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Abstract To analyze changes in cardiac output and

hemodynamic volumes using transpulmonary ultrasound

dilution (TPUD) in a neonatal animal model under differ-

ent hemodynamic conditions. 7 lambs (3.5–8.3 kg) under

general anesthesia received arterial and central venous

catheters. A Gore-Tex� shunt was surgically inserted

between the descending aorta and the left pulmonary artery

to mimic a patent ductus arteriosus. After shunt opening

and closure, induced hemorrhagic hypotension (by repeti-

tive blood withdrawals) and repetitive volume challenges,

the following parameters were assessed using TPUD: car-

diac output, active circulating volume index (ACVI), cen-

tral blood volume index (CBVI) and total end-diastolic

volume index (TEDVI). 27 measurement sessions were

analyzed. After shunt opening, there was a significant

increase in TEDVI and a significant decrease in cardiac

output with minimal change in CBVI and ACVI. With

shunt closure, these results reversed. After progressive

hemorrhage, cardiac output and all volumes decreased

significantly, except for ACVI. Following repetitive vol-

ume resuscitation, cardiac output increased and all

hemodynamic volumes increased significantly. Correla-

tions between changes in COufp and changes in hemody-

namic volumes (ACVI 0.83; CBVI 0.84 and TEDVI 0.78

respectively) were (slightly) better than between changes in

COufp and changes in heart rate (0.44) and central venous

pressure (0.7). Changes in hemodynamic volumes using

TPUD were as expected under different conditions.

Hemodynamic volumetry using TPUD might be a prom-

ising technique that has the potential to improve the

assessment and interpretation of the hemodynamic status in

critically ill newborns and children.
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Abbreviations

ACV(I) Active circulating volume (index)

AV-loop Arteriovenous loop

CBV(I) Central blood volume (index)

COtpud Cardiac output measured by transpulmonary

ultrasound dilution

COufp Systemic blood flow/cardiac output measured

by ultrasonic transit-time flow probe

CVP Central venous pressure

GEDV(I) Global end-diastolic volume (index)

ITBV(I) Intrathoracic blood volume (index)

MAP Mean arterial blood pressure

TEDV(I) Total end-diastolic volume (index)

TPUD Transpulmonary ultrasound dilution

TPTD Transpulmonary thermodilution

QAOpre Blood flow proximal to the insertion of

aortopulmonary shunt

QAOpost Blood flow distal to the insertion of

aortopulmonary shunt
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1 Introduction

Hemodynamic monitoring is an integral part of adult crit-

ical care and used with increasing interest in critically ill

children [1–4]. In the last decades a range of new cardiac

monitoring devices (e.g. methods based on Fick principle,

indicator dilution, Doppler ultrasound, arterial pulse con-

tour or thoracic electrical impedance) have been introduced

to provide information about the patient’s hemodynamic

state [1]. Most of these techniques are not applicable in

neonates due to technical and/or vascular access restraints

or potential toxicity of the indicator. Some of them have

not (yet) been validated or are not accurate, especially in

the presence of intra- or extracardiac shunts [5]. Trans-

pulmonary thermodilution (TPTD) is regularly used in

pediatric intensive care patients, but due to the necessity of

a dedicated thermistor tipped catheter not applicable in

infants\3.5 kg. Therefore, the estimation of cardiac output

and intravascular volume status in neonates is still mainly

based on clinical parameters, despite their proven unreli-

ability [6]. Functional echocardiography provides a lot of

hemodynamic information and allows the monitoring of

response to treatment, but is operator-dependent, requires

training and is not always available at the bedside at any

given time [7].

