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Non-invasive methods for cardiac output measurement in newborns: an appraisal
of the literature

Giovanni Farello

Pediatric Unit, University of L’ Aquila, L’ Aquila, Italy

Hemodynamic disorders accompany any severe pathology in patients of all age
groups, including newborns, significantly affect the further quality of life of patients
who have undergone critical conditions. The clinical manifestations of hemodynamic
disturbances in young children are not specific, they are significantly delayed and,
accordingly, are not always recognized in time. Great progress has been made recently
in cardiac output assessment in newborn infants. Back in the 1970’s cardiac output
assessment in neonates was obtained using the Fick method and the dilution or
thermodilution methods, these invasive methods are risky and disadvantageous.

An ideal cardiac output monitoring system should be non-invasive, easy to use and
reliable. Non-invasive monitoring of cardiac output is a subject of great interest in
the treatment of emergency and critical conditions in newborns. Monitoring of
hemodynamic parameters allows you to detect minimal changes in the vital functions
of the body in the early stages. To ensure the timely start of intensive care, its high-
quality conduct and not only increases survival, but also leads to a decrease in disability
in newborns due to hypoxic lesions of the central nervous system.

In this literature review we present and compare various noninvasive methods currently
used to measure cardiac output in newborn infants and highlight their advantages and
disadvantages.

Keywords: newborn, hemodynamic, cardiac output measurement, monitoring,
Uscom.

7Kana TyraH HopecTeliep/ie ;KYpPeK HIBIFYbIH OJIIeYIiH HHBA3UBTI eMec dicTepi:
oneduerTi 6aranay

Giovanni Farello

JT AxBuna yausepcureti, JI' Aksuna, Mranust

I'eMOAMHAMUKAIBIK Oy3bUIbICTap OApiIBIK XKACTaFbl MAIUEHTTEPAE Ke3 KEJreH aybIp
HaToJIOrMsAMEH Oipiecin Keiemi, COHbIMEH Oipre KpUTHKalbIK JKar[aiffa YIIbIpraH
JKaHa TyFaH HOpeCTeNlep/IiH eMip camachlHa alTapibIKTail ocep ereni. Epre sxactarb
Gananapaa reMOANHAMUKAJIBIK OY3bUTBICTAPBIHBIH Kl IHarHOCTHUKACHI KIMHUKAJIBIK,
e3repicTepiHiH aikpiH Oomy-O0onMaybiHa OainaHbicThl. JKakplHIa jkaHa TyFaH
HopecTenep/aeri KypeK )KYMBICHIH Oaranay/ia YJIKeH KeTiCTiKTepre Ko KeTKi3imi.
1970 xplnmapsl jkaHa TyFaH HOpECTENepAeri )Kypek-KaH aiinay kepcerkimrepi Oux
onticiMeH CYHBUITY HEMece TEPMOIMIALMS 9JiCTePiH KOJIaHy apKbUIbI allbIHABI, OyII
MHBA3MUBTI diCTep KayinTi *oHe Kosaiicei3 6ombin Tabbutansl. JKypekTiH KaH ainay
KbI3METiHIH Oakbuiay Sfici MHBA3MBTI eMec, KOJIaHyFa OHAWl JKoHEe CeHIMIi OOoiybl
kepek. [LIyFbut xoHe JKezien JKar/aiiFa yIblparaH jkaHa TyFaH HOpEeCTeIep/AiH eMiHJe
JKYPEKTiH KaH aiifay KbI3METiHIH WHBA3UBTI eMeC OJicTepi YJIKEH KbI3BIFYLIBLIBIK
TYAbIpaabl. [eMOJMHAMUKAIBIK HapaMeTpiepAiH MOHHMTOPHHII epTe Ke3eHAepie
aF3aHbIH OMIPIiK MaHbI3Ibl (QYHKIMSIAPBIHAAFEl €H a3 e3repicTepil aHbIKTayFa
MYMKiHIIK Oepemi. VHTEHCHBTI TepamusHBbIH YyaKTbUIBI OacTalyblH KamTaMachi3
€Ty YUIiH, OHBI Camlajibl TYpJAE JKYPrizy emip cypyai apTThIpbIIl KaHa KOMMaibl,
COHBIMEH KaTap OPTAJIBIK XKYHKE JKYHeCiHIH M'MIIOKCHSUIIBIK 3aKbIMJIaHYbI CalliapblHAH
HOpecTenep/ie MYTeIeKTIKTIH TOMEH/IeyiHe OKee/Ii.
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aHBIKTAay YIIH KOJNJAHBITIATBIH OPTYPIl HWHBA3MBTI €MeC oJiCTep/i YCBIHBII
CaJIBICTBIPAMBI3, OJAP/IbIH aPTHIKIIBIIBIKTAPEl MEH KEMIITIKTEpiH aTtar KepceTemis.
Hezizzi co3oep: osicawa mysan Hapecme, 2eMOOUHAMUKA, JICYPeKmiy Kaw auoay
Kuizmemin onuey, monumopune, USCOM.

