
ABSTRACT

Birth is a moment of transition from intra- to extra-uterine life, which is characterized 

as switching of gas-exchanging organs from the placenta to the lungs. It is achieved 

by aeration as well as perfusion of the lungs (increase in pulmonary blood flow). This 

is, without doubt, the most challenging event in human life. Assessment of circulatory 

status of the newborn in this critical period is challenging as well. For monitoring 

those tiny, vulnerable, and unstable creatures, technology requires non-invasiveness 

and a reasonably high signal/noise ratio. Conventionally, we have monitored circula-

tory status of newborns by inspection and physical examination, including vital signs 

such as body temperature, skin color, heart rate and blood pressure. Echo car diogra-

phy was introduced in the 1980’s and its function has been developing and advancing 

ever since. It is certainly the most powerful tool for both the assessment and manage-

ment of circulation in the newborn infants. Although echocardiography is actually 

not a ‘continuous monitor’ but an ‘intermittent check-up'.  Its disadvantage can be 

overcome to some extent by performing it quickly and frequently. However, some 

novel methods for monitoring circulation are being developed and becoming avail-

able in clinical neonatology. For example, near-infrared spectroscopy, electrical car-

diometry and laser Doppler flowmetry may be useful for monitoring other as pects of 

circulation.
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INTRODUCTION

Birth is, from a biological point of view, the most critical event in life. Indeed, it is the 

riskiest moment and is characterized as a period of transition from intra- to extra-uterine 

life, in which the gas-exchanging organ abruptly switches from the placenta to the lungs 

in a matter of few minutes. In this period of transition, aeration of the lungs is obviously an 

essential event. However, simultaneous changes in circulation which are essential as well.  

This transitional events are orchestrated by a number of delicate and fine-tuned biological 

processes.
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Considering the complexity of this coordinated series of 

events, it is surprising that most newborns go through the chal-

lenging task of adaptation in a relatively smooth and une ventful 

way. In some babies however, certain processes in the course of 

transition may not go well and may require medical intervention. 

Indeed, neonatologists face and handle these babies in trouble 

in the neonatal intensive care unit (NICU).

For successful completion of this transition, a number of 

events must go smoothly, which are precisely what we focus on 

and monitor in newborn infants in the NICU.

At birth, a fall of pulmonary vascular resistance causes an 

immediate increase in pulmonary blood flow that is coupled 

with a cessation of placental perfusion. An increase in pulmo-

nary blood flow is accompanied by an increase in blood vol-

ume in the pulmonary vasculature. That means that the total 

circulating blood volume in the infant’s body increases. Lung 

aeration causes fluid absorption in the lung, which moves into 

the pul monary vasculature and lymphatics via the interstitium 

and contributes to the increase in circulating blood volume. As 

a consequence of all these mechanisms, resulting from removal 

of placental circulation and increased in pulmonary blood flow, 

both pre- and after-load of the right heart decrease and those of 

the left heart increase. The ductus arteriosus typically closes in 

the first few hours after birth. On the other hand, flow through 

the ductus venosus and the foramen ovale normally stops 

immediately followed by complete anatomical closure within 

a few days. Obviously the level of oxygenation in the systemic 

arterial blood increases.

Neonatologists are dealing with babies who have difficulty 

with one or more steps in this series of complicated circulatory 

events that occur after birth. Therefore, babies in the NICU are 

continuously monitored, frequently examined, and closely fol-

lowed for their clinical status.

MODES OF MONITORING AND EXAMINATION

In previous days in neonatal intensive care, with limited medi-

cal resources, neonatologists simply observed babies closely and 

assessed them with only a few kinds of physical tests.  Today, 

however, we are equipped with a number of moni tors, machines 

and biochemical tests of advanced modern technology.

