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Introduction
In critically ill patients, fluid volume replacement is often 
necessary to optimize the cardiovascular function, thus 
maintaining adequate cardiac preload and output, which 
will guarantee enough oxygen delivery to tissues, which is 
essential in the management of critically ill patients [1].

It is quite a challenge to predict the patients who will 
respond to fluid administration by a significant increase 
in cardiac output, particularly because excessive fluid 
administration may be risky in critically ill patients, 
especially in pediatric patients who recently underwent 
cardiac surgery [2,3].

The usual clinical and hemodynamic parameters are 
not necessarily reliable indexes of the adequacy of the 
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Aim
The aim of the study was to highlight the effectiveness of passive leg-raising maneuver 
as a predictor of fluid responsiveness in pediatric patients following cardiac surgery 
and to determine the parameter that we can depend on to assess its responsiveness.
Patients and methods
This prospective randomized study was performed in the ICU. Forty pediatric 
patients aged 2–7 years with a noncyanotic cardiac defect scheduled for elective 
corrective cardiac surgery under cardiopulmonary bypass (CPB) support were 
included if they needed fluid challenge (FC) in the early postoperative period (10 
ml/kg normal saline infusion).
Hemodynamic parameters [heart rate, mean blood pressure, stroke volume (SV), 
and cardiac index (CI)] were assessed at baseline, after passive leg raising (PLR), 
at baseline again, and after FC.
Statistical analysis
A comparison of pre-PLR and post-PLR hemodynamic parameters and those before 
and after FC was made using the paired Student’s t-test, whereas a comparison 
after passive leg raising (PLR) and FC was made using the unpaired Student’s 
t-test. The hemodynamic parameters after PLR and its relation to the responses 
to fluid administration were analyzed using diagnostic validity tests and the χ2-test.
Results
The increase in SV and CI with PLR is significantly correlated with the response to 
fluid administration. An increase in CI by 10% or more due to PLR predicted preload-
dependent status with a sensitivity of 65% and a specificity of 75%, whereas an 
increase in SV by more than 10% due to PLR predicted preload-dependent status 
with a sensitivity of 42.1% and a specificity of 85.7%.
Conclusion
The PLR maneuver is a reliable noninvasive method that can predict volume 
responsiveness in post-cardiac-surgery pediatric patients. Both SV and CI can be 
used as predictors of fluid responsiveness, although CI is a more accurate.
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cardiac preload. Fluid challenge (FC) with invasive 
measurement of cardiac output remains a widely used 
test to detect cardiac preload dependence [4].

Passive leg raising (PLR) is a noninvasive reversible 
maneuver that mimics rapid fluid loading by causing 
rapid autotransfusion of a significant volume of blood 
by shifting venous blood from the legs toward the 
intrathoracic compartment, thereby increasing right 
and left ventricular preloads. Eventually, the increase 
in left cardiac preload increases the stroke volume 
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(SV) and cardiac output depending upon the degree 
of preload reserve of the left ventricle. Thus, when SV 
increases with PLR, it should increase with rapid fluid 
loading as well [5].

As a clinical application of this simple physiological 
concept, several studies reported that the increase in 
cardiac output induced by the PLR test enables the 
prediction of fluid responsiveness. These findings have 
contributed to establishing PLR as a reliable and easy 
way of predicting fluid responsiveness at the bedside [6]. 
The advantage of PLR is that the increase in cardiac 
preload induced by PLR is totally reversed once the 
legs are returned to the initial horizontal position [4]. 
Our study may be a leading one on the use of PLR as 
a predictor of fluid responsiveness in pediatric patients 
after cardiac surgery.

The purpose of our study was to predict whether 
the hemodynamic effect of PLR could predict the 
hemodynamic response to subsequent FC in post-
cardiac-surgery noncyanotic pediatric patients and also 
to determine the parameters that we can depend upon 
to assess passive leg-raising responsiveness in these 
patients.

