
Ultrasound Dilution: An Accurate Means of Determining Cardiac
Output in Children

Ivory Crittendon III, MD, William J. Dreyer, MD, Jamie A Decker, MD, and Jeffrey J. Kim, MD
Section of Pediatric Cardiology - Department of Pediatrics, Baylor College of Medicine, Texas
Children's Hospital, Houston, Texas (USA)

Abstract
Background—Cardiac output (CO) is a useful measure of myocardial performance. CO
monitoring is frequently performed in critically ill adults in order to guide physicians’ treatment
strategies. However, standard methods of determining CO in children are not without risk and can
be problematic secondary to their invasive nature and other technical problems. COstatus® system
(Transonic Systems Inc, NY, USA), which is based on ultrasound dilution technology, works off
in situ catheters and uses an innocuous indicator to allow for routine measurements of cardiac
output and blood volumes in pediatric patients. The purpose of this study was to validate CO
measured by COstatus® with those obtained by the clinical standard technique of pulmonary
artery (PAC) thermodilution.

Methods—This was a prospective evaluation performed at a single institution. Any child with a
structurally normal heart undergoing hemodynamic evaluation in the cardiac catheterization
laboratory was included. A prograde right heart catheterization was performed, and CO was first
determined by using the PAC thermodilution technique. Thermodilution results were then
compared with CO measurements obtained using the COstatus system. The results were analyzed
by standard correlation, Bland-Altman, and Crichtley and Critchley analyses.

Results—Twenty-eight patients were evaluated with a median age of 8 yrs and a median weight
of 31 kg. The mean thermodilution cardiac index = 3.18 L/min (+/− 1.35 L/min), and the mean
COstatus® cardiac index = 3.17 L/min (+/− 1.31 L/min). Standard Pearson correlation tests
revealed an excellent correlation coefficient of 0.95 (p<0.0001). Bland-Altman analysis revealed
good clinical agreement with a mean difference of −0.004 L/min with a precision of 0.8 L/min/ at
2 SD. A percentage error of 25.4% was noticed in this study which is less than the clinically
acceptable limit.

Conclusion—The ultrasound dilution technique of determining CO using the COstatus® system
provides a less invasive method than the traditional pulmonary artery thermodilution for
accurately determining cardiac output in children. This is the first validation of the COstatus®

system in pediatric patients. Further studies are required to establish its accuracy in pediatric
patients with cardiac shunts and other hemodynamically unstable conditions.
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Introduction
Accurate measurement of cardiac output (CO) is an important part of advanced
hemodynamic monitoring to better manage the care of the patients in the pediatric intensive
care unit [1–4]. It provides valuable information about the cardiac function, helps guide
titration of therapies, and also identifies low CO states that compromise vital organs which
impacts patient mortality in certain disease conditions [1, 5–7].

Thermodilution using a pulmonary artery catheter (PAC) is regarded as a “clinical standard”
and is routinely used to measure CO in adult patients. However, its use in pediatrics is
limited [7–9] due to its invasive nature and associated complications [10]. Although less
invasive methods such as femoral artery thermodilution, Doppler, bioimpedance and pulse
contour methods are currently available, none of them are routinely used at the bedside with
pediatric patients [1, 11–12], especially in low weight and new born patients [13].
Additionally, clinical estimation of CO using surrogate markers such as heart rate, blood
pressure, capillary refill, and end organ function has been inconsistent at best and has been
found to show a poor correlation with the measured CO values [14–15].

COstatus® (Transonic Systems Inc, NY, USA), a new minimally invasive system based on
ultrasound dilution technology, was recently introduced as a means to measure CO in
children. This system works off in situ standard arterial and central venous catheters and
uses isotonic saline as an indicator [16]. The theory of ultrasound dilution is based on
changes in blood ultrasound velocity. The baseline blood ultrasound velocity (~1560–1585
m/sec) is a function of the total blood protein concentration (sum of proteins in the plasma
and red cells), temperature, and average ion concentration in the plasma. Injection of body
temperature isotonic saline (ultrasound velocity of ~1533 m/sec) reduces the blood
ultrasound velocity detected at the arterial sensor producing a dilution curve. CO is then
calculated using the Stewart-Hamilton principle (Fig 2). The theory and in vitro validation
of this technique has been reported in previous literature [16], and this technique was
recently validated in various animal models against the “gold standard” ultrasound flow
probes [17–18] and in adult humans against the PAC thermodilution [19–20] and
transpulmonary thermodilution [21] techniques. However, this technique has not been
validated in pediatric patients. The purpose of this study was to validate COstatus®

measured CO with PAC thermodilution measured CO in the pediatric population.

Methods
We performed a prospective, single center evaluation, which was approved by the
institutional review board. Any child with a structurally normal heart, undergoing
hemodynamic assessment in the cardiac catheterization laboratory from May 2008 to June
2010 was offered the opportunity to participate in the study. Formal written consent was
obtained in all cases. Of the 28 patients studied, 27 were patients who underwent cardiac
transplantation and 1 patient was diagnosed with pulmonary hypertension. Children with
known intra-cardiac or extra-cardiac shunting as well as those with significant
atrioventricular valve regurgitation were excluded.

