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Abstract
We aimed to establish reference ranges for USCOM parameters in preterm infants, determine factors that affect cardiac output,
and evaluate the measurement repeatability. This retro-prospective study was performed at Fondazione IRCCS San Gerardo
dei Tintori, Monza, Italy. We included infants below 32 weeks of gestational age (GA) and/or 1500 g of birth weight (BW).
We excluded infants with congenital heart diseases or hemodynamic instability. Measurements were performed at 3+ 1, 7+2,
and 14 +2 postnatal days. We analyzed 204 measurements from 92 patients (median GA =30.57 weeks, BW=1360 g). The
mean (SD) cardiac output (CO) was 278 (55) ml/min/kg, cardiac index (CI) was 3.1 (0.5) L/min/m?, and systemic vascular
resistance (SVRI) was 1292 (294) d*s*cm™>/m?. CO presented a negative correlation with postmenstrual age (PMA), while
SVRI presented a positive correlation with PMA. The repeatability coefficient was 31 ml/kg/min (12%).

Conclusion: This is the first study describing reference values for USCOM parameters in hemodynamically stable pre-
term infants and factors affecting their variability. Further studies to investigate the usefulness of USCOM for the longi-
tudinal assessment of patients at risk for cardiovascular instability or monitoring the response to therapies are warranted.

What is Known:

o The ultrasonic cardiac output monitoring (USCOM) has been widely used on adult and pediatric patients and reference ranges for cardiac
output (CO) by USCOM have been established in term infants.

What is New:

o We established reference values for USCOM parameters in very preterm and very-low-birth-weight infants; the reference ranges for CO by
USCOM in the study population were 198-405 ml/kg/min.

o CO normalized by body weight presented a significant negative correlation with postmenstrual age (PMA); systemic vascular resistance
index presented a significant positive correlation with PMA.
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Introduction

Preterm infants are at high risk of hemodynamic instability
and inadequate systemic perfusion due to several factors,
including immature myocardium with poor ventricular func-
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It is, therefore, important for physicians to have rapid and
direct measures of cardiovascular parameters to diagnose
and monitor hemodynamic and myocardial dysfunction in
this critical population. Several methods are available for
cardiac output (CO) monitoring in critically ill patients, but
few of them are feasible and clinically applicable in pre-
term newborns [3, 4]. Invasive methods requiring pulmonary
artery catheterization are considered the gold standard to
measure CO in terms of accuracy but are of limited applica-
bility in newborns. Blood pressure, heart rate, urine output,
capillary refill, and lactate are indirect clinical indicators
of perfusion but are poorly correlated with CO [5-7]. Non-
invasive techniques for CO estimation that are feasible and
clinically applicable in critically ill newborn infants are
transthoracic echocardiography, electrical biosensing tech-
nologies, and transcutaneous Doppler. Echocardiography
is the most widely used method; however, it requires well-
trained personnel and an expensive instrument and is time-
consuming. Electrical biosensing technologies are based
on the assumption that electrical impedance changes in the
thorax are correlated to blood volume changes. In particular,
electrical cardiometry has been recently validated in preterm
neonates [8]. The advantage of this approach is that it pro-
vides continuous, operator-independent hemodynamic moni-
toring; however, it tends to overestimate CO, as assessed
by echocardiography, and has relatively high variability [8].

The ultrasonic cardiac output monitor (USCOM;
USCOM Ltd., Sydney, Australia) provides rapid trans-
thoracic estimates of CO. The device performs continu-
ous wave Doppler blood flow measurements in large ves-
sels and estimates the vessel cross-sectional area based
on validated nomograms derived from height and weight.
The flow in the ascending aorta, related to blood pres-
sure and aortic valve area, provides information about
cardiovascular function, such as CO, cardiac index (CI),
and systemic vascular resistance index (SVRI). The advan-
tage of USCOM is that it is compact and cheaper than a
conventional ultrasound machine; moreover, it is designed
for users without prior echocardiography experience, and
competence can be achieved in a few days of training: 20
to 30 measurements are usually considered sufficient for
learning the technique [9, 10].

