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Lung ultrasound scores are not associated 
with subcutaneous oedema or fluid balance 
in infants after cardiac surgery
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Abstract  
Background  Lung ultrasound may help to estimate extravascular lung water (EVLW). However, after paediatric 
cardiac surgery, the relationship of a lung ultrasound score (LUS) with subcutaneous oedema, fluid balance, or body 
weight is unknown.

Methods  A prospective, observational study was performed in mechanically ventilated infants following cardiac 
surgery. A clinical oedema score (COS), fluid balance (FB), body weight (BW) and LUS (based on a B-line scoring tool) 
were performed.

Results  We studied 53 infants with a median age of 8 days [IQR, 0–14]. EVLW, as estimated by the mean LUS, was 8.7 
(SD 3.7) at baseline, 9.2 (SD 4.2) at 24 h, and 9.1 (SD 3.4) at 48 h, out of a maximum score of 24. However, LUS changes 
over time were small and infero-lateral lung zones had higher mean LUS compared to supero-anterior lung zones. 
Moreover, subcutaneous body oedema, as measured by a COS, change in BW, or FB, were not associated with the LUS. 
On multivariable, linear, mixed-effects modelling, accounting for repeated measures within children over time, there 
was no significant association between the COS and LUS (0.2 points [95% CI − 0.01–0.3]. Finally, in similar regres-
sion analyses, there was no significant association between each 100 gm increase in BW or 100 ml increase in FB 
and changes in LUS (BW, 0.3 [− 0.1–0.7] and FB, 0.1 [− 0.2–0.4]).

Conclusions  In infants following cardiac surgery, the lung ultrasound score was higher in infero-lateral lung zones 
compared to supero-anterior zones. However, it had no association with a subcutaneous oedema score or changes 
in fluid balance or body weight.
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Introduction
Fluid accumulation in children following cardiac sur-
gery has been associated with worse oxygenation, 
lower cardiac output and prolonged mechanical ven-
tilation, [1–3] particularly when present at extreme 
values [4]. The association with prolonged mechani-
cal ventilation implies that positive fluid balance may 
lead to lung oedema, or increased extravascular lung 
water (EVLW), therefore contributing to lung injury, 
a recognised consequence of cardiopulmonary bypass 
in children. Such lung injury appears mediated by the 
inflammatory effects of ischemia–reperfusion injury 
[5–7] and by increased pulmonary vascular permeabil-
ity. However, it may also be aggravated by a positive 
fluid balance. In children following cardiac surgery, 
subcutaneous edema is commonly observed and 
believed to occur because of positive fluid balance and 
increased microvascular permeability [8]. Physiologi-
cal principles regarding the distribution of total body 
water throughout interstitial spaces [9] suggest that 
generalised subcutaneous oedema should be associ-
ated with and reflect similar changes in organ oedema.

Point-of-care ultrasound has been used to quantify 
EVLW, in neonates [10] and children following cardiac 
surgery [11], and is increasingly available to intensive 
care clinicians [12]. B-lines are vertical hyperechoic 
ultrasound artefacts generated by air–water acoustic 
impedance and are a suggested method for quantify-
ing EVLW [13–15]. However, they may also represent 
other pathologies such as atelectasis [16]. Animal data 
using gravimetric analysis suggest that following an 
inflammatory stimulus, B-line quantification is asso-
ciated with EVLW [17, 18]. However, neonatal studies 
comparing lung ultrasound to thermodilution are lack-
ing and only a modest correlation between chest X-ray 
evidence of pulmonary congestion and LUS have been 
reported [19]. Despite this, a greater number of B-lines 
has been reported to be associated with weight change 
in children requiring dialysis, [20] and lung weight and 
function of donor lungs. [21] However, no data exist 
on children after cardiac surgery.

Accordingly, in this prospective, observational 
study of infants following cardiac surgery, we aimed 
to describe the distribution of EVLW, as determined 
by lung ultrasound and to investigate its relationship 
with subcutaneous oedema, fluid balance (determined 
by fluid balance charts), and body weight. We hypoth-
esized that the magnitude of subcutaneous oedema, 
fluid balance or change in body weight would have a 
positive relationship with EVLW as expressed by the 
lung ultrasound score (LUS).

Methods
We performed a prospective, observational study at the 
Royal Children’s Hospital (RCH) PICU between May 
2021 and September 2022. Permission to conduct the 
study was provided by the RCH Human Research Ethics 
Committee (HREC number HREC/65005/RCHM-2020), 
and procedures were followed in accordance with the 
Helsinki Declaration of 1975.