Thermodilution
For this study, each patient underwent a prograde right heart catheterization. The cardiac
index (CI) was determined via placement of a pulmonary arterial catheter and standard
thermodilution technique using room temperature saline. All patients were under general
anesthesia during the study. Cardiorespiratory status was continuously monitored.
Thermodilution measurements were performed in triplicates, and the results were averaged.
The thermodilution catheter was then removed.
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Ultrasound dilution
COstatus® measurements were then performed using an extracorporeal arterial-venous loop
(AV loop with priming volume ~5ml) primed with heparinized saline connected between the
indwelling femoral artery catheter and the side-arm of the central venous catheter (Fig 1).
Two ultrasound flow-dilution sensors were placed on the arterial and venous ends of the AV
loop. The sensor on the venous side measures the amount of injected volume and checks the
quality of injection. The sensor on the arterial side is used to measure the dilution curve. The
dilution curve is formed the change in the concentration of the isotonic saline indicator after
it travels through the patient’s cardiopulmonary system. A roller pump is used to circulate
blood through this closed AV loop from the artery to the vien at a slow rate of 10–12 ml/min
for the duration of measurements, which is about 5–8 minutes including the time for 2–3
injections. Body temperature isotonic saline in the order of 0.5–1 ml/kg up to a maximum of
30ml is injected into the venous side of the AV loop to obtained CO by COstatus®. At the
end of the measurement cycle (5–8 minutes of pump operation), the AV loop is flushed and
the blood from the extracorporeal system is returned back into the venous side [16].

Triplicate injections were performed using body temperature isotonic saline for ultrasound
dilution measurements. An additional injection was done if an alert “Repeat” message came
up on the results screen. These results were then compared to the results obtained via the
thermodilution technique. Statistical analysis was performed on the cohort using standard
correlation techniques, linear regression, percentage error and Bland-Altman analysis.

In collaboration with Transonic Systems Inc, NY, USA, the COstatus® ultrasound dilution
algorithm was adapted for use in the pediatric population when a long venous sheath was
used. This modification consisted of the insertion of a correction factor to account for the
residual injected volume remaining in the long sheath and thus not entering the patient’s
circulation for measurement.

Results
Twenty-eight patients (14 female / 14 male) were included in the study, and a total of 84
comparisons were performed. The median patient age was 8 yrs (range 1–17 yrs), and the
median patient weight was 31.1 kg (range 9.4–73.8 kg). Ten children weighed < 20 kg and
ten children were aged 5 years or less at the time of study. Of the 28 patients studied, 23 of
them had the venous catheter placed in the femoral vein while 5 of them had it placed in
their jugular vein. All patients had their arterial catheter placed in the femoral artery.
Requirement for catheters, location, and size of the catheters was independent of this study.
All patients studied had no residual shunts or valvular insufficiency of hemodynamic
significance.

All patients had at least three paired measurements. The maximum number of injections
performed on a single patient was 5 for PAC thermodilution. For COstatus®, the maximum
number of injections performed was 4. The additional injections in the COstatus® were
performed secondary to a “Repeat” message displayed on the results screen. Excluding such
measurements, the remaining were averaged for comparison.

The mean CO obtained by PAC thermodilution technique was 3.18 +/−1.35 L/min (range
1.26–6.10 L/min with a median = 2.78 L/min (IQR; 2.14–4.54 L/min). The median CI was
3.02 (IQR; 2.74–3.4 L/min/m2). The mean CO obtained by the COstatus® ultrasound
dilution technique was 3.17+/−1.32 L/min (range 1.51–5.90 L/min) with a median of 2.92 L/
min (IQR; 2.01–4.25 L/min). The median CI was 3.05 L/min/m2 (IQR; 2.81–3.45 L/min/
m2). Linear regression analysis and standard Pearson correlation technique revealed
excellent correlation between the two methods with a coefficient of 0.95 (p<0.0001) (Fig 3).
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Bland-Altman analysis [22] revealed good clinical agreement between the two methods with
a small bias of −0.004 L/min, and a precision at 2 standard deviations of 0.8 L/min/m2. The
plot differences between the absolute CO values obtained by PAC thermodilution and
COstatus® ultrasound dilution methods, vs. their respective means showed a good
agreement with all the data points lying between the limits of agreement, which were
between − 0.81 L/min and + 0.80 L/min (Fig 4). A percentage error (2SD/mean of ref
method) of 25.4% was found in this study, which is less than the clinically acceptable limit
of 30%, per Critchley and Critchely’s criteria [23]. Hence COstatus® CO measurements
could be considered equivalent and interchangeable with thermodilution CO, in this study
population. No adverse events or complications were attributed to this study.

