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Abstract Fluid overload and prolonged mechanical

ventilation lead to worse outcomes in critically ill children.

However, the association between these variables in chil-

dren following congenital heart surgery is unknown. The

objectives of this study were to describe the association

between fluid overload and duration of mechanical venti-

lation, oxygen requirement and radiologic findings of

pulmonary and chest wall edema. This study is a retro-

spective chart review of patients who underwent congenital

heart surgery between June 2010 and December 2013.

Univariate and multivariate associations between maxi-

mum cumulative fluid balance and length of mechanical

ventilation and OI were tested using the Spearman corre-

lation test and multiple linear regression models, respec-

tively. There were 85 eligible patients. Maximum

cumulative fluid balance was associated with duration of

mechanical ventilation (adjusted analysis beta coeffi-

cient = 0.53, CI 0.38–0.66, P\ 0.001), length of stay in

the pediatric intensive care unit (Spearman’s correla-

tion = 0.45, P\ 0.001), and presence of chest wall edema

and pleural effusions on chest radiograph (Mann–Whitney

test, P = 0.003). Amount of red blood cells transfused and

use of nitric oxide were independently associated with

increased duration of mechanical ventilation (P = 0.012

and 0.014, respectively). Fluid overload is associated with

prolonged duration of mechanical ventilation and PICU

length of stay after congenital heart surgery. Fluid overload

was also associated with physiological markers of respi-

ratory restriction. A randomized controlled trial of a

restrictive versus liberal fluid replacement strategy is nec-

essary in this patient population, but in the meantime,

accumulating observational evidence suggests that cautious

use of fluid in the postoperative care may be warranted.
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Introduction

The postoperative care of children who have undergone

congenital heart surgery has significantly improved during

the past few years, with dramatic decreases in morbidity

and mortality [29]. However, prolonged mechanical ven-

tilation following surgery still remains a problem in these

patients, resulting in increased morbidity, mortality,

utilization of hospital resources and surgical cancellations

[5, 11, 12, 20].

Prolonged mechanical ventilation has been associated

with multiple risk factors including fluid overload in con-

genital heart surgery patients and other critically ill pedi-

atric populations [5, 11, 14, 18, 26]. Fluid overload itself

has been associated with negative outcomes in several

pediatric critical care settings, including patients on

extracorporeal membrane oxygenator (ECMO) therapy for

respiratory failure [27], children with multiple organ failure

on continuous renal replacement therapy [8, 10], and

children with acute lung injury [7].

Fluid overload occurs frequently in the postoperative

congenital heart surgery population and is likely multi-

factorial [5, 14, 26]. It may result from low cardiac output

syndrome, capillary leak following cardiopulmonary
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bypass and postoperative fluid resuscitation. To date, there

have been no randomized, controlled trials on the effect of

a liberal versus restrictive fluid strategy on clinical out-

comes in this patient population. There have been a limited

number of observational studies on the association between

positive fluid balance and adverse outcomes, including

prolonged mechanical ventilation [13, 17, 24]. These

studies were limited by the use of secondary analyses of

existing data [13], composite outcomes [17] and inclusion

of limited age groups. Furthermore, none of these studies

used other tools to corroborate the determination of fluid

overload such as the presence of pulmonary and chest wall

edema, and none of the above studies reported on the

relationship between fluid overload and extubation failure.

Therefore, the objective of our study was to determine

whether an association exists between length of mechanical

ventilation and fluid overload using cumulative fluid bal-

ances, radiologic findings (pulmonary edema, chest wall

edema and pleural effusion) and the rate of extubation

failure in patients following congenital heart surgery.

Materials and Methods

Study Design and Setting

We conducted a single-center, retrospective cohort study at

a tertiary care combined medical and surgical pediatric

intensive care unit (PICU) at the Children’s Hospital of

Eastern Ontario. All patients who underwent cardiovascu-

lar surgery and were admitted to PICU during the period

from June 2010 to December 2013 had their charts

screened for eligibility. The inclusion criteria were (1)

patients who underwent surgery for congenital heart dis-

ease, (2) newborn to 17-year-olds inclusive, and (3)

mechanically ventilated for at least 12 h in PICU. The

exclusion criteria were (1) patients who went on ECMO or

died before their first extubation attempt, (2) patients with

preexistent lung or airway disease, (3) patients who were

intubated prior to surgery and (4) patients who were

already included in the study. The funding agency had no

involvement in the data collection, analysis or

interpretation.