Infants were eligible if they were within 72 h following 
cardiac surgery, were mechanically ventilated, and were 
expected to remain so for 48 h. Only those nursed in an 
Atom Infant warmer cot (Parker Healthcare, AU) were 
eligible because infants could be accurately weighed using 
built-in scales [22]. Infants less than 7 kg can be nursed 
in such cots. We used change in body weight (BW) as a 
surrogate for change in total body water. Infants were 
excluded if they were deemed unsafe to weigh, previously 
participated in the study or had localised oedema as a 
result of other pathologies, for example, central venous 
thrombosis or trauma (Supplementary Table 1 for full list 
of inclusions and exclusions). In addition, infants with 
anatomical or physiological reasons that could indepen-
dently cause increased EVLW were excluded such as left 
ventricular failure, persistent or unrepaired anomalous 
pulmonary venous drainage or congenital lung anoma-
lies. Following written consent to participate, infants had 
the following measurements performed at enrolment and 
two subsequent 24-h periods: weight measurement, daily 
fluid balance, a clinical oedema score (COS) and lung 
ultrasound. Data were entered into a case report form 
and subsequently to a database managed using REDCap 
electronic data capture tools [23].

Demographic and clinical characteristics were recorded 
from the PICU database including age, sex, weight, 
admission diagnosis (ANZPICR diagnostic codes) [24], 
Risk adjustment for congenital heart surgery (RACHS), 
Paediatric index of mortality (PIM3) score [25], dura-
tion of invasive MV, use of ECMO and renal replacement 
therapy (RRT), intensive care LOS and intensive care 
mortality.

Lung ultrasound
Lung ultrasound (LUS) was performed at 3-time points; 
baseline (at enrolment), 24  h and 48  h and timed with 
other measurements. Scans were performed using the 
Venue™ Ultrasound System (GE Healthcare) with the 
L8-18i linear array hockey stick, ultrasound probe trans-
ducer (5-9 MHz) and a lung pre-set focused at the level 
of the pleural line. The depth of penetration was stand-
ardized to 4–8  cm. Video images were recorded from 
4 regions for each hemithorax: zone 1, superior in the 
mid-clavicular line; zone 2, inferior in the mid clavicular 
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line; zone 3, superior in the mid-axillary line; and zone 4 
inferior in the mid axillary line capturing the costo-dia-
phragmatic angle. A B-line was identified as a continuous 
echogenic line arising from the pleural margin that oblit-
erated an A-line and extended the length of the image. 
The most perpendicular intercostal space to the ultra-
sound beam was chosen and then visualised throughout 
a respiratory cycle. If more than one intercostal space 
met these criteria, the space with the greatest number of 
B-lines was included. The number of B-lines was counted 
in one intercostal space per image and the lung ultra-
sound score (LUS) for each region was calculated as fol-
lows (Supplementary Fig. 1):

0: A-pattern (defined by the presence of A-lines 
only);
1: B-pattern (defined as the presence of 1 or 2 well-
spaced B-lines);
2: severe B pattern (defined as the presence of ≥ 3 
well-spaced B-lines or coalescent B-lines; and.
3: extended consolidation is defined as the presence 
of consolidation limited to the subpleural space or 
any pleural effusion. (similar to other scoring meth-
odologies) [26].

Ultrasound imaging was performed by BG, SK or VM 
who were trained by sonographers prior to the study 
commencement. The LUS scores were attributed by a 
clinician with expertise in lung ultrasound (AOB) who 
was blinded to other measurements. A maximum total 
LUS for each period was 24. If a lung zone was consid-
ered not assessable, or not available, the median score 
for that hemithorax was manually imputed. If more than 
two segments were not assessable, then the score was not 
analysed.

Clinical oedema score
At each timepoint, a clinical oedema score (COS) was 
performed. The technique, inter-observer agreement 
and validity of the COS have previously been described 
[27]. In short, the 19-point COS was developed using a 
composite grading of oedema in six body regions includ-
ing the periorbital region, upper limb, hand, torso, lower 
limb and foot. Each region was assessed as having either 
none (score = 0), mild (1), moderate (2), or severe (3) 
oedema based on descriptive criteria. The COS is shown 
in Supplementary Fig. 2. At each timepoint, the COS was 
performed by the primary investigator (BG) or either of 
two trained doctors (VM/SK).

Body weight and fluid balance
Changes in body weight (BW) were calculated between 
baseline and 24  h and, 24 to 48  h. The technique and 

the precision of BW measurements have been previ-
ously described. (cite Gelbart in press—agreement). 
Fluid balance was calculated as the absolute net differ-
ence between fluid input and output timed with BW 
and oedema measurement. Net fluid input included all 
intravenous and enteral fluids. Net fluid output included 
urine, stool, drain and peritoneal dialysis effluent. The 
absolute change in fluid balance during the observation 
period was recorded.

