patients.
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Introduction

Cardiac output (CO) measurement is a cornerstone of

advanced hemodynamic monitoring and provides invalu-

able information for the circulatory management of criti-

cally ill patients. Invasive measurement of CO at the bedside

with a pulmonary artery catheter (PAC) [14] is feasible and

often used for intensive monitoring of larger patients, but

PACs are less applicable for children and unsuitable for

neonates. During the last decade, noninvasive technologies

have become available for the measurement of CO and

additional hemodynamic variables. However, most are

validated only in adults, and conclusions regarding adult

hemodynamic monitoring cannot be extrapolated to pedi-

atric patients [6, 9, 21, 24, 26]. Moreover, clinical estimation

of CO, although still frequently practiced, poorly correlates

with the true value of CO [13, 27].

The ultrasonic cardiac output monitor (USCOM Pty Ltd,

Coffs Harbour, NSW, Australia) was introduced for clini-

cal use in 2001, providing a rapid and noninvasive measure

of cardiac function. USCOM uses Doppler ultrasound to

measure the velocity of blood flow through the aortic or

pulmonary valve. USCOM has been validated in a canine

model [8] and in adult patients comparing it to CO PAC

thermodilution technique [3, 5, 16, 25]. USCOM has been

used clinically in a variety of settings [17, 18, 23]. USCOM

has been approved by the FDA for use in children with

evidence of good inter-rater reliability and ease of use [11].
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In children, there are only two prior studies comparing CO

by USCOM to two-dimensional echocardiography [22, 28]

and only one comparing USCOM to PAC thermodilution

[15]. In these studies, USCOM did not perform well

enough to be considered an alternative method to measure

CO. This was contrary to our clinical experience, and in

turn, we sought to investigate the accuracy of the USCOM

in children. The primary objective of this study was to

determine the concordance of CO measurement by the

USCOM compared to the gold standard PAC thermodilu-

tion, in children undergoing cardiac catheterization.

Materials and Methods

The CHLA IRB (CCI #12-00218) approved this study, and

written parental consent was obtained for all patients.

Pediatric patients undergoing diagnostic cardiac catheteri-

zation for the evaluation of cardiac function were

prospectively enrolled. Patients with intracardiac or

extracardiac shunt, aortic valve disease, or age older than

21 years were excluded. Premedication and induction of

anesthesia depended upon the patient’s medical condition

and the interventional cardiologist’s preferences.

For the catheterization procedure, venous access was

obtained, and oxygen saturation and pressure measure-

ments were recorded from the superior vena cava and

branch pulmonary artery. A size-appropriate thermodilu-

tion catheter was inserted via the right atrium into the right

or left pulmonary artery. Thermodilution catheter compu-

tation constants were used per the catheter’s recommen-

dations (Arrow Medical Products, Research Triangle Park,

NC), and cardiac output was measured using catheteriza-

tion laboratory software (XPer, Philips Medical Systems,

Amsterdam, the Netherlands). CO measurements were

obtained by injecting room-temperature sterile saline

(10 mL for 6Fr catheters, 5 mL for 5Fr catheters, 3 mL for

4Fr catheters) in triplicate within the space of 5 min.

Cardiac output was calculated to precision of 0.01 L/min.

All CO PAC thermodilution measurements were taken by

one investigator (JDM). After the PAC thermodilution

measurements, pulmonary arterial wedge pressure, branch

PA pressure, right ventricular pressure, and right atrial

pressure were measured before the catheter was removed.

After hemodynamics measurements were taken, coro-

nary angiography and/or endomyocardial biopsy were per-

formed in patients requiring those tests. The vascular access

sheaths were then removed, and USCOM measurements

were obtained. Anesthesia or analgesia/sedation was main-

tained until the USCOM measurements were completed.

The CO measurements by USCOM were taken by one

experienced physician (FB) blinded to invasive results. Prior

to initiating the study, the USCOM operator was trained by

an experienced company representative and took numerous

USCOM measurements. A minimum of three CO mea-

surements by USCOM were obtained within a period of

5 min. Patient data, including height, weight, and gender,

were entered into the USCOM device as well as blood

pressure measurements during the procedure. To measure

CO by USCOM, Doppler flow curves are obtained using a

3.3-MHz transducer placed in the suprasternal notch to

obtain an optimal flow signal at the aortic valve. The Dop-

pler curve is displayed by the device, and the operator

adjusts the angle of insonation to return the best Doppler

curve. The goals of adjustment were to obtain a flow profile

that is well defined at the base, peak, and starting and

stopping blood flow [10]. The Doppler curve should be free

from interference from the subject talking, and the scale is

adjusted as appropriate. Doppler curves are stored for later

review, and individual heart beats can be removed for

incompleteness or interference. This Doppler curve is

measured as the velocity time integral (VTI). As the VTI is a

two-dimensional representation of CO, there is no means to

confirm the angle of insonation or to measure valve diam-

eter. Typically, the highest, fullest, most complete, and well-

defined Doppler curves would indicate the best alignment

with the aortic valve, and these are chosen by the operator.