The USCOM has been widely used on adult and pediatric
patients [11], but data about its applicability to neonates
are scant. Previous studies performed in hemodynamically
stable term infants suggested that the agreement between CO
measured by USCOM and conventional echocardiography
is broad, and so are the reference ranges [9, 12-14]. How-
ever, the reproducibility and the intra-rater reliability of the
measurement are high, suggesting that USCOM may allow
the longitudinal monitoring of cardiovascular parameters in
infants. For instance, Liu et al. have used USCOM to evalu-
ate hemodynamic changes after PDA ligation in very- and
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extremely-low-birth-weight infants [15]. Furtherly, among
cardiovascular parameters obtained by USCOM measure-
ments, SVRI is a useful indicator of vascular status and can
help the clinician understand whether the patient is vaso-
constricted or vaso-dilated [16].

The feasibility of CO, CI, and SVRI measurements by
the USCOM system in a population of very preterm and/
or very-low-birth-weight infants has never been system-
atically evaluated. To fill this gap, this study aimed at
(1) establishing reference ranges for USCOM parameters
in this specific population, (2) assessing the effect of
patients’ characteristics and other possible confounders
on USCOM parameters, and (3) evaluating the measure-
ment short-term repeatability.

Materials and methods
Study design and setting

This retro-prospectively study was performed in the Neona-
tal Intensive Care Unit of Fondazione IRCCS San Gerardo
dei Tintori, Monza, Italy. Data were collected between
November 2020 and June 2023. The protocol was approved
by the local ethical committee (nr. 4309).

Participants

In our unit, serial USCOM assessments are routinely
performed on infants with gestational age (GA) at birth
below 32 weeks and/or birth weight (BW) below 1500 g.
We included in the analysis measurements performed
at 3+ 1, 7+2, and 14 +2 postnatal days on infants with
GA <32 weeks and/or BW < 1500 g. Exclusion criteria
were congenital abnormalities; heart diseases, as assessed
by echocardiography; hemodynamic instability, defined as
the presence of a hemodynamically significant PDA or treat-
ment with inotropes at any time; and sepsis, defined as posi-
tive blood cultures at the time of evaluation.

USCOM measurements

USCOM records blood flow through the aortic valve using a
continuous Doppler wave (2.2 MHz) and obtains the veloc-
ity time integral (VTI). An anthropometric algorithm, based
on length and weight, calculates the aortic cross-sectional
area (CSA). The product of CSA times VTI is stroke vol-
ume (SV). The USCOM software obtains CO as SV times
heart rate (HR), estimated from the distance between flow
systolic peaks.

Infants were studied in the supine position during sleep
or quiet wake. One neonatologist (DD) who completed the
recommended USCOM training by an experienced company
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representative and had considerable experience with hemo-
dynamic measurements and USCOM examination super-
vised the study and trained more naif operators. Blood flow
in the ascending aorta was assessed using a compact ultra-
sound probe (diameter of 12 mm) placed at the suprasternal
notch. The angle of insonation was adjusted until an optimal
velocity-time profile was obtained, as previously described
[9], and then five to ten reproducible cycles were selected
to calculate the average CO.

Cardiac index (CI) was determined as CO normalized for
the body surface, which was calculated using the formula of
Dubois et al. [17]. At the time of USCOM assessment, we
also measured systolic, diastolic, and mean arterial pres-
sure non-invasively (DINAMAP Procare 100, GE Medical
Systems) to calculate afterload parameters, namely systemic
vascular resistance (SVR =mean blood pressure/CO) and
systemic vascular resistance indexed (SVRI, SVR normal-
ized for body surface). For quality control, about one-half
of the tracings stored on the device were carefully reviewed
by the same practitioner (EZ).

Intra-observer short-term repeatability of CO measures
was assessed in a subset of patients by performing two con-
secutive measurements, 2 min apart, taking the probe off the
skin between measurements, and applying it again.

Clinical data

Clinical data were extracted from the electronic clini-
cal record. For each USCOM evaluation, we recorded
the presence of a PDA, as assessed by an echocardiogra-
phy performed on the same day. We considered PDA as
hemodynamically significant when the internal diameter
was > 1.5 mm, the flow pattern was pulsatile [18], and one
of the following conditions was present: (i) end-diastolic
blood flow velocity in the left pulmonary artery > 20 cm/s
or (ii) diastolic flow reversal in the descending aorta.