Data Collection

The data collected included patient demographics, preop-

erative, intra-operative and postoperative data. The data

collection was censored to a maximum of seven postop-

erative days. Ten percent of charts were reviewed by two

people to ensure accuracy of data.

Length of mechanical ventilation (LMV) in hours was

measured as the time from PICU admission to the first

extubation attempt. The weight-adjusted cumulative fluid

balance was calculated as the difference between total fluid

intake since admission (liters), including blood products

and total fluid output since admission (liters), divided by

weight (kg), and then multiplied by 100 [17, 25]. The

cumulative fluid balance was calculated at the end of each

8-h shift. The maximum cumulative fluid balance was

defined as the highest level of postoperative fluid accu-

mulation prior to extubation or postoperative day 7

(whichever came first). All patients were ventilated with

heated, humidified gas. Extubation failure was defined as

the patient requiring re-intubation or noninvasive ventila-

tion within 48 h of the first extubation attempt. Oxygena-

tion support needed was expressed by oxygenation index

(OI). OI was calculated as the mean airway pressure mul-

tiplied by fraction of inspired oxygen multiplied by 100

divided by arterial partial pressure of oxygen [21], mea-

sured at the end of each 8-h shift using the arterial blood

gas taken at the closest point to this time. The OI at the

time of maximum fluid balance achieved (OIMCFB) and

the highest OI (OIMAX) were used in the analysis. All

patients who had known right to left shunts postoperatively

and/or were expected to have arterial hemoglobin satura-

tion less than 90 % were excluded from the OI analysis.

The presence of pulmonary edema, pleural effusion and

chest wall edema as determined from the radiologists’

reports was recorded on every chest radiograph performed

on each patient prior to extubation. The presence of these

radiographic markers of fluid overload at any point prior to

extubation (dichotomized as yes or no) was then correlated

with the maximum cumulative fluid balance and LMV. We

did not record the degree of pulmonary edema, the size of

pleural effusions or the quantification of chest wall thick-

ness as these values are considered subjective, age

dependent and relied on comparisons with recent preop-

erative chest radiographs which were not uniformly avail-

able. Radiologists were unaware of patient fluid balances at

the time of reading of the chest radiographs.

Other variables recorded included age, presence of tri-

somy 21, prematurity, use of nitric oxide, cardiopulmonary

bypass time (CPB), transfusion requirements (any trans-

fusion received intra- or postoperatively prior to extuba-

tion), complexity of the surgical procedure assessed by

RACHS-1 [15], delayed chest closure, PRISM-III score

measured in the first 12 h after admission [19], the worst

vasoactive–inotropic score (VIS) before extubation [9], the

maximum serum lactate level prior to extubation, presence

of renal failure as defined by RIFLE criteria [23], presence

of ventilator-associated pneumonia and non-infectious

pulmonary complications (radiologic findings of pneu-

mothorax and atelectasis), use of postoperative diuretics

and steroids, and use of peritoneal dialysis. Red blood cell

transfusions were used to keep hemoglobin levels C9 g/dL
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for acyanotic congenital heart patients and C12 g/dL in

cyanotic patients. Nitric oxide was only used in patients

with echocardiographic evidence of pulmonary hyperten-

sion or in patients with a documented response in PaO2 of

C5 mmHg or an increase in arterial oxygen saturations of

C5 % for more than 15 min. Sedation was administered

via a standardized protocol that adjusts morphine and lor-

azepam use depending on the patient’s Modified Comfort

Score [2] and State Behavioral Scale [4]. Furosemide was

administered to hemodynamically stable patients to

achieve adequate urine output as determined by the treating

physicians.

