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Abstract:
Background:
There is an increased interest in methods of objective cardiac output measurement in pediatric cardiac surgery. Several techniques are
available, but have limitations, among the new technologies pressure recording analytical method with MostCare (MostCare-PRAM),
a minimally invasive hemodynamic monitoring system, represents a novel arterial pulse contour method that does not require
calibration. For this reason, we compared the MostCare-PRAM vs the Fick method for estimation of cardiac output.
Methods:
We studied prospectively 13 pediatric patients who underwent cardiac surgery and compared intraoperatively Cardiac Index (CI)
measured with the MostCare-PRAM with the CI measured with the Fick method. We also measured Cardiac Cycle Efficiency (CCE)
and maximal arterial pressure/time ratio (dp/dt max) and compared with Fick method.
Results:
The data showed good agreement between CI Fick and CI MostCare-PRAM (r = 0.93 and R2= 0.86; p < 0.0001) and also between
CCE (r = 0.82 and R2 = 0.67; p < 0.001) and dp/dt (r = 0.84; R2 = 0.81; p < 0.001) with CI measured with Fick method.
Conclusion:
In pediatric patients submitted to cardiac surgery, the MostCare-PRAM seems to estimate CI with a good level of agreement with the
Fick method measurements.
Keywords: Pediatric cardiac output, PRAM, Pediatric cardiac surgery, Fick method, Cardiac index, Cardiac cycle.

1. INTRODUCTION
It is well known that clinical assessment of cardiac output using indirect parameters of systemic blood flow is
beneficial for the patient and reduces morbidity and mortality. In children submitted to cardiac surgery, low cardiac
output is associated with an increased mortality [1] and any delay in the diagnostic process of shock increases mortality
[2] to prevent the risks of low systemic blood flow by monitoring cardiac output. Many methods of cardiac output
monitoring are available, but not all are feasible in the pediatric population. This limitation is due to technical and size
restraints, the potential toxicity of indicators (lithium, carbon dioxide), risk of fluid overload, difficulties in vascular
access and, above all, the presence of shunts (transitional circulation, congenital heart defects) [3].
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Between the various methods PRAM (Pressure Recording Analysis Method) is a method designed for arterial
pressure-derived continuous CO and it is the only methodology that does not need any starting calibration, central
venous catheterization, or any adjustments based on experimental data but only an arterial line (radial, brachial,
femoral) [4]. The aim of this study was to evaluate the reliability of an uncalibrated pulse contour method, PRAM, to
measure CO in pediatric patients scheduled for cardiac surgery, compared with the Fick method. Our hypothesis is that
PRAM will show a good correlation with the Fick method for determining cardiac index in pediatric patients.
2. MATERIAL AND METHODS
After obtaining approval of the local Ethics Committee and parental informed consent, we studied prospectively 13
children with congenital heart disease with a mean age of 1 year and 8 months and weight of 11.5 kg (± 12.6 SD),
undergoing elective congenital heart surgery. All the patients were performed with Cardiopulmonary Bypass (CPB).
According to the standard institutional practice, after premedication with 0.5 mg/kg oral midazolam, anesthesia was
induced with midazolam 0.1 mg/Kg, fentanyl (3 μg/kg) and subsequently maintained and balanced with fentanyl (3-6
μg/kg/h) and sevoflurane (1-1.5 vol %) inhalation. During CPB sevoflurane was substituted with propofol at 3-5
mg/Kg/h. Muscle relaxation for intubation was achieved with 0.1 mg/kg rocuronium and maintained with a dosage of
0.05 mg/kg/h. After intubation, the patients were ventilated with a fixed tidal volume of 10 ml kg and a frequency
adapted to age and to maintain the PaCO2 between 30 - 40 mmHg. The Positive end-expiratory pressure was set
between 3 and 5 cm H2O and FIO2 maintained between 30 and 50%. A 4–5.5 Fr central venous catheter was inserted in
the right internal jugular vein or alternatively in the right or left subclavian vein. An arterial line was inserted
percutaneously using a 22 or 24 gauge cannula. We evaluated with Transesophageal Echocardiography (TEE) all the
patients using a pediatric VO2
Exclusion criteria were: atrial fibrillation and/or ventricular arrhythmias, the acute need for inotropic drugs after
induction of anaesthesia, pathologies that could affect the quality and reliability of the arterial signal due to dicrotic
notch disturbances, poor quality of the arterial pressure signal after a standard flush test and lung disease and pleural
effusion. During Cardiopulmonary Bypass (CPB), deep or moderate hypothermia was reached according to the type of
surgery. At the end of CPB most patients received inotropic support consisting of milrinone (0.75 μg/kg/min),
dopamine (3–6 μg/kg/min) and epinephrine (0.05–0.15 μg/kg/min) or norepinephrine (0.05-0.15 μg/kg /min) when
necessary. In patients with increased pulmonary vascular resistance, Nitric Oxide (NO) was administered at the dose
from 20 to 40 PPM. To measure cardiac output, we used MostCare (powered by PRAM) that is a minimally invasive
hemodynamic monitoring system based on mathematical analysis of the radial, brachial or femoral arterial waveform
recorded at a high sampling rate (1000 Hz) [5]. PRAM permits by mathematical analysis of the changes in the contour
of the arterial pressure waveform to assess beat-by-beat the stroke volume from the arterial pressure waveform. The
arterial waveform is analysed after the monitor is connected to an arterial line via a standard pressure transducer. With
the PRAM, is possible to measure not only Cardiac Output (CO) and Cardiac Index (CI), but also Cardiac Cycle
Efficiency (CCE), Arterial Elastance (Ea), maximal arterial pressure/time ratio (dp/dt max), Systemic Vascular Resistance
Index (SVRI), Stroke Volume Variation (SVV), Pulse Pressure Variation (PPV), where CCE represents the ratio
between hemodynamic work performed and energetic expenditure for the maintenance of homeostasis, Ea the arterial
elastance that is the ratio between end-systolic pressure and stroke volume, the dP/dt as the maximal rate of pressure
changes over time measured between 2 consecutive points during systolic upstroke,
The measurements were recorded every 15 seconds for the time from the beginning of operation to the end of the
surgery, avoiding the CPB period.
We compared this system with the Fick method, that is regarded as the standard of reference in cardiac output
monitoring in a research setting, despite its limitations due to the need of sampling of mixed venous blood [3].
By the Fick method, the cardiac output is calculated by measuring the oxygen content of venous blood and arterial
blood (in ml/l) and hence measuring the difference between the two, which represents the tissue oxygen utilisation. In
our case, as is common, we estimated oxygen consumption (VO2) (in a pediatric patient usually is 160 ml/min/m2) then
we calculated cardiac output by the simple equation: CO = VO2/(arteriovenous O2 difference) where CO = blood flow in
l/min:
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CO =