These monitors and examination methods are categorized 

into three groups (Table 1):

1. Continuous monitoring

2. Intermittent (regular) monitoring/examination

3. Occasional examination

The first group is defined as ‘continuous’ which is usually 

(relatively) non-invasive and less specific. For example, car dio-

respiratory monitoring and pulse oximetry, transcutaneous PO2/

PCO2 monitoring, capnometry of expired gas and blood pressure 

monitoring using an indwelling vas cular catheter. In some units, 

central-peripheral temperature differ ence is sometimes being 

monitored. Recently monitors look  ing at other physiological 

functions, such as near-infrared spec troscopy (NIRS) and 

electrical cardiometry (EC) are beginn ing to be used in the NICU. 

Laser Doppler flowmetry may become a useful tool but is still not 

widely applied.

The second group includes most of the physical examinations, 

blood tests and other ‘point-of-care’ physiological examinations.

They are generally a little more invasive and more specific than 

the first group. For example, inspection of the skin color and acti-

vity, chest auscultation, capillary refill time, oscillometric blood 

pressure measurement, urine output measurement, and blood 

tests for blood gas analysis, lactate and natriuetic peptides assays.

The last group is the most specific and diagnostic but tends 

to be more invasive and may interfere with infant’s circulatory 

status. It tends to be performed very occasionally or just once. 

Car diac catheterization and angiography are examples of 

tests in this category. Magnetic resonance imaging (MRI)  and 

computed tomography (CT) scan may also be included in this 

category but are relatively less invasive.  Echocardiography per-

formed by a pediatric cardiologist may also fall into this category, 

but is certainly less invasive than the above-mentioned imaging 

modalities.

Echocardiographic examinations performed by neonatologists 

may be considered as a modality somewhere between the group 

2 and 3. They may not be performed as frequently as blood gas 

analyses or vital sign checks, but definitely more often than echo-

cardiography performed by pediatric cardiologists.

INTERNATIONAL TRENDS OF ECHOCARDIO
GRAPHY IN THE NICU

A portable echo machine is an extremely useful tool in the 

NICUs all over the world. In addition to the brain and abdominal 

organs, the heart is one of the main target organs. There are 
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plenti ful clinical situations where echocardiography is useful in 

the NICU, as listed in Table 2.

Attitude towards the clinical application, feasibility and 

usage of echocardiography varies among different countries.

Most of the time, initial structural echocardiographic study for 

screening congenital heart disease (CHD) is still performed by 

pediatric cardiologists. However, recently, follow-up functional 

echocardiographic examinations are being increasingly per-

formed by neonatologists (Figure 1). A shift from pediatric car-

diologists to neonatologists is a universal trend, occurring in 

many countries in the world. Japan seems to be a leading country 

in this field.

We recently conducted a survey of the clinical practice of echo-

cardiographic examinations among neonatal doctors working 

in the NICU in Korea and Japan. The responses to the questions 

were compared between the two countries. Table 3 shows the 

main findings of the survey. Echocardiography is being performed 

more than 90% of the time by neonatologists in Japan, whereas in 

Korea, the numbers were divided equally between neonatologists 

and pediatric cardiologists. In Japan, echocardiographic exami-

nation in the NICU tended to be done more frequently and in 

shorter time for one series of check-up than in Korea. In other 

Table 1. Comparison of Different Modes of Monitoring/Examination Used in the NICU

Category Method Non-invasiveness Bed side use Specficity

Continuous monitoring Electrocardiography + + –/+

Pulse oximetry + + –

Transcutaneous PO2/PCO2 +/- + –

Capnometry + + –

Intra-arterial blood pressure monitoring – + –/+

Central-peripheral temperature difference + + –

Urine output + + –

Near-infrared spectroscopy + + –/+

Electrical cardiometry + + +

Intermittent monitoring/examination Inspection (skin color, capillary refill time, etc.) + + –

Oscillometric blood pressure +/- + –/+

Blood gas analysis – + –/+

Blood lactate – + –

Blood natriuretic peptides – + –/+

Echocardiography by neonatologists +/- + +

Occasional examination Catheterization (Fick principle) – – +

Angiography – – +

Magnetic resonance imaging/Computed tomography – – +/-

Scintigraphy – – +/-

Echocardiography by pediatric cardiologists +/- + +

Table 2. Reasons for Targeted Neonatal Echocardiography. 
From Mertens L, et al. Eur J Echocardiogr 2011;12:715-36 [2].