Sample Size and Statistical Analysis

Our sample size was powered for our primary objective

which was to determine the correlation between maximum

cumulative fluid balance and LMV. Previous data from

critically ill children with acute lung injury demonstrated a

correlation of 0.41 between the presence of fluid overload

and LMV [7]. Therefore, given an alpha = 0.05 (two-sided

test) and a beta of 0.20, a correlation of r = 0.40 (moderate

correlation) would require a sample size of 62 patients. In

addition, we wished to examine several risk factors for

fluid overload. According to van Belle [28], 10 cases per

variable are necessary to obtain reasonably stable estimates

of the regression model coefficients. Therefore, in order to

analyze up to eight risk factors, we would require a sample

of 80 patients. To allow for missing data due to the ret-

rospective nature of this study, we chose a sample size of

85 patients.

Descriptive statistics were be used to summarize the

study sample. The univariate associations between maxi-

mum cumulative fluid balance and the LMV and OI were

tested using Spearman’s correlation test. The univariate

associations between fluid balance and other outcomes

were tested using: (i) Student’s t-test for continuous vari-

ables with normal distribution or (ii) Mann–Whitney or

Wilcoxon rank-sum test for continuous variables with

skewed distribution.

The unadjusted and adjusted associations between the

LMV and the cumulative fluid balance were assessed using

simple and multiple linear regression models. Age, com-

plexity of surgical procedure (RACHS-1), cardiopulmonary

bypass time, vasotrope–inotrope score (representative of low

cardiac output syndrome), use of nitric oxide, transfusion

requirements and renal failure were included in the model

based on significance of their univariate associations with

LMV as well as previous reports of the significance of these

specific associations in the literature. Interactions among

significant predictors chosen from the literature were also

tested [3, 5, 12, 14, 20, 26]. Other diagnostic testing such as

residual, covariance and influence analysis was performed to

ensure the adequacy of themodel. Two-sidedP values\0.05

were considered to be statistically significant. The software

SPSS was used for the analysis (IBM Corp. Released 2013,

IBM SPSS Statistics for Windows, version 22.0. Armonk,

NY: IBM Corp).

Results

A total of 264 charts were screened, with 129 meeting the

inclusion criteria (131 were ventilated\12 h, three were

[17 years of age, and one had cardiac but not congenital

heart surgery). Of these, 44 were excluded (25 were ven-

tilated prior to surgery, 10 went on ECMO prior to extu-

bation, six had lung or airway disease, one patient died, and

two had missing charts). A total of 85 patients were

included in the study.

Characteristics of Included Patients

Table 1 summarizes the characteristics of the study popu-

lation. The median age was 4 months (interquartile range

(IQR) 1.3, 5.5), 10.5 % of the patients were born prema-

turely (9/85) but were all C40 weeks of age corrected at

the time of surgery, and 14.1 % had trisomy 21 (12/85).

Almost half of the surgeries were listed as urgent (39/85,

45.9 %), and almost one-third of patients (28/85, 32.9 %)

were on preoperative diuretics for heart failure. The

majority of surgeries were of RACHS-1 score 2 (43/85,

50.6 %) or 3 (27/85, 31.8 %), and there were no patients

from RACHS-1 category 5 or 6. Seventy-three patients

required cardiopulmonary bypass (85.9 %), 64 had aortic

cross-clamps applied (75.3 %), and deep hypothermic cir-

culatory arrest was used in 12 patients (14.1 %). The most

common cardiac lesions were ASD, tetralogy of Fallot,

VSD and PDA (see Table 2 for details of included lesions).

Maximum Cumulative Fluid Balance and Length

of Mechanical Ventilation and PICU Length of Stay

The median LMV was 43.1 h (IQR 20.5–86.7). The med-

ian maximum cumulative fluid balance was 6.82 % (IQR

3.28–11.71), and the median time to reach this maximum

balance was three 8-h shifts (IQR 2–5). Length of

mechanical ventilation and maximum cumulative fluid

balance were strongly related (Spearman’s test = 0.7,

P\ 0.001) as shown in Fig. 1. Using a multiple linear

regression analysis and adjusting for possible confounders,

maximum cumulative fluid balance was still independently

associated with LMV (P\ 0.01). The use of nitric oxide

and transfusion requirement were the only independent risk

factors associated with prolonged mechanical ventilation
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Table 1 Description of

included population
Baseline characteristics All patients (n = 85)

Age—months—median (IQR) 4.0 (1.3, 5.5)