Outcomes
The primary outcome was EVLW expressed as the sum-
marised total LUS score. The secondary outcome was the 
change in LUS between time intervals.

Statistical analysis plan
Demographic and clinical characteristics were described 
using frequencies and proportions and for continuous 
data, mean (+ / − standard deviation (SD)) or median and 
the interquartile range (IQR), if skewed. Firstly, the sym-
metry of the distribution of LUS was inspected by histo-
gram plots. We described the LUS scores for each lung 
zone at each timepoint. For the whole cohort, LUS scores 
were summarised as mean (+ / − SD) or median (IQR) for 
each zone and as a total daily score and displayed graphi-
cally. The lung ultrasound score was explored in a linear 
mixed effects model to investigate differences in mean 
scores between lung zones and within lung zones over 
time. Fixed effects incorporated into the model were the 
lung zone, the lung (left/right) and time points, along 
with their interaction terms. Pairwise comparisons of 
the estimated marginal means between lung zones and 
between time intervals were performed.

The relationships between the COS and changes in BW, 
FB and LUS for each child at each time point were visu-
alised using scatterplots. Pearson’s correlation coefficient 
was calculated for the relationship between the COS and 
LUS for each time point. Subsequently, the LUS score 
was explored within a multivariable, mixed effects, linear 
regression model, with a random intercept accounting 
for repeated measures within infants. Explanatory vari-
ables included the COS, change in BW, and change in FB. 
Covariates with potential influence incorporated into the 
model were the RACHS (risk of death as a percentage), 
duration of cardiopulmonary bypass (hour) and whether 
peritoneal dialysis was provided during the study period. 
For changes in FB and BW, the LUS at baseline was 
incorporated into the model to account for its change 
over time. Analyses were performed with R software, 
version 4.1.2 (The R Foundation for Statistical Comput-
ing, Vienna, Austria) with the specific packages listed 
in the Supplemental Digital Content. The Strengthening 
the Reporting of Observational Studies in Epidemiology 
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(STROBE) checklist for cohort studies was completed 
and is found in the Supplemental Digital Content file. A p 
value < 0.05 was considered statistically significant.

Results
Between May 2021 and September 2022, 53 infants were 
enrolled following cardiac surgery. The consort diagram 
is shown in Fig.  1. Declined consent accounted for six 
infants who were excluded from the analysis and miss-
ing ultrasound images accounted for the loss of seven 
images over the study period. The demographic and clini-
cal characteristics of all infants are shown in Table 1. The 
median time from surgery to baseline measurements was 
26  h [IQR, 23–29]. The median positive end-expiratory 
pressure (PEEP) at baseline, 24 and 48 h were 5 cmH2O 
(IQR: 5,6), 5 cmH2O (IQR: 5,6) and 6 cmH2O (IQR: 5,6), 
respectively. One child was extubated shortly after enrol-
ment, seven on day 2 and nine on day 3.

Patterns of extravascular lung water
At baseline, 53 infants had a lung ultrasound;:52 at 24 h 
and, 46 at 48 h. Therefore, changes in LUS between base-
line and 24 h, and 24 to 48 h, were available for 52 and 

46 infants, respectively. The median score was imputed 
for 7/1272 (0.6%) lung zones. The absolute LUS scores 
for each timepoint are summarised in Supplementary 
Table  2, and the distribution of values are visualised in 
Supplementary Fig. 4. The mean changes in LUS score at 
each time interval were less than 1 point and are shown 
in Supplementary Table 3 and their distribution is visu-
alised in Supplementary Figs. 5. In a linear mixed effects 
model, higher mean LUS scores were found infero-lat-
erally compared to supero-anterior regions (Fig.  2 and 
Supplementary Figs. 6 and 7). In a similar model, within 
each independent lung zone, there were no differences 
in mean LUS between baseline, 24 and 48 h (Fig. 3). The 
mean LUS by lung zone for all infants during the study 
period is shown in Supplementary Table 4.

Relationship between LUS and the clinical oedema score
The COS at each time point is summarised in Supple-
mentary Table  2. The relationship between total COS 
and total LUS, for each child at each time point, is 
shown in Fig. 4. In a multivariable, linear, mixed effects 
model, accounting for repeated measurements within 
infants, there was no significant association between the 

Fig. 1  Consort diagram of infants with lung ultrasound scores included in the analysis
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clinical oedema score and the LUS; coefficient 0.2 [95% 
CI, − 0.01–0.3] (Supplementary Table 5).