Statistical analysis

The primary endpoint was to determine reference ranges
of CO. Secondary endpoints were the reference ranges of
CI and SVRI, the short-term intra-observer repeatability of
CO measurements, and the relationship between USCOM
parameters and relevant clinical data.

Aiming for 80% power at the 5% significance level, we
calculated a minimum required sample size of 73 patients for
a linear regression model with one independent continuous
predictor of small effect size (f2=0.1) [19] (Gpower 3.1).

Aiming for 90% power at a significance level of 0.05,
hypothesizing a mean and a standard deviation of differences

between repeated measurements of 0 and 16 ml/kg/min,
respectively [12], and allowing for a maximum difference
of 50 ml/kg/min [20], we calculated a minimum of 34 meas-
urements to determine the intra-observer short-term repeat-
ability of CO measurements using Bland-Altman analysis
(MedcCalc).

CO was corrected for body weight and expressed as ml/
kg/min. All parameters were reported as median (2.5-97.5
percentile). We calculated the coefficient of variation (CV)
to assess the consistency of measurements. The relation-
ships between USCOM parameters and potential factors
were examined using mixed-effect models. Tested factors
included GA, postmenstrual age (PMA), gender, small for
gestational age (SGA), postnatal age (PNA), PDA, respira-
tory support level (0, no respiratory support; 1, high flow
nasal cannula; 2, non-invasive respiratory support; 3, inva-
sive respiratory support). We first performed univariable
regressions and then adjusted for GA. The repeatability of
CO measurements was assessed using the two-way mixed
effects intra-class correlation coefficient (ICC) with a focus
on consistency to account for intra-observer reliability [21].
The repeatability coefficient was determined as twice the SD
of the differences between measurements, computed both in
absolute and percentage values. P-values <(0.05 were con-
sidered statistically significant. We analyzed the data using
Matlab R2019b (MathWorks, Natick, USA).

Results

One hundred and twenty-eight infants with a BW <1500 g
and/or GA <32 weeks were admitted to our unit during the
study period; 19 were missed, 19 met the exclusion criteria,
and 92 were included in the analysis, for a total of 204 meas-
urements (see Fig. 1). The characteristics of the study partic-
ipants are reported in Table 1. Infants had a median (Q1, Q3)
GA of 30.57 (29.43, 31.36) weeks and BW of 1360 (1135,
1521) g. The GA, BW, proportion of males, and SGA did
not differ significantly between infants included and infants
who satisfied inclusion criteria but were missed.

Reference ranges of USCOM parameters

Table 2 reports the USCOM and other hemodynamic param-
eters at different postnatal ages. Pooling all data points
together, the median (2.5, 97.5 percentile) CO was 268 (198,
405) ml/min/kg, CI was 3.0 (2.3, 4.2) L/min/m?, and SVRI
was 1261 (796, 1862) d*s*cm™>/m>. CV was 20%, 17%, and
23% for CO, CI and SVRI, respectively. Figure 2 shows the
trajectory of USCOM parameters over the first 2 weeks of life.

@ Springer
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Fig. 1 Flow chart of the study

Table 1 Characteristics of study
participants
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130 infants
GA < 32 weeks and/or
BW < 1500 g

Missed:
17: unavailability of staff
2: transferred

v

Excluded:
3 patients due to abnormalities
16 Inotropes

92 infants
276 measurements

Missed:

36 unavailability of staff
2 patient died

2 patient transferred

A 4

A 4

Excluded:

3 poor data quality

20 sepsis

9 hemodynamically significant PDA

92 infants
204 measurements

N

Male, n (%)
GA, weeks
BW, g
SGA, n (%)

Number of measures

Weight, g

Length, cm

PDA, n (%)

No respiratory support, n (%)
High flow nasal cannula, n (%)
Nasal CPAP, n (%)

Invasive respiratory support, n (%)

92

49 (53%)

30.57 (29.43, 31.36)
1360 (1135, 1521)
22 (24%)