Gender—male—no. (%) 50 (58.8)

Weight—kg—median (IQR) 5.1 (3.9–6.5)

Diagnosis of pulmonary hypertension—no. (%) 9 (10.6)

Cyanotic congenital heart disease—no. (%) 16 (18.8)

Receiving diuretics—no. (%) 27 (32.9)

Urgent case—no. (%) 39 (45.9)

Gestational age less than 37 weeks corrected—no. (%) 9 (10.5)

Trisomy 21—no. (%) 12 (14.1)

RACHS-1—no. (%)

1 5 (5.8)

2 43 (50.6)

3 27 (31.8)

4 10 (11.8)

PRISM-III score—median—(IQR) 7.0 (5.0, 10.5)

Interventions

Cardiopulmonary bypass time—minutes—median (IQR)a 149.0 (99.5, 183.0)

Cardiopulmonary bypass—no. (%) 73 (85.9)

Aortic cross-clamp—no. (%) 64 (75.3)

Deep hypothermic circulatory arrest—no. (%) 12 (14.1)

Delayed chest closure—no. (%) 2 (2.3)

Blood transfused prior to extubation—mL—median (IQR)b 40.0 (17.1, 55.1)

Presence of renal failure RIFLE criteria—no. (%) 27 (31.7)

Use of diuretics—no. (%) 66 (77.6)

Use of steroids—no. (%) 23 (27.1)

Peritoneal dialysis—no. (%) 18 (21.1)

Antibiotics administered while intubated—no. (%) 15 (17.6)

Outcomes

Length of mechanical ventilation—hours—median (IQR) 43.1 (20.5–86.7)

Maximum cumulative fluid balance— %—median (IQR) 6.82 (3.28–11.71)

Maximum Oxygenation Index (n = 76) (OIMAX) median (IQR)c 5.18 (3.20–8.81)

OI at the time of max fluid balance (n = 69)—median (IQR)d 3.92 (2.58–5.29)

Received nitric oxide—No. (%) Yes = 5 (5.8)

Maximum daily vasoactive–inotropic score 7.5 (7.5–12.5)

Lactate peak—median (IQR) 1.7 (1.3–2.5)

Extubation failure—no. (%) 18 (21.1)

Radiologic findings—no. (%)

Pulmonary edema 66 (77.6)

Chest wall edema 26 (30.5)

Pleural effusion 40 (47.1)

Diagnosis of ventilation-associated pneumonia—no. (%) 4 (4.7)

PICU length of stay—days—median (IQR) 6 (3, 9)

Hospital length of stay—days—median (IQR) 12 (8, 20)

a Includes only patients who had cardiopulmonary bypass
b Red cells received intra- and postoperatively
c Only non-cyanotic heart patients not included, n = 78
d n = 69 excluding cyanotic patients and patients who lost arterial line before maximum fluid balance
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(see Table 3). Maximum cumulative fluid balance was also

associated with increased length of stay in PICU [Spear-

man’s correlation = 0.45, P\ 0.001, n = 84 (one patient

excluded as an extreme outlier)].

Maximum Cumulative Fluid Balance and Other

Outcome Measures

Seventy-six patients were analyzed for the association of

maximum cumulative fluid balance and OI (nine patients

with postoperative cyanosis due to residual lesions were

excluded). Maximum cumulative fluid balance was corre-

lated with maximum OI (Spearman’s test = 0.37,

P = 0.01) but not with OI at the time of maximum fluid

balance (Spearman’s test = 0.18, P = 0.17, n = 69

excluding cyanotic patients and patients who lost arterial

line before maximum fluid balance). The time for maxi-

mum OI most often preceded the time to maximum

cumulative fluid balance by one 8-h shift (IQR 0–2), and

the median time to maximum OI was two 8-h shifts (IQR

1–2). Maximum cumulative fluid balance was associated

with the presence of chest wall edema and pleural effusions

on chest radiograph at any time prior to extubation

(P = 0.003 and 0.012, respectively), and all patients had at

least one chest radiograph per day while mechanically

ventilated. Prolonged mechanical ventilation was also

associated with the presence of chest wall edema and

pleural effusions on chest radiographs (P\ 0.001 and 0.03,

respectively) but not pulmonary edema (P = 0.11).