Hemodynamic Calculations

The CO values from both PAC thermodilution and

USCOM were divided by body surface area of the patient

to produce cardiac index (CI) values. CI values were used

in the calculation of systemic vascular resistance index

(SVRI). Because not all patients underwent left heart

catheterization, noninvasive blood pressure measurements

were used for all patients in estimation of SVRI. SVRI

(Woods Units) = (Mean Arterial Pressure - Mean right

atrial pressure)/Cardiac Index.

The USCOM software uses an algorithm based on the

patient’s height to determine the area of the aortic valve pro-

viding outflow tract diameter (OTD). The USCOM software

calculates stroke volume (SV) from the VTI and OTD and

then calculates cardiac output as SV 9 Heart rate. After the

procedure, values ofCOweredividedby the body surface area

to produce CI. SVRI was calculated by the USCOMmachine

after inputting the mean arterial pressure andmean right atrial

pressure obtained during catheterization.

Statistics

Sample size for the study was determined a priori using the

Bland formula for repeatability with the assumptions of

three measurements per subject and a within-subject stan-

dard deviation of 10 %. The minimal sample size required

to estimate the width of the 95 % confidence interval
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within 10 % was 20 individuals. Accepting the potential

for a higher within-subject standard deviation, the target

enrollment was set at 30.

Mean values of the repeated measurements for both

methods were calculated per patient and used for further

statistics. Mean standard deviation for all of the triplicate

measurements was calculated for both PAC thermodilution

and USCOM to identify variation within the measurements.

Bland–Altman analysis [1] was performed to compare the

mean CO values obtained by USCOM and PAC thermodi-

lution, reporting bias and limits of agreement. Agreement

between the measurement values was also assessed with

Pearson’s correlation. Outlier analysis was also performed.

To compensate for the relationship between the mag-

nitude of CO measurements and the size of the error,

percentage error was calculated, as suggested by Critchley

and Critchley [7]. This is especially important for pediatric

patients, who have lower absolute CO values compared

with adults [7]. The percentage error can be calculated by

taking the percentage of the limits of agreement in relation

to the mean CO measurement value of the reference

technique. The percentage error can be used as a cutoff

value for accepting a new technique. A mean percentage

error not exceeding 30 % was the target to indicate clini-

cally useful reliability of the USCOM [7].

Results

Thirty-one patients scheduled to undergo cardiac

catheterization were approached for consent, and all agreed

to participate. Complete data were available on all subjects

except SVR measurements obtained from cardiac

catheterization for one patient. The patient displayed air-

way obstruction during the procedure, preventing reliable

measurements of central venous pressure. Patient demo-

graphics are listed in Table 1. The median age was

12 years, with two children under the age of 2 years.

Twenty-seven patients received procedural sedation

with intravenous midazolam and fentanyl. Seven of these

patients also received ketamine. Four patients received

general anesthesia. At the discretion of the anesthesiolo-

gist, two patients received propofol, and two patients

received sevoflurane. In the entire cohort, only two patients

were endotracheally intubated for the procedure. There did

not appear to be any systematic bias with regard to which

patients received general anesthesia.

Mean CO measured by PAC thermodilution ranged

from 0.81 to 6.85 L/min, median 4.28 L/min (1, 3 IQR

3.52, 5.26 L/min), and mean CO values measured by

USCOM ranged from 1 to 7.38 L/min, median 4.37 L/min

(1, 3 IQR 3.73, 5.60 L/min). Bias (mean difference)

between the two methods was 0.2 L/min, and the 95 %

limits of agreement were -1.2 to 1.6 L/min (Fig. 1).