Reason 

Suspected PDA (delayed closure of ductus arteriosus)

Perinatal asphyxia

Neonatal hypotension

Suspected PPHN

Suspected effusion (pericardial, pleural)

Central line placement

Congenital diaphragmatic hernia

ECMO cannulation

Abbreviations: PDA, patent ductus arteriosus; PPHN, persistent pul-
mo nary hypertension; ECMO, extracorporeal membrane oxygenation.

Echocardiography 

Structure study Function study 

Structural abnormality 
(Congenital heart defect) 

‘Functional’ echocardiography 
‘Point-of-care’ echocardiography 

Pediatric cardiologists Neonatologists 
Pediatric cardiologists 

Figure 1. Initial structural echocardiographic study for screening 
congenital heart disease (CHD) is performed by pedia tric cardiolo-
gists.  Follow-up functional or point-of-care echocardio graphic 
examinations are more often performed by neo natologists.



70 Keiji Suzuki
Assessment of Circulatory Status

levels of cognitive or practical skills are defined2).

USEFUL PARAMETERS OF FUNCTIONAL 
TARGET ED ECHOCARDIOGRAPHY

Widely used parameters for assessment of neonatal cardiac 

function are summarized in Table 52). Shortening fraction (SF) or 

ejection fraction (EF) is an index of left ventricle (LV) contracting 

performance and universally used in neonatal echo cardiography. 

Mean velocity of circumferential fiber shortening (mVcf) is an 

index to assess the speed of LV contraction. Transmitral flow 

velocity pattern is considered to be useful for assessing dia stolic 

function of the LV. In the normal mature heart in term new-

borns, E wave (early phase mitral flow by relaxation of LV) is 

greater than A wave (late phase mitral flow by left atrium [LA] 

contraction) and E/A ratio is >1.0. In less compliant hearts with 

impaired diastolic relaxing function, the relative size of E wave 

to A wave is reversed and E/A ratio becomes <1.0. However in 

words, the echocardiography for the neonate in Japan was 

more like that of an intermittent monitor/examination, just like 

blood gas analyses or blood pressure measurements. It seem ed 

to be an extreme form of what is called a ‘point-of-care’ echo-

cardiography in the NICU. According to a more structured 

in vestigation conducted recently in European countries, the 

United States, and Australia1,2), neonatologists are becoming 

more interested and involved in echocardiography.  Following 

those trends, to meet the need for knowledge and technique 

for targeted neonatal echocardiography, American College of 

Cardiology (ACC)/American Heart Association (AHA)/American 

Society of Echocardiography (ASE) in the US and Association 

of European Pediatric Cardiologists (AEPC) in Europehave pre-

sented suggestions for training requirements. Based on these 

requirements, an ASE/EAE/AEPC working group has proposed  

targeted neonatal echocardiography (TNE) guidelines for train-

ing requirements as shown in Table 4. They consist of more basic 

‘core’ training lasting 4 to 6 months and ‘advanced’ training of 

additional 4 to 6 months. In each training program, detailed 

Table 3. Survey on Practices of Echocardiographic Examina tion in the NICU in Korea and Japan

Question Korea, n (%) Japan, n (%)

‘Who would do the car diac echo in the NICU?’ Neonatologist 59 (44) 48 (92)

Pediatric cardiologist 69 (51) 2 (4)

Sonographer 6 (4) 1 (2)

Others 1 (1) 1 (2)

‘How often is the cardiac echo performed within the first few days of birth?’ Less than once a day 48 (56) 1 (2)

Once a day 22 (26) 14 (29)

More than once a day 16 (19) 34 (69)

‘How long does it take for one series of echocar diographic exam?’ < 5 min 17 (20) 27 (55)

5-10 min 53 (61) 18 (37)

>10 min 17 (20) 4 (8)

Table 4. Summary of Training Requirements in Proposed TNE Guidelines in Comparison with Pre-existing ACC/AHA/ASE and 
AEPC Guidelines. From Mertens L, et al. Eur J Echocardiogr 2011;12:715-36 [2].