HennBa3uBHbIE METOABI H3MEPEHHUSI CEPAEYHOr0 BHIOPOCA Y HOBOPOKIEHHBIX:
OlIeHKA JTUTEPATYPHI

Giovanni Farello

Vuusepcurer JI AkBuia, Aksuna, Mtanust

I'emomHaMHUYeCKHe HapyIIEHUS COMPOBOXKAAIOT JIOOYIO TSKETyI0 IMaToNOTHIO Yy
MAalMeHTOB BCEX BO3PACTHBIX TPYTI, B TOM YHCIIE€ U HOBOPOX/JIEHHBIX, CYIIECTBEHHO
BIUSIIOT Ha JanbHEiIIee KauyecTBO XKM3HH TAI[MEeHTOB, MEPEHECHINX KPUTHUECKHE
coctosiHus.  KnMHM4Yeckne TpOSBICHUs HapylIIeHHMH TeMOAMHAMHUKU Yy JeTei
paHHEro BO3pAacTa HE SBIAIOTCSH cHEelU(UUHBIMU, 3HAYUTEIBHO 3ara3/blBaloT H,
COOTBETCTBEHHO, HE BCETJ]a BOBPEMsI paclo3HaloTcs. B mocnenHee BpeMs JOCTUTHYT
GonbIIOI TIporpecc B OLEHKE CEPAEYHOro BHIOpOCAa y HOBOPOXKIEHHBIX. Eme B
1970-x romax oOIlEHKa CEpAEYHOro BBHIOPOCAa y HOBOPOXIEHHBIX OblIa IONy4YeHa
¢ ucronb3oBaHHeM MeToga Puka M METONOB pa3BEACHHS MIN TEPMOIMUTIOLHH,
9T MHBA3MBHBIE METOJbI SIBISIOTCS PUCKOBAHHBIMH M HEBHITOAHBIMHU. MieambHas
crcTeMa MOHUTOPHHTA CEP/ICUHOr0 BEIOpOCa AOMKHA OBITh HEMHBA3UBHOM, MPOCTOi
B HCIIONB30BAaHUU U HaleKHOW. HenHBa3sMBHBIM MOHMTOPHUHI CEpIIEYHOro BBIOpOCca
SIBIAETCS TPEIMETOM OOJIBIIOT0 MHTEpPeca B TE€PANUH HEOTIOXKHBIX U KPUTHUECKUX
COCTOSIHMH y HOBOPOKAECHHBIX. MOHUTOPHBIN KOHTPOJIb [TOKa3aTeNel reMOANHAMUKI
MO3BOJISIET OOHAPY)KUTh MUHUMAJIbHBIC M3MEHEHHSI BUTAIbHBIX (DYHKIMU OpraHu3Ma
Ha paHHMX cTagusax. ObecrieueHne CBOEBPEMEHHOIO Hauala WHTEHCUBHOW Tepamuu
U ee KaueCTBEHHOE MPOBEAECHHE HE TOIBKO CIIOCOOCTBYET yBENMUEHUIO MOKa3aTeneit
BBDKMBAEMOCTH, HO M MPUBOJUT K CHIDKCHUIO TOKa3aTenedl HMHBAIUIHOCTH Yy
HOBOPOXKJICHHBIX, CBSI3aHHBIX C THIOKCUYECKUMU TOPAKEHUAMH II€HTPaTbHOMN
HEPBHOMN CHCTEMBI.

B »ToM 0030pe nuTepaTypel MBI TIPEACTABIAEM W CPABHUBAEM PA3IUUHBIE
HEVHBA3UBHbIE METOMBI, MHCIOIb3yeMble B HACTOAIIEE BpEMs ISl H3MEpPEeHUs
CEep/IeYHOr0 BBIOPOCA Y HOBOPOXKJEHHBIX J€TeH, M BBIIENSEM UX MPEHMYIIECTBa U
HEJOCTATKH.