Relationship between change in EVLW, body weight 
and fluid balance
In a multivariable, linear mixed effects model, after 
accounting for the LUS at baseline, there was no signifi-
cant association between a change in either BW or fluid 
balance and a change in LUS (BW coefficient 0.3 [95% 
CI, − 0.1–0.7], FB coefficient 0.1 [95% CI, − 0.2–0.4] (Sup-
plementary Table 6).

Body weight, fluid balance and clinical oedema scores 
when no change in LUS occurred
For 15 time intervals in 14 infants, there was no change 
in LUS between time intervals. The mean change in BW, 
when no change in LUS, was detected ranged from − 1.4% 
(SD 3.2) to − 3.0% (SD 2.9). Similarly, the mean change in 
the COS ranged from 1.6 points (SD 3.3) to − 2.0 points 
(SD 4.4) (Supplementary Table 7).

Table 1  Demographic and clinical characteristics of infants who 
had at least one lung ultrasound

Data are median and interquartile range unless specified otherwise

Characteristic n = 53

Age (days) 8.0 [0,14]

Sex (male) n (%) 33 (62)

Paediatric index of mortality III 2.1 [1.3, 5.7]

Risk adjustment congenital heart surgery 20.9 [14.3, 32.4]

Diagnosis n (%)

  Aortic insufficiency 1 (1.9)

  Aortic stenosis 1 (1.9)

  Atrio-ventricular septal defect 3 (5.7)

  Coarctation of the aorta 1 (1.9)

  Double outlet right ventricle 1 (1.9)

  Hypoplastic left heart syndrome 3 (5.7)

  Hypoplastic left ventricle (not HLHS) 2 (3.8)

  Interrupted or hypoplastic aortic arch 4 (7.5)

  Levo-transposition of great arteries 2 (3.8)

  Pulmonary atresia or stenosis 7 (13.2)

  Total anomalous pulmonary venous drainage 4 (7.5)

  Transposition of great arteries (dTGA) 17 (32.1)

  Tricuspid atresia or stenosis 2 (3.8)

  Ventricular septal defect 5 (9.4)

Cardiopulmonary bypass n (%) 42 (79)

Mechanical ventilation duration (hours) 93.2 [66.7, 187.0]

Peritoneal dialysis n (%) 23 (43)

Extracorporeal membrane oxygenation n (%) 4 (8)

Intensive care length of stay (hours) 165.7 [117.2, 309.4]

Survival n (%) 53 (100.0)

Fig. 2  Lung ultrasound scores for each lung zone at baseline, 24 h 
and 48 h. The boxed value represents the mean lung ultrasound 
score. (Baseline, n = 53; 24 h, n = 52; 48 h, n = 46)
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Discussion
Key findings
In this prospective study of infants following cardiac sur-
gery, EVLW, as estimated by a LUS, was moderate, with 
little change across time points. In multivariable, mixed 
effects, linear regression analyses, there was no signifi-
cant association between clinically detected oedema 
and LUS. Similarly, changes in fluid balance or changes 
in BW were not associated with changes in LUS. Infe-
rolateral lung zones had higher mean LUS compared to 
supero-anterior lung zones. The changes in LUS between 
time intervals were small. In a small proportion of time 
intervals, when no change in LUS was detected, the mean 
change in BW was as great as 3%, and the mean change in 
COS was as great as 2 points.

Relationship to previous studies
Lung ultrasound is used to assess EVLW in children in 
intensive care [10]. However, in children following car-
diac surgery, there are few data reporting the validity of 
LUS as a measure of EVLW. Weak to moderate correla-
tion between LUS and chest X-ray appearance of pul-
monary oedema has been reported [19] as well as only 
moderate correlation between LUS and EVLW, meas-
ured by transpulmonary thermodilution [28]. Some stud-
ies have reported EVLW, or LUS, to be associated with 

duration of cardiopulmonary bypass, duration of MV and 
PICU LOS [11, 19, 29]; however, they are mostly small 
observational cohort studies [11, 29] with either a single 
postoperative LUS assessment [29] or no investigation 
of the effect of fluid balance or oedema on LUS and lit-
tle consideration of the possibility that B-lines after car-
diac surgery may reflect areas of atelectasis. In addition, 
preoperative factors, rather than fluid balance, have been 
reported to be associated with post operative LUS [19]. 
A randomized trial of ultrafiltration during cardiopulmo-
nary bypass on EVLW in children reported LUS changes 
before and after, but did not investigate fluid removal and 
changes in LUS [30]. Therefore, limited data exist that 
investigate the association between clinical measurement 
of fluid accumulation or fluid loss and estimates of EVLW 
using LUS.