Core/basic Advanced Expert Accreditation

ACC/AHA/ASE Number* 150 performed

150 reviewed

+200 performed

+200 reviewed

Not defined None

Duration† 4-6 months + 9-12 months

AEPC Number* 250 performed 750 performed 2,000 performed EAE exam

Duration† Not defined 1 year Not defined

New proposal of TNE guidelines Number* 150 performed

150 reviewed

+150 performed

+150 reviewed

Not defined none

Duration† 4-6 months + 4-6 months

Abbreviations: ACC, American College of Cardiology; AHA, American Heart Association; ASE, American Society of Echocardiography; AEPC, 
Association of European Pediatric Cardiologists; TNE, targeted neonatal echocardiography; EAE, European Association of Echocardiography.
*Number of studies, † Duration of training.
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preterm infants with immature constrictive LV, the situation is 

different.  The E/A ratio is normally <1.0 which often tends to 

increase when the ductus is open and pulmonary blood flow is 

increased with more volume of blood flowing into the LA and 

LV. Myocardial performance index (MPI) or Tei index is a useful 

indicator which reflects a combined function of both relaxation 

and contraction. Impairment of relaxation via prolonged iso-

volumic relaxation time (IRT) as well as impaired contraction via 

prolonged isovolumic contraction time (ICT) results in a high-

er value. End-systolic wall stress (ESWS) expresses the degree 

of LV myocardial strain force at end-systole and is an index of 

LV afterload that increases according to increased peripheral 

vascular resistance. Circulatory management on the basis of 

stress-velocity relationship (ie. ESWS-mVcf relationship) was 

proposed by Colan et al.3) some decades ago and applied re-

cently by Toyoshima et al for preterm infants4). According to 

this theory, in preterm infants with circulatory insufficiency, 

inotropic support is indicated when mVcf is decreased, whereas 

vasodilators indicated when ESWS is increased. In cases with 

persistent pulmonary hypertension of the newborn (PPHN), 

the pulmonary vascular resistance is elevated causing elevated 

right ventricle (RV) afterload.  High pulmonary artery (PA) and 

RV pressure results in increased tricuspid regurgitation (TR) 

velocity, RSTI (RV systolic time interval; pre-ejection period 

[PEP]/ejection time [ET] and decreased acceleration time to 

ejection time ratio in flow velocity waves in the main pulmonary 

artery [AcT/ET]). A total of systemic blood flow (cardiac output) 

is estimated by analyzing flow velocity waves in the LV outflow 

ascending aorta. Similarly, blood flow to the brain is estimated 

by analyzing flow velocity waves in the superior vena cava (SVC), 

which is known to be associated with intracranial morbidity in 

low birth weight infants5,6).

1. Useful parameters for assessing Patent Ductus Arteriosus 
(PDA) status

Management of PDA is always one of the primary issues of 

Table 5. Parameters of Cardiac Function in Targeted Neonatal Echocardiography

Category Parameter Calculation

LV systolic function SF (shortening fraction)

EF (ejection fraction)

mVcf (mean velocity of circumferential fiber shortening) (LVIDd-LVIDs)/LVIDd * RR1/2/ET

LSTI (LV systolic time interval) PEP/ET (LV)

LV diastolic function TMF (transmitral flow velocity pattern)

MV E/A ratio

MPI (myocardial performance index)/Tei index (ICT+IRT)/ET

LV afterload ESWS (end-systolic wall stress) 1.35*LVIDs*Pes/[4Hes (1+Hes/LVDIs)] 

