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Objectives: Milrinone is an inodilator widely used in the postop-
erative management of children undergoing cardiac surgery. The 
literature supporting its inotropic effect is sparse. We sought to 
study the effect of milrinone on the vasculature and its effects on 
the ventricular function using wave intensity analysis. We also in-
tended to evaluate the feasibility of using wave intensity analysis 
by the bedside.
Design: prospective single-center observational study.
Setting: PICU of a tertiary children’s hospital.
Patients: Children (< 18 yr) admitted to PICU following cardiac 
surgery who required to be commenced on a milrinone infusion.
Interventions: Echocardiography and Doppler ultrasound assess-
ments for wave intensity analysis were performed prior to com-
mencing milrinone and 4–6 hours after milrinone infusion.
Measurements and Main Results: Wave intensity analysis was 
successfully performed and analyzed in 15 of 16 patients (94%). 
We identified three waves—a forward compression wave, back-
ward compression wave, and forward decompression wave. 
The waves were described with their cumulative intensity and 

wave-related pressure change. There was a 26% reduction in 
backward compression wave cumulative intensity following the in-
troduction of milrinone. Other variables (backward compression 
wave cumulative intensity/forward compression wave cumulative 
intensity ratio, backward compression wave wave-related pres-
sure change, backward compression wave wave-related pres-
sure change/forward compression wave wave-related pressure 
change ratio) consistent with vasodilation also decreased after 
milrinone. It also decreased the vascular wavespeed by 7.1% and 
increased the distensibility of the vessels by 14.6%. However, it 
did not increase forward compression wave cumulative intensity, 
a variable indicating the systolic force generated by the ventricle. 
Forward decompression wave cumulative intensity indicating ven-
tricular early diastolic relaxation also did not change.
Conclusions: In a cohort of children recovering in PICU after hav-
ing undergone cardiac surgery, we found that milrinone acted as 
a vasodilator but did not demonstrate an improvement in the con-
tractility or an improved relaxation of the left ventricle as assessed 
by wave intensity analysis. We were able to demonstrate the fea-
sibility and utility of wave intensity analysis to further understand 
ventriculo-vascular interactions in an intensive care setting. (Crit 
Care Med 2020; 48:e1071–e1078)
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Milrinone, a phosphodiesterase III inhibitor, has 
been shown to reduce the occurrence of low car-
diac output syndrome (LCOS) following surgery for 

congenital heart disease in children (1). It has been demon-
strated to decrease filling pressures, decrease systemic and pul-
monary arterial pressures by the virtue of vasodilation (1–5). 
However, it remains unclear whether the observed increase 
in cardiac output in these studies is a by-product of vasodila-
tion alone rather than an increase in contractility. Studies that 
have attempted to specifically examine the role of milrinone 
in providing positive inotropy independent of vasodilation DOI: 10.1097/CCM.0000000000004622
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have yielded disparate results due to dissimilar methodology 
(3, 6–10).

Traditional methods like echocardiography used to evaluate 
cardiac function by the bedside are unable to assess vasodila-
tion independent inotropic effects of vasoactive agents (11, 12). 
Echocardiographic estimation is further limited in the postop-
erative cardiac patient due to a lack of adequate sonographic 
windows. Furthermore, the current gold-standard to estimate 
inotropy involves invasive intracardiac measurements to derive 
ventricular pressure-volume loops (12, 13). A potential and as yet 
unapplied approach for teasing out the mechanisms underlying 
the clinical effects of milrinone is wave intensity analysis (WIA). 
WIA describes ventriculo-vascular interactions based on the en-
ergy flux of pressure-velocity waves that are generated by ventric-
ular contraction (forward waves) and are partially reflected in the 
vascular network (backward waves) (14–17). The three key waves 
identified after a single systolic contraction are as follows:

•	 forward compression wave (FCW) which is a pressure- and 
velocity-increasing wave caused by ventricular ejection,

•	 backward compression wave (BCW) is a pressure-increas-
ing, velocity-decreasing wave caused by reflections from 
downstream in the systemic vascular tree, and

•	 forward decompression wave (FDW) is a pressure- and 
velocity-decreasing wave caused by active ventricular 
untwisting (related to cardiac early diastolic function) and 
the accompanying deceleration of the column of blood in 
the aorta.