Knrwouesvle cnoea: Hoeoposcoennbvlll, 2eMOOUHAMUKA, UMepeHUe cepOeuHo20
svibpoca, monumopune, USCOM.

Introduction

The aim of this literature review is to present and
compare various noninvasive methods currently used to
measure cardiac output in newborn infants and highlight
their advantages and disadvantages.

Great progress has been made recently in cardiac
output assessment in newborn infants. Back in the 1970’s
cardiac output assessment in neonates was obtained using
the Fick method and the dilution or thermodilution meth-
ods [1].

These invasive methods are risky and disadvanta-
geous [2].

The Fick method measures blood flow to an organ
based on the principle that it is possible to calculate the
blood flow if the amount of the liquid taken by that organ
is known over time, and the quantity of the liquid can be
calculated both proximal to and distal to that organ. The
main disadvantage of this technique is the necessity for
arterial and venous lines and precise calculation of breath-
by-breath oxygen consumption which could prove chal-
lenging in term and in particular, preterm neonates [3].

The indicator-dilution method consists in injecting a
known quantity of a dye in the pulmonary artery and mea-
suring the dye concentration through a peripheral arteri-
al line. The main problem with this method is due to the

rapid pulmonary circulation time in newborn infants and
the recurring presence of a left-to-right shunts resulting in
unreliable outcomes [1].

Thermodilution method consists in placing a specific
catheter within the pulmonary artery provided with a tem-
perature probe on the distal extremity, like the Swan-Ganz
catheter. Even though this technique has shown good cor-
relation with both Fick method and dye-dilution its use is
limited by technical restraints [3].

Cardiac output and physiologic changes in the circu-
lation occurring from fetal to neonatal life transition

Cardiac output, expressed in litres/minutes, is the
amount of blood the heart pumps in 1 minute. Cardiac out-
put is the product of the stroke volume and the number of
beats per minute (heart rate), and it determined by: heart
rate, contractility, preload and afterload [4].

Accurate measurement of cardiac output is very im-
portant in newborn infants. There are several important
differences between fetal and neonatal circulations: the
presence of a low-resistance high-flow placental circu-
lation in the fetus; less than 10% of total cardiac output
enters the lungs. There are also important shunts present
in the fetal life to consider: the ductus venosus and the fo-
ramen ovale channel oxygenated blood from the placenta
into the left side of the heart to reach coronary and cere-
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bral circulation; the ductus arteriosus directs the majori-
ty of right ventricular output to the systemic circulation
in a right-to-left flow pattern because of high pulmonary
vascular resistance. At birth, arterial oxygen tension starts
rising and pulmonary vascular resistance begin to fall fa-
cilitating an increase in pulmonary blood flow. Increased
oxygen tension leads to the ductus arteriosus constriction;
This process is usually completed within 60 hours in 93%
of term infants. At the same time, increased lung blood
flow causes increased pulmonary venous return to the left
atrium, and as a result the pressure rises and closes the
foramen ovale. The diminished flow through the ductus
venosus is caused by the loss of the umbilical venous re-
turn and its passive closure usually occurs within 3-7 days
after birth [5].

The transition from fetal to neonatal life is associat-
ed with a significant increase in systemic vascular resis-
tance (SVR) which leads to an increase in left ventricular
(LV) afterload. This occurs following the loss of the low
resistance placental circulation and the increase in vaso-
constrictor substances as vasopressin and thromboxane A
[6]. Pulmonary arterial vasodilatation results in decreased
pulmonary vascular resistance (PVR). This is facilitated
by the increase in the partial pressure of oxygen accompa-
nying lung aeration and the increased production of vaso-
dilators such as prostaglandins, bradykinins and histamine
[7]. “The increase in SVR and decrease in PVR allows
right ventricular output to shunt towards the pulmonary
vascular bed instead of the ductus arteriosus ensuring that
LV preload is maintained by adequate pulmonary venous
return. An adequate LV preload is essential for an adequate
LV output (LVO) in the face of rising LV afterload. Con-
sequently, right ventricular preload becomes dependent
on systemic venous return, and right ventricular afterload
remains low owing to decreasing PVR” [8].