RV systolic / PA pressure TR velocity

RSTI (RV systolic time interval) PEP/ET (RV)

MPA AcT / ET ratio

Atrial-level shunt Shunt directionality

Systemic blood flow LVOT flow (LV outflow tract flow) cross-sectional area * VTI * HR (LVOT)

SVC flow cross-sectional area * VTI * HR (SVC)

PDA Narrowest dimension of duct

Ductal flow pattern

LPA diastolic flow

LA dimension (LA/Ao) LA/Ao diameter

LVIDd dimension LVIDd/Ao diameter

Abbreviations: LV, left ventricle; RV, right ventricle; PA, pulmonary artery; PDA, patent ductus arteriosus; SF, shortening fraction; EF, ejection 
fraction; mVcf,  mean velocity of circumferential fiber shortening; LSTI, left ventricle  systolic time interval; TMF, transmitral flow velocity pattern; 
MV, mitral valve; MPI, myocardial performance index; ESWS, end-systolic wall stress; TR, tricuspid regurgitation; RSTI, right ventricle systolic time 
interval; MPA, main pulmonary artery; AcT,  acceleration time; ET, ejection time; LVOT, left ventricle outflow tract; SVC, superior vena cava; LPA, left 
pulmonary artery; LA, left atrium; Ao, aorta; LVIDd, internal dimension of left ventricle (diastolic); LVIDs, internal dimension of left ventricle (systolic); 
ET, ejection time; PEP,  pre-ejection period; ICT,   isovolumic contraction time; IRT,   isovolumic relaxation time; Pes, left ventricular pressure at end 
systole; Hes, posterior wall thickness of left ventricle at end-systole; VTI, velocity time integral; LVOT, left ventricle outflow tract; HR, heart rate.
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concern in the management of very preterm neonates. Repetitive 

point-of-care echocardiography plays an important role in 

assess ing PDA status for clinical decision making. Size of the 

ductus, the amount of left-to-right shunt flow, and loading effects 

on LV have to be assessed. With a widely open ductus with mass-

ive shunt volume, flow velocity waveforms are pulsatile and 

the velocity is relatively slow. A closing or constrictive ductus, 

however, shows high speed turbulent velocity waveforms. 

Volume of shunt flow is estimated by measuring the antegrade 

diastolic PA (e.g. left PA) flow because the left-to-right shunt 

flows mostly during the diastolic phase. Volume of pulmonary 

blood flow (coming into the Left atrium [LA] and then to the LV) 

can be estimated by calculating indices of LA size (LA/Aortic 

Root [Ao] ratio or LA volume) or LV size (left ventricular internal 

diameter at end diastole [LVIDd]/Ao ratio)7).

NOVEL TECHNOLOGIES OF MONITORING 
CIRCULATION IN THE NEWBORN

In spite of efforts and enthusiasm of neonatologists in Japan 

and other countries, echocardiography,with its fundamental 

advantages as sophisticated imaging technique, possesses basic 

limitations. It is only cutting out a series of cardiac images within a 

certain time frame out of ever-changing cardiac movements and 

circulatory status. In addition, even a brief touch of an echo probe 

may affect heart rate and influence an infant’s circulatory status. 

Some novel technologies and equipment that can monitor 

parameters of circulatory system continuously and relatively 

non-invasively are being introduced. These new techniques may 

compensate for some of the problems associated with echo-

cardiography and are coming into clinical practice in the NICU.