VO2
(Hb × 1.36 × 10)[(SaO2 − SvO2 /100)]

CI =

VO2 /BSA
(Hb × 1.36 × 10)[(SaO2 − SvO2 /100)]
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and Cardiac Index (CI):

where SaO2 = arterial saturation, SvO2 = mixed venous saturation; BSA = Basal Surface Area.
However, calculation of cardiac output by the Fick method represents a valid method for use in patients with septal
defects and associated shunts. Infact, the same equation allows calculation of either pulmonary blood flow or systemic
cardiac output-by substituting O2 difference (SaO2-SvO2) as:

CO systemic =

VO2
(Hb × 1.36 × 10)[(Ao SatO2 − MV SatO2 /100)]

CO pulmonary =

VO2
(Hb × 1.36 × 10)[(PV SatO2 − PA SatO2 /100)]

where MV = Mixed Venous Saturation; PV = Pulmonary Vein Saturation; PA = Pulmonary Artery Saturation.
Similarly, effective flow may be estimated, employing the difference in oxygen content between the pulmonary vein
and a “mixed venous” sample (systemic AV O2 difference).

CO effective =

VO2
(Hb × 1.36 × 10)[(PV SatO2 − MV SatO2 /100)]

To measure the effective CO, the mixed venous saturation was measured using mixed venous blood sampled by the
surgeon after heparinization of the patients before CPB and pulmonary veins saturation in the same way by the surgeon.
We did not use left atrial blood samples to measure pulmonary veins saturation because it could be affected in presence
of intracardiac shunts and the patients did not have pulmonary problems.
For mixed venous saturation, the tradition is to use the most distal right heart chamber or site where there is no left
to right shunt. Thus, right atrium may be used in the absence of an atrial septal defect or right ventricle if there is no
shunt at atrial or ventricular level. In Practice Superior Vena Cava (SVC) saturation is often used but a value
intermediate between SVC and Inferior Vena Cava (IVC) may be preferable as the two may be significantly different. It
has been demonstrated that the mixed venous saturation more closely approximates to the SVC than to the IVC. Hence
the following formula: MV Sat = (3 Sat SVC + 1 Sat IVC)/4 we used to measure mixed venous saturation with blood
sampled by the surgeon [6].
Because MostCare-PRAM is able to estimate the beat-to-beat CO, both measurements, PRAM-CI and Fick-CI, were
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acquired simultaneously, and exactly PRAM-CI values as the mean value when SVC, IVC and pulmonary vein blood
samples were collected.
The results are expressed as means ± Standard Deviations (SD). The relationships between parameters were
assessed by Pearson correlation (r) and calculating the linear regression analysis with the Pearson’s coefficient
expressed as the R2 value with 95% confidence interval (95% CI). Bland–Altman analysis, a method of data plotting
used in analyzing the agreement between two different assays, was performed to compare effective CI values obtained
by Fick vs PRAM and other parameters, calculating the bias as the mean difference between measurements.
The limits of agreement were calculated as the mean ± 1.96 SD from the bias, defining the range in which 95% of
the values are expected to fall. A value of p < 0.05 was considered statistically significant. For statistical evaluation,
MedCalc 12.7.0.0 for Windows was used.
3. RESULTS
Thirteen among neonates, infants and pediatric patients were enrolled in this study. Details of the patient
characteristics, including sex, age, weight, height, BSA and Congenital Heart Disease (CHD) are reported in Table 1.
The mean age of the patients was 1 year and 8 months, and the weight ranged between 3.1 to 53 Kg (mean 11.5 kg ±
12.6). Between all the patients, 1 had bi-directional shunt, 3 with right to left shunt, 6 with left to right shunt and 3
without intracardiac shunt. Each patient was successfully transferred in ICU at the end of the surgery and no
complications have been found during our follow-up. During the study period the hemodynamic value of all patients are
reported in Table 2 with mean value ± SD. In all patients, it was possible to measure effective cardiac output with Fick
method and, as reported before, we avoided patients poor quality of the arterial pressure signal after a standard flush
test.
Table 1. Basic characteristics of patients.
Patient n°

Female/Male

Age (days – months-years)

Weight (Kg)

Height (cm)

BSA (m2)

1

M

4y

18

107

0.73

Diagnosis of CHD
PS

2

F

9d

3.1

50

0.18

TGA

3

F

1 y 6m

11.7

88

0.52

AS

4

M

1y6m

9.0

83

0.45

MS

5

M

3 m 20 d

4.2

58

0.25

CAVC

6

M

4 m 10 d

6.2

65

0.32

TOF

7

F

8m5d

6.9

68

0.35

VSD

8

F

3y

11.7

90

0.53

CAVP

9

M

12 y

53

173

1.63

ASD

10

F

5m6d

5.0

61

0.28

VSD

11

F

7 m 21 d

8.7

65

0.37

TOF

12

M

4m5d

4.3

61

0.26

VSD

13
M
9 m 15 d
7.4
67
0.35
TOF
CHD= Congenital Heart Disease; PS= Pulmonary Stenosis; TGA=Transposition Great Arteries; CAVC= Complete Atrioventricular Canal; AS=aortic
Stenosis; TOF=Tetralogy of Fallot; VSD= Ventricular Septal Defect; CAVP= Partial Atrioventricular Canal; ASD=Atrial Septal Defect.

Table 2. Hemodynamic results of all patients with mean value.
Patient

HR

Ea

SVRI

PPV

SVV

CCE

dp/dt max

CI Mostcare

CI Fick

1

93

8,5

1981

24

13

-1,1

0,49

1,5

1,4

2

110

5,4

1507

47

13

-0,84

0,58

1,8

1,6

3

102

5,7

1359

33

51

-0,89

0,78

2,2

2,2

4

138

7,1

1331

33

19

0,2

1,32

3,3

3,6

5

139

8,3

1483

39

20

0,16

1,27

3,3

3,8

6

138

8,5

1418

48

19

-0,17

0,74

2,7

2,2

7

140

8,8

1426

36

15

-0,17

0,88

3,4

3,2

8

104

8,1

1353

40

45

-0,25

0,57

2,6

2,5

9

91

6,2

1653

40

33

-0,73

1,02

2,4

2,5

10

128

6,8

1565

50

39

-0,29

0,93

2,0

2,2
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(Table 2) cont.....

Patient

HR

Ea

SVRI

PPV

SVV

CCE

dp/dt max

CI Mostcare

CI Fick

11

145

8,1

1480

37

45

-0,25

0,57

2,1

2,1

12

152

9,4

1495

65

41

-0,2

0,75

2,4

2,8

13

149

7,5

1347

43

35

0,05

0,99

2,9

2,9

Mean±SD
125±22
7,6±1,2
1492±174
41±10
30±14
-0,34±0,41
0,84±0,26
2,5±0,6
2,7±0,7
HR= Heart Rate (bpm); Ea= Arterial Elastance (mmHg/ml); SVRI=Systemic Vascular Resistance Index (dyn*sec/cm 5/m2); PPV=Pulse Pressure
Variation (%); SVV= Stroke Volume Variation (%); CCE =Cardiac Cycle Efficiency (units); dp/dt max=maximal Arterial Pressure/time Ratio
(mmHg/sec); CI=Cardiac Index ((l/min/m2).

