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Abstract

Purpose—The aim of this study was to quantify the effect of propranolol on hemodynamic
parameters assessed using the PiCCO system in burned children.

Methods—We analyzed hemodynamic data from patients who were randomized to receive either
propranolol (4 mg/kg/day) or placebo (control), which was initiated as a prospective randomized
controlled trial. Endpoints were cardiac index (CI), percent predicted heart rate (%HR), mean
arterial pressure (MAP), percent predicted stroke volume (%SV), rate pressure product (RPP),
cardiac work (CW), systemic vascular resistance index (SVRI), extravascular lung water index
(EVLWI), arterial blood gases, events of lactic acidosis, and mortality. Mixed multiple linear
regressions were applied, and a 95% level of confidence was assumed.

Results—One hundred twenty-one burned children (control: N=62, propranolol: N=59) were
analyzed. Groups were comparable in demographics, EVLWI, SVRI, %SV, arterial blood gases,
Denver 2 post injury organ failure score, incidence of lactic acidosis, or mortality. Percent
predicted HR, MAP, Cl, CW, and RPP were significantly reduced in the propranolol-treated group
(p<0.01).
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Conclusions—Propranolol significantly reduces cardiogenic stress by reducing Cl and MAP in
children with severe burn injury. Although, peripheral oxygen delivery, events of lactic acidosis,
and organ dysfunction was not higher in propranolol treated patients.
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cardiac output; cardiac index; burns; transpulmonary thermodilution; hypermetabolism

Introduction

Elevated circulatory variables, such as cardiac index (Cl), cardiac work (CW), heart rate
(HR), and blood pressure, are hallmarks of the ongoing hyperdynamic changes observed
following severe burns (1-3) and persist for up to 2 years post burn (2). Williams et al.(4)
used non-invasive transthoracic echocardiography to show that propranolol, a non-selective
B1-, p2-adrenergic receptor antagonist, can reduce CW and cardiac oxygen consumption in a
dose-dependent manner following severe burn injury.

Appropriate hemodynamic monitoring in critically ill patients is crucial to guide fluid
resuscitation, reduce morbidity, and decrease mortality (5). Nevertheless, the right choice of
the hemodynamic monitoring tool is still controversial in the critical care field (6). In the
past, we have used transpulmonary thermodilution, which has been shown to be a reliable
tool for determining hemodynamic changes in critically ill patients (7) as well as in severely
burned children (3,8,9). Beyond providing general cardiac output measures, transpulmonary
thermodilution enables collection of a large number of variables including extravascular lung
water index (EVLWI) and systemic vascular resistance index (SVRI), both of which may aid
in post-burn fluid resuscitation.

EVLWI does not correlate with radiographically visible pulmonary edema in critically ill
children (10). In adult burn patients, EVLW!I has been described as a predictor for sepsis
(11). Additionally, propranolol is capable of reducing the hyperdynamic state of burned
children (4), but the effect on the EVLWI remains unknown.

In pediatric burns, SVRI increases during the acute burn shock and later continuously
decreases with time (3). The diameter of peripheral vessels is a key factor influencing SVRI
and is mainly controlled via al-adrenoceptors on vascular smooth muscle cells. In 1983, it
was shown that, in adult patients with heart disease, intravenous administration of a bolus of
propranolol significantly increases the SVRI, as measured with a pulmonary artery catheter
and a thermodilution technique (12). These findings were confirmed in another trial with 11
healthy normotensive male subjects (13). This elevation in SVRI is postulated to be p2-
adrenoceptor-mediated (12,14). Hence, propranolol may affect SVRI in severely burned
children. However, the effect of propranolol on SVRI, when given during the acute
hospitalization of severely burned children, has not been described. Here we tested the
hypothesis that, in severely burned children, acute administration of propranolol reduces the
hyperdynamic response to burns without adversely affecting SVRI, EVLWI, or peripheral
oxygen delivery.
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Patients and Methods