Pearson’s correlation between the two techniques had an

r = 0.87 (Fig. 2). The mean percentage error of CO

between techniques was 11 %. For the three PAC ther-

modilution injections per patient, there was an average

standard deviation (SD) of 0.14 L/min. For the three

USCOM measures per patient, there was an average SD of

0.24 L/min. Median SVRI by PAC thermodilution was

22.1 Woods Units (1, 3 IQR 17.6, 27.4) and 22.0 Woods

Units (1, 3 IQR 17.0, 26.8) by USCOM. Bias (mean dif-

ference) between the two methods was -0.6 Wood Units,

and the 95 % limits of agreement were -8.2 to 7.6 Wood

Units (Fig. 3). Pearson’s correlation between the two

techniques for SVRI had an r = 0.87 (Fig. 4). The mean

percentage error of SVRI between techniques was 11 %.

There was one outlier noted during the USCOM mea-

surements. For this individual patient, the mean CO by PAC

thermodilution was 3.81 L/min as compared to 7.38 L/min

by USCOM. We feel the significant discordance was sec-

ondary to very poor windows and loss of her sedated and

comfortable state during that measurement. This patient was

studied again at a different occasion, and the mean CO by

PAC thermodilution was 4.37 L/min as compared to 5 L/

min by USCOM, with a percentage error of 12 %. Exclud-

ing this measurement from CO analysis resulted in a mean

bias of 0.1 L/min between USCOM and PAC thermodilu-

tion with 95 % limits of agreement -0.6 to 0.9 L/min. The

Pearson’s correlation increased to r = 0.96, and the mean

percentage error decreased to 8 %. Excluding this mea-

surement from SVRI analysis resulted in a mean bias of

-0.3Wood Units with 95 % limits of agreement-7.2 to 6.6

Wood Units. The Pearson’s correlation increased to

r = 0.89, and the mean percentage error decreased to 10 %.

Discussion

Our study validates the accuracy of cardiac output mea-

surements obtained by USCOM as compared to PAC

thermodilution in children with normal cardiac anatomy.

Table 1 Patient demographics

Age (years) 12 (0.75–19)

Weight (kg) 46 (6.9–83)

Height (cm) 142 (63–181)

Gender (female) 19 (61 %)

Diagnosis

Heart transplantation 26 (84 %)

Dilated cardiomyopathy 2 (6 %)

Hypertrophic cardiomyopathy 2 (6 %)

Restrictive cardiomyopathy 1 (3 %)

Data are presented as median (range) or number (percent)
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Measurements of CO with USCOM reliably represent CO

obtained via pulmonary artery catheter thermodilution with

a mean percentage error of 11 %. It can also give a reliable

estimate of SVRI if blood pressure is included, with a mean

percentage error of 11 %.

Our study should be reviewed in the context of those that

did not find similar results. Studies by Nguyen et al. [22] and

Wongsirimetheekul et al. [28] compared CO measured by

USCOM to that measured by two-dimensional echocardio-

graphy (2D Echo). Again, CO = SV 9 HR and

SV = Outflow tract diameter (OTD) 9 Velocity Time

Integral (VTI). In both of these studies, there was no sig-

nificant difference in the OTD supplied by the nomogram

from the USCOM device as compared to the OTDmeasured

Fig. 1 Bland–Altman plot of

cardiac output measured by

USCOM as compared to PAC

thermodilution. This figure

demonstrates the bias between

the methods (mean, solid line)

and 95 % limits of agreement

(dotted lines). All paired values

are included in the analysis

including one outlier

Fig. 2 Scatterplot of cardiac

output measured by USCOM as

compared to PAC

thermodilution. Solid line

demonstrates line of regression.

All paired values are included in

the analysis including one

outlier
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by 2D Echo. The VTI measured by USCOM was signifi-

cantly greater than that measured by 2D Echo, accounting

for the difference in CO measurement. Many, including

these authors, have noted that USCOM uses continuous

wave Doppler measurements for VTI, whereas 2D Echo

uses pulse wave Doppler. USCOM and continuous wave

Doppler will identify and measure the highest VTI along the

entire path of the measurement. In the case of pulse wave

Doppler, the cursor is set to measure the velocity obtained at

the aortic valve annulus. In our view, the greatest flaw with

these studies was the lack of a gold standard for measuring

cardiac output.

With reference to the gold standard of PAC thermodi-

lution, our findings are also counter to those of Knirsch

Fig. 3 Bland–Altman plot of

systemic vascular resistance

indexed (SVRI) measured by

USCOM as compared to PAC

thermodilution. This figure

demonstrates the bias between

the methods (mean, solid line)

and 95 % limits of agreement

(dotted lines). All paired values

are included in the analysis

including one outlier

Fig. 4 Scatterplot of systemic

vascular resistance indexed

(SVRI) measured by USCOM

as compared to PAC

thermodilution. Solid line

demonstrates line of regression.