In addition to heart rate, stroke volume is an import-
ant determinant of cardiac output. Van Vonderen et al.
suggested that the increase of LVO occurring after birth is
a result of an increasing stroke volume rather than hearth
rate. In fact, we may observe significant increase in left
ventricular dimension and LVO in the first S min after birth
which usually stabilizes at 10 min, whereas blood pressure
(BP) remains stable. LVO and left ventricular dimension
increase is a result of the increase in left ventricular pre-
load resulting from pulmonary blood flow [9].

Special considerations for preterm infants

The risk for hemodynamic compromise in preterm
infants is high because of the additional challenges they
face during the transition period. Firstly, the myocardium
of a preterm infant lacks an efficient contractile mecha-
nism which may lead to impaired systolic performance;
secondly, they show a preponderance of noncontractile,
less compliant collagen which results in impaired diastol-
ic performance [10]. Furthermore, preterm infants usually
spend less time in diastole because of a relatively faster
heart rate [11]. Consequently, they show difficulty in tol-
erating increased afterload and lack the necessary reserve
to cope with reduced preload. In addition, the presence

of left-to-right shunting across a patent ductus arteriosus
(PDA) and a patent foramen ovale (PFO) reduce systemic
blood flow due to the shunting of blood to the lungs in-
stead of the systemic circulation [8]. Another important
factor which could compromise cardiac output is positive
end-expiratory pressure, which is necessary for maintain-
ing an adequate functional residual capacity in the lung
[12].

Noninvasive cardiac output monitoring in new-
borns. Neonatal Echocardiography

In the 1980’s, there was a drive to employ less in-
vasive methods for cardiac output assessment. This has
led to studies focusing on the use of pulsed Doppler ul-
trasonography for measuring cardiac output. Alverson DC
et al. measured mean velocity of ascending aorta blood
flow and derived cardiac output in 8 preterm and 14 term
healthy infants under one week of age using a SMHz
pulsed Doppler velocimeter, demonstrating that cardiac
output values obtained with this noninvasive technique
were comparable to the ones achieved with invasive meth-
ods such as cardiac catheterization and thermodilution.
They also pointed out that this noninvasive and nontrau-
matic method is portable and it can be used at the bedside.
Therefore, is a safe technique and its methodology can be
casily learned by the medical operator [13].

In recent years, neonatologists have become more
interested in echocardiography because of its ability to
assess and monitor hemodynamic status in infants in an
intensive care setting [14].

Echocardiography can provide information about the
ductus arteriosus and cardiac functional information, and
this could be useful to estimate a wide range of hemody-
namic measures [15].

Different terms are used to indicate this method such
as functional echocardiography, point of care ultrasound,
targeted neonatal echocardiography and neonatolo-
gist-performed echocardiography (NPE). Those terms de-
scribe the use of echocardiography for assessing circulato-
ry status in preterm and term infants. As recently pointed
out by Dempsey EM et al. “one of the main uses of NPE
is the assessment of cardiac output and end-organ perfu-
sion. Left and right ventricular outputs (LVO and RVO)
are often measured as an attempt to determine systemic
and pulmonary blood flow states” [16].

Point of care echocardiography could be performed
in different ways: two-dimensional grey scale echocar-
diography which is commonly used to analyze the struc-
tural anatomy of the heart, pulsed and continuous wave
Doppler which allows the measurement of blood flow and
m-mode methods which allows to focus on chamber size,
wall thickness, valvular motion and evaluate myocardial
function [17].

“Left and right ventricular output can be estimated
by measuring the annulus of the aortic or pulmonary valve
and the velocity/time integral of the Doppler waveform
of the flow through those valves (averaged over three cy-
cles). Stroke volume is calculated and multiplied by the
heart rate to derive the output (mL/ min). This is often
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divided by the patient’s weight to derive an index (mL/
kg/min)” [15].

However, the presence of a left-to-right shunt could
alter measurement of LVO, this is usually the result of a
patent ductus arteriosus (PDA) which, through the left to
right shunting, causes an increased pulmonary venous and
an increase in LVO without an improvement in system-
ic blood flow. RVO could be used to represent systemic
venous return but it can be confounded by the presence
of an inter-atrial communication which increases RVO
[16]. With echocardiography it is also possible to assess
superior vena cava (SVC) flow which is used as a surro-
gate marker for systemic blood flow because it is a direct
reflection of venous return from the brain and upper body
and is not affected by shunts [17]. In addition to evaluation
of cardiac output, functional echocardiography is a very
useful method for the assessment of PDA significance,
determining potential benefit of treatment, evaluating if
treatment resulted in PDA closure and assessing presence
or severity of pulmonary hypertension [18].