WIA also has a distinct advantage with respect to the quality 
of image acquisition over conventional techniques such as ech-
ocardiography as the images can be noninvasively acquired at 
a site away from the operative site (common carotid artery).

We conducted this study to assess the contribution of milri-
none to left ventricular (LV) contractility and relaxation and its 
effect on vascular resistance. We also assessed the feasibility of 
using WIA by the bedside in children after cardiac surgery. Use 
of WIA in the pediatric intensive care setting has not been re-
ported in the literature and to the best of our knowledge, there 
are no studies using WIA to assess the effects of milrinone.

MATERIALS AND METHODS
The study was undertaken in the pediatric cardiac ICU of a 
tertiary referral pediatric hospital and was approved by the 
human research ethics committee of the Royal Children’s Hos-
pital, Melbourne. Patients less than 18 years old admitted to 
PICU after cardiac surgery in whom a clinical decision had 
been made by the treating clinician to start milrinone were 
eligible for inclusion. Children on extracorporeal life support 
were excluded. Written informed consent was obtained from 
parents or guardians of children prior to study enrolment.

Milrinone was commenced in these patients in accordance 
with local unit protocol, which suggests its use as a second-
line therapy in suspected myocardial dysfunction and pre-
served blood pressure or if dobutamine causes unacceptable 
tachycardia (18). Milrinone infusion was generally started at 
0.5 micrograms/kg/min without a loading dose. Decisions 

regarding subsequent titration of milrinone infusion and/or 
other vasoactive agents were entirely at the discretion of the 
treating clinician. Standard monitoring and care were con-
tinued as per usual local PICU practice.

Clinical information regarding diagnosis and details of the 
surgery and cardiopulmonary bypass (CPB) were extracted 
from the patient information database. Routine postoperative 
clinical observations were recorded from the bedside charts 
for an 8-hour study epoch (2 hr before the milrinone infusion 
to 6 hr after the infusion was commenced). Hemodynamic 
monitoring data were averaged for 2 hours before the com-
mencement of milrinone and presented as “pre” values. The 
subsequent 6 hours were averaged to provide the “post” milri-
none readings.

Before the commencement of milrinone, a transthoracic 
focused echocardiogram was performed which served as the 
baseline premilrinone study. This echocardiogram assessed two 
indices of ventricular function using strain imaging techniques 
(global strain rate [SR] and ejection fraction [EF]). Imaging 
for WIA was performed in the same sitting. These studies 
were performed by either one of the two primary investiga-
tors trained in both echocardiography and image acquisition 
for WIA using a iE33 echocardiography machine (Koninklijke 
Philips, Amsterdam, The Netherlands). The second set of stud-
ies (echocardiography and WIA) was performed 4–6 hours 
after starting the milrinone infusion. All images were checked 
for quality and accuracy by senior pediatric cardiologists spe-
cializing in the modality (strain imaging using QLAB cardiac 
analysis cardiovascular ultrasound quantification software 
[Philips] [B.J.]; WIA [R.K.]).

WIA
For the purpose of image acquisition for WIA, a vascular probe 
was used to examine the common carotid artery. At a sweep 
speed of 100 mm/s, a 5–10 beat cine echo loop of carotid artery 
flow velocity was acquired using pulsed-wave Doppler, with 
the sampling gate extended over two thirds of the vessel di-
ameter, with an angle of insonation at less than 60° in accord-
ance with published guidelines (19). Subsequently, a 5–10 beat 
cine echo loop of carotid artery diameter was recorded with 
M-mode echocardiography at the same site, and the invasive 
blood pressure at the time was recorded.