1. Electrical cardiometry
Cardiac output or LV output flow is one of the most important 

indices among many parameters of circulation. Electrical 

cardiometry, a recently introduced technique measuring cardiac 

performance as well as thoracic fluid content, can compensate 

for some drawbacks associated with echocardiography. It is a 

method for non-invasive continuous monitoring of blood flow 

in the aorta based on a principle of impedance cardiography 

and estimates cardiac output. It measures change in electrical 

conductivity due to change in red blood cells alignment and 

aortic diameter by attaching four small electrodes/sensors on the 

skin. A good correlation has been confirmed between cardiac 

output obtained by this method and that obtained from cardiac 

catheterization or echocardiography, for both adult and pediatric 

patients8,9). Combining data of cardiac output with information 

of systemic blood pressure, systemic vascular resistance can also 

be calculated. This device can also estimate an index of thoracic 

fluid content. One limitation is, however, that measurement 

tends to be less accurate in cases with massive chest wall fluid or 

edema. For a patient on high frequency ventilation, the measure-

ment is also more difficult9). Large shunt PDA may also interfere 

with its evaluation of cardiac output.

2. Near-infrared spectroscopy
Near-infrared spectroscopy is another relatively novel tech-

nology, giving us information on organ perfusion calculated from 

values of reflecting near-infrared lights of two or more different 

wavelengths. It can measure oxygenated and deoxygenated 

hemoglobin as well as changes in tissue blood volume. It 

does not directly express values for circulation. Instead, it 

gives us information on peripheral circulation by measuring 

oxygenation saturation status in the tissue. Because most tissue 

blood (-75%) is in venous blood vessels in organs, the value is 

more influenced by venous blood saturation than arterial one. 

Consequently, the tissue oxygen saturation value increases with 

high blood flow (supply) or high total hemoglobin because the 

level of oxygen delivery increases. On the contrary, low values 

indicate decreased tissue perfusion, increased oxygen uptake or 

decreased hemo globin level. The difference between the tissue 

oxygen saturation and arterial oxygen saturation is defined as 

FTOE (fraction of tissue oxygen extraction) and presumably 

reflects the balance of oxygen supply and consumption in the 

tissue. FTOE in the cerebrum has been demonstrated to be a 

useful predictor of later intraventricular hemorrhage and death 

in very low birth weight infants10). Studies using this method 

have mainly been focused on cerebral perfusion. Normal and 

abnormal values of cerebral tissue oxygen saturation have been 

relatively well studied. Although there have been some reports 

of applying this technique to other part of the body such as 

abdominal viscera or muscles in the extremities11,12), studies on 

‘non-cerebral’ organs are still relatively few and further research 

is expected in future.

3. Laser Doppler flowmetry
Another way of estimating the level of peripheral tissue per-
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fusion is laser Doppler flowmetry.  Laser Doppler flowmetry is 

unique because it continuously measures and monitors peri-

pheral blood flow in the tissue. It can measure blood flow in 

the skin and subcutaneous tissue by attaching small sensors to 

the skin. Laser beams penetrate the skin and strike red blood 

cells in the capillaries, venules and arterioles within a shallow 

hemispherical area. The beams are then converted into scattered 

light by frequency variations that are proportional to red blood 

cell velocity. A photo detector in the probe recognizes the light 

as electric signals.  The relative value of blood flow is calculated 

from these signals and expressed as mL/100 g tissue/min. It can 

monitor the microcirculation within 3-4 mm depth in the skin 

and subcutaneous tissue13,14). It is reported that simultaneous 

measurement of skin blood flow in the forehead and foot is use-

ful in predicting serious complications such as intra-ventri cular 

hemorrhage in very low birth weight infants14). This equipment 

is currently not commonly found in NICUs, but may potentially 

become a useful tool in future.

CONCLUSION

Echocardiography is a relatively non-invasive imaging techni-

que that also enables us assessment of cardiac function. It is an 

ample source of information and no other single equipment can 

compare to echocardiography in assessing neonatal circulatory 

status. In many countries around the world, neonatologists 

are becoming more interested and involved in doing point-of-

care or targeted neonatal echocardiography and development 

of structured training programs is underway. Recently, some 

promising technology is being introduced into the NICU, such as 

electrical cardiometry and near-infrared spectroscopy (and laser 

Doppler flowmetry), which can compensate for some negative 

aspects of echocardiography in terms of non-invasiveness and 

continuity.
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