Concerning echocardiography reliability, Ficial
B. et al. used compared echocardiography to PC MRI
(Phase-contrast magnetic resonance imaging) to assess the
accuracy of LVO measurement in newborn infants. They
enrolled 49 infants with a median gestational age of 32
weeks and a median weight at birth of 1,750 g and they
performed paired PC MRI and echocardiography exam-
inations. LVO measured using echocardiography demon-
strated good correlation with PC MRI with a small mean
bias of -9.6 mL/Kg/min between PC-MRI and echocardi-
ography. This study, therefore, supports the use of echo-
cardiography for LVO assessment due to the high degree
of accuracy showed when compared with PC MRI [19].

In conclusion, even though neonatal echocardiog-
raphy is an invaluable method of hemodynamic assess-
ment, its limits are represented by the need for expensive
equipment and extensive training to perform cardiac out-
put evaluations [17]. The main problems with echo are the
following: firstly, it requires well trained and accredited
echographers; secondly, the assessment takes some time
due to multiple measurements needed and may lead to
clinical instability and inter-rater variability; and thirdly,
unfortunately it cannot be used as a continuous monitoring
tool [16].

NICOM (Noninvasive Cardiac Output Monitor)

The necessity of a noninvasive continuous method
for cardiac output monitoring in neonatal unit has led to
the development of a new technique called bio-impedance
which is a measure of how well the body hinders electric
current flow, also defined as the expanded theory of the
electrical conductance through body tissues. Two different
methods were derived from this theory such as Electrical
Velocimetry (EV) and trans-thoracic bioreactance (TBR)
[16].

The noninvasive continuous cardiac output monitor
(NICOM) exploits trans-thoracic bioreactance which is
“based on an analysis of relative phase shifts of oscillating
currents that occur when an injected current traverses the

thoracic cavity”. To achieve this, four emitting and receiv-
ing electrodes must be placed so that they can “box” the
heart [20].

One of the studies assessing the feasibility of the use
of NICOM in neonates was published in 2012: Weisz DE
et al. measured left ventricular output (LVO) in 10 in-
fants with a median birth weight of 2.72 kg and a medi-
an gestational age of 37 weeks using Echo and NICOM
simultaneously over a 2- to 4-hour period, obtaining 97
paired NICOM and Echo assessments of LVO. The me-
dian NICOM-derived LVO measurements were lower
than Echo ones by 153+56 ml/kg showing that NICOM
consistently under-read LVO by 31%. Even though this
study has demonstrated the feasibility of NICOM in new-
borns, it has also showed that NICOM cannot provide ac-
curate measure of LVO because a systematic bias of 31%
[20]. Later in 2014, Weisz et al. tried to evaluate utility of
NICOM in preterm infants under 30 weeks’ gestation un-
dergoing patent ductus arteriosus (PDA) ligation for LVO
assessment compared with Echo. Twenty-six preterm in-
fants underwent 78 paired Echo and NICOM assessments
and once again an overall NICOM-Echo systematic bias
of 39% in LVO measurements was found showing that
NICOM tend to underestimate echocardiography val-
ues. This study also demonstrated an increasing in bias
between NICOM and echocardiography with increasing
time of monitoring [21].

More recently, Forman et al. used NICOM to mea-
sure CO in infants with neonatal encephalopathy (NE) un-
dergoing therapeutic hypothermia (TH) and compared the
results with Echo-derived CO.

They enrolled 20 infants older than 35 weeks gesta-
tion with a median birth weight of 3.6 kg and a diagnosis
of NE requiring TH. NICOM measurements of CO were
started within 10 hours of TH initiation and once again,
after NICOM-derived CO were compared with Echo-de-
rived ones a strong positive correlation between the two
was found but NICOM-CO were lower than Echo-CO
showing a bias of 27% [22].

Although all previously mentioned studies demon-
strated the feasibility and the reliability of NICOM com-
pared with Echo, they also showed that NICOM tend to
under-read Echo with a systematic bias of 27-30%.

