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H
emodynamic monitoring is
fundamental to the manage-
ment of the critically ill pe-
diatric patient, but clinical

estimation of cardiac output (CO) in chil-
dren has been shown to be inaccurate (1).
The need to monitor cardiac function is
underlined by the fact that a low flow
state carries a higher mortality in septic
shock (2).

In 1997, Thompson (3) suggested sev-
eral areas in which pediatric CO measure-
ment may be indicated: congenital heart
disease, shock states, multiple organ fail-
ure, and cardiopulmonary interactions
during mechanical ventilation. However,
pulmonary artery catheterization is not

commonly used in infants and is used
infrequently in older children. The article
describes the use of a new method, the
pressure recording analytical method
(PRAM), to estimate CO in absolute terms
by analyzing the systemic arterial pres-
sure wave profile in the time domain. CO
measured by PRAM is significantly corre-
lated to thermodilution data in human
adults (4, 5) and swine (6), but no studies in
children have been published. For refer-
ence, cardiac Doppler echocardiography
was used simultaneously to estimate CO.

MATERIALS AND METHODS

All children admitted to our pediatric in-

tensive care who were mechanically ventilated

were eligible for the study if they were in

stable respiratory and hemodynamic condi-

tion. Data are presented from patients who

were consecutively evaluated by the same car-

diologist (LDS).

Forty-eight children participated in this

study (29 males and 19 females; median age 19

months [range 1–204]; average weight 10 kg

[range 2–45]). All of the patients included

were being mechanically ventilated. Reasons

for pediatric intensive care unit admission in-

cluded postoperative care following neurosur-

gery (n 5 18) or general surgery (n 5 5),

primary respiratory failure (n 5 11), severe

sepsis and meningococcemia (n 5 7), chronic

neurologic disorders (n 5 4), and immunode-

ficiencies/transplants (n 5 3). A 20- or 22-

gauge arterial cannula was inserted into a ra-

dial or femoral artery, as per normal practice.

For the proposal of the study, only one Dopp-

ler estimate of CO and one PRAM estimate

were obtained from each subject. The study

did not require any change from established

monitoring protocols and critical care man-

agement at our institution. The study was

approved by the Ethics Committee of Meyer

Children’s Hospital, Florence, Italy.

The PRAM Technique. A standard arterial

catheter (20 or 22 gauge) was inserted in the

radial or femoral artery. The arterial liquid-

filled catheters were connected to PRAM

(Mostcare, BioSi, Florence, Italy) via a stan-

dard disposable pressure transducer with an

associated flush device and three-way stopcock

(33–260 Baxter Edwards Critical Care, Irvine,

CA). All the arterial pulse tracings were

checked beforehand to exclude dampened

waveforms or inappropriate artifacts. Pressure

signals were obtained at 1000 Hz by means of

an analog-digital DAQ Card-700 card, 12-bit

multifunction I/O (National Instruments, Aus-

tin, TX), working on the tension signals with

12 bits from 22.5 to 2.5 V, and recorded on a

personal computer. Pressure signals and esti-

mated flow values were displayed on the

screen in real time and stored by the system.

The PRAM technique, based on analysis of the

peripheral artery waveform morphology, has

been extensively described elsewhere (4).

PRAM is based on software that analyzes the

pressure signal obtained via the analog card by
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Objective: To assess cardiac output in pediatric patients with

the pressure recording analytical method (PRAM) and the Doppler

echocardiography method. PRAM derives cardiac output from

beat-by-beat analysis of the arterial pressure profile (systolic and

diastolic phase) in the time domain.

Design: A prospective observational study.

Setting: Pediatric intensive care unit at a tertiary care chil-

dren’s hospital.

Patients: Forty-eight patients between the ages of 1 month and

18 yrs.

Interventions: Femoral or radial artery catheterization and me-

chanical ventilation.

Measurements and Main Results: Cardiac output was simulta-

neously estimated by Doppler echocardiography and PRAM. Cardiac

output values obtained by Doppler echocardiography (2.7 6 1.6

L/min, range 0.92–8.20) were significantly correlated with those

estimated by PRAM (2.6 6 1.7 L/min, range 0.89–7.48; r2
5 .99, p <

.01). The mean difference between the two estimates was 0.12 6

0.27 L·min21 (95% confidence interval, 20.54 to 0.77 L·min21).

Conclusions: In the range of ages evaluated, PRAM provides

reliable estimates of cardiac output when compared with nonin-

vasive techniques. (Pediatr Crit Care Med 2008; 9:●●●–●●●)
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a routine that identifies the characteristic

points of the pressure wave during each beat

(diastolic, systolic, dicrotic notch, and reso-

nant pressure points during the systolic and

end-diastolic phases). The morphologic analy-

sis of the beat allows determination of the

stroke volume, which, multiplied by cardiac

frequency, provides the CO value. The pres-

sure signal was filtered at 25 Hz to avoid

resonance effects caused by the catheter-

transducer system without degrading pressure

wave amplitude (7). With PRAM, stroke vol-

ume is computed and CO is then derived by

multiplying the stroke volume by the heart

rate. For the purposes of this study, CO by

PRAM was considered at an average of 1 min

recorded simultaneously with the Doppler

measurement.