Transpulmonary ultrasound dilution (TPUD) is a rela-

tively new method for estimation of cardiac output, which

has been validated in adults [8, 9] and recently in pediatric

patients [10]. The main advantage of this method is that it

can be used with any (peripheral or umbilical) arterial and

central venous catheter. The TPUD has proven to be easily

applicable, reproducible and safe with acceptable accuracy

and precision for measuring cardiac output, even in the

presence of a significant left-to-right shunt in a juvenile

animal model [11–13]. After injection of isotonic saline the

ultrasound velocity in the blood will decrease and a dilu-

tion curve is obtained. Analysis of this dilution curve

enables the calculation of cardiac output and several

hemodynamic volumes, such as total end-diastolic volume

(TEDV), central blood volume (CBV) and active circula-

tion volume (ACV) [14]. TEDV is a surrogate for the end-

diastolic heart volume (comparable to global end diastolic

volume (GEDV) used by TPTD). CBV estimates the blood

volume in the heart, lungs and large vessels (volume

between the central venous and arterial catheter), resem-

bling intrathoracic blood volume (ITBV). ACV—a new

variable—differs from total blood volume, as it does not

include the blood volume in the small peripheral vessels/

microcirculation (‘high resistance vessels’). Several studies

evaluated hemodynamic volumetry in pediatric animal

models or critically ill children—all using TPTD technol-

ogy—and found in agreement with studies in adult patients,

that changes in cardiac output or stroke volume index

correlated better with changes in GEDVI than with changes

in CVP [15–18]. Although absolute values of GEDVI are

not reliable, TPTD derived GEDVI can be used as trend

monitoring [19]. In analogy with older children we assume

it could be beneficial to use hemodynamic monitoring—

including changes in hemodynamic volumes—in neonates

to diagnose underlying conditions and improve or adapt

treatment modalities.

The purpose of this study was to describe the effect of

hemorrhagic hypotension and subsequent volume resusci-

tation on cardiac output, TEDVI, CBVI and ACVI mea-

sured by TPUD in an experimental animal model with an

intermittently opened and closed aortopulmonary shunt.

2 Methods

2.1 Study design

The initial study protocol was designed to validate cardiac

output measurement using TPUD in an animal model with a

left-to-right shunt [13]. The data obtained for the current

study were collected during the initial study. The study

protocol was performed in accordance with Dutch national

legislation concerning guidelines for the care and use of

laboratory animals, approved by the Ethical Committee on

Animal Research of the Radboud University Nijmegen (RU-

DEC #2008-117). Seven random-bred lambs (3.5–8.3 kg,

age 5–21 days) were premedicated with an intramuscular

injection of ketamine (10 mg/kg), atropine (0.03 mg/kg)

and midazolam (0.2 mg/kg), followed by intravenous

administration of propofol (2 mg/kg). After orotracheal

intubation (cuffed endotracheal tube (ID 4–5 mm; Kruse,

Marslev, Denmark) they were mechanically ventilated in a

pressure control mode using a Datex Ohmeda Excel 210 SE

anesthesia machine (GE Healtcare, Waukesha, Wisconsin,

USA) under general anesthesia (isoflurane inhalation

(0.5–2.0 vol.%), intravenous administration of fentanyl

(15–20 lg/kg/h), midazolam (0.2 mg/kg/h) and pancuroni-

um (0.02 mg/kg/h) after a loading dose of 0.05 mg/kg). The

ventilator settings were adjusted during and after thoracot-

omy in order to maintain normoxaemia (Sao2 90–95%) and

normocapnia [Paco2 30–45 torr (4.0–6.0 kPa); end-tidal

CO2 30–45 torr (4.0–6.0 kPa)]. The depth of anesthesia was

repeatedly assessed by clinical parameters (heart rate,

spontaneous ventilation or elevated arterial pressure) and

pain stimuli and was adjusted when necessary.

Intravascular catheters were inserted by surgical cut-

down via the femoral vessels. The tip of the arterial cath-

eter (16 G/13 cm/1.7 mm, 681002, Secalon TTM, Becton,

Dickinson and Company, Oxford, United Kingdom) was

positioned in the abdominal aorta and connected with the
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arterial limb of the extracorporeal circuit for TPUD mea-

surement. A double-lumen central venous catheter (16

G/16 cm/1.7 cm, Arrow, Arrow International, Reading,

USA) was positioned with the tip in the inferior vena cava.

One lumen was used for connection with the venous limb

of the AV-loop for TPUD measurement. The other lumen

was used for administration of fluids and medication.

Another arterial catheter was inserted in the opposite

femoral artery to measure blood pressure continuously. A

non-stretch, thin-walled vascular graft (ID 4–6 mm, Gore-

Tex�, W.L. Gore & Associates Inc., Arizona, USA) was

then inserted between the descending aorta and the left

pulmonary artery through a left-sided thoracotomy. After a

loading dose of heparin (100–120 IU/kg), continuous

infusion of heparin (50–100 IU/kg/h) was used to prevent

shunt thrombosis. In order to measure the cardiac output

and shunt fraction, we placed perivascular ultrasonic flow

probes (PAX series, Transonic Systems Inc, Ithaca, USA)

around the main pulmonary artery (COufp) and proximal

(QAOpre) and distal (QAOpost) to the aortopulmonary shunt

on the descending aorta.