Systolic blood pressure values ranged from 54 to 98 mmHg with a mean value of 76 mmHg. HR from 91 to 144
beats per minute, with a mean value of 124. Effective CI by Fick method with values from 1.4 to 3.8 l/min/m2, and CI
by MostCare-PRAM with values from 1.5 to 3.3 l/min/m2, the mean value did not differ between the two methods
(respectively 2.53 to 2.51 l/min/m2). The correlation analysis with the Pearson’s coefficient (r= 0.93 and R2= 0.86; p <
0.0001) is shown in Table 3 and Fig. (1a). The Bland–Altman methods Fig. (2a) exhibited a good agreement between
CI Fick and CI MostCare-PRAM.

Fig. (1). (a) Linear regression analysis with Pearson’s r coefficient of measured with Fick method vs with PRAM method, (b) CCE
and (c) dp/dt max.
Table 3. Correlation (r) and regression (R2) analysis between CI with Fick method with other parameters measured with
Mostcare-PRAM.
R

R2

p-value

CI Mostcare

0.93

0.86

< 0.0001

dP/dt max

0.84

0.71

< 0.001

CCE

0.82

0.67

< 0.001
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(Table ) cont.....

R

R2

p-value

SVV

-0.07

0.005

NS

PPV

0.06

0.004

NS

SVRI

-0.54

0.28

NS

Ea

0.30

0.09

NS

HR
0.55
0.3
NS
HR= Heart Rate (bpm); Ea= Arterial Elastance (mmHg/ml); SVRI=Systemic Vascular Resistance Index (dyn*sec/cm -5/m2); PPV=Pulse Pressure
Variation (%); SVV=Stroke Volume Variation (%); CCE= Cardiac Cycle Efficiency (units); dp/dt max=Maximal Arterial Pressure/time ratio
(mmHg/sec); CI=Cardiac Index ((l/min/m2).

Fig. (2). (a) Bland–Altman plots of cardiac index measured with Fick method vs PRAM method, (b) CCE, (c) dp/dt max.

