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Abstract

We evaluate the validity of cardiac index (CI) measurements utilizing the Ultrasonic Cardiac Output Monitor (USCOM), a
non-invasive Doppler ultrasound device, by comparing measurements to cardiac catheterization-derived CI measurements in
patients with single-ventricle physiology. USCOM measurements were repeated three times for each patient at the beginning
of a cardiac catheterization procedure for twenty-six patients undergoing elective pre-Glenn or pre-Fontan catheterization. CI
was measured by USCOM and was calculated from cardiac catheterization data using Fick’s method. Bland—Altman analysis
for CI showed bias of 0.95 L/min/m? with the 95% limits of agreement of — 1.85 and 3.75. Pearson’s correlation coefficient
was 0.89 (p <0.001) indicating a strong positive relationship between USCOM and cardiac catheterization CI measurements.
When excluding two patients with significant dilation of the neo-aortic valve (z-score > + 5), the bias improved to 0.66 L/min/
m? with the 95% limits of agreement of — 1.38 and 2.70. Percent error of limits of agreement was 34%. There was excellent
intra-operator reproducibility of USCOM CI measurements with an intra-class coefficient of 0.96. We demonstrate the use
of USCOM to measure CI in patients with single-ventricle physiology for the first time, showing acceptable agreement of
the CI measurements between USCOM and cardiac catheterization with a high intra-operator reproducibility.
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Introduction venous and arterial catheters of specific sizes, limiting its

use based on the patient’s size [3, 5, 9, 10]. Patients with

Assessment of cardiac output (CO) or index (CI) is impor-
tant in managing critically ill patients [1-6]. Since the intro-
duction of the Swan Ganz pulmonary artery catheter (PAC)
to measure CO via thermodilution, modalities for monitoring
CO have evolved over the years [5-8]. Despite widely used
in the adult population, PAC is invasive and often not appli-
cable in pediatric patients due to the size. A pulse power
analysis method such as the PiCCO (Pulse index Contour
Continuous Cardiac Output) system allows less invasive CO
monitoring by thermodilution but still requires both central
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congenital heart disease, especially with single-ventricle
physiology, pose more challenges as cardiac output moni-
toring has been mostly created for those with normal car-
diac anatomy. Currently, we rely on routine hemodynamic
monitoring parameters such as arterial line blood pressure,
mixed venous saturation, central venous pressure, or lactate
level to guide our management of patients with single-ven-
tricle physiology in the cardiac critical care unit [1, 11, 12].
Although information amassed from these parameters is use-
ful, it does not provide real-time CO. Cardiac catheterization
is generally considered as the gold standard method to obtain
CO or CI in patients with congenital heart disease, but it
is an invasive procedure with its own risks and a limited
applicability to critically ill patients. Cardiac output can be
also derived from an echocardiogram, but the estimate may
be inaccurate, and it requires the presence of sub-specialized
trained personnel.

The ultrasonic cardiac output monitor (USCOM) 1A
(USCOM Ltd, Sydney, Australia) is a non-invasive Doppler
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ultrasound monitor that provides CO or CI by measuring the
velocity of blood flow through either the aortic or pulmonary
valve [13]. It is a portable and relatively simple-to-use Dop-
pler machine that automatically calculates CO or CI using
its own built-in algorithm. Since its introduction for clinical
use in 2001, adult and animal studies have shown that CO
measured by USCOM is comparable to the value measured
by PAC or echocardiogram [14—19]. However, reports of
USCOM validity in the pediatric population have been lim-
ited [20-25]. Moreover, the use of USCOM has been dem-
onstrated only in patients with two-ventricle physiology and
without significant congenital heart disease. The use and
validity of USCOM in patients with single-ventricle physi-
ology have never been shown. Given their complexity and
fragility, a direct and reliable assessment of CI can serve as
an invaluable clinical tool in managing patients with single-
ventricle physiology. In this study, we aim to investigate
the agreement of CI measurements between USCOM and
cardiac catheterization using Fick’s method in patients with
single-ventricle physiology.