These images were then exported from the echo analysis 
software as individual image files, with each individual beat 
cropped to the peak of the electrocardiogram R-wave, and 
each image cropped to the length of the shortest R-R interval 
in the series (Figs. 1 and 2). Using custom-developed software, 
automated edge-detection, ensemble averaging, and smooth-
ing of signals with a Savitzky-Golay filter (20) were performed. 
As central arterial distension and invasively measured pres-
sure waveforms correlate closely in systole (21, 22), the arterial 
diameter profile was converted to a pressure waveform via a 
two-point calibration using systolic and diastolic arterial pres-
sures. The resulting averaged pressure/diameter and velocity 
waveforms were saved into a text file and imported into cus-
tomized programmable analysis software (Spike2, Cambridge, 
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United Kingdom) for WIA. Mean velocity was then estimated 
from the maximum velocity (Doppler spectral envelope) using 
the scaling factors α and β described in our recent work (23). 
Net WIA was calculated as the instantaneous product of the 
rates of change in pressure and velocity (24–26) and separated 
into forward and backward components using wavespeed 
calculated with the ln(D)P loop method (23). As per con-
vention, “forward-running” and “backward-running” waves 
propagated away from and toward the ventricle respectively, 
whereas “compression” and “decompression” waves increased 
and decreased pressure respectively (27). Wave size was quan-
tified via wave area (cumulative intensity [CI]), obtained by 
integrating WI over wave duration. Forward and backward 
components of pressure were obtained by integrating pressure 
differentials, and wave-related pressure change (ΔP) obtained 
as the pressure difference measured between the start and 
end of the wave (28). Three waves were studied—FCW and 
FDW originating from the heart and BCW originating from 
the vasculature (17) (Fig. 3). Using invasively measured arte-
rial pressures, arterial compliance was calculated as (diameter 
difference)/(pulse pressure) and distensibility as (diameter dif-
ference)/(diastolic diameter × pulse pressure) (29).

Statistical Analysis
The clinical, echocardiographic, and WIA results were exported 
into a Microsoft Excel spreadsheet, and statistical analysis was 
conducted using IBM SPSS statistics Version 23 (IBM, Armonk, 
NY). Data were expressed either as mean (sd) or median (in-
terquartile range [IQR]). Data were checked for normality 

Figure 1. A still image of pulsed-wave Doppler of common carotid artery 
flow velocity. bpm = beats/min.

Figure 2. M mode of the common carotid artery. bpm = beats/min.

Figure 3. Example of acquired pressure (P), velocity (U), forward and 
backward components of pressure (P+ and P–, respectively) and forward 
and backward components of wave intensity (WI+ and WI–, respectively). 
The forward compression wave (FCW), backward compression wave 
(BCW), and forward decompression wave (FDW) are also indicated.
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using the Shapiro-Wilk test. Logarithmic transformation was 
used to transform data with nonnormal distribution prior to 
testing for statistical significance. The paired pre- and postmil-
rinone values were compared using a two-tailed paired t test or 
the Wilcoxon signed-rank test, depending on data distribution.

RESULTS
During the study period from November 2014 to July 2015, 
there were 16 eligible patients in whom consent was obtained 
for participation in the study. Of the 16 patients, 10 (63%) 
received only milrinone with no other vasoactive drugs, and 
six patients (37%) had milrinone added to existing vasoactive 
infusions (dobutamine, adrenaline, noradrenaline, glyceryl 
trinitrate, sodium nitroprusside), the doses of which were not 
changed between the pre and post milrinone assessments.

Clinical data were available for all 16 patients. Pre and post 
milrinone WIA datasets considered of sufficient quality for 
further analysis were available for 15 of 16 patients (94%). 
Owing to inherent difficulties in transthoracic echocardiog-
raphy following cardiac surgery, strain SR was only available in 
11 patients (69%), and nine patients (56%) had observations 
to compute EF.