Patients and methods
After obtaining the approval of the local ethics 
committee and written informed consent had been 
obtained from parents of the children, this prospective 
randomized study was performed in the ICU between 
April 2014 and November 2014. Forty pediatric 
patients aged 2–7 years with a noncyanotic cardiac 
defect scheduled for elective corrective cardiac surgery 
performed with CPB support were included.

Patients who needed FC in the early postoperative 
period were included in the study. FC was given if 
one or more of the following occurred: a decrease 
in mean blood pressure (MBP) by more than 10% 
from baseline; an increase in heart rate (HR) by 
more than 10% from baseline; or urine output less 
than 0.5 ml/kg/h after exclusion of other possible 
causes such as pain, awareness, kinked, or displaced 
urinary catheter.

Exclusion criteria included patients in shock who 
required urgent resuscitation or contraindications to 
leg elevation and fluid bolus, such as cardiomyopathy, 
lung edema, increased intracranial pressure, or 
lower-extremity fractures. Also, patients undergoing 
emergency surgery or redo surgery were not included 
in the study.

General anesthesia and postoperative management 
followed institutional standards. During the postoperative 
period, all patients were admitted to the ICU, intubated, 
and ventilated (pressure-controlled regimen) with 
standard settings to achieve normocapnia. The FiO2 was 
0.4, with baseline postive end expiratory pressure (PEEP) 
3 cmH2O. All patients were sedated and paralyzed 
with continuous infusion of midazolam at 0.5  μg/
kg/h and atracurium at 5–9 μg/kg/min to prevent any 
spontaneous breathing trials. All patients were subjected 
to impedance cardiography (the electrical cardiometry 
monitor AESCULON, Osypka Medical GmbH, 
Grossbeerenstrasse 184, D-12277 Berlin, Germany) to 
monitor SV and cardiac index (CI) continuously.

Clinical data, including age, sex, height, weight, body 
surface area, type of operation, and dose of inotropic 
drugs, were recorded at the time of entry. Measurements 
of hemodynamic parameters, including HR, MBP, 
SV, and CI, were monitored and recorded during the 
study. SV and CI were noninvasively monitored using 
impedance cardiography (the electrical cardiometry 
monitor AESCULON).

All measurements were taken within 2 h of arrival at the 
ICU. During the study period, the patients remained 
supine and doses of midazolam, atracurium, vasoactive 
agents, and ventilator settings were unchanged.

SV, CI, mean arterial blood pressure (MABP), and HR 
were recorded four times.

At T1, the patient was in the supine position, with the 
head raised 45°; at T2, the lower extremities were raised 
45° with the help of an assistant, and after 5 min the four 
hemodynamic parameters were measured again; at T3 the 
patient was placed back in the initial position for 10 min 
and the hemodynamic parameters were again measured. 
At T4, a bolus of intravenous FC was given to the patient 
using 10 ml/kg of 0.9% NaCl and the four hemodynamic 
parameters were measured immediately after the challenge.

The patients were categorized as responders if the CI 
increased by more than 10% following the FC or leg 
raising.

The primary endpoint of our study was to predict 
whether PLR could predict the hemodynamic 
response to subsequent FC in pediatric patients 
following cardiac surgery. The secondary endpoint was 
to determine which parameter we can depend upon 
for assessment of passive leg-raising responsiveness in 
pediatric patients following cardiac surgery.

Statistical methods
Data were expressed as mean ± SD for quantitative 
parametric measures in addition to both number and 
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percentage for categorized data. IBM SPSS statistics 
(version 22.0, 2013; IBM Corp., USA) was used for 
data analysis.

On the basis of a pilot study in our ICU, it was 
determined that a sample size of 39 achieves 80% 
power to detect to detect a 40% in patients who will 
respond to PLR using a two-sided binomial test 
with a significance level less than 0.05. Forty patients 
were included to replace any missing data. PASS 11 
(Kaysville, Utah) was used for sample size calculation.