Day 3

67

1270 (1033, 1430)
39 (37,42)

21 (23%)

15 (22%)

28 (42%)

20 (30%)

4 (6%)

Day 7 Day 14

77 66

1333 (1140, 1510) 1493 (1296, 1640)
39 (37,42) 40 (37, 42)

13 (14%) 5(8%)

20 (26%) 27 (41%)

38 (49%) 26 (39%)

16 (21%) 12 (18%)

3 (4%) 1.(2%)

Data are expressed as median (Q1, Q3) unless otherwise stated

GA gestational age, BW birth weight, SGA small for gestational age, PDA patent ductus arteriosus, CPAP continuous positive

airway pressure
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Table 2 Median and reference ranges of USCOM and other relevant hemodynamic parameters at different time points

Day 3 (n=67) Day 7 (n=177) Day 14 (n=066)
Median 2.5 perc 97.5 perc Median 2.5 perc 97.5 perc Median 2.5 perc 97.5 perc
USCOM parameters
CO, ml/kg/min 273 198 395 276 202 427 267 186 382
CI, /min/m? 2.90 2.30 3.87 3.20 2.30 4.36 3.10 2.03 4.29
SVRI, d*s*cm™>/m? 1311 798 1834 1215 734 1905 1249 869 1859
Other hemodynamic parameters
MAP, mmHg 45 31 61 47 33 62 50 33 66
SAP, mmHg 64 46 85 70 52 85 72 46 90
DAP, mmHg 36 23 51 36 23 52 37 21 58
HR, bpm 152 128 183 156 130 190 158 133 191

CO cardiac output, CI cardiac index, SVRI systemic vascular resistance index, MAP mean arterial pressure, SAP systolic arterial pressure, DAP

diastolic arterial pressure, HR heart rate

Factors affecting USCOM parameters

Figure 3 shows CO, CI, and SVRI versus PMA. Table 3
shows the correlation between USCOM parameters and
relevant clinical factors. CO presented a negative correla-
tion, and SVRI a positive correlation with GA and PMA.
CI presented a negative correlation with GA. CO and CI
were significantly higher in infants being born small for
GA. In univariable analysis, CO was significantly corre-
lated with the respiratory support level, but the correlation
did not remain significant after adjustment for GA. None
of the other factors significantly correlated with USCOM
parameters, including a non-significant PDA.

Repeatability of USCOM measurements

The short-term repeatability was assessed in 45 infants with
a median (Q1, Q3) GA of 31.00 (29.97, 31.86) weeks and
BW of 1408 (1168, 1487) g. Measurements were performed
at a mean PNA of 7 (3, 9) days. The intra-rater reliability
of CO measurements by USCOM was high, as determined
by the ICC (95% CI)=0.98 (0.95-0.9). Figure 4 shows the
absolute and percentage differences in CO between repeated
measurements. The mean (SD) difference between repeated
measures was —2 (15) ml/kg/min, corresponding to 0 (6)%.
The Bland—Altman plots showed no trend between the meas-
urement error and the mean CO value. The repeatability
coefficient was 31 ml/kg/min, corresponding to 12%.

Discussion

We assessed the feasibility of USCOM measurements
in preterm infants born before 32 weeks of GA and/or
below 1500 g of BW. We established reference ranges in

hemodynamically stable preterm infants without cardiovas-
cular abnormalities, which is crucial for applying the tech-
nique in clinical practice. We also evaluated the correlation
between USCOM parameters and relevant clinical factors
and assessed the measurement repeatability.

The median (2.5, 97.5 percentile) for CO by USCOM
in the study population was 268 (198, 405) ml/kg/min.
CO values considered normal in preterm and term infants
range between 150 and 300 ml/kg/min[22]. The established
reference ranges for CO, CI, and SVRI are comparable to
those reported in previous studies using USCOM in term
or near-term healthy neonates [12, 14]. CO and CI were
slightly higher, and SVRI values were slightly lower than in
term infants, as expected from the correlation we observed
between these parameters and PMA.