Doppler Echocardiography Method. All

studies were performed with a Philips Sonos

5500 ultrasound image system (Agilent Tech-

nologies, Andover, MA) with a 5-MHz trans-

ducer. Following the M-mode recordings, a

parasternal, long-axis, two-dimensional echo

view was obtained through the aortic valve,

and the diameter of the outflow tract was

taken at the site of insertion of the aortic valve

leaflets. The flow area, which was assumed to

be circular, was calculated from the mean of

three two-dimensional diameter measure-

ments. This valve diameter was checked three

times to ensure an accurate measurement. A

pulsed-wave Doppler sample area of 0.4 cm2

was placed centrally in the left ventricular

outflow tract proximal to the aortic valve, and

the spectral Doppler recordings were made

(8). The time-velocity integral was calculated

on the echocardiographic machine and was

averaged over five beats. With the software

package in place on the Sonos 5500, the time-

velocity integral in centimeters was multiplied

by the aortic valve area to obtain a stroke

volume. The CO was obtained by multiplying

the stroke volume by the patient’s heart rate.

Independent, blinded observers were present.

Statistical Analysis. Agreement between

the CO values obtained with the two estimates

was assessed by both the correlation analysis

and the procedure devised by Bland and Alt-

man (9). To this end, the mean difference

between the CO values was calculated and the

normality of their distribution was checked by

the Kolmogorov-Smirnov test. The mean, SD,

confidence intervals, and limits of agreement

(62 SD) of these differences were calculated; a

paired Student’s t-test was used to ascertain

that any differences between the methods did

not significantly differ from zero. We consid-

ered p , .05 to be significant.

RESULTS

In the 48 patients, CO estimated by
PRAM was 2.6 6 1.7 L/min (range 0.92–
8.20), and CO obtained by Doppler echo-
cardiography was 2.7 6 1.6 L/min (range
0.89–7.48).

A significant correlation was found be-
tween the CO values obtained by Doppler
echocardiography and those estimated by
PRAM (r 5 .99, p , .01) (Fig. 1). The slope
and the intercept of a line in all subjects
were 0.98 and 20.15, respectively.

The mean difference between the two
estimates was 0.12 6 0.27 L·min21 (95%
confidence interval 20.54 to 0.77
L·min21). The percentage error (2 SD/m)
was 21%.

The plot differences between the CO
values obtained with the Doppler echo-
cardiography method and PRAM, vs. their
respective averages, also showed suffi-
cient agreement, with all but four data
points lying within the limits of agree-
ment (Fig. 2).

DISCUSSION

In this group of critically ill children,
CO measurements taken by the Doppler
echocardiography method and the PRAM
method were in good agreement. There
were four outliers, but Figure 2 shows
that the scatter of differences did not
increase as CO increased. PRAM repre-
sents the practical application of a theo-
retical model. The theory behind PRAM
is based on the theory of perturbations,
by which each physical system under
the effects of a perturbing force tends to
react in order to reacquire a stable con-
dition, that is, the configuration of

minimal energy. The only specific age-
related variable is the factor K(t). Ac-
cording to PRAM, stroke volume is cal-
culated as follows:

Stroke volume 5 A/@(P/t) z K(t)# [1]

where A is the whole area under the sys-
tolic portion of the pressure curve, P/t is
the analytical description of the pressure
wave profile, and K(t) is a factor inversely
linked to the instantaneous acceleration
of the section. The value of K(t) is ob-
tained from the relationship between the
mean expected pressure and the mea-
sured pressure. This relationship ap-
proaches the arctangent function. The
mean expected value at a peripheral level
has been assigned the value of 70 mm Hg
for children (10). PRAM is unique among
arterial waveform CO systems in that it
does not require calibration with another
method. Other methods generate contin-
uous CO by analysis of the arterial blood
pressure waveform, but they need an ini-
tial calibration, a central venous catheter,
and the use of dedicated sensors. PRAM
offers the same through a peripheral ar-
terial catheter. This could be very valu-
able in the care of children with critical
illnesses, trauma, or severe sepsis or
those undergoing major surgery. The
major limitation of PRAM is an over-
damped signal from the arterial catheter;
this is a rare problem in the case of a

Figure 1. Cardiac output values obtained by Doppler echocardiography and those estimated by the

pressure recording analytical method (PRAM).
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femoral catheter, but some problems
arise when using the radial artery. Mea-
suring principles of arterial waves is be-
yond the scope of this article. The damp-
ing coefficient is very sensitive to the
catheter diameter and varies inversely to
the cube of radius; for example, when the
damping coefficient is decreased from
0.44 to 0.26, we have some overshoot in
the pressure wave but without distortion
of the true shape of the wave (11). Pitt-
man et al. (12) found that although 68%
of their catheter transducers had poor
dynamic response characteristics, this
did not influence CO measurements.

Doppler echocardiography was used as
a reference method. Doppler ultrasound
is a recognized noninvasive technique for
measuring CO in children (13–15). The
precision of Doppler CO measurements,
when compared with thermodilution, dye
dilution, or Fick techniques, is on the
order of 30%, with a bias of ,10% in the
majority of studies (16). Using the crite-
ria described by Critchley and Critchley
(17), most studies have shown limits of
agreement within the calculated range.
Errors in the estimation of aortic dimen-
sions have prompted the development of
novel techniques. However, the accuracy

of any echocardiographic technique is
largely dependent on the skill of the user.
Thus, the technique in our study was
used by a single pediatric cardiologist.

CONCLUSIONS

In this pilot study, the results of the
two methods analyzed were in agree-
ment, but at least one issue remains: Is
PRAM sensitive to acute preload and post-
load variations, such as those caused by
rapid variations of the total blood vol-
ume, by the administration of vasoactive
drugs, or by significant alterations in-
duced by mechanical ventilation? Rigor-
ous studies that involve comparison with
the Fick method will further clarify the
value and reliability of this technique in
the pediatric intensive care unit.
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Figure 2. Plot differences between the cardiac output (CO) values obtained with Doppler echocardi-

ography and the pressure recording analytical method (PRAM).
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