2.2 Study protocol (Fig. 1)

After a stabilization period of 15 min cardiac output and

hemodynamic volumes were measured under different

hemodynamic conditions: (1) phase 1 = normovolemia

with open and closed shunt (by (un)clamping the aorto-

pulmonary shunt), (2) phase 2 = hypovolemia, which was

effected by stepwise withdrawal of blood from the central

venous catheter until a decrease in mean arterial blood

pressure of 10 mmHg within approximately 5 min was

established (total of 3 times) and (3) phase 3 = volume

expansion, which was achieved by stepwise administration

of packed red blood cells erythrocyte concentrate (3 times

10 mL/kg). Sessions of TPUD measurements—consisting

of three consecutive injections of 1.0 mL/kg isotonic saline

at body temperature—were performed after a stabilization

period of 15 min following each intervention. At the end of

the experiment the animals were euthanized using a lethal

dose of pentobarbital (150 mg/kg).

2.3 Transpulmonary ultrasound dilution cardiac output

(TPUD)

The dilution method is based on the physiological principle

that ultrasound velocity is different in both blood

(1570–1585 m/s) and indicator (1533 m/s). It uses a dis-

posable extracorporeal arteriovenous loop (priming volume

5 mL), which is connected to the inserted catheters. A

peristaltic pump (6–12 mL/min) prevents stasis of blood and

provides stable blood flow during the 6 min measurement

sessions. Isotonic saline at body temperature is injected into

the venous limb of the AV-loop. A venous sensor—situated

nearby the injection site—calculates the exact volume of

injected saline. The saline passes the venous catheter, mixes

with blood while entering the inferior vena cava and the right

heart, passes through the lungs and the left heart and finally

arrives in the descending aorta where the arterial catheter is

situated. In the presence of a left-to-right shunt, part of the

indicator recirculates and makes an extra passage through

the lungs before reaching the arterial catheter. The arterial

sensor—positioned at the arterial side of the AV-loop—

measures the decrease in ultrasound velocity of blood due to

the concentration of the injected indicator and a dilution

curve is obtained. After three measurements the loop is

flushed and the pump stopped.

Cardiac output and hemodynamic volume values

(indexed by weight) are displayed on the CO-statusTM

monitor screen (Transonic Systems Inc, Ithaca, USA).

Calculation of the afore mentioned parameters is based on

the ultrasound dilution curve(s) and generated by the CO-

status software (Transonic Systems Inc, Ithaca, USA), first

described by Krivitski et al [14] (Fig. 2). An extensive

description and calculation of all parameters is shown in

the ‘‘Appendix’’ section.

Fig. 1 (Initial) study protocol. Blue squares/rim TPUD measure-

ments with closed shunt, white squares/green rim TPUD measure-

ments with open shunt. Bold squares measurements for data analysis

in this study. Interrupted arrows blood withdrawal/hemorrhage, black

arrows volume resuscitation
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2.4 Other measurements

We used biomedical data acquisition software (Poly, In-

spektor Research Systems BV, Amsterdam, The Nether-

lands) to store COufp, QAOpre and QAOpost with a 200 Hz

sampling rate. The exact span of the TPUD measurements

was marked in the registration. The shunt flow was cal-

culated as the difference between QAOpre and QAOpost, the

shunt fraction as shunt flow/systemic blood flow [=(QAOpre

- QAOpost)/COufp]. Before every measurement the ade-

quacy of signal strength of the flow probes was checked.

Additional acoustic gel was applied in case of decreased

signal strength (quality \0.7 on analog meter in ‘‘TEST’’

mode). Continuous monitoring of heart rate, blood pressure

and central venous pressure (CVP) was performed.