Discussion
Measurement of CO is important for hemodynamic management of the critically ill in
pediatric patients. CO provides an objective means by which to guide the initiation of
medical or mechanical based therapies, identify low CO states, and follow a patient’s
response to instituted therapies [1–4]. Though several techniques have been developed to
measure CO in the last decade, some of which are in part applicable to pediatrics, none of
them emerged as an ideal method for routine CO measurement in infants and children [1,
17]. As a consequence, a reliable means of monitoring cardiac output in pediatrics has been
eagerly sought after.

In this study, CO measurement with the COstatus® system, which is based on ultrasound
dilution technology, was compared with the PAC thermodilution method. PAC
thermodilution method could be considered the current clinical standard and is commonly
used to validate new CO measurement methods [4, 19–20, 24]. We chose the pediatric post
heart transplant patient population undergoing hemodynamic evaluation in our
catheterization laboratory primarily because all these patients have a PAC catheter and a
central venous and arterial catheter placed irrespective of this study. These catheters allowed
us to connect the extracorporeal AV loop between in situ catheters for COstatus® system
and obtain CO measurements from both methods. To our knowledge, this is the first clinical
validation study in pediatric patients.

When comparing CO measurements obtained by two different techniques, the bias and
percentage error are crucial to the evaluation of clinical agreement between the new method
and the reference method [1]. Prior studies in adult patients [19–21] comparing COstatus®

CO with thermodilution measurements showed a good agreement with a small bias and
percentage error of 20–23%. In this study in children presenting to the cardiac
catheterization laboratory, we also found a small bias of −0.004 l/min with a percentage
error of 25.4%, suggesting the results are comparable with those obtained in adult studies.
Critchley and Critchley [23] suggest that if the percentage error between the two methods is
≤ ± 30% then the two methods are interchangeable. They [23] suggest using percentages
rather than absolute values, unless the mean cardiac output approximates 5 L/min. Despite a
lower mean CO in this study, we found the percentage error to be well within the accepted
limits at 25.4%. Also, although the value of correlation in validation studies can be debated,
some studies [3, 25, 26] suggest that a correlation coefficient of ≥ 0.8 indicates a strong
positive relationship. In this study we found a correlation of 0.95 between the two methods
suggesting a strong positive relationship between the two methods. This correlation is also
comparable with those noticed in adult validation studies [19–21].

COstatus Advantages
The major advantages of this system include: use of existing standard arterial and venous
catheters, use of a physiological indicator (isotonic saline), and the absence of blood loss.
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These make the system ideal for use with pediatric ICU patients. The applicability of this
technique in neonatal [29] and infant [30, 31] patient populations has also been studied by
different groups. Additionally, COstatus® also provides® blood volume measurements
which could reflect the hemodynamic volumetric status of the patients [16, 21]. Hence, the
COstatus system could potentially be used routinely with neonatal and pediatric ICU
patients.

COstatus Limitations
The observed limitations of this system are that it does not provide continuous CO
measurements, can be only used with patients that have both arterial and venous catheters,
and it requires injection of 0.5–1ml/kg (upto a maximum of 30ml) saline for each
measurement. Thus, repeat injections during multiple sessions could constitute a significant
volume load for those small patients who have marginal hemodynamics. Also, the
COstatus® system has not been extensively validated when intra/extra cardiac shunts are
present. Currently, this precludes its use in many pre/post surgical pediatric patients with
underlying congenital heart disease, although, recent animal studies suggest that the
accuracy of the COstatus® system may be maintained even when intra/extra cardiac shunts
are present (27).

Study Limitations
There are also some inherent limitations of this study. First, comparisons were only made to
the pulmonary arterial thermodilution technique and not to the Fick estimations of CO.
Pulmonary arterial thermodilution is frequently accepted as the “clinical standard” but
whether it can be regarded as the “gold standard” remains a debated topic (28). Also, this
study was performed in a controlled setting with all patients under general anesthesia, thus
simulating a steady hemodynamic state. Critically ill patients often have considerable
fluctuations in their physiology as medical/mechanical therapies are altered, and this study
did not interrogate validity when more extreme hemodynamic alterations are present.
Further randomized studies are warranted to ensure that the accuracy is maintained in such
patients.

Conclusions
COstatus® system, which is based on ultrasound dilution technology, offers a minimally
invasive approach for accurately and routinely measuring cardiac output in children. The
system works off standard in situ catheters and uses isotonic saline as an indicator. This first
validation study in pediatrics shows that the bias and percentage error were clinically
acceptable in this population. Hence, we believe that the COstatus system could be
considered interchangeable with current standard methods of CO measurement. Further
studies are required to establish its accuracy in pediatric patients with cardiac shunts and
other hemodynamically unstable conditions.
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Figure 1.
Schematic of Arterio-venous loop connected to in-situ arterial and central venous catheters
in the patient.
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Figure 2.
Stewart-Hamilton principle. Reproduced with permission from Krivitski et al [16].
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Figure 3.
Correlation plot for the entire data set COstatus =0.92(Thermodilution) + 0.26 L/min/m2 (r =
0.95; p < 0.0001).
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Figure 4.
Bland- Altman analysis for the entire data set. Bias = −0.0041 L/min. Precision at 2 SD =
0.8 L/min.
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