Patient characteristics have been described in Table 1. The 
median age of the population was 101 days (IQR, 28–297 d). 
Nine patients (56%) were male, and four patients (25%) had 
single ventricle physiology. Two patients had small residual 
ventricular septal defects. Two others had moderate valvular 
regurgitation, and one patient had severe atrioventricular valve 
regurgitation (Table 1). The median time between the pre and 
post milrinone WIA/echocardiographic studies was 4 hours 40 
minutes (IQR [4 hr 15 min–5 hr 11 min]). A median time of 71 
hours (IQR, 21–254 hr) had elapsed after CPB when milrinone 
infusion was commenced. Fifteen of 16 patients (94%) had 
milrinone infusion at a rate of 0.5 µg/kg/min, and one patient 
had 0.75 µg/kg/min.

Clinical and Echocardiographic Variables
There was no change in heart rate following the administra-
tion of milrinone (Table 2). Systolic blood pressure (SBP) 
and mean arterial pressure (MAP) decreased, but the dias-
tolic blood pressure did not change. A small and borderline 
reduction was noted in central venous pressure (CVP) after 
milrinone. Although EF and SR did not change, there was a 
significant decrease in serum lactate following the commence-
ment of milrinone.

WIA Variables
There was a 26% reduction in BCW CI following the introduc-
tion of milrinone (Table 2). However, no appreciable change 
was demonstrated in FCW CI and FDW CI. The BCW CI/
FCW CI ratio reduced by 27% following administration of 
milrinone, but the FDW CI/FCW CI ratio did not change. Sim-
ilarly, a significant reduction of 23% occurred in BCW ΔP with 
no change noted in FCW ΔP and FDW ΔP. BCW ΔP/FCW ΔP 
ratio decreased by 18% after milrinone infusion, but the FDW 
ΔP/FCW ΔP ratio did not change.

Vascular Function Variables
Milrinone decreased the carotid wavespeed (c) by 7%. Carotid 
distensibility increased by 15%, but vascular compliance dem-
onstrated no significant change after administration of milri-
none (Table 2).

DISCUSSION
In our subset of patients in PICU recovering after cardiac sur-
gery, milrinone produced vasodilation as evidenced by clinical, 
WIA, and vascular function variables. This is supported by a 
decrease in blood pressure (SBP, MAP) and CVP, decreased 
local wavespeed, and increased distensibility of the vessels. 
Other WIA variables indicative of vascular tone also demon-
strated similar changes. Of note, there was no improvement in 
the ventricular systolic force or early diastolic relaxation.

Feasibility
Ultrasound data required for WIA were successfully obtained 
in all of the enrolled patients, with no reportable adverse events 
related to the scans. Of note, due to challenges with postop-
erative transthoracic imaging, EF could only be obtained in 
10 of 16 (63%) and SR in 12 of 16 (75%). The image quality 
for WIA was optimal and deemed suitable for further assess-
ment in 15 of 16 (94%). Although WIA has been used for the 
interrogation of various vasoactive agents, it has been using 
traditional invasive monitoring techniques. WIA has been 
used for the interrogation of various vasoactive agents using 
traditional laboratory–based invasive monitoring techniques 
(24, 26, 30) and noninvasive methods in a clinical setting (23, 
31–35). We were able to show not only that reliable data can 
be acquired noninvasively but also that it can be done by the 
bedside in a clinical setting in children. However, we do ac-
knowledge that further post processing analysis requires so-
phisticated software and expertise. As far as we are aware, 
this is the first study to have reported ultrasound-based WIA 
acquired from the bedside in a clinical setting in children. 
Although currently a research tool due to the need for special-
ized software and expertise, our study indicates a potential for 
future clinical application.

Effect of Milrinone on Vasculature
It has been described that the total energy, or “CI” of BCW and 
the corresponding pressure change (BCW ΔP) decreases with 
vasodilation and vasoconstriction elicits the opposite effect 
(30, 32, 36, 37). BCW CI/FCW CI and BCW ΔP/FCW ΔP are 
ratios of vascular reflections indexed to the corresponding 
FCW generated during a single systolic contraction.