2.5 Data analysis

In phase 1, the data after shunt opening and closure were

compared. In phase 2 and 3, only the data after total

hemorrhage and total volume resuscitation with closed shunt

were analyzed. Statistical calculations were performed with

SPSS version 18.0, using a Wilcoxon signed rank test for

paired comparisons of the afore mentioned variables during

the different phases (normovolemia (open vs. closed shunt),

hemorrhage versus normovolemia and hemorrhage vs. vol-

ume resuscitation). Pearson’s correlation was used to com-

pare changes in cardiac output measured by ultrasonic flow

probe (COufp) between phase 1 (closed shunt) and phase 2,

and between phase 2 and phase 3 respectively with changes

in hemodynamic volumes, heart rate and central venous

pressure. Significance was set at a p value of less than

0.05. Values were indexed for body surface area using the

BSA-formula for lambs (BW2/3 9 0.121) with BW = body

weight [20].

3 Results

Table 1 shows the characteristics of the study population.

The mean (±SD) weight was 6.4 (±1.4) kg. Mean age was

12.3 (±6) days. The native ductus arteriosus was closed in

all animals. Lamb 1 did not receive volume expansion.

Twenty seven measurement sessions were analyzed.

Cardiac output (COtpud) ranged from 104 to 310 mL/kg/

min; cardiac output (COufp) ranged from 104 to 284 mL/kg/

min. Mean (±SD) normovolemic values (with closed shunt)

for cardiac output, ACVI, CBVI and TEDVI were 221 (±67)

mL/kg/min, 50 (±8) mL/kg, 18 (±3) mL/kg and 14 (±3) mL/

kg respectively. Qp/Qs ratio during open shunt varied

between 1.3 and 2.2. Mean total blood withdrawal per lamb

during the experiment was 19 (±3.5) mL/kg and mean total

volume resuscitation 28 (±4) mL/kg. Results are displayed

in Table 2 and Fig. 3.

3.1 Response to shunt closure

There was a significant increase in TEDVI and a significant

decrease in COtpud. CBVI and ACVI hardly changed.

After shunt closure the opposite effects were observed.

3.2 Response to hemorrhage

COtpud and all measured hemodynamic volumes decreased

significantly, except for ACVI.

Fig. 2 a Schematic overview of hemodynamic volumes and b dilu-

tion curves. MTTa, time during which the indicator travels from the

injection site (venous sensor) to the arterial sensor; FWHMart and

FWHMven, full width at half maximum of arterial and venous curves

in minutes, respectively; H, the concentration of injected saline

becomes largely stable within 60 s from the time of injection. An

explanation of the calculation of the volumes can be found in the

appendix session
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3.3 Response to volume resuscitation

COtpud and all measured hemodynamic volumes increased

significantly.

Figure 4 shows correlations between changes in COufp

and changes in hemodynamic volumes (ACVI, CBVI and

TEDVI) and hemodynamic parameters (heart rate and

CVP) respectively. Correlations were better for the

hemodynamic volumes as for heart rate and CVP.

4 Discussion

This is the first study describing the effect of different

interventions on CO and hemodynamic volume changes in

a neonatal (animal) population using TPUD. The main

findings were: (1) COtpud and hemodynamic volumes all

decreased after hemorrhage (except for ACVI) and

increased after volume resuscitation, (2) opening of the

left-to-right shunt resulted in a significant decrease in

cardiac output and a significant increase in TEDVI, while

CBVI and ACVI hardly changed. These changes were as

physiologically expected.

The changes in cardiac output and hemodynamic vol-

umes (except ACVI) during hemorrhage and volume

resuscitation in populations without a shunt were also

observed by others using TPTD [15, 17, 21]. In our study,

CBVI and TEDVI both adequately reflect hemorrhage and

volume loading. The decrease in ACVI during hemorrhage

was less explicit, which might be due to a redistribution of

blood from the peripheral vessels in an attempt to protect

the vital organs. A study of hemodynamic volumes mea-

sured by TPUD in foals showed a decrease in TEDVI and

ACVI during extensive hemorrhage (30 mL/kg) [22].

However, these authors found a high variability in CBVI

measurements, probably due to the peripheral position of

the arterial line which lead to an excessively prolonged

mean transit time. The position of the arterial catheter is

taken into account in the algorithm to calculate CBVI in

order to correct for a prolonged mean transit time.