One of the possible reasons for this bias is that
NICOM algorithm used to calculate aortic diameter size
in neonates is derived from adults resulting in lower CO
values with NICOM [23]. On the other hand, echocardiog-
raphy could be responsible for overestimating CO because
it uses blood flow velocity in the central portion of aortic
root to assess CO [20]. Even though further studies are re-
quired, NICOM could be an efficient non-invasive contin-
uous method for cardiac output assessment in both healthy
term, late-preterm and preterm infants after PDA ligation
but its use should be confined to monitoring trends in car-
diac output after always a preliminary Echo evaluation.

EV (Electrical Velocimetry)

Electrical Velocimetry is a noninvasive method
for continuous monitoring of cardiac output which has
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showed a good correlation with many of the invasive
methods in adults, children and recently in newborn in-
fants. It differs from NICOM as it is based on impedance
cardiography technology and consists of four electrocar-
diographic electrodes which are placed over the skin of
the forehead, left side of the neck, left midaxillary line
at the level of the xiphoid process and left thigh. A small
alternating electrical current flows through the infant from
the outer electrocardiographic electrodes and the obtained
voltage is measured by the inner electrodes. Blood flow
in the ascending aorta is the major factor contributing to
conductance (1/impedance) and the impedance of the flow
of the current is related to the alignment of red blood cells
in the ascending aorta; precisely, when aortic valve opens
during systole, red blood cells align allowing the forward
flow of blood in the ascending aorta and causing a sudden
decrease of impedance. On the contrary, during diastole
blood cells misalign and the blood flow in the ascending
aorta stops resulting in an increase of impedance. There-
fore, the difference between the measured voltage during
systole and diastole serves as the basis for CO assessment.

In 2012 Noori et al. tried to validate the use of EV in
neonates by investigating the agreement between EV and
echocardiography for cardiac output measurement.

They enrolled 20 healthy term neonates during the
first two postnatal days and at three time points within a
30 minutes period they measured LVO both with EV and
echocardiography on the first day and second day after
birth. After a total of 115 pairs of LVO measurements they
found out similar values of LVO with EV and echocardi-
ography (5344105 vs 538+105 ml/min) with a bias and a
precision of EV of -4 and 234 ml/min. They also tried to
calculate the true precision of EV and comparing it with
the precision of echocardiography they resulted similar
(31,6% vs 30% respectively). This study pointed out how
EV accuracy and precision in assessing cardiac output are
highly comparable with echocardiography in healthy term
infants but additional studies in both preterm and term ne-
onates with hemodynamical instabilities are essential to
evaluate its validity for detecting cardiac output changes
[24].

In 2015 Ma et al. tried to evaluate cardiac output
changes in response to short-term prone positioning in ne-
onates using EV to monitor CO. They enrolled 30 hemo-
dynamically stable neonates with a mean gestational age
of 35 weeks and they were studied initially while lying su-
pine, then in prone position and finally back-to-supine po-
sition. They noticed that heart rate (HR) remained stable
during the change in position while 26 neonates showed
a decreasing in stroke volume (SV) and CO when placed
in prone position with CO decreasing from 206+44 to
180441 ml/kg/min. They however highlighted the limita-
tions of using EV such as the possibility of measurement
errors or the unknown effect of prone positioning on tho-
racic bioimpedance. Despite these limitations they could
demonstrate significant changes in cardiac and vascular
function in response to prone positioning [25].

Later in 2017, Wu et al. tried to investigate changes

in cardiac output and cerebral oxygenation between su-
pine and prone position in healthy neonates. They enrolled
34 healthy term infants with a mean age of 4 days and a
mean birth weight of 3.2 kg who underwent 66 sets of
CO measurements, 34 with EV and 32 with echocardiog-
raphy while they were placed in supine, prone and back-
to-supine position for 15 minutes during the sleep. They
detected a decrease in CO in prone position with mean
EV-derived CO values decreasing from 182457 to 170+50
ml/kg/min and echo-derived CO values decreasing from
193+48 to 174440 ml/kg/min. They identified the intrinsic
imprecision of both EV and echocardiography as a limita-
tion but both methods showed a decreasing in CO during
prone position suggesting that these findings cannot be
considered errors related to device limitations [26].

Recently, Wu et al. tried to define systemic and cere-
bral hemodynamic changes in response to the increase in
core temperature during the rewarming phase of therapeu-
tic hypothermia in infants with hypoxic-ischemic enceph-
alopathy (HIE) using EV to assess CO from 4 hours before
the start of rewarming to 1 hour after its completion [26].
They also used echocardiography and transcranial Dop-
pler 3 hours and 1 hours before starting rewarming and
then at 2, 4 and 7 hours after the start of it to assess CO and
others hemodynamic parameters [27].