Materials and Methods

This was a single-center prospective study approved by the
Institutional Review Board at Cincinnati Children’s Hospi-
tal Medical Center. Patients with single-ventricle physiol-
ogy scheduled for elective pre-Glenn or pre-Fontan cardiac
catheterization were approached between February 2020 and
March 2021, and consent was obtained from their parents or
legal guardians. Patients undergoing non-elective pre-Glenn
or pre-Fontan catheterization were excluded from the study.

Anesthesia Care

All patients had general anesthesia with endotracheal intu-
bation provided by a cardiac anesthesia team. Twenty-two
(85%) out of twenty-six patients were anesthetized with a
combination of sevoflurane, fentanyl, propofol, and rocu-
ronium. One patient received additional midazolam, while
dexmedetomidine was used instead of propofol for another
patient. Two remaining patients received sevoflurane and
rocuronium along with dexmedetomidine and ketamine, or
etomidate.

USCOM Cardiac Output Measurement

To avoid inter-operator variability, one operator trained by
the USCOM company representative made all USCOM
measurements. This operator was blinded to the hemody-
namic data from the cardiac catheterization until all USCOM
measurements were calculated and recorded. Patient’s data
including the height, weight, gender, and aortic or neo-aortic
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valve diameter were entered into the USCOM machine. Fol-
lowing anesthesia induction and intubation, the USCOM
Doppler measurement was obtained in a suprasternal notch
position to capture blood flow through the native aortic or
neo-aortic valve using the 2.2 MHz continuous-wave Dop-
pler probe. USCOM measurements were obtained while
cardiac catheterization staff was performing routine drap-
ing and preparation for the procedure, thereby not increas-
ing total procedural or anesthetic time. The operator cap-
tured three satisfactory flow profile measurements, which
are characterized by well-defined waveforms with minimal
background noise with a clear audible sound within a 5-min
period. CO is the product of heart rate (HR) and stroke vol-
ume (SV). The USCOM flow profile is automatically traced
and integrated to derive the velocity time integral (VTI) and
HR. The SV is the product of VTI and the cross-sectional
area of the chosen valve, which is either neo-aortic or aor-
tic in our patient population. [23-26] The USCOM built-
in program estimates the aortic or pulmonary valve based
on the patient’s height and gender. However, this is based
on normal two ventricle anatomy, thereby does not apply
to our study population [13, 27]. Therefore, the diameter
of the neo-aortic or aortic valve was manually measured
from the echocardiogram by the same USCOM operator
prior to the USCOM measurements. An apical 5-chamber
view or parasternal long axis view was used for the aortic or
neo-aortic valve annulus measurement in mid-systole from
the echocardiogram obtained within 7 days of the cardiac
catheterization. When looking at the function of aortic/neo-
aortic valve, all 26 patients had no stenosis of aortic/neo-
aortic valve. Twenty-four patients (92%) had no or trivial
aortic/neo-aortic regurgitation while two remaining patients
had mild aortic/neo-aortic regurgitation. The cardiac output
was indexed automatically using the body surface area based
on the patient’s height and weight. Three CI measurements
were captured and averaged.

Cardiac Catheterization Cardiac Output
Measurement

CO or CI was calculated using Fick’s method, considered
the gold standard method in patients with congenital heart
disease and single-ventricle physiology [28, 29]. Arterial
access was obtained through the femoral artery, and venous
access was obtained through the femoral vein (for pre-Glenn
evaluation) with additional right internal jugular vein access
for those with Glenn physiology. All hemodynamic meas-
urements were performed on FiO, 21%. Fick’s method uses
arterial and venous saturation obtained from baseline hemo-
dynamics along with oxygen consumption (VO,); our cath-
eterization laboratory directly measures real-time VO, utiliz-
ing the GE Carescape Monitor B850 and E-CAiOV module
(GE Healthcare, Chicago, IL, USA) with the appropriate
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flow sensor (i.e., Pedi-lite or D-lite; Datex-Ohmeda Divi-
sion, Instrumentarium Corp., Helsinki, Finland) to directly
measure VO, [30]. We used arterial saturation obtained from
the descending aorta and venous saturation from the superior
venous cava (SVC). The cardiac output was indexed by the
body surface area based on patient’s weight and height.