Table 1 Lamb characteristics

Lamb Weight

(kg)

Age

(days)

Measurement

sessions analyzed

COufp mean

(±SD) (mL/kg/

min)

MAP mean

(±SD) (mmHg)

Shunt fraction

(open shunt)

Total

hemorrhage

(mL/kg)

Total fluid

resuscitation

(mL/kg)

1 3.5 12 4 255 ± 41 46 ± 5 0.81 21 –

2 6.2 5 4 216 ± 48 42 ± 7 0.30 22 29

3 8.3 10 4 199 ± 39 47 ± 8 0.61 23 27

4 6.4 11 4 157 ± 56 36 ± 9 0.44 17 30

5 7.3 21 4 188 ± 28 46 ± 6 0.46 15 31

6 7.7 14 4 139 ± 23 58 ± 23 0.85 14 19

7 6.4 14 4 134 ± 23 51 ± 8 1.19 22 30

MAP mean arterial blood pressure, COufp cardiac output measured by ultrasonic flow probe around the main pulmonary artery

Table 2 Mean values (±SD) of all parameters during the different hemodynamic phases

Variables Phase 1 Phase 2 Phase 3 Pa Pb Pc

Open shunt Closed shunt Hemorrhage Volume resuscitation

TEDVI, mL/kg 17.0 ± 4.0 14.2 ± 3.3 8.7 ± 1.2 16.1 ± 4.9 0.018 0.02 0.03

mL/m2 225 ± 52 138 ± 19 258 ± 79

CBVI, mL/kg/min 17.8 ± 3.3 18.0 ± 2.7 11.8 ± 1.3 21.8 ± 5.2 ns 0.02 0.03

mL/m2 285 ± 43 187 ± 21 347 ± 83

ACVI, mLkg/min 47.3 ± 7.4 49.8 ± 8.1 42.2 ± 5.2 62.8 ± 10.2 ns ns 0.03

COtpud, mL/kg/min 167.1 ± 40.8 221.0 ± 67.1 138.5 ± 28.2 255.3 ± 45.3 0.02 0.02 0.03

L/min 1.4 ± 0.4 0.9 ± 0.19 1.8 ± 0.33

COufp, ml/kg/min 169 ± 51 205 ± 54 140 ± 26 217 ± 41 0.02 0.02 0.03

L/min 1.3 ± 0.3 0.9 ± 0.2 1.5 ± 0.35

TEDVI total end-diastolic blood volume index; CBVI central blood volume index; ACVI active circulating volume index; COtpud cardiac output

measured by transpulmonary ultrasound dilution, COufp cardiac output measured by ultrasonic flow probe around the main pulmonary artery. Pa,

pvalue open shunt versus closed shunt (Phase 1); Pb, p value hemorrhage versus closed shunt; Pc, p value volume resuscitation versus

hemorrhage; p value\0.05 is statistically significant. Statistics by Wilcoxon test
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In the presence of a (significant) left-to-right shunt left

ventricle end-diastolic volume and left ventricle output

increases. Consequently, systemic blood flow distal to the

origin of the shunt (i.e measured cardiac output) decreases.

We indeed noticed a significant increase in TEDVI,

although this increase might—except for the enlargement

of the left atrium—also be partially due to an increase in

full width at half maximum of the arterial curve as a result

of recirculation through the left to right shunt. CBVI did

not change during shunt opening: we hypothesized that as

the blood volume in the lungs and left ventricle increases,

the blood volume in the aorta is slightly diminished due to

lower perfusion distal to the shunt insertion. ACVI did not

significantly change in the presence of this shunt. However,

when left-to-right shunting exists for a longer time, fluid

retention may occur due to decreased urine output resulting

in a consequently higher ACVI. In piglets with right-to-left

shunts (after septostomy and partial pulmonary artery

occlusion) Shih found a significant decrease in cardiac

output and CBVI, but not in TEDVI and ACVI using

TPUD [23].