We also observed the correlation with other parameters, where we have found a correlation and regression between
CI by Fick with CCE (r = 0.82; R 2 = 0.67; p < 0.001) (Table 3), (Figs. 1 and 2). In addition, we found a significant
correlation and regression (r = 0.84; R2 = 0.81; p < 0.001) between CI by Fick with dp/dt. No correlation was found
between CI by Fick method with other parameters measured with Mostcare-PRAM.
4. DISCUSSION
The measurement of Cardiac Output (CO) is of considerable interest in ill-pediatric patients and in many states of
disease, including surgery for congenital heart disease [7 - 9]. Maintenance of adequate organ substrate delivery is
important in these kind of patients to reverse or prevent ischemic injury, which can result in multi-system organ
dysfunction, prolonged morbidity, and mortality [10 - 12]. Because interventions targeting early treatment of low
cardiac output have improved outcome in surgical patients [13], detection of inadequate oxygen delivery through
hemodynamic assessment is important for preventative or therapeutic interventions and adequate organ perfusion is the
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goal of supportive and therapeutic intensive care.
Blood pressure and other standard monitors provide inadequate indication of low cardiac output, especially in
children, and are worse indicators of the distribution of cardiac output. Monitors that more directly assess organ
oxygenation offer the possibility of improved recognition and treatment of circulatory abnormalities to reduce
multiorgan dysfunction and related morbidity and mortality [14].
Between the technologies, thermodilution using the pulmonary artery catheter or transpulmonary thermodilution has
been most commonly used to measure cardiac output.
In pediatric surgical patients, these techniques are not routinely used due to their increased risk of complications
(infections, thrombosis, embolism), size of the catheter which is difficult to insert in smaller patients, so that it cannot
be used with small children, infants, and babies [15], and those with aberrant cardiopulmonary anatomy [16] due to the
presence of intracardiac shunts where is not recommended if intra- or extracardiac shunts are present [17, 18].
Between other less invasive methods that have been developed to measure CO, other indicator dilution techniques
that use several indicators, such as indocyanine green or lithium, although are less invasive in avoiding for example the
need for pulmonary artery catheterization, is restricted by the accumulation of indicator in some cases and mostly by the
presence of intracardiac shunts.
Among the other approved methods, arterial pressure contour analysis (pulse contour method) permits to measure
Stroke Volume (SV), required to calculate CO, on a beat to-beat basis from the arterial pulse pressure waveform. With
an arterial pressure waveform of sufficient fidelity, stroke volume can be measured from an algorithm that uses pulse
area and morphology [19]. There is no linear relationship between pressure and flow in the aorta, which is primarily due
to aortic root impedance, aortic compliance and systemic vascular resistance. This implies that pulse contour analysis
can be used to detect changes in cardiac output and that the measurements generally need to be calibrated with another
technology, such as transpulmonary thermo- or lithium dilution. Despite this method is widely used in adults, its use in
pediatric patients has scant reliability due to the use of nomograms that are adapted for adults, and due to the
impossibility or limited repeatability of calibration for thermodilution techniques in small children.
In this work, the method that we used was described in 2002 by Romano et al. [4]. It consists of a method for
measuring CO based on the analysis of the arterial pressure waveform with an algorithm that could be used in
pediatrics. This new method called PRAM is based on the mathematical analysis of the changes in the contour of the
arterial pressure waveform. In particular, MostCare, powered by the Pressure Recording Analytical Method (PRAM), is
a hemodynamic monitoring system based on the analysis of arterial waveform (including the postdicrotic notch phase)
recorded at a high sampling rate (1000 pressure/time points) [4].
It facilitates the beat-by-beat assessment of the SV from the arterial pressure waveform from a radial, brachial, or
femoral artery and does not require external calibration or preloaded anthropometric patient data. The arterial waveform
is analysed and beat-by-beat data are delivered after the monitor is connected to an arterial line via a standard pressure
transducer. This method has been widely studied both in animals and in adult patients [20 - 23]; nevertheless, the
limited number of published studies are on pediatric patients [24 - 28]. Although some published results from using
PRAM in the paediatric setting have been controversial [28 - 31], there is a strong rationale for using an uncalibrated
pulse contour method such as PRAM in paediatric cardiac surgery, because it can be used regardless of the patient’s age
(no need for dedicated arterial cannulas) and the underlying anatomy (e.g. the presence of intracardiac shunts or a
univentricular heart). In our case, we conducted a prospective analysis of haemodynamic monitoring in neonates and
infants admitted to cardiac surgery. The aim was to verify whether the CI estimated by PRAM was associated with a
good agreement with CI measured by the Fick method in paediatric patients undergoing cardiac surgery on CPB for
congenital heart disease also with intracardiac shunts and whether it could therefore be considered a clinically reliable
monitoring method. This is the first validation study in this setting to compare MostCare-PRAM with a reference
method and like Critchley and Critchley [32], we used the Bland– Altman method [33] for additional CO comparison
between the two methods.
The results of our study showed that CI measured with MostCare–PRAM has a good level of agreement as
compared by Fick method. Actually only few studies have been carried out on MostCare-PRAM in pediatric patients
with favourable results [24 - 28]. Alonso [24] demonstrated that in pediatric patients undergoing diagnostic right and
left heart catheterization, the MostCare-PRAM was shown to estimate CI with a good level of agreement with the Fick