Cl Comparison

We focused on comparing CI measurements between
USCOM and cardiac catheterization since it is a more mean-
ingful hemodynamic parameter in children as compared to
an absolute CO. It was noted for patients following stage I
palliation with either Blalock—Taussig (BT) shunt or patent
ductus arteriosus (PDA) stent, the flow across the neo-aortic
valve includes both the systemic (Q,) and pulmonary (Q,)
flows. Therefore, the USCOM CI value represents both Q
plus Q,, in this subgroup, and we combined the Q, and Q,
flows derived from cardiac catheterization when compar-
ing to the USCOM CI value. For patients following stage I
palliation with right ventricle to pulmonary artery conduit
(Sano shunt) or Glenn operation, the USCOM CI value rep-
resents systemic CI (Q,) from cardiac catheterization.

Statistics

Cardiac index and heart rate, continuous variables, are
described as medians with interquartile ranges (IQRs).
Bland-Altman analysis was used to evaluate the agreement
between the USCOM and cardiac catheterization measure-
ments [31]. The agreement between two methods is reported
with the bias (mean difference between the two methods),
limits of agreement, and percent error of limits of agree-
ment (2 standard deviations/mean). Percent error of +30%
within limits of agreement has generally been considered as
the threshold for acceptability, but recent data suggest that
up to+45% within limits of agreement is more clinically
realistic and applicable for a variety of non-invasive hemo-
dynamic monitoring tools [31-40]. Agreement between the
USCOM and cardiac catheterization measurements was
also evaluated with Pearson’s correlation coefficient. The
Bland-Altman plots and scattered diagrams were generated
using the R software (3.6.1, R Core Team 2019, Vienna,
Austria). Intra-class correlation (ICC) was computed to eval-
uate for intra-observer agreement using the “icc” function
of the “irr” package in R (version 0.84.1; Gamer, Lemon,
Fellows, and Singh, 2019; https://cran.r-project.org/web/
packages/irr).

Results
Patient Characteristics

Twenty-six patients were approached and consented
(Table 1). Nineteen patients were male with a median age
of 24 months. The median weight and height were 8.6 kg
and 74.5 cm, respectively. The most common diagnosis was
hypoplastic left heart syndrome (HLHS) or its variants. Thir-
teen patients presented for pre-Glenn cardiac catheteriza-
tion following stage 1 palliation. Of those, six patients had
a Norwood with Sano shunt, six patients had a Norwood
with BT shunt, and one patient had a hybrid procedure with
PDA stent placement. The remaining thirteen patients had
undergone Glenn operation and presented for pre-Fontan
cardiac catheterization.

Overall Cl and HR Comparison
The median CI measured by USCOM and cardiac cath-
eterization were 5.95 L/min/m? and 5.01 L/min/m?2,

respectively. Bland—Altman analysis demonstrates a bias
of 0.95 L/min/m? for CI with the 95% limits of agreement

Table 1 Patient demographics

Total 26
Sex: male 19 (73%)
Age (months) 24 [3-36]
Weight (kg) 8.6 [5.0-14.3]
Height (cm) 74.5 [58.4-96.4]
Diagnosis
HLHS/variants 15 (57.8%)
Tricuspid atresia 1 (3.8%)
DILV 1(3.8%)
DORYV with mitral atresia 2 (7.7%)
Unbalanced AV canal 2 (7.7%)
PA/IVS 2 (7.7%)
d-TGA with hypoplastic RV 3 (11.5%)
Surgical procedure
Norwood with RV-PA conduit 6 (23%)
Norwood with BT shunt 6 (23%)
PDA stent 1 (4%)
Bidirectional Glenn 13 (50%)
Indication for cardiac catheterization
pre-Glenn 13 (50%)
pre-Fontan 13 (50%)