The comparison between pre-PLR and post-PLR 
hemodynamic parameters and those before and 
after FC was made using the paired Student’s t-test, 
whereas the comparison after FLR and FC was made 
using the unpaired Student’s t-test. The hemodynamic 
parameters after PLR and its relation to the responses 
to fluid administration were analyzed using diagnostic 
validity tests (including sensitivity, specificity, predictive 
value for a negative test, predictive value for a positive 
test, and efficacy) and the χ2-test. The P of error at 0.05 
was considered significant, and those at 0.01 and 0.001 
were considered highly significant.

Results
During the study period, 40 patients were included (25 
boys and 15 girls); the mean age of patients was 4.86 
years. The average body surface area of the patients was 
0.83 ± 0.26 m2. The diagnoses of the children were 
atrial septal defect (n = 12, 30%), ventricular septal 
defect (n = 13, 32.5%), common atrioventricular canal 
(n = 8, 20%), and subaortic membrane (n = 7, 17.5%) 
(Table 1).

The only parameter that showed significant changes 
after PLR was CI (P<0.001), but after we conducted 
the FC significant changes were found in HR (P = 
0.006), SV (P<0.001), and CI (P<0.001), as shown 
in Tables 2 and 3. There was no significant difference 
between pre-PLR and pre-FC values with respect 
to any of the measured hemodynamic parameters 
(P > 0.05).

Among those patients with decreased HR after FC (20 
patients), only seven patients had the same response 
after PLR (35%) and 13 (65%) patients showed no 
decrease in HR after PLR, which indicates that there 
was no significant correlation between FC and PLR on 
the basis of HR, as shown in Table 4.

As regards MBP, among those patients with increased 
MBP after FC (20 patients), only four (20%) patients 
had the same response after PLR and 16 (80%) patients 

Table 1 Study population characteristics
Characteristics Values

Age (years) 4.86 + 1.31
Sex (male/female) 25 (62.5)/15 (37.5)
BSA (m2) 0.83 ± 0.26
Diagnosis

ASD 12 (30)
VSD 13 (32.5)
Common atrioventricular canal 8 (20)
Subaortic membrane 7 (17.5)

Values are expressed as mean ± SD or n [%]; ASD, atrial septal 
defect; BSA, body surface area; VSD, ventricular septal defect.

Table 2 Comparison between pre-passive leg raising and 
post-passive leg raising values as regards heart rate, mean 
blood pressure, stroke volume, and cardiac index
Variables Before PLR After PLR P value

HR (beats/min) 132.3 ± 50 130.9 ± 46 0.4
MBP (mmHg) 60.6 ± 5.72 59.2 ± 13.56 0.522
SV (ml/beat) 18.627 ± 23.8 18.648 ± 17.5 0.242
CI (l/m/m2) 3.297 ± 2.155 3.465 ± 1.86 <0.001

Values are expressed as mean ± SD; CI, cardiac index; HR, heart 
rate; MBP, mean blood pressure; PLR, passive leg raising; 
SV, stroke volume; P < 0.05 is considered statistically significant.

Table 3 Comparison between pre-fluid challenge and post-
fluid challenge values as regards heart rate, mean blood 
pressure, stroke volume, and cardiac index
Variables Before FC After FC P value

HR (beats/min) 129.15 ± 47 127.05 ± 45.5 0.006
MBP (mmHg) 59.8 ± 14.65 60.2 ± 12.65 0.634
SV (ml/beat) 18.658 ± 25 20.391 ± 21.55 <0.001
CI (l/m/m2) 3.076 ± 1.92 3.623 ± 2.66 <0.001

Values are expressed as mean ± SD; CI, cardiac index; FC, fluid 
challenge; HR, heart rate; MBP, mean blood pressure; SV, stroke 
volume; P<0.05 is considered statistically significant.