Interpretation of findings
In this study, increased EVLW, as estimated by a LUS, 
was evident in all infants in the post operative period. 
However, only small changes were detected between time 
intervals. Changes in measurements of subcutaneous 
oedema or fluid balance charts or body weight were not 
associated with changes in LUS. Several possibilities may 
explain these findings. First, factors that contribute to the 
accumulation of EVLW after cardiac surgery might per-
sist despite changes in total body water. Thus, direct lung 
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inflammation and increased permeability may explain 
persistent EVLW [31]. Therefore, resolution of EVLW 
may occur more slowly, align with the recovery from the 
inflammatory injury, and be dissociated from changes in 
subcutaneous oedema or fluid balance or body weight. Of 
note, however, 21% of our cohort did not receive cardio-
pulmonary bypass. Moreover, it would seem unlikely that 
an inflammatory lung injury would distribute preferen-
tially in inferolateral lung zones. Second, lung ultrasound 
scoring systems may be insufficiently specific to detect 
changes in EVLW and may also reflect the presence of 
areas of atelectasis, consolidation or changes in pulmo-
nary blood flow. Residual cardiac anomalies (left to right 
shunts) or left ventricular dysfunction might be respon-
sible for a component of EVLW and shifts in total body 

water may not have equivalent effects in the lung. Third 
mean changes in LUS and changes in weight or fluid bal-
ance may be too small within two 24-h periods to detect 
a true difference in this population. Finally, changes in 
mean airway pressure will influence post operative ate-
lectasis and such changes will impact LUS. In this study, 
the median PEEP on each day were similar; however, the 
number that remained ventilated each day decreased.

Strength and limitations
The strength of this study is the prospective, standard-
ized collection of synchronized measurements of tissue 
oedema, fluid balance, body weight and LUS over three 
time points in infants following cardiac surgery. We used 
a LUS based on previously described scoring systems 

Fig. 4  Relationship between clinical oedema scores and lung ultrasound scores at three time points. Baseline (n = 53 infants), 24 h (n = 52 infants), 
48 h (n = 46 infants)
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and our images were analysed by a clinician with exper-
tise in lung ultrasound, who was blinded to other meas-
urements. Our study is unique in that the relationship 
between subcutaneous oedema, and LUS was investi-
gated in addition to fluid balance and body weight. How-
ever, we acknowledge some limitations. The study was 
single-centre and focused on a specific subgroup of chil-
dren, thus limiting the generalizability of these findings 
to the broader population of critically ill children. We did 
not account for infants with residual left to right shunts, 
changes in mean airway pressure or left ventricular func-
tion, which may be confounding factors for the appear-
ance of B-lines. We used lung ultrasound and specifically, 
the number of B-lines to estimate EVLW. Several limita-
tions apply to this technique. B-lines may be non-specific 
in the detection of EVLW and can reflect atelectasis as 
well as lung water [32]. Moreover, quantifying B-lines is 
reported to have only moderate correlation when com-
pared to thermodilution techniques [28]. Lung ultra-
sound scores were based on an arbitrary ordinal scale 
based on the number of B-lines. However, we used a pre-
viously reported scoring system that accounted for the 
number and coalescence of B-lines. Only four zones in 
each lung were analysed to estimate EVLW and therefore 
may underestimate total EVLW, particularly from poste-
rior regions. However, we selected zones from supero-
anterior to inferolateral segments of the lung to account 
for the potential wide distribution of LUS. Inter-observer 
variability was not investigated. However, clinicians 
performing lung ultrasound undertook focused train-
ing from a sonographer and a clinician with expertise 
in ultrasound prior to the commencement of the study. 
Many confounding factors could contribute to increased 
EVLW or their detection by quantifying B-lines. How-
ever, we accounted for important, potentially influen-
tial covariates such as the duration of cardiopulmonary 
bypass, RACHS and whether peritoneal dialysis was 
administered during the study period. Moreover, we were 
pragmatic about excluding infants with left ventricular 
failure or anatomical reasons for increased EVLW.

Conclusions
Infants following cardiac surgery were found to have 
a moderate amount of EVLW as determined by lung 
ultrasound. However, oedema determined by clinicians, 
changes in body weight or fluid balance was not associ-
ated with the degree of lung water as estimated by a LUS. 
The LUS was greater in inferolateral compared to supero-
anterior lung regions and changes across three 24-h time 
points were small. These findings suggest that either lung 
water is not influenced by changes in total body water 
or that lung ultrasound may be insufficiently specific for 
detecting EVLW.
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