Following milrinone, there was a significant reduction 
in every single WIA variable indicating vasodilation (BCW 
CI, BCW CI/FCW CI, BCW ΔP, and BCW ΔP/FCW ΔP). 
Milrinone also decreased the wavespeed and increased the dis-
tensibility of the examined vessels. Milrinone has consistently 
performed as a potent vasodilator in multiple experimental and 
animal studies (38, 39). Clinical studies in humans (2, 9) have 
demonstrated a consistent dose-dependent vasodilator effect. 
We found that milrinone reduced the SBP, MAP, and CVP. This 



Copyright © 2020 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Online Clinical Investigations

Critical Care Medicine	 www.ccmjournal.org	 e1075

has been noted in clinical studies with similar populations to 
ours (3). Although this was predictable, it also highlights the 
fact that our patients did have hemodynamic changes owing 
to the action of milrinone. We allowed at least 4 hours (me-
dian time 4 hr 46 min) after milrinone infusion to conduct the 
postmilrinone study. This would allow for a milrinone infu-
sion without a loading dose to attain similar plasma levels, and 
consequent hemodynamic effects, to one that is commenced 
after a loading dose (40).

Effect of Milrinone on LV Systolic Function
FCW CI and the corresponding pressure change FCW ΔP are 
sensitive to inotropes and provide insights into LV contrac-
tility. An exponential relationship has been reported between 
FCW CI and LV maximal rate of rise of pressure (dP/dt

max
) 

(26). In our study, milrinone produced no change in FCW CI 
or FCW ΔP, whereas conventional inotropes like dobutamine 
have been shown to increase FCW CI intensity, with up to an 
18-fold increase reported in some studies (25, 26, 37).

TABLE 1. Demographic and Diagnostic Details of the Study Population

No
Age, 
mo

Diagnosis:  
Operation

Wave  
Intensity  
Analysis

Milrinone Commencement 
(Time [hr] After  

Cardiopulmonary Bypass)

Residual  
Lesions Post  

Surgery

Valvar  
Stenosis or  

Regurgitation

1 13.5 Dilated cardiomyopathy: s/p 
heart transplant

+ 44.6 — —

2 0.9 Double outlet right ventricle, 
VSD, hypoplastic arch: s/p 
arterial switch, arch repair

+ 524.2 — Moderate neo-PR

3 6.2 Double inlet left ventricle, 
TGA, VSD: s/p bidirectional 
cavopulmonary circulation

+ 8.4 — —

4 0.9 HLHS: s/p Norwood stage 1 + 606.9 — Severe atrioventricular 
valve regurgitation

5 0.4 Coarctation of aorta, VSD: s/p 
arch repair, VSD closure

– 64.5 — —

6 2.1 Atrio VSD: s/p repair + 196.1 — —

7 4.6 AS: s/p AS repair, redo AS re-
pair; s/p Ross procedure

+ 77.3 — Mild neo-AR, mild PR, 
mild MR

8 6.0 TOF: s/p repair + 32.8 — Free PR

9 1.7 TGA, VSD, left ventricular out-
flow tract obstruction: s/p 
Blalock Taussig shunt, atrial 
septectomy

+ 3.6 — Mild MR

10 51.7 HLHS: s/p Fontan; s/p Fontan 
takedown

+ 457 — Mild TR

11 0.3 Total anomalous pulmonary 
venous drainage: s/p repair

+ 202.7 — —

12 212.2 TGA, VSD, pulmonary stenosis: 
s/p REV procedure; s/p 
mitral valve repair

+ 233.5 — Moderate MR

13 8.5 TOF: s/p repair + 313.9 Small residual VSD Mild MR, mild TR

14 0.2 TGA, VSD: s/p arterial switch 
operation, VSD closure

+ 5.3 Small residual VSD —

15 202.9 Dilated cardiomyopathy: s/p 
left ventricular assist device; 
s/p heart transplant