Data presented as N (%) or median [IQR]

HLHS hypoplastic left heart syndrome; DILV double inlet left ven-
tricle; DORV double outlet right ventricle; d-TGA D-transposition of
the great arteries; PA/IVS pulmonary atresia with intact ventricular
septum
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of —1.85 and 3.75 (Fig. 1A). Percent error was 45% with
four outliers falling beyond + 30% of limits of agreement;
three out of these four outliers were patients undergoing
pre-Glenn catheterization (Fig. 1B). We observed two
significant outliers in the Bland—Altman plot for cardiac
index that fell beyond +45% of limits of agreement. These
two subjects (one pre-Glenn patient and the other pre-
Fontan patient) both had HLHS and were found to have
significant neo-aortic valve dilation with annulus diameter
z-scores of +5 and + 7. When excluding these two outliers,
the bias lowered to 0.66 L/min/m? for CI with the 95%

limits of agreement of — 1.38 and 2.70, and the percent
error improved to 34% (Fig. 2).

Pearson’s correlation coefficient was 0.89 for CI
(p <0.001) indicating a strong positive relationship between
USCOM and cardiac catheterization CI measurements
(Fig. 3A).

Since the USCOM and cardiac catheterization measure-
ments were not done simultaneously, we also compared the
HR between the two methods. The median HR measured
by USCOM and cardiac catheterization were 122 and 115,
respectively. The bias for HR was 4.82 with the 95% limits
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of agreement of —24.26 and 33.90, and percent error was
25% (Fig. 4). There was again a strong positive relation-
ship in the HR measurement between the two methods
with Pearson’s correlation coefficient of 0.75 (p <0.001)
(Fig. 3B).

We also observed an excellent intra-operator reproduc-
ibility with an intra-class correlation (ICC) coefficient of
0.96 for CI and 0.95 for HR, where ICC > 0.9 indicates an
excellent reliability.
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Comparison of pre-Glenn Versus pre-Fontan
Patients

We further investigated whether there is a potential differ-
ence in agreement between pre-Glenn and pre-Fontan physi-
ology. For the pre-Glenn group, the median CIs measured
by USCOM and cardiac catheterization were 8.20 L/min/
m? and 6.73 L/min/m?, respectively (Table 2). The bias was
1.33 L/min/m? with the 95% limits of agreement of — 1.70
and 4.36. The Pearson correlation coefficient was 0.89

Heart rate
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Fig.4 Bland-Altman plot of HR comparing measurements between USCOM and cardiac catheterization in A unit scale and B percent scale of
limits of agreement (solid line denotes the bias between two methods and dotted line denotes 95% limits of agreement)
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Table 2 Hemodynamic

pre-Glenn pre-Fontan
measurements by USCOM and
cardiac catheterization in pre- USCOM Cardiac cath USCoOM Cardiac cath
Glenn versus pre-Fontan group
Cardiac index (L/  8.20 6.73 5.03 4.12
min/m?) [6.00, 11.00] [4.43,9.85] [4.10, 5.90] [3.52,5.90]
Heart rate 128.67 124.00 104.33 100.00

[122.67, 133.33]

[120.00, 130.00] [98.67, 121.67] [90.00, 110.00]

Data presented as median [IQR]

(»<0.001). For the pre-Fontan group, the median CI was
lower compared to the pre-Glenn group as expected with
5.03 L/min/m? by USCOM and 4.12 L/min/m? by cardiac
catheterization (Table 2). The bias for CI was 0.56 L/min/
m? with the 95% limits of agreement of — 1.87 and 3.00. The
Pearson correlation coefficient was 0.70 for CI (p =0.008).
When excluding two outliers (one each in pre-Glenn and pre-
Fontan group) with significant neo-aortic valve dilation, all
pre-Fontan patients’ measurements fell within +30% of the
limits of agreement while all Glenn group fell within +45%
of the limits of agreement (Fig. 2).