All paired values are included in

the analysis including one

outlier
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et al. [15] who compared CO measured by USCOM to

PAC thermodilution. However, their study population

included only patients with congenital heart disease

undergoing interventional catheterization. As the authors

pointed out ‘‘The fact that our study included no patients

with normal cardiac anatomy included may be considered

as a limitation of this study.’’ In particular, 15 of their 24

patients were undergoing cardiac catheterization for clo-

sure of either an atrial septal defect or ventricular septal

defect, though they reportedly took CO measurements after

the intervention has been completed. For our study, we

chose patients with structurally normal hearts specifically

to avoid the issue of intracardiac shunting or the alterations

in physiology which might occur immediately after inter-

ventional procedures.

Our results do support a number of other studies that

show positive benefits for the use of USCOM. USCOM has

been shown to have good intra- and inter-observer relia-

bility in children [12] and in neonates [20]. The USCOM

device has shown acceptable agreement for CO with 3D

transthoracic echo in pregnant women [19]. It can produce

good-quality CO tracings in a pediatric urgent care setting

[29]. Further, normal ranges for cardiovascular parameters

in nonsedated children have been produced [2], and the CO

measurements were well tolerated [4] with no greater dis-

comfort than noninvasive blood pressure measurement.

Aside from the small number of our patients who had a

significantly depressed cardiac output, our results for CO

fall within the range reported by Cattermole et al. [2].

It is again worth mentioning that the USCOM uses

continuous wave Doppler, the signal of which can be

contaminated by turbulence/acceleration within abnormal

valves or arteries, as in particular is the case with patients

with pulmonary artery stenosis, pulmonary valve stenosis,

or coarctation of the aorta as were studied by Knirsch et al.

[15]. There is no definitive way to determine what the

proper angle of insonation is when obtaining measurements

with USCOM. In normal anatomy, one can rely on the

aortic valve and ascending aorta to generally contain the

fastest blood flow, and therefore, USCOM interrogation

along the typical trajectory and optimized for the strongest

signal generally yields an aortic valve tracing.

Clinical estimation of CO, although still frequently

practiced, correlates poorly with the true value of CO [13,

27]. It is possible that more accurate assessment of CO with

this simple and noninvasive technique may improve patient

care and help gauge response to therapies. The USCOM

may play a role in further clinical investigations, as it is easy

to apply, noninvasive, and based on our findings, accurate in

pediatric patients with structurally normal hearts.

There are several limitations to our study. Most of the

eligible patients were receiving routine post-cardiac

transplant catheterizations. For this reason, we had only a

few patients with very low or high cardiac output. Greater

experience will be needed before we know this device’s

applicability to the physiologic stresses present in children

in the intensive care unit. Also, we were not able to make

simultaneous assessments of CO by PAC thermodilution

and USCOM due to issues of sterility during the procedure,

patient safety, and blinding of the investigators. Although

we attempted to keep patients at steady state, it is possible

that anesthetic conditions could have changed in the

interval between the two measurements, thus changing

cardiac output. We attempted to keep the time interval as

brief as possible and to limit stimulation of the patients.

The USCOM has its own limitations. USCOM uses

continuous wave Doppler without 2D Echo to guide

placement of the beam, VTIs may be larger than measured

in other circumstances. During measurements, the aortic

root is explored, and a number of signals from other vessels

are identified. The dominant signal is from the aortic valve.

However, it is possible to insonate the wrong vessel or the

wrong region because of lack of experience. Thus, a

learning curve is anticipated with the USCOM. Because

USCOM calculates cardiac output by using one Doppler

flow profile and the inter-peak distance, irregularity of

heart rate will result in beat-to-beat variation in cardiac

output estimates.

Despite these limitations, to our knowledge this is the

first study in children with structurally normal hearts val-

idating CO and by extension SVRI measurements by

USCOM against PAC thermodilution. USCOM is a reliable

tool to assess hemodynamic status in pediatric patients with

no intracardiac shunts. The learning curve for skill acqui-

sition is very short. Further studies are needed to validate

its usefulness in neonates, patients with congenital heart

defects, and in pediatric patients with both high and low

cardiac outputs as in shock states.
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