+ 25.5 — Mild TR

16 0.9 VSD, atrial septal defect: 
s/p repair

+ 3.1 — Mild TR

AR = aortic regurgitation, AS = aortic stenosis, HLHS = hypoplastic left heart syndrome, MR = mitral regurgitation, PR = pulmonary regurgitation, s/p = status 
post, TGA = transposition of great arteries, TOF = Tetralogy of Fallot, TR = tricuspid regurgitation, VSD = ventricular septal defect. 
+Wave intensity analysis (WIA) data available. 
–WIA data unavailable. 
Dashes indicate data not applicable. 
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Although milrinone has been demonstrated to decrease fil-
ling pressures, systemic and pulmonary arterial pressures, and 
either prevent LCOS or increase cardiac output (1–3), studies 
that have questioned the relative contribution of inotropy are 
few (3, 6). The literature supporting milrinone as an agent that 
increases systolic function independent of benefits achieved 
as a result of its vascular actions is sparse. It has not consist-
ently increased the systolic force, especially when tested in load-
independent conditions (8). Axelsson et al (41) noticed that in 
anesthetized pigs after induction of ischemic LV dysfunction, 

milrinone increased the dP/dt
max

 when compared with base-
line. Similar results with an increased dP/dt

max
 were obtained in 

other studies (42). However, a load-independent index “preload 
recruitable LV stroke work” (PRSW) did not improve signifi-
cantly (41). Royse et al (38) also found no significant increase in 
PRSW derived from ventricular pressure-volume loops.

Stocker et al (7), studied ventriculo-vascular coupling in 
piglets after the experimental induction of CPB. Milrinone pre-
vented an increase in LV afterload but did not improve myocar-
dial contractility. Other animal studies with largely dissimilar 

TABLE 2. Clinical, Echocardiographic, Wave Intensity Analysis, and Vascular Function 
Variables

Variables Pre Milrinone Post Milrinone p

Clinical variables, mean (sd), n = 16    

  Heart rate (per min) 138 (21) 143 (21) 0.18

  Systolic blood pressure (mm Hg) 87 (13) 80 (16) 0.02

  Diastolic blood pressure (mm Hg) 44 (7) 42 (6) 0.15

  Mean arterial pressure (mm Hg) 60 (8) 56 (7) 0.04

  Central venous pressure (mm Hg) 10 (5) 9 (5) 0.05

  Lactate (mmol/L) n = 14 1.8 (0.9) 1.5 (0.8) 0.01

Echocardiographic variables, mean (sd)