We compared changes in cardiac output with changes in

the hemodynamic volumes and central venous pressure and

heart rate during phase 2 and 3. To rule out any mathematic

coupling between the cardiac output measurement by

TPUD (COtpud) and the hemodynamic volumes—both

COtpud and the volumes are calculated by the same dilution

curve—we chose to use COufp for these analyses. Changes

in cardiac output correlated better with changes in hemo-

dynamic volumes than changes in central venous pressure

and heart rate. We did not calculate blood pressure changes

in our analyses as this parameter was used to determine the

amount of blood withdrawal during phase 2. We expected—

in analogy with TPTD—that TEDVI would better reflect

preload conditions than CBVI or ACVI, but the correlation

between TEDVI and COufp was slightly less when com-

pared to the other mentioned volumes. This might be due to

(1) the relative small number of measurements and (2) the

Fig. 3 Absolute changes of cardiac output measured by transpulmo-

nary ultrasound dilution COtpud (a), active circulating volume index

ACVI (b), central blood volume index CBVI (c) and total end-

diastolic blood volume index TEDVI (d) during different

hemodynamic phases for all subjects. Normo_O, normovolemic

phase with open shunt; normo_C, normovolemic phase with closed

shunt; volume resuscit, volume resuscitation
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presence of 1 outlier (lamb 5, phase 3) for which we have no

clear explanation (no system warning, no inotropic use).

When recalculating correlations without this aberrant

measurement TEDVI seems a better predictor for preload

(Pearson’s correlation for ACVI = 0.85, CBVI = 0.89

respectively TEDVI = 0.89). In a study of 100 ventilated

children the predictive value for fluid responsiveness

([15% change in stroke volume after a 10 mL/kg fluid

bolus) was poor, although slightly better for hemodynamic

volumes measured by TPUD than for CVP [24].

The changes in cardiac output and hemodynamic vol-

umes measured by TPUD are in accordance with the

expected physiological changes in this experimental setting.

In our opinion hemodynamic volumetry could play—in

analogy with the use of TPTD in adults and children—an

important part in advanced hemodynamic monitoring of

critically ill neonates as different clinical conditions may be

associated with specific changes in cardiac output and

hemodynamic volumes. We are aware that this current

experimental model rather reflects acute hemodynamic

changes, similar with clinical (neonatal) situations as acute

(perinatal) blood loss, repetitive volume resuscitation dur-

ing sepsis and ductal ligation. This model might therefore

not be suitable to interpret changes in hemodynamic blood

volumes in more chronic conditions as compensating

mechanisms may alter blood volumes. However, we believe

Fig. 4 Pearson’s correlation between (percentage) changes in COufp and changes in a ACVI, b CBVI, c TEDVI, d central venous pressure

(CVP) and e heart rate. Dotted line line of identity
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that combining repetitive measurements of CO and hemo-

dynamic volumes and their dynamic interactions in

response to time and treatment might be helpful in diag-

nosing underlying conditions and improving or adapting

treatment modalities.

It was not our intention in this study to validate the

accuracy of the hemodynamic indices in terms of absolute

values, so we do not know whether the measured hemo-

dynamic volumes are comparable with normal values for

infants and neonates. To our knowledge no studies have

been published that define normal values for hemodynamic

volumes (especially CBV and ACV) in pediatric patients.

To compare our observed values with those found in

TPTD-studies in small children and animals we recalcu-

lated and indexed them by body surface area [20]. Com-

parison of absolute values of hemodynamic volumes

measured by TPTD and TPUD in juvenile animals and

children reveals that GEDVI and ITBVI—although pro-

portionally smaller than in adults [15, 18]—are still 1.5–2

times higher than TEDVI and CBVI [25]. Our results

confirm this finding. This discrepancy is caused by (1) the

difference in the indicator used (TPTD uses a diffusible

thermal indicator), (2) the mathematical models used for

the calculation of hemodynamic values in TPUD and

TPTD [14, 26] (see also ‘‘Appendix’’) and (3) the algo-

rithm used by TPTD for calculating GEDVI which is not

appropriate for small children [16]. Therefore, volumes

measured by TPUD might better reflect absolute volumes.

In addition to the relatively scarce data, the main limi-

tation of our study is the lack of concomitant right and left

ventricular end-diastolic volume measurement by using for

example 3D-echocardiography or cardiac MRI, as these

latter might estimate the actual TEDVI. However, as

mentioned before, this was not the aim of our study. Sec-

ondly, TPUD is an invasive monitoring system requiring

central venous and arterial lines. However, in contrast to

TPTD, TPUD can be used with any indwelling catheter

inserted in term and preterm infants. Additionally, the use

of triple injections of 1.0 mL/kg per session could lead to

fluid overload in vulnerable neonates when used repeti-

tively. Previously, de Boode showed that for cardiac output

measurements (1) using 0.5 mL/kg instead of 1.0 mL/kg of

isotonic saline per injection and (2) performing 2 consec-

utive measurements (instead of 3), unless the difference

between the two measurements exceeds 10%, is as precise

and accurate as the recommended sessions [11]. We con-

firmed those findings in another study [13].