The observed variability is likely the combination of
physiological (related to clinical factors that might affect
hemodynamic parameters in preterm infants) and measure-
ment variability. PMA significantly correlated with CO and
SVRI. Moreover, CO and CI were significantly higher in
infants being born small for GA. We did not observe a sta-
tistically significant correlation of USCOM parameters with
gender, PNA, the presence of a non-significant PDA, and
the respiratory support level. However, we cannot exclude
that such factors might play a role in the variability of CO
measures. We speculate that PNA was not significantly asso-
ciated with USCOM parameters because measurements were
performed starting from the 3rd day of life when the adapta-
tion to the extrauterine life is likely completed and up to 2
postnatal weeks. The finding that CO was not significantly
associated with a non-significant PDA is consistent with the
fact that left ventricular CO, as assessed at the suprasternal
notch, is measured upstream of the PDA.

Hudson et al. observed that about half the variability
in the measurement of CO in term infants measured by

@ Springer
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Fig.2 Trajectory of USCOM
parameters. CO, cardiac output;
CI, cardiac index; SVRI,
systemic vascular resistance
indexed; PNA, postnatal age.
Data are expressed as mean
and SD
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Table 3 Univariable mixed-effect models of USCOM parameters

Beta SE p-value

CO, ml/kg/min PNA, days —-0.36 0.79 0.651
GA, weeks -15.17 2.64 <0.001

PMA, weeks -12.39 2.34 <0.001

Gender (1 =male) 1.37 10.67 0.898

SGA (1=yes) 1534 1241 0.218

PDA (1=yes) 13.10 9.95 0.190

PDA sign (1=yes) 31.13  19.14 0.106

RespSupMode 10.99 5.31 0.040

CI, /min/m? PNA, days 0.02 0.01 0.034
GA, weeks —-0.06 0.03 0.017

PMA, weeks -0.03 0.02 0.153

Gender (1 =male) 0.03 0.09 0.746

SGA (1=yes) 0.11 0.11 0.299

PDA (1=yes) 0.13 0.10 0.208

PDA sign (1 =yes) 0.25 0.21 0.231

RespSupMode 0.03 0.05 0.521

SVRI, d*s*cm™/  PNA, days -1.70 463  0.714
m? GA. weeks 4314 1405 0.002
PMA, weeks 3329  12.66 0.009

Gender (1 =male) 71.61 49.80 0.152

SGA (1=yes) -1631  59.85 0.786

PDA (1=yes) -80.21 5345 0.135

PDA sign (1=yes) —88.86 107.51 0.410

RespSupMode -35.84  28.18 0.205

CO cardiac output, CI cardiac index, SVRI systemic vascular resist-
ance indexed, PNA postnatal age, GA gestational age, PMA post-
menstrual age, SGA small for gestational age, PDA patent ductus
arteriosus, RespSupMode respiratory support mode coded as 0, no
respiratory support; 1, high flow nasal cannula; 2, non-invasive res-
piratory support; 3, invasive mechanical ventilation

dashed lines,+2 SD. SD lines are based on the univariable regres-
sion models. CO=645 — 12*PMA, SEE=43 ml/kg/min; CI=3.98 —
0.03*PMA, SEE=0.52 L/min/m?; SVRI=378 +29*PMA, SEE=270
d*s*cm™/m?

independent observers was the result of the measurement
variability [23]. The repeatability of CO measurements by
USCOM observed in the present study is comparable with
previous reports in infants and children, ranging from 2.5 to
22% [12, 23], and accounted for 28% of the variability of the
reference ranges. We assessed the short-term intra-observer
variability, which reflects the variability associated with the
measurement technique. We found a repeatability coefficient
of 31 ml/kg/min, corresponding to 12%, indicating that for
the USCOM device to track a change in CO with a 95% CI,
such change should be at least 61 ml/kg/min or 24%.

Accuracy of CO by USCOM

Several factors might affect the accuracy and repeatability of
USCOM measurements. Prior validation studies comparing CO
measured by USCOM versus the gold-standard CO measure-
ments by pulmonary artery thermodilution found variable agree-
ment between the two techniques in adults [24] and children [25].