Discussion

Our study is the first to investigate the validity of USCOM
to estimate CI in pediatric patients with single-ventricle
physiology and demonstrated good agreement of CI and
HR measurements between USCOM and cardiac catheteri-
zation-derived cardiac output.

Determining the agreement between two different clinical
modalities is not simple and has evolved over the years [31,
34, 35, 37-41]. Traditionally, the correlation coefficient has
been widely used to evaluate the relationship between two
methods’ measurements [31, 37]. Bland—Altman analysis is
a newer statistical approach to compare the two methods’
measurements by focusing on the accuracy (bias), precision
(limits of agreement), and repeatability/reproducibility of
the new method’s measurement compared to the reference
method’s measurement [31-33, 35, 36, 40, 42].

We noted overall positive bias in both CI and HR by
USCOM (i.e., over-estimation) compared to cardiac cath-
eterization. Since the USCOM measurements were done
5-10 min prior to cardiac catheterization hemodynamic
assessment to maximize sterility of the procedure, earlier
stage of anesthesia with higher HR but still within the agree-
ment between two modalities might have led to higher CI
during the USCOM measurements as CI is dependent on
HR. There also was a substantial over-estimation by USCOM
in the presence of valve dilation as USCOM CI measurement
is calculated based on the valve diameter as well in addition
to HR. The accuracy of USCOM measurements in a setting
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of substantial valve dilation or stenosis is not known and
could be one of the limitations of USCOM.

When further comparing the degree of measurement
agreement between the pre-Glenn and pre-Fontan groups,
we detected a smaller bias between the USCOM and Fick’s
CI measurements in the pre-Fontan group compared to those
in the pre-Glenn group. This is likely due to a much wider
range of Cls in the pre-Glenn group depending on the type
of stage I palliation operation. USCOM’s CI measurement
for those with BT shunt or PDA stent represents a combina-
tion of two cardiac outputs, systemic output, and pulmonary
output, whereas that for those with right ventricle to pul-
monary artery conduit represents just systemic output (one
cardiac output). This results in a wide range of Cls in the
pre-Glenn group, while CI measured by USCOM for pre-
Fontan group represents a true systemic output.

Our data suggest that a wide spectrum of single-ventri-
cle physiology likely affects USCOM measurements. The
USCOM technology was developed based on normal two-
ventricle circulations which are in series. For patients with
single-ventricle physiology, their circulation at birth as well
as following stage I palliation (pre-Glenn) is in parallel, with
the single functioning ventricle pumping to provide both
systemic and pulmonary circulation. Therefore, USCOM
measurements in patients following stage 1 palliation with
BT shunts or PDA stents represent both the systemic and
pulmonary circulations across the aortic/neo-aortic valve.
Studies have shown increased discrepancy/variability in
USCOM measurements among patients in a high cardiac
output state [18, 22, 32]. Although we summate Qp and Q,
from catheterization to account for USCOM measurements
in these patients, the residual discrepancy may be related to
the limitation of USCOM at these higher flows. For those
with Sano shunt, an intricate balance between systemic and
pulmonary resistance determines how the output from the
single ventricle gets divided between the systemic and pul-
monary flows. Any minimal change in patient’s condition
can deter the systemic and pulmonary output, thereby poten-
tially accentuating discrepancy between USCOM and car-
diac catheterization measurements. Thus, USCOM may be
better applied in patients with Glenn and Fontan physiology,
in whom the circulations are in series. For those with BT
shunt or PDA stent, other traditional clinical parameters such
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as mixed venous saturation, lactate level, blood pressure, or
evaluation of end organ function may be combined to fur-
ther determine true systemic output based on total combined
cardiac outputs provided by USCOM.