Table 4 Correlation between fluid challenge and passive leg 
raising using heart rate, mean blood pressure, stroke volume, 
and cardiac index
Response to PLR Response to FC P value

Yes No

Decrease in HR
Yes 7 (35) 6 (30) 0.736
No 13 (65) 14 (70)

Increase in MBP
Yes 4 (20) 2 (10) 0.376
No 16 (80) 18 (90)

Increase in SV
Yes 8 (42.1) 3 (14.3) 0.049
No 11 (57.9) 18 (85.7)

Increase in CI
Yes 13 (65) 3 (15) 0.001
No 7 (35) 17 (85)

Values are expressed as n [%]; CI, cardiac index; FC, fluid 
challenge; HR, heart rate; MBP, mean blood pressure; PLR, 
passive leg raising; SV, stroke volume; P<0.05 is considered 
statistically significant.
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showed no increase in MBP after PLR, which indicates 
that there was no significant correlation between FC 
and PLR on the basis of MBP, as shown in Table 4.

As regards SV, among those patients with increased SV 
after FC (19 patients), only eight (42.1%) patients had 
the same response after PLR and 11 (57.9%) patients 
showed no increase in SV after PLR, which indicates 
that there was significant correlation between FC and 
PLR on using SV, as shown in Table 4.

CI also showed significant correlation between FC and 
PLR, as shown in Table 4. Among those patients with 
increased CI after FC (20 patients), 13 (65%) patients 
had the same response after PLR and seven (35%) 
patients showed no increase in CI after PLR, whereas 
among patients who showed no increase in CI after FC 
(20 patients), only three patients showed increased CI 
after PLR and 17 (85%) patients showed no response.

A patient was categorized as a responder if there was an 
increase in CI of 10% or more after FC. Twenty patients 
were categorized as responders, with a CI increase of 10% 
or more after receiving intravenous fluid with 10 ml/kg 
of normal saline. The sensitivity of CI using the PLR 
maneuver was 65%, with a specificity of 85%, efficacy of 
75.0%, positive predictive value of 81.3%, and negative 
predictive value of 70.8%, whereas sensitivity of SV using 
the PLR maneuver was 42.1%, with a specificity of 85.7%, 
efficacy of 65.0%, positive predictive value of 72.7%, and 
negative predictive value of 62.1%, as shown in Table 5. 
The only hemodynamic parameter that showed a quite 
high sensitivity to FC after PLR was CI.

Discussion
This study showed that the PLR maneuver can be 
used as a noninvasive reversible predictor of the 
responses to fluid administration in post-cardiac-
surgery pediatric patients. It also clarified that both 
SV and CI can be used as hemodynamic parameters 
for assessing the responsiveness of PLR. However, 
the study showed that CI had a higher sensitivity and 
efficiency than SV.

In this study, the PLR maneuver has been chosen as a 
noninvasive method for predicting fluid responsiveness 
in post-cardiac-surgery pediatric patients by virtue 
of the fact that the changes in CI during PLR are 
temporary and reversible as the CI returns to its original 
value within 7–10 min after the legs are repositioned, 
thus avoiding the detrimental effects of unnecessary 
fluid administration [5,7,8].

On comparing the hemodynamic parameters before 
and after FC, it was found that MABP did not show a 
significant change, which was also observed following 
PLR. This can be attributed to sympathetically mediated 
arterial autoregulation, where the arterial tone changes 
with changes in cardiac output to maintain constant 
MABP. Therefore, MABP cannot be relied upon as an 
indicator of fluid responsiveness [9–11].

Although the HR changed significantly following FC, 
it did not show a significant change after PLR. This 
may be because the volume of autotransfused fluid 
following PLR in pediatric patients is likely to be less 
than the volume of FC administered (10 ml/kg), and 
thus it cannot be used for assessing the responsiveness of 
PLR to fluid administration; in addition, many factors 
may affect HR, especially in pediatric patients [12–16].

SV also did not show a significant change after PLR, 
despite a significant change after FC; again, this may 
be due to the smaller autotransfused blood volume 
following PLR in pediatric patients. Therefore, the 
increase in SV after PLR is not as high as the increase 
resulting from FC [12]. However, by comparing 
SV after both PLR and FC, there was a significant 
correlation between FC and PLR, with a sensitivity 
of 42.2%, and thus it can be used for assessing the 
responsiveness of PLR to fluid administration.