CO measurement errors by USCOM could arise from vari-
ations in aortic cross-sectional area between infants of similar
body weight not accounted for by the formula. A validation
of the absolute accuracy of CO measurements by USCOM
in preterm infants has not been performed due to the lack
of a gold standard for CO measurements suitable for pre-
term infants. USCOM validation in infants was performed
versus echocardiography [9, 12]. Echocardiography is the
most accepted and widely used CO measurement technique
in neonatal intensive care units, but it is not a gold stand-
ard. In the present study, we decided not to compare CO
measures by USCOM with those obtained by echocardiog-
raphy because such a comparison has already been done in
term [9] and preterm infants [12]. Fraga et al. found that
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USCOM overestimated CO compared to echocardiography
[9]. Patel et al. reported wide limits of agreement between
the USCOM and standard echocardiography [12]. Measuring
CO with Doppler ultrasound requires measuring the aortic
cross-sectional area and blood flow velocity. Hudson et al.
reported that the main difficulty of measuring CO in infants
is the accurate measurement of aortic diameter; indeed, small
errors in aortic diameter may produce large errors in car-
diac output, especially in preterm infants with small aortic
dimensions [23]. Possible errors in estimating the aortic valve
diameter based on anthropometric algorithms are more repro-
ducible and operator-independent than measurement errors.

Moreover, the accurate assessment of CO might be
affected by measurement errors of blood flow velocity inher-
ent in the Doppler technique. Indeed, the Doppler beam must
be aligned with the long axis of the aorta, and any devia-
tion will result in an underestimation [9]. Such a problem
affects the accuracy of CO measurement both by USCOM
and echocardiography. While USCOM uses continuous wave
Doppler (CWD) measurements for VTI, echocardiography
uses pulsed wave Doppler (PWD). While CWD might over-
estimate VTI as compared with PWD, CWD was found to
be more reproducible [23].

Limitations

Limitations include the retrospective study design, which
precluded the possibility of assessing inter-rater agreement.
Another limitation is the single-center study design, which
may limit the generalizability of results due to differences
in population and hemodynamic management in different
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units. Blood pressure was measured non-invasively, limiting
the accuracy of the afterload measurements.

One of the challenges of studies aimed at defining refer-
ence ranges for preterm infants is defining what is normal and
avoiding the selection of a cohort that is not representative of
the most at-risk population. We used a pragmatic approach,
including all infants considered hemodynamically stable by
the attending physician who did not have a hemodynamically
significant PDA. Such criteria led to the inclusion of a limited
number of extremely preterm infants (10%); therefore, caution
must be used to extrapolate the reference ranges to infants with
GA below 28 weeks. Similarly, the first measurement was taken
at 3 days of life because hemodynamics might be unstable dur-
ing the transition to extrauterine life; caution must be used to
extrapolate reference values obtained on day 3 to the first 2 days
of life. Reference values obtained between 3 and 14 days are
relevant, for example, for the management of late-onset sepsis.
We acknowledge a limited sample size for establishing norma-
tive values or target ranges to be achieved. Ours is a pragmatic
study that provides expected values of USCOM parameters
in preterm infants unaffected by hemodynamic problems and
describes their variability and dependence on relevant clinical
factors. Reference values are reported as a function of post-
menstrual age to allow comparing values collected in different
patients or interpreting changes within the same patient over
time. We believe that our data can help clinicians in interpreting
data coming from the USCOM and might serve as pilot data
to design future studies addressed at defining normative data
on larger cohorts of patients, evaluating the effect of interven-
tions on hemodynamics, or clinical trials evaluating the effect
of decision-making strategies based on USCOM parameters.
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Conclusion

This is the first study establishing reference values for
USCOM parameters in hemodynamically stable preterm
infants. Such ranges are too broad to be meaningful in clinical
practice to diagnose alterations of cardiovascular function.
However, the repeatability of the measurement is acceptable,
suggesting that serial measurements within the same infant
might reduce the measurement variability and represent a
meaningful use of the technique. Indeed, since USCOM is
easy to learn and use, it can have a role as a bedside tool for
the longitudinal assessment of patients at risk for cardiovas-
cular instability or in monitoring the response to therapies.
Future studies addressing the clinical utility of USCOM in
guiding treatment (e.g., inotropes) are warranted.
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