  Ejection fraction 54.4 (12.2) 57.2 (14.7) 0.28

n = 10

  Strain rate 20.3 (5.9) 21.1 (6.4) 0.18

n = 12

Wave intensity analysis variables, mean (sd), n = 15

  FCW CI (103.W/m2/s) 54.8 (70.1) 50.3 (30) 0.93

  BCW CI (103.W/m2/s) 18.2 (20) 13.4 (11.6) 0.04

  FDW CI (103.W/m2/s) 24.2 (41.9) 17.6 (11.3) 0.64

  BCW CI/FCW CI ratio 0.37 (0.1) 0.27 (0.1) 0.04

  FDW CI/FCW CI ratio 0.37 (0.2) 0.37 (0.2) 0.40

  FCW ΔP (mm Hg) 27.3 (16.5) 24.9 (9.9) 0.40

  BCW ΔP (mm Hg) 18.1 (9.9) 13.9 (7.2) < 0.05

  FDW ΔP (mm Hg) 18.4 (18.3) 17.4 (9.9) 0.57

  BCW ΔP/FCW ΔP ratio 0.67 (0.1) 0.55 (0.1) 0.01

  FDW ΔP/FCW ΔP ratio 0.60 (0.2) 0.68 (0.2) 0.13

Vascular function variables, mean (sd), n = 15    

  Local wavespeed (m/s) 4.2 (0.7) 3.9 (0.8) 0.05

  Compliance (μm/mm Hg) 14.7 (6.9)  16.2 (6.6) 0.26

  Distensibility (1/mm Hg) 0.41 (0.1) 0.48 (0.2) 0.04

BCW = backward compression wave, CI = cumulative intensity, FCW = forward compression wave, FDW = forward decompression wave, ΔP = wave-related 
pressure change, W/m2�/s = rate of energy flux per unit area per second (units to describe intensity of a wave).
See text for definitions of compliance and distensibility.
Boldface values indicate statistical significance.
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methodology have reported conflicting results when examining 
the indices of ventricular systolic function after milrinone (42–
44). Although WIA analysis is not load-independent, our find-
ings that milrinone failed to increase the FCW CI contribute to 
the body of literature questioning its inotropic effects.

One of the considerations to be discussed in a study involv-
ing milrinone use in neonates and young children is the 
age-related differences in the effects of milrinone on this pop-
ulation. The inotropic effects of milrinone are either minimal 
or absent when used in newborn animals when compared with 
its effects on older animals (45, 46). There have been no studies 
conducted in humans to corroborate these findings.

Effect of Milrinone on LV Early Diastolic Function
An improvement in LV early diastolic performance results in 
increased FDW CI and FDW ΔP. FDW CI/FCW CI and FDW 
ΔP/FCW ΔP are surrogate ratios indexing the ventricular re-
laxation to the systolic force.

Milrinone has been reported to improve ventricular di-
astolic relaxation and promote lusitropy (41). This has been 
demonstrated in vitro in a single ventricular myocyte (47) and 
also in vivo in dogs (10). Fredholm et al (48) demonstrated 
improved diastolic function using strain imaging in patients 
after aortic valve surgery. Similarly, echocardiographic assess-
ment demonstrated improved peak filling rate in adult patients 
after coronary artery bypass grafting (49).

This understanding, however, is far from universal. Dewitt 
et al (8) demonstrated a lack of improvement in diastolic 
function with milrinone when preload and afterload were 
maintained constant. In lipopolysaccharide-treated rabbits, 
milrinone did not improve ventricular diastolic function (50). 
Also, it did not add to the natural recovery of the post-CPB LV 
diastolic dysfunction in adult patients (51, 52). These findings 
are consistent with our study where milrinone produced no 
change in the ventricular diastolic function as evidenced by the 
lack of change in FDW-related variables.

The lack of improvement in systolic or diastolic ventricular 
function is interesting and may be due to the fact that a cer-
tain fraction of patients in our cohort may have been in the 
acute postoperative phase, and the findings may have been 
confounded by the dynamic nature of LCOS. However, the me-
dian time to starting milrinone was 71 hours after CPB, which 
makes this unlikely.

Our study has important limitations. Due to inherent diffi-
culty with postoperative imaging after sternotomy in children 
after cardiac surgery, a certain amount of data, especially from 
transthoracic echocardiography, were of inadequate quality for 
analysis. However, WIA data were not affected as the doppler 
images were obtained from the common carotid artery in the 
neck. Although the study sample size is modest, it represents the 
typical spectrum of children after congenital heart disease sur-
gery who receive milrinone. The pre- and postdesign accounts 
for each patient to serve as their own control limiting the con-
founding factors. Despite the sample size limitations, WIA was 
sensitive enough to detect significant characteristic changes, find-
ings that provide the basis for ongoing and further investigation.

CONCLUSIONS
We found that milrinone acted as a vasodilator but did not im-
prove contractility or relaxation of the left ventricle as assessed 
by WIA. Our study suggests that the effects of milrinone are 
predominantly due to a reduction in afterload, with no major 
effect on contractility or relaxation properties of the myocar-
dium. However, larger clinical studies are required to confirm 
our findings. We were also able to demonstrate that WIA could 
be safely performed by the bedside to yield valuable informa-
tion regarding ventriculo-vascular interactions in critically 
ill children following cardiac surgery. WIA is a promising re-
search and clinical imaging tool in cardiac ICU.
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