method measurements. In Garisco [25] PRAM was compared to bioreactance that provided similar CI estimation at
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stable hemodynamic conditions in pediatric cardiac surgery. In particular, he evaluated the difference between Stroke
Volume Index (SVI) measured by PRAM and bioreactance and their ability to track changes after the treatment of
children undergoing cardiac surgery. They observed that under stable hemodynamic conditions, both methods provided
similar SVI estimations, although bioreactance SVI values appeared significantly lower than PRAM after fluid
replacement. Taking into account that it is not a validation study, it underlines the importance of the evaluation of
hemodynamic parameters as guidelines for fluid therapy in pediatric patients. Another study compared CO between
Mostcare-PRAM and Doppler echocardiography in critically ill non-cardiac patients [26]. The results showed a good
agreement between both methods.
Finally, in a further study, CI estimated by PRAM after paediatric cardiac surgery was reliably associated with
clinical indicators of tissue perfusion, with vasoactive and diuretic drug requirements, and predicted longer mechanical
ventilation duration [28].
The results of our study confirm the good level of agreement and interchangeability of CI values obtained with the
MostCare-PRAM method and the CI values obtained using Fick principle as a standard of reference, regardless of age
and weight and the underlying anatomy (e.g. the presence of intracardiac shunts or a univentricular heart). This is the
first one in this sense, where we also used the Bland–Altman method for additional CI comparison between the two
methods. In fact Bland and Altman make the point that any two methods that are designed to measure the same
parameter (CI) should have a good correlation when a set of samples are chosen such as the property to be determined
varies considerably. One primary application of the Bland–Altman plot is to compare two clinical measurements that
each provides some errors in their measurements, and also can be used to compare a new measurement technique or
method with a standard of reference, even a standard of reference does not - and should not - imply it to be without
error.
About CCE and dp/dt, the correlation with CI measured by Fick method demonstrated that both parameters are
related to the cardiac function so that an increase in efficiency or contractility is correlated with an increase in cardiac
output. No other analysis was performed with respect to the other hemodynamic parameters. The aim of our study was
to evaluate the reliability of the method in the patient's hemodynamic study. However, a possible limitation of the
method should not be forgotten particularly in pediatric patients that is important to mention. In some clinical situations,
especially when vasoconstriction is present, the dicrotic notch is not clearly observed in the arterial pressure curve. In
these circumstances, the PRAM method is able to detect the point of instability that corresponds to the dicrotic notch by
sampling the arterial signal at 1000 Hz, and thereby estimate the SV [4, 34]. Another clinical issue that must be
addressed and represent an advantage of MostCare-PRAM is the possibility to avoid complications due to arterial
catheterization. Although this is a problem related to the technique and not directly to the method, the ability to connect
the MostCare-PRAM to any arterial catheter can be an advantage over transpulmonary thermodilution that requires a
femoral artery cannulation and a specific catheter.
Our study has limitations. The study population comprised a limited number of pediatric patients, and the congenital
cardiac abnormalities were heterogeneous. We have studied a pediatric patients group in a short time period and this is
the reason for a limited number of patients and not for other reasons related to the method. In addition MostCare-PRAM
was compared with the reference method studying only single CI measurements. The comparison between different
monitoring systems may give suitable findings when assessing single CI measurements, but significant differences
between techniques might rise when comparing the tendencies of a number of CI values under different hemodynamic
conditions (e.g., changes in volume loading, ventricular function, systemic vascular resistance). Furtheremore, the study
was carried out under strict experimental conditions on children with congenital heart disease so our results to be
extrapolated, are necessary on studies in larger populations with a prospective, interventional design warranted, also in
conditions with cardiovascular instability.
CONCLUSION
In conclusion, in pediatric cardiac surgery, cardiac output monitoring remains very challenging despite the
availability of many different technologies. Transpulmonary indicator dilution and arterial pulse contour analysis have
been developed for the measurement of CO, in adult patients, however, they have a lot of limitations in pediatric cardiac
surgery. Between the new technologies Mostcare-PRAM represents a new available noninvasive monitoring devices for
CO measurement in children, through the analysis of the arterial pressure waveform, that does not require external
calibration. To confirm the validation of this system, we conducted a prospective analysis of haemodynamic monitoring
in pediatric patients admitted to cardiac surgery where we compared the MostCare-PRAM system with the Fick method
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to measure cardiac output also in patients with intracardiac shunts. This is the first validation study conducted on these
kinds of patients where the MostCare-PRAM system was shown to estimate CI with a good level of agreement with the
Fick method and this is the reason why this system should be used in clinical management to target CI values in
pediatric cardiac surgery.
ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The research was carried out after the formal approval of the local Ethics Committee of Azienda Ospedaliera di
Padova and informed parental consent.
HUMAN AND ANIMAL RIGHTS
No animals/humans were used for studies that are the basis of this research.
CONSENT FOR PUBLICATION
Informed parental consent was obtained for using the collected data.
CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or otherwise.
ACKNOWLEDGEMENTS
Declared none.