Given its non-invasive nature and simplicity, USCOM
use has evolved in the pediatric population. Much effort has
been made to establish normal cardiovascular parameters
for USCOM in healthy children, and it has been shown to
serve as a valuable non-invasive hemodynamic monitoring
tool for resuscitation of septic shock patients in the pediatric
intensive care unit [23-26, 43-46]. The use of USCOM in
the postoperative pediatric patients in the cardiac intensive
care unit to trend CI and its correlation with resuscitation is
yet to be explored. Several studies demonstrate that USCOM
measurements agreed well with other modalities includ-
ing echocardiogram, PAC, or PiCCO in pediatric patients
including neonates with normal cardiac anatomy, as well
as adult patients with critical illness, pregnancy, and sepsis
with good intra- and inter-operator reliability [15-20, 22,
26, 43, 44, 47, 48]. Further studies also have attempted to
identify issues related to USCOM measurement discrepan-
cies [20, 21, 43, 44, 47, 49, 50]. As alluded earlier, USCOM
calculates SV based on VTI derived from the Doppler flow
profile and valve diameter (aortic or pulmonary). However,
USCOM’s built-in program that provides the valve diameter
is based on data derived from children with normal cardiac
anatomy. Therefore, this may lead to inaccurate USCOM
CO or CI measurements in patients with congenital heart
disease, especially involving valvar disease. To mitigate this
source of error, the diameter measured from the echocardio-
gram can be manually entered into USCOM as was done in
our study. Also, when comparing hemodynamic measure-
ments between USCOM and an echocardiogram, it is to be
noted that USCOM uses continuous-wave Doppler while
echocardiogram uses pulse wave Doppler, which can pose
as another source of error in USCOM measurement [21,
50, 51]. Pulse wave Doppler from an echocardiogram meas-
ures the flow velocity at the valve annulus, which can be
optimized with direct visualization by the operator. With
continuous-wave Doppler, velocity is measured along the
entire length of the ultrasound beam, with no way to visu-
alize the angle of insonation [21, 50, 51]. This raises the
importance of the proficiency and reliability of the opera-
tor to capture the highest quality flow profile from only the
aortic or pulmonary outflow and not additional flow from
additional vessels to generate an accurate VTI [21, 50, 51].
These limitations must be considered when evaluating the
use of USCOM.

In this pilot study, we demonstrate USCOM use in
patients with single ventricle, who are known for their het-
erogeneous and intricate physiology and anatomy, for the
very first time. Although our study faced heteroscedas-
ticity of data and a small sample size due to the anatomy

and physiology of our patients [41], our data demonstrate
good agreement between USCOM and cardiac catheteriza-
tion measurements. Additional studies focusing on patients
with Glenn or Fontan physiology might be helpful when
comparing the USCOM measurements with the systemic
cardiac output from cardiac catheterization, which could be
more applicable in daily clinical settings. The clinical use
of USCOM in patients with BT shunt or PDA stent may be
limited as it provides a total cardiac output or index, rather
than separate systemic versus pulmonary output. A future
study with a larger sample size will also help further inves-
tigate inter-operator reproducibility, which was not evaluated
in our study, as well as accuracy of USCOM in the presence
of significant valve dilation.

Conclusion

Direct and accurate measurements of CO or CI are crucial in
managing critically ill patients. Currently available bedside
modalities to estimate CI are not well validated for pediat-
ric patients with single-ventricle physiology. USCOM is a
non-invasive tool with minimal risk, and its use with pro-
ficiency and reproducibility can be mastered in a relatively
short period of time when compared to training in echocar-
diography. Our data present preliminary evidence that the
USCOM monitor may provide valuable, non-invasive, and
real-time hemodynamic data to monitor patients with single-
ventricle physiology, especially those following the Glenn
and Fontan operations. Findings from our pilot study also
facilitate further exploration to study how USCOM may be
utilized to trend CI in patients in the intensive care unit to
help manage and direct care.
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