We conclude that TPUD can be used in an experimental

neonatal population with or without a left-to-right shunt to

adequately monitor changes in hemodynamic volumes under

different hemodynamic conditions. Although its clinical

utility in neonates is not yet proven, and absolute values of

the hemodynamic volumes must be interpreted with caution,

TPUD seems a promising technique that might improve the

assessment and interpretation of the hemodynamic status in

critically ill newborns and children, especially when used as

a trend monitoring. Validation studies of TPUD in neonates

and children in comparison with (3D) echocardiography or

cardiac MRI are warranted to evaluate the accuracy of these

blood volume measurements.
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Appendix: Calculation of hemodynamic volumes

TPUD [14]

Cardiac output is calculated using the Stewart–Hamilton

equation: CO = Vinj/$Ca(t), with Vinj = the volume of

injected saline (mL) and $Ca(t) = the area under the

dilution curve [saline concentration in arterial blood

(mLsaline/mLblood 9 minute)].

Active circulating volume (ACV) is defined as the vol-

ume of blood in which the indicator mixes in a 1 min time

period from the time of injection. It is calculated using the

following formula: ACV = Vinj/H, where Vinj = volume

of injected isotonic saline (mL); H = level of isotonic

saline concentration in the blood (mLsaline/mLblood) at

the end of the first minute after venous injection as recor-

ded by the arterial sensor.

Central blood volume (CBV) is calculated as

CBV = CO 9 (MTTa - MTTv - MTTt) with CO cardiac

output and MTTa the mean transit time, which is the time

span between injection of the indicator (measured by the

venous sensor) and the time point when half of the indi-

cator has passed the detection point (arterial sensor). As the

mean transit time actually refers to the transit time of the

indicator between the venous and arterial catheter a cor-

rection must be made for the time the indicator travels from

the injection site to the end of the venous catheter (MTTv)

and the mean transit time during which the indicator travels

in the loop before reaching the arterial sensor (MTTt).
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CBV might vary slightly depending on the position of the

tip of the arterial and central venous catheter.

Total end-diastolic volume’s (TEDV) calculation is based

on the assumption that the change in spread of the ultrasound

dilution curve from the initial venous shape results largely

from mixing of the indicator in the heart chambers. This

spread of the curve is defined as the full width at half maxi-

mum (FWMH) (1). The venous injection curve is small and

high (no mixing of indicator yet) resulting in a small

FWHMven, while the arterial dilution curve is broader and

less high due to mixing of indicator (larger FWHMart). The

higher the end-diastolic volume, the broader the arterial curve

will be. As the spread of the curve will also be influenced by

the heart rate the formula for TEDV calculation is corrected

for this: TEDV = CO 9 (1.62/HR ? 0.77 9 FWHMc)

where CO = cardiac output (mL min-1); FWHMc

= (FWHMart2 - FWHMven2)1/2; HR = heart rate (bpm);

FWHMart and FWHMven = the full width at half maximum

of the arterial and venous curves in minutes, respectively. All

the volumes are indexed by bodyweight.

Hemodynamic volumetry by TPTD [26]

The intrathoracic blood volume (ITBV) is defined as the

sum of GEDV and pulmonary blood volume. It is calcu-

lated based on the assumption that the blood volume in the

lungs and the intrathoracic vessels (with the exception of

heart volume) constitutes 25 % of GEDV:

ITBV ¼ 1:25 � GEDV

This assumed factor of 1.25 is based on one study in

adult subjects [27]. However, there exists a rather large

intra- and interindividual variability [28, 29]. Global end-

diastolic (GEDV) is defined as the sum of all end-diastolic

volumes of atria and ventricles. It is calculated by sub-

tracting the pulmonary thermal volume (PTV) from the

intrathoracic thermal volume (ITTV):

GEDV ¼ ITTV � PTV(ml)

where ITTV is the distribution of the thermal volume in the

thorax and calculated as cardiac output multiplied by the

mean transit time of the thermal indicator:

ITTV(ml) ¼ CO � Mtttherm and

PTV(ml) ¼ CO � DSt � 1; 000

=60ðDSt the downslope time of thermodilution

curveÞ
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