REFERENCES
[1]

Ceneviva G, Paschall JA, Maffei F, Carcillo JA. Hemodynamic support in fluid-refractory pediatric septic shock. Pediatrics 1998; 102(2):
e19.
[http://dx.doi.org/10.1542/peds.102.2.e19] [PMID: 9685464]

[2]

Han YY, Carcillo JA, Dragotta MA, et al. Early reversal of pediatric-neonatal septic shock by community physicians is associated with
improved outcome. Pediatrics 2003; 112(4): 793-9.
[http://dx.doi.org/10.1542/peds.112.4.793] [PMID: 14523168]

[3]

de Boode WP. Cardiac output monitoring in newborns. Early Hum Dev 2010; 86(3): 143-8.
[http://dx.doi.org/10.1016/j.earlhumdev.2010.01.032] [PMID: 20171816]

[4]

Romano SM, Pistolesi M. Assessment of cardiac output from systemic arterial pressure in humans. Crit Care Med 2002; 30(8): 1834-41.
[http://dx.doi.org/10.1097/00003246-200208000-00027] [PMID: 12163802]

[5]

Scolletta S, Romano SM, Biagioli B, Capannini G, Giomarelli P. Pressure recording analytical method (PRAM) for measurement of cardiac
output during various haemodynamic states. Br J Anaesth 2005; 95(2): 159-65.
[http://dx.doi.org/10.1093/bja/aei154] [PMID: 15894561]