Previous studies have already detected hemodynam-
ic changes during the rewarming phase of TH such as an
increase in cardiac output and systolic blood pressure and
a decrease in systemic vascular resistance (SVR) and di-
astolic blood pressure [28]. However, these studies used
just a single monitoring tool instead of comparing results
obtained by different methods.

Therefore, Wu et al. enrolled 20 infants with HIE
with a mean gestational age of 38 weeks and a mean birth
weight of 3.5 kg and they demonstrated that there were
no significant changes in HR, systolic and diastolic blood
pressure, echo- and EV-derived CO and others hemody-
namic parameters between 4 to 1 hour before rewarming
started while during rewarming there were an increase
in HR and in echo- and EV-derived CO. EV-CO was in-
creased from 153443 to 197+42 ml/Kg/min after com-
pletion of rewarming (overall CO increase of 29%) while
echo-CO was increased from 149+35 to 179434 ml/Kg/
min (overall CO increase of 20%) [27].

In conclusion, all previously mentioned studies have
used EV for noninvasive assessment of CO and compar-
ing these results with echocardiography CO assessments
they showed good agreement even though further studies
are required to confirm electrical velocimetry reliability
for use in the NICU.

Uscom

USCOM (Ultrasonic Cardiac Output Monitor) is a
non-invasive transcutancous method for measuring car-
diac output (CO) based on continuous wave Doppler ul-
trasound. Its clinical use started in 2001 but since then it
was successfully used only in adults while its feasibility in
neonates has recently started to be assessed [29].

This method uses transaortic or transpulmonary Dop-
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pler ultrasound flow tracing to measure cardiac output in a
method similar to that of echocardiography [30].

In 2010 Patel at al. tried to assess the agreement be-
tween USCOM-derived cardiac output measurements and
Echo-derived measurements in newborn infants. They
enrolled 56 infants with a median gestational age of 39
weeks, a median weight of 3.4 kg with no evidence of
hemodynamic shunts or structural or functional cardio-
vascular problems. To assess the agreement between
Echo and USCOM paired measurements of both LVO and
RVO were conducted using each method and they found
out that mean Echo-derived RVO value was lower than
USCOM-derived one (279 vs 338 ml/kg/min) while there
wasn’t significant difference in mean LVO between the
two methods (251 vs 233 ml/kg/min). This study high-
lighted that RVO measurement with USCOM were high-
er than Echo ones leading to errors while LVO values
showed better agreement. As a result, RVO measurement
with USCOM cannot be considered reliable for clinical
use. One of the possible reasons of measurement error
could be represented by erroneous positioning of the Dop-
pler sample, difficulty in minimizing angles of insonation
of the Doppler beam or miscalculation of the accurate po-
sition of the Doppler beam due to the lack of two-dimen-
sional imaging [31].

Later in 2013 Zheng et al. tried to investigate the reli-
ability and clinical utility of USCOM in term and preterm
healthy neonates comparing cardiac output measurements
obtained by USCOM and Echo. They enrolled 20 term in-
fants with a mean gestational age of (38.1 £ 0.56) weeks,
a mean weight of (3.2 + 0.29) kg and a mean Apgar score
of 10 and 29 preterm infants with a mean gestational age
of (32.6 = 2.8) weeks, and a mean weight of (1.88 £ 0.57)
kg. They measured RVO and LVO using USCOM and
Echo in term infants finding a bias between USCOM and
Echo of (30.6 £ 51.1) ml/(kg-min) for LVO and (-21.8 +
105) ml/(kg-min) for RVO with a mean % error of 21%
for LVO and 33.2% for RVO. In preterm infants the agree-
ment between Echo and USCOM was (24.1 £ 71.2) ml/
(kg'min) for LVO measurements and (-29.5 + 192.9) ml/
(kg'min) for RVO values with a mean % error of 27.4%
for LVO and 51.8% for RVO. This study demonstrated
a very poor agreement between USCOM and echocardi-
ography for RVO measurement and RVO values assessed
by USCOM cannot be recommended for clinical use [32].

More recently Beltramo et al. tried to assess validity
of cardiac output measurements performed by USCOM
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