Table 2 Specific cardiac

lesions of enrolled patients
Lesion Number (%)

Persistent ductus arteriosus 22 (25.9 %)

Atrial septum defect 30 (35.3 %)

Ventricular septum defect 24 (28.2 %)

Tetralogy of Fallot ? double outlet of right ventricle 25 ? 5 (35.3 %)

Coarctation of aorta 14 (16.5 %)

Hypoplastic/interrupted aortic arch 8 (9.4 %)

Single ventricle/tricuspid atresia 5 (5.9 %)

Atrial–ventricular canal 7(8.2 %)

Transposition of great arteries 4 (4.7 %)

Others 16 (18.9 %)

Fig. 1 Length of mechanical ventilation and maximum cumulative

fluid balance (Spearman test coefficient = 0.7, P\ 0.01)

Table 3 Multiple linear

regression analysis for length of

mechanical ventilation

Variable Coefficient (h) (95 % CI) P value

Maximum cumulative fluid balance 0.54 (0.39, 0.68) \0.001

Cardiopulmonary bypass -26.21 (-63.78, 13.75) 0.18

Cardiopulmonary bypass time, for those who had it (mins) 0.10 (-0.07, 0.27) [0.2

Maximum vasoactive–inotropic score -0.05 (-0.45, -0.34) [0.2

Renal failure 12.36 (-10.98, 35.71) [0.2

Amount of blood transfused (mL/kg) 0.59 (0.11, 1.07) 0.016

RACHS-1 4.3 (-9.11, 17.72) [0.2

Use of nitric oxide 55.09 (12.07, 98.13) 0.013

Age (log days)a -9.35 (-23.17, 4.47) 0.18

a Age was log-transformed prior to inclusion in the model as this variable was highly skewed
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Extubation failure occurred in 18/85 (21.1 %) patients,

five of whom were re-intubated (5.9 %) and 14 of whom

required noninvasive ventilation. The maximum cumula-

tive fluid balance was not associated with the rate of

extubation failure (P = 0.98) or rate of re-intubation

(P = 0.41), and neither was chest wall edema (8/17,

47.1 % versus 10/49, 20.4 %; P = 0.13).

Discussion

Our study found that in congenital heart surgery patients

who were ventilated for greater than 12 h, the postopera-

tive maximum cumulative fluid balance was associated

with increased duration of mechanical ventilation and

increased PICU length of stay but was not associated with

an increased rate of extubation failure. Interestingly, longer

mechanical ventilation time was also significantly associ-

ated with the presence of chest wall edema and pleural

effusions on chest radiographs. Our study adds several new

important findings to the literature as discussed below.

Previous studies have reported an association between

fluid balance and LMV but have used variable definitions

of maximum fluid balance making the results difficult to

compare [13, 25]. Seguin et al. found that fluid overload

peaked by postoperative day 2 and therefore defined fluid

overload as the day 2 cumulative fluid overload percent and

divided their population into post hoc tertiles of B2.7,

[2.7 % to \7.1 and C7.1 %. Hassinger et al. used a

somewhat arbitrary cutoff of a fluid balance 5 % above the

preoperative body weight by the end of postoperative day

1. In our study, instead of setting arbitrary cut points to

define fluid overload, we used the maximum cumulative

fluid balance of each patient regardless of its amount and

used this value to determine the association with clinically

important outcomes. Using this method, we found that

maximum cumulative fluid balance independent of its

timing was strongly correlated with the duration of

mechanical ventilation and PICU length of stay. Our

findings suggest that minimizing fluid balance throughout a

patient’s PICU stay may lead to shorter duration of

mechanical ventilation and PICU length of stay.

We also found that maximum cumulative fluid balance

was significantly associated with the presence of chest wall

edema and pleural effusions on chest radiographs, which

has not been previously reported. This is an important

finding as there has been debate in the literature regarding

the value of calculated fluid balances in assessing fluid

overload in children and our study is the first to demon-

strate that the maximum cumulative fluid balance derived

from calculated fluid balances correlates with other inde-

pendent assessments of patient fluid status [16]. Therefore,

the presence of chest wall edema and pleural effusions may

serve as a useful adjunct for the assessment of fluid balance

and aid clinicians in making decisions regarding extubation

in this patient population.