Study Design and Patients

We analyzed transpulmonary thermodilution measurements obtained using the PiCCO
system (Pulse Index Continuous Cardiac Output, Pulsion Medical Systems, Munich,
Germany) from severely burned children who were admitted to our institution between 2005
and 2015. This study has been approved by the Institutional Review Board at the University
of Texas Medical Branch (Galveston, TX; protocol #15-0074). Inclusion criteria were
defined as follows: age between 6 months and 18 years, thermal burns, received PiCCO
measurements during the acute hospitalization, and received either propranolol (4 mg/kg/
day), administered as part of a separately conducted prospective randomized controlled trial
(protocol #04-157) or no acute study drug. Patients were excluded from the study if they had
any prior history of cardiopulmonary illness (e.g., aortic or pulmonic stenosis, ventricular or
atrial septal defect, or atrioventricular canal defect).

As part of our standard-of-care protocol, we determined weight at admission and calculated
all indexed values derived from percent total body surface area (TBSA) burned and
individual body surface area (BSA). Analgesia, sedation, and mechanical ventilation were
administered according to our institutional guidelines. In each thermally injured patient, we
performed early total burn wound excision of the burn eschar and skin grafting between 48
and 72 hours after admission. At weekly intervals, additional skin grafting procedures with
autograft or allograft were performed until all wounds were covered.

In addition to hemodynamic measurements, we analyzed the following patient
characteristics: age, sex, percent TBSA burnt, percent TBSA with third-degree (full-
thickness) burns, length of hospital stay, days to admission, time to first PiCCO
measurement, time between surgeries, number of surgical interventions during acute
hospitalization, type of burn, and mortality.

Hemodynamic measurements

At admission, central venous lines (inferior or superior vena cava) was placed in all patients.
In addition, if indicated by the attending physician based on the severity of the burn, patients
received an arterial line (femoral artery) for continuous arterial blood pressure monitoring.
Beyond that, when indicated by the attending physician, a Pulsiocath 3- or 4-French
thermistor-tipped catheter (Pulsion Medical Systems, Munich, Germany) was used to collect
hemodynamic PiCCO measurements. The PiCCO catheter placement was in some cases
limited due to its size, thus only patients aging 2 years and up underwent hemodynamic
monitoring with the PiCCO system. CI (ml/min/m?), percent predicted stroke volume (%SV,
%), CW (J), EVLWI (ml/kg), and SVRI (dynes-sec/cm->/m?2) were measured as previously
described (3). HR (1/min), mean arterial pressure (MAP, mmHg), and systolic blood
pressure (SBP, mmHg) were recorded directly via hardware at each point of PICCO
measurement. Rate pressure product (RPP, mmHg/min) was calculated as HR x SBP for
each time point. Percent predicted stroke volume and percent predicted heart rate (%HR)
were derived from age-predicted values for children (15).
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Organ failure score and blood gases

To determine multiple organ dysfunction syndrome, we calculated the daily Denver 2 score
according to the criteria defined by the National Institute of General Medical Sciences “Glue
Grant” (16). This Denver 2 score is the sum of four component scores of pulmonary, renal,
hepatic and cardiac function (with values ranging from 0 to 3 for each organ). A sum score
greater than or equal to 3 is defined as multiple organ dysfunction syndrome. Blood samples
were collected from either a subclavian central venous catheter or a femoral arterial line
where appropriate. Arterial and venous partial oxygen pressure (PaO2 and PvO2, mmHg),
arterial pH, and lactate serum levels (mmol/L) were obtained and recorded as daily median
values. In addition to using the time between surgeries as a marker for peripheral perfusion
and wound healing, we used PaO2-PvO2 gradient as a marker for peripheral oxygen
consumption and lactic acidosis as a marker for peripheral perfusion. Lactic acidosis was
defined as a combination of a pH<7.35 and a lactate level >4 (mmol/L).