In contrast to HR and SV, CI showed a significant 
change after both PLR and FC. Moreover, on 
comparing CI after both PLR and FC, a significant 
correlation was found between PLR and FC, with a 
sensitivity of 65%, and thus it is considered a good 
parameter in assessing the responsiveness of PLR to 
fluid administration in pediatric patients after cardiac 
surgery.

Therefore, we concluded that either SV or CI can be 
used as a predictor of fluid responsiveness. But still, 
the change in CI is a much more accurate parameter 
for determining the response to fluid administration 
because of its higher sensitivity.

Similar results were obtained in a study by Lukito 
et al. [12] conducted on pediatric ICU patients. This 
study showed that the CI changed significantly after 

Table 5 Accuracy of hemodynamic parameter changes in 
passive leg raising to predict fluid responsiveness
Items Specificity 

(%)
Sensitivity 

(%)
Negative 
predictive 

value

Positive 
predictive 

value

Efficacy 
(%)

HR 70.0 35.0 51.9 53.8 52.5
MBP 90.0 20.0 52.9 66.7 55.0
SV 85.7 42.1 62.1 72.7 65.0
CI 85.0 65.0 70.8 81.3 75.0

CI, cardiac index; HR, heart rate; MBP, mean blood pressure; 
SV, stroke volume.
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both PLR and FC, whereas SV changed significantly 
only after FC. Caille et al. [16] found that the increase 
in SV after PLR was not significantly as high as the 
increase after FC. Lukito et al. [12] proposed an 
explanation for these results; they suggested that the 
effect of FC was higher because of some residual fluid 
from PLR, as the wash-out time after PLR was not 
maximal yet, thus making the increase in SV and CI 
following PLR lower compared with that after FC.

In contrast to our study, other studies [13,14,17–19] 
reported that the changes in SV induced by PLR are 
an accurate and interchangeable index for predicting 
fluid responsiveness – for example, in the study by 
Dong et al. [17] in nonintubated critically ill patients 
and that by Préau et al. [14] in nonintubated septic 
shock patients. Guint et al. [19] also stated that PLR 
significantly increases both SV and cardiac output 
(COP) and those changes in SV after PLR can predict 
fluid responsiveness in venovenous extracorporial 
membrane oxygenator (ECMO) patients. These 
differences in results may be due to the different types 
of patients selected, as most of these studies were 
conducted on adult patients with different pathologies.

Some studies that were also conducted on pediatric 
patients attributed the difference in results between 
adults and pediatric patients to the leg-length to body-
length ratio, which is lower in children compared with 
adults [12,20]. Lukito et al. [12] assumed that the 
shorter leg length in pediatric patients might result in 
a decreased effect of autotransfusion when compared 
with fluid administration. Therefore, the change in 
SV after PLR may not be enough to show statistically 
significant differences.

In our study, we performed the PLR maneuver while 
the patient was in the 45° semirecumbent position 
instead of the supine position as this is believed to 
add blood from the splanchnic venous reservoir. Jabot 
et al. [7] concluded that the 45° semirecumbent position 
induces a larger increase in cardiac preload than the 
supine position and may be preferred for predicting 
fluid responsiveness. This was also ascertained by 
Monnet and Teboul [21]. Therefore, this method is 
considered the standard.

It is also worth mentioning that correct monitoring of 
a PLR effect requires a device that allows continuous 
monitoring. This was achieved in our study as SV and 
CI were continuously monitored using impedance 
cardiography (the electrical cardiometry monitor 
AESCULON), which is not available in every ICU.

Impedance cardiography has the merit of being simple, 
noninvasive, continuous, and cost-effective, with good 

correlation with other clinical measures of cardiac 
function [22].

Conclusion
The passive leg-raising maneuver is a reliable noninvasive 
method that can predict volume responsiveness in 
post-cardiac-surgery pediatric patients.

The increase in SV and CI with PLR is significantly 
correlated with the response to fluid administration. 
Therefore, either SV or CI can be used as a predictor 
of fluid responsiveness. Nevertheless, the increase in CI 
is a much more accurate parameter for assessing the 
response to fluid administration.
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