Another important finding in our study is that the

association of a positive fluid balance with the duration of

mechanical ventilation and PICU length of stay holds true

even for patients who have undergone less complex cardiac

surgeries (RACHS-1, categories 1–4). This is an important

message for smaller centers who may have felt that pre-

vious observational studies which included higher-risk

congenital heart surgery patients [13, 17, 25] did not apply

to their patient population. Furthermore and in contrast to

the other studies, we did not find that the length of car-

diopulmonary bypass correlated with the duration of

mechanical ventilation postoperatively. This may reflect

the lower-risk surgeries performed at our center and/or

other centers’ specific intra- or postoperative practices.

Like previous studies, this study found an association

between a higher maximum cumulative fluid balance and

the peak in OI [1, 25]. However, we found that the OI at the

time of the maximum cumulative fluid balance and the

maximum cumulative fluid balance were not correlated and

that the peak in OI often preceded the maximum cumula-

tive fluid balance. These findings suggest that pulmonary

edema may occur early postoperatively prior to significant

overall fluid overload and that respiratory compromise in

these patients may be more related to subsequent perceived

restrictive respiratory impairment rather than alveolar

disease.

It is interesting to note that in our study, markers of

cardiac output (serum lactate and VIS) did not correlate

with LMV or maximum cumulative fluid balance. This is

in contrast to previous reports suggesting that postopera-

tive cardiac dysfunction is associated with peak cumula-

tive fluid balance (Seguin) and with a composite poor

outcome measure that included LMV (Hazle). This dif-

ference may be due to performance of higher-risk surgical

cases at the other centers with a resulting higher incidence

of postoperative low cardiac output syndrome. This is

supported by Seguin et al. who found that the need for

postoperative inotropes was associated with fluid overload

only in patients with the highest peak cumulative fluid

balance.

Finally, our study is the first to assess the relationship

between maximum cumulative fluid balance and extuba-

tion failure and did not show an association between these

two variables. It is possible that physicians were reluctant

to extubate patients who were perceived as being

fluid overloaded and as such delayed their extubations,

thus preventing potentially unsuccessful attempts [22].

Although this approach may prevent unsuccessful extuba-

tions along with their associated morbidity and mortality

[12], it may also result in unnecessary prolongation of
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mechanical ventilation as fluid overload without pul-

monary edema or oxygenation issues has not been defi-

nitely shown to result in extubation failure. Future

prospective studies are needed to determine whether such

patients could be extubated earlier in order to facilitate

faster patient recovery and flow through critical care units

[20].

A limitation of this study is that it is a small single-

center study with a limited sample size and thus may not be

generalizable to other institutions. Another potential limi-

tation is that we utilized radiology reports to assess the

presence of pulmonary edema, pleural effusions and chest

wall thickness rather than separately adjudicating these

findings as part of this study. However, we chose to utilize

the radiology reports since this was the information avail-

able to clinicians at the time and therefore may have

influenced their management decisions and subsequent

patient outcomes including LMV and OI. In addition, we

were only able to determine the association between fluid

balance and LMV rather than causation due to the retro-

spective nature of this study.

Ideally, a randomized controlled trial of a fluid sparing

versus liberal fluid strategy would be needed to definitively

determine the cause–effect relationship between fluid

overload and prolonged mechanical ventilation in postop-

erative congenital heart surgery patients. However, given

the increasing observational evidence suggesting that fluid

overload may be associated with adverse clinical outcomes

and the challenges inherent in conducting critical care trials

in children [6], it would be important to determine whether

equipoise still exists on this issue before embarking on

such a trial.

We conclude that fluid overload as represented by

maximum cumulative fluid balance is associated with

prolonged duration of mechanical ventilation and PICU

length of stay in patients post-congenital heart surgery.

Fluid overload was also associated with physiological

markers of respiratory restriction but was not associated

with extubation failure in this cohort. A randomized con-

trolled trial of a restrictive versus liberal fluid replacement

strategy is necessary in this patient population, but in the

meantime, accumulating observational evidence suggests

that cautious use of fluid in the postoperative care of these

patients may be warranted.
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