Data analysis

Results

Statistical analyses were performed using R statistical software (R Core Team 2015, version
3.2.1, Vienna, Austria). Demographic data were summarized by treatment group.
Differences between groups were assessed by Welch's two-sample t-test or by Chi-square
test, where appropriate. For each outcome (CI, CW, EVLWI, MAP, arterial pH, PaO2, PvO2,
RPP, SVRI, %HR, %SV, lactate levels, and Denver 2 score, as daily median values), mixed
multiple linear regression was used to model the relation between the outcome and treatment
group (control versus propranolol) while adjusting for effects due to potentially prognostic
covariates such as age at burn, burn size, and days post burn, while blocking on subject. We
log-transformed EVLWI, CW, Pa0O2, and PvO2 to improve approximations of normality
prior to analysis, with results inverted for presentation. These models were also compared by
likelihood-ratio tests with models that included an interaction between treatment and time;
however, inclusion of the interaction term failed to improve the models. The analysis
focused on the 28 days following burn injury, and all figures show the regression model
estimate over time post burn with 95% shaded confidence intervals. Regression estimates are
based upon holding constant the control treatment group and median values of other
covariates. A 95% level of confidence was assumed.

There were no significant differences between the groups regarding age, sex, burn size, time
between burn and admission, length of hospital stay, mortality, or type of burn (Table 1).
Hemodynamic values of both groups were comparable at 24 h post admission (Table 2), and
no adverse events were reported in the 59 patients who received propranolol as well as
hemodynamic measurements with the PiCCO system.

Administration of propranolol significantly reduced CI by 0.67 I/min/m (p<0.01, Figure 2a).
In both groups, Cl significantly increased throughout the first 4 weeks post burn (both
p<0.01). In the propranolol treated group, %HR was reduced significantly by an average of
16% (p<0.01, Figure 2b). With time post burn, %HR decreased significantly in both groups
(both p<0.01). Propranolol significantly reduced MAP by an average of 4 mmHg (p=0.01,

Shock. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wurzer et al.

Page 5

Figure 2¢), however MAP did not change in either group with time post burn (p=0.35).
Additionally, both RPP and CW were significantly lower in the propranolol-treated group
(p<0.03, Figures 2d and 2e) and also decreased with time post burn in both groups (both
p<0.01). Percent predicted SV increased with time post burn (p=0.01, Figure 2f), whereas
propranolol administration had no impact on percent predicted SV values (p=0.46). A
younger age at burn was associated with significantly decreased EVLWI (p<0.01, Figure
3a). With time post burn, EVLWI significantly increased in both groups (both p<0.01). In
addition, propranolol had no significant affect on EVLWI (p=0.11). The average SVRI was
significantly higher in the propranolol-treated group for up to 2 weeks post burn (p<0.05),
but the overall difference during the 4 weeks post burn period was not significant (p=0.07,
Figure 3b).

Administration of propranolol had no significant affect on the overall Denver 2 score
(p=0.52, Figure 3c). Additionally, Denver 2 score significantly decreased in both treatment
groups throughout the patients' stay (p<0.01). Arterial blood pH significantly changed in
both groups with days post burn (p<0.01), but propranolol had no significant affect on
arterial pH (p=0.10, Figure 3d). One hundred and nine patients, 59 in the propranolol group
and 50 in the control group, had at least one arterial pH and one lactate level measurement
within the first 28 days post burn. There were no significant differences in of the incidence
of lactic acidosis (p=1.00, Table 3) or lactate levels (p=0.86, Figure 3e) between groups
during the analyzed period. Peripheral oxygen consumption measured as PaO2-PvO2 did
not change with time post burn (p=0.43, Figure 3f), and both groups were comparable
(p=0.56).

Discussion

Ongoing clinical trials focus on the reduction of cardiac stress associated with the
hypermetabolic and hyperdynamic circulatory response to severe burns (covering more than
one-third of TBSA) with anti-adrenergic drugs (2,17). However, no study has investigated
the effect of propranolol on hemodynamic measurements assessed with transpulmonary
thermodilution. Specifically, the effect of propranolol on EVLWI and SVRI is not described
in the burn literature. The current study confirms the effects of propranolol on cardiac stress,
documented with the PiCCO system. In contrast to a previously published study from our
group (4) that showed that propranolol decreased cardiac output but had no effect on ClI, we
showed for the first time that propranolol significantly decreased Cl and MAP throughout
the acute hospitalization. Peripheral perfusion and incidence of lactic acidosis were not
increased in the propranolol-treated group, and thus, the reduction of CI was not associated
with any adverse events. Propranolol administration did not increase or decrease EVLWI or
SVRI as compared to control.