[6]

Wilkinson JL. Haemodynamic calculations in the catheter laboratory. Heart 2001; 85(1): 113-20.
[http://dx.doi.org/10.1136/heart.85.1.113] [PMID: 11119478]

[7]

Egan JR, Festa M, Cole AD, Nunn GR, Gillis J, Winlaw DS. Clinical assessment of cardiac performance in infants and children following
cardiac surgery. Intensive Care Med 2005; 31(4): 568-73.
[http://dx.doi.org/10.1007/s00134-005-2569-5] [PMID: 15711976]

[8]

Tibby SM, Murdoch IA. Monitoring cardiac function in intensive care. Arch Dis Child 2003; 88(1): 46-52.
[http://dx.doi.org/10.1136/adc.88.1.46] [PMID: 12495962]

[9]

McLuckie A, Murdoch IA, Marsh MJ, Anderson D. A comparison of pulmonary and femoral artery thermodilution cardiac indices in
paediatric intensive care patients. Acta Paediatr 1996; 85(3): 336-8.
[http://dx.doi.org/10.1111/j.1651-2227.1996.tb14027.x] [PMID: 8695992]

[10]

Tantaleán JA, León RJ, Santos AA, Sánchez E. Multiple organ dysfunction syndrome in children. Pediatr Crit Care Med 2003; 4(2): 181-5.
[http://dx.doi.org/10.1097/01.PCC.0000059421.13161.88] [PMID: 12749649]

[11]

Proulx F, Gauthier M, Nadeau D, Lacroix J, Farrell CA. Timing and predictors of death in pediatric patients with multiple organ system
failure. Crit Care Med 1994; 22(6): 1025-31.
[http://dx.doi.org/10.1097/00003246-199406000-00023] [PMID: 8205810]

[12]

Hatherill M, Waggie Z, Purves L, Reynolds L, Argent A. Mortality and the nature of metabolic acidosis in children with shock. Intensive Care
Med 2003; 29(2): 286-91.
[http://dx.doi.org/10.1007/s00134-002-1585-y] [PMID: 12594588]

PRAM and Fick Method to Measure Cardiac Output

The Open Anesthesia Journal, 2018, Volume 12 17

[13]

Han YY, Carcillo JA, Dragotta MA, et al. Early reversal of pediatric-neonatal septic shock by community physicians is associated with
improved outcome. Pediatrics 2003; 112(4): 793-9.
[http://dx.doi.org/10.1542/peds.112.4.793] [PMID: 14523168]

[14]

Rhodes A, Bennett ED. Early goal-directed therapy: An evidence-based review. Crit Care Med 2004; 32(11)(Suppl.): S448-50.
[http://dx.doi.org/10.1097/01.CCM.0000145945.39002.8D] [PMID: 15542954]

[15]

Tibby S. Transpulmonary thermodilution: finally, a gold standard for pediatric cardiac output measurement. Pediatr Crit Care Med 2008; 9(3):
341-2.
[http://dx.doi.org/10.1097/PCC.0b013e318172ea56] [PMID: 18446094]

[16]

Skowno JJ, Broadhead M. Cardiac output measurement in pediatric anesthesia. Paediatr Anaesth 2008; 18(11): 1019-28.
[http://dx.doi.org/10.1111/j.1460-9592.2008.02720.x] [PMID: 18717806]

[17]

de Boode WP. Cardiac output monitoring in newborns. Early Hum Dev 2010; 86(3): 143-8.
[http://dx.doi.org/10.1016/j.earlhumdev.2010.01.032] [PMID: 20171816]

[18]

Egan JR, Festa M, Cole AD, Nunn GR, Gillis J, Winlaw DS. Clinical assessment of cardiac performance in infants and children following
cardiac surgery. Intensive Care Med 2005; 31(4): 568-73.
[http://dx.doi.org/10.1007/s00134-005-2569-5] [PMID: 15711976]

[19]

Tibby SM, Hatherill M, Marsh MJ, Murdoch IA. Clinicians’ abilities to estimate cardiac index in ventilated children and infants. Arch Dis
Child 1997; 77(6): 516-8.
[http://dx.doi.org/10.1136/adc.77.6.516] [PMID: 9496187]

[20]

Giomarelli P, Biagioli B, Scolletta S. Cardiac output monitoring by pressure recording analytical method in cardiac surgery. Eur J
Cardiothorac Surg 2004; 26(3): 515-20.
[http://dx.doi.org/10.1016/j.ejcts.2004.05.025] [PMID: 15302045]

[21]