Vast increases in serum catecholamine levels in response to severe burn injury lead to a
hypermetabolic and hyperdynamic circulatory response. Four decades ago, a study in
normotensive men showed that RPP is an index of myocardial oxygen consumption (15). In
1989, Minifee et al. (18) showed that propranolol can significantly reduce stress on cardiac
muscle by reducing RPP. Thus, we hypothesized that propranolol attenuates hyperdynamic
circulatory response following severe burn injury. In the current analysis, we were able to
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show that propranolol diminishes RPP as a marker for myocardial oxygen consumption. By
reducing MAP and HR, propranolol also reduced CW. These effects have previously been
shown to be dose-dependent in severely burned children through the use of transthoracic
echocardiography (4). While echocardiography may not be readily available to continuously
monitor effectiveness of propranolol treatment, the PiCCO system can be seen as a more
feasible alternative.

The aforementioned increase in cardiac output and perfusion as response to large burns
starts within the first week post burn and can remain elevated for up to 2 years post burn
(3,19). At the same time, adequate peripheral perfusion is crucial to prevent organ failure
and promote burn wound healing. In 1991, the effects of propranolol on CI have been
previously described in a small cohort of adult burn patients (20). It is clear that any
administered drug should not decrease Cl below age-predicted values. In the current
analysis, we were able to show at the first time in a large cohort of severely burned children
that propranolol reduces the increased Cl as response to burn by 0.67 I/min/m2, a decrease of
approximately 10%. This reduction in the hyperdynamic cardiac response brings CI closer to
norm values, which are around 4.5 I/min/m?2 in children (21). Arterial pH levels, PaO2-PvO2
assessments, as well as events of lactic acidosis were comparable in both groups throughout
the studied period, and thus, we can conclude that the reduction of CI had no significant
effect on peripheral perfusion. In addition, both groups underwent comparable amounts of
surgical interventions during acute hospitalization and had comparable time periods between
operations; both measures can be seen as markers of wound healing and morbidity.

Propranolol had no significant effect on the Denver 2 post injury organ failure score as well
as mortality in the cohort studied. However, the mortality rates observed here (7 to 8% in
both groups) were high when compared to rates in the pediatric burn literature. We believe
this to be due to the fact the studied patients had an average burn size of around 60% TBSA
and burn size is still a predictor for mortality in burns (22).

Case reports from the 1990s described that propranolol caused pulmonary edema by having
unopposed effects on the a. adrenergic receptor which caused an elevation of afterload
(23,24). In our current study, there was no significant effect of propranolol on EVLWI,
which can be used as a marker for pulmonary edema. The correlation among age, weight,
and EVLWI (3,10) was confirmed in our analysis, with older age at the time of the burn
being significantly correlated with a higher EVLWI. Furthermore, we were able to show for
the first time that propranolol has no direct effect on EVLWI in severely burned children
during acute hospitalization. Interestingly, EVLWI was low during the early post-burn
period and increased significantly with time in each group. In 2010, Bognar et al. (11)
suggested that an EVLW!I of more than 9 ml/kg is an predictor for sepsis in burns. We
further postulate that the association between weight and EVLWI strongly biases EVLWI as
predictor for sepsis in burned children. In pediatric burns, age-predicted and/or weight-
predicted norm values for EVLWI need to be defined to further establish predictors for
sepsis. An association between mortality and EVLWI was seen by Eisenberg et al.(25) and
Branski et al.(3), whereas other studies in adults showed no correlation between mortality
and EVLWI in burns (26). Owing to the relatively rare occurrence of death, we did not
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perform subgroup-analysis for EVLWI in patients who deceased during acute
hospitalization.