Romagnoli S, Romano SM, Bevilacqua S, et al. Cardiac output by arterial pulse contour: Reliability under hemodynamic derangements.
Interact Cardiovasc Thorac Surg 2009; 8(6): 642-6.
[http://dx.doi.org/10.1510/icvts.2008.200451] [PMID: 19299422]

[22]

Franchi F, Silvestri R, Cubattoli L, et al. Comparison between an uncalibrated pulse contour method and thermodilution technique for cardiac
output estimation in septic patients. Br J Anaesth 2011; 107(2): 202-8.
[http://dx.doi.org/10.1093/bja/aer123] [PMID: 21665901]

[23]

Donati A, Carsetti A, Tondi S, et al. Thermodilution vs pressure recording analytical method in hemodynamic stabilized patients. J Crit Care
2014; 29(2): 260-4.
[http://dx.doi.org/10.1016/j.jcrc.2013.11.003] [PMID: 24332994]

[24]

Alonso-Iñigo JM, Escribá FJ, Carrasco JI, et al. Measuring cardiac output in children undergoing cardiac catheterization: Comparison
between the Fick method and PRAM (pressure recording analytical method). Paediatr Anaesth 2016; 26(11): 1097-105.
[http://dx.doi.org/10.1111/pan.12997] [PMID: 27565740]

[25]

Garisto C, Favia I, Ricci Z, et al. Pressure recording analytical method and bioreactance for stroke volume index monitoring during pediatric
cardiac surgery. Paediatr Anaesth 2015; 25(2): 143-9.
[http://dx.doi.org/10.1111/pan.12360] [PMID: 24491036]

[26]

Calamandrei M, Mirabile L, Musichetta S, et al. Assessment of cardiac output in children: A comparison between the pressure recording
analytical method (PRAM) and the Doppler echocardiography method –a pilot study. Pediatr Crit Care Med 2008; 9: 310-2.
[http://dx.doi.org/10.1097/PCC.0b013e31816c7151] [PMID: 18446106]

[27]

Saxena R, Durward A, Puppala NK, Murdoch IA, Tibby SM. Pressure recording analytical method for measuring cardiac output in critically
ill children: a validation study. Br J Anaesth 2013; 110(3): 425-31.
[http://dx.doi.org/10.1093/bja/aes420] [PMID: 23183320]

[28]

Favia I, Rizza A, Garisto C, et al. Cardiac index assessment by the pressure recording analytical method in infants after paediatric cardiac
surgery: a pilot retrospective study. Interact Cardiovasc Thorac Surg 2016; 23(6): 919-23.
[http://dx.doi.org/10.1093/icvts/ivw251] [PMID: 27481679]

[29]

Ricci Z, Polito A, Netto R, et al. Assessment of modified ultrafiltration hemodynamic impact by pressure recording analytical method during
pediatric cardiac surgery. Pediatr Crit Care Med 2013; 14(4): 390-5.
[http://dx.doi.org/10.1097/PCC.0b013e31828a7113] [PMID: 23548961]

[30]

Urbano J, López J, González R, et al. Measurement of cardiac output in children by pressure-recording analytical method. Pediatr Cardiol
2015; 36(2): 358-64.
[http://dx.doi.org/10.1007/s00246-014-1014-3] [PMID: 25179459]

[31]

Ricci Z, Pilati M, Favia I, Garisto C, Rossi E, Romagnoli S. Hemodynamic monitoring by pulse contour analysis in critically ill children with
congenital heart disease. Pediatr Crit Care Med 2011; 12(5): 608-9.
[http://dx.doi.org/10.1097/PCC.0b013e318219182b] [PMID: 21897172]

[32]

Critchley LA, Critchley JA. A meta-analysis of studies using bias and precision statistics to compare cardiac output measurement techniques.
J Clin Monit Comput 1999; 15(2): 85-91.
[http://dx.doi.org/10.1023/A:1009982611386] [PMID: 12578081]

18 The Open Anesthesia Journal, 2018, Volume 12

Pittarello et al.

[33]

Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1986; 1(8476):
307-10.
[http://dx.doi.org/10.1016/S0140-6736(86)90837-8] [PMID: 2868172]

[34]

Romano SM, Lazzeri C, Chiostri M, Gensini GF, Franchi F. Beat-to-beat analysis of pressure wave morphology for pre-symptomatic
detection of orthostatic intolerance during head-up tilt. J Am Coll Cardiol 2004; 44(9): 1891-7.
[http://dx.doi.org/10.1016/j.jacc.2004.07.046] [PMID: 15519025]

© 2018 Pittarello et al.
This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a
copy of which is available at: (https://creativecommons.org/licenses/by/4.0/legalcode). This license permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.