A second limitation of this study is the observation time frame of 28 days, which is only one
week longer than the time studied by Branski et al. (3). It would be of interest to know if
EVLWI decreases with further time during acute hospitalization and reaches age-predicted
values. This PiCCO assessment was conducted in this short period because the arterial lines,
which are necessary to operate the system, are removed as soon as hemodynamic
stabilization is reached.

Little is known about SVRI in pediatric burn patients. As previously shown, SVRI decreases
continuously with time post burn (3). Our current study is the first to show that this trend
lasts for up to 28 days post burn. Nevertheless, the difference between groups was not
significant when compared over the entire 4 week period (p=0.07). In general, a high SVRI
could be associated with hypovolemia or sepsis; it could also be related to vasoconstrictors
such as circulating serum catecholamines. Burns are associated with a high concentration of
circulating levels of the catecholamines epinephrine and norepinephrine (27). Epinephrine
has been shown to be responsible for B2-adrenoceptor-mediated vasodilation in an animal
study (14). Thus, we postulate that propranolol, a non-selective f1-, B 2-adrenoceptor
antagonist, is able to inhibit the epinephrine-induced vasodilatation and cause
vasoconstriction, resulting in an increased SVRI in pediatric burn patients. The ability of
propranolol to alter SVRI has been described in non-burned patients (12). However, further
studies with a larger number of patients are warranted to determine the effects of propranolol
on p2-adrenoceptor-mediated vasodilation in burns. These findings call for close observation
of the cardiovascular effects of propranolol when used for the treatment of the hyperdynamic
and hypermetabolic response in children during the acute phase after severe burns.

Cardiogenic stress, which could lead to cardiac failure during the acute stay, in adult burn
patients is a common cause for death amongst adult burn patients. The long-lasting impact
on the cardiovascular system in adults due to the with burns associated hyperdynamic
response and increased length of stay have been recently described by Duke et al.(28).
Propranolol could play an important role in the reduction of long-term cardiovascular
morbidities following severe burns in adults. Prospective randomized controlled trials are
currently ongoing to evaluate safety and efficacy of propranolol in adults with burns.

Conclusions

Propranolol reduces cardiogenic stress in children with severe burn injury but does not
adversely affect peripheral perfusion, wound healing, organ dysfunction and mortality.
Further studies are warranted to investigate the possibility of propranolol-associated
inhibition of B2-adrenoceptor-mediated vasodilation in our pediatric burn patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow diagram.
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Figure 2.
Trends for (A) cardiac index, (B) percent predicted heartrate, (C) mean arterial pressure, (D)

rate pressure product, (E) cardiac work, and (F) percent predicted stroke volume over 28
days post burn. Lines show the regression model estimate over time post burn with 95%
shaded confidence intervals.
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Figure 3.
Trends for (A) extravascular lung water index, (B) systemic vascular resistance index, (C)

Denver 2 score, (D) arterial pH, (E) lactate levels, and (F) PaO2-PvO2 over 28 days post
burn. Lines show the regression model estimate over time post burn with 95% shaded
confidence intervals.
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Table 1
Patient characteristics.
Characteristic® Propranolol ~ Control  pvalue
(N=59) (N=62)

Age at burn, years 10+6 10+6 0.99
Sex: female:male, N 23:36 21:41 0.56
Mortality, N (%) 4 (7%) 5 (8%) 1.00
TBSAL burn, % 58+ 16 59+ 18 057
TBSAL full thickness burn, % 45+22 44+25 0.80
Burn to admit, days 3+7 3+4 0.77
Length of stay survivors, days 41+ 26 44 + 38 0.28
Length of stay non-survivors, days 39 + 26 42 +39 0.64
Number of acute surgeries 8+4 7+5 0.49
Time between acute surgeries, days 6+ 1 6+2 0.67
Year admitted, year 2011+ 3 2011 +3 0.78
Type of burn 0.67

Flame 47 (80%) 46 (74%)

Scald 8 (14%) 9 (15%)

Electrical 4 (7%) 7 (11%)

a .
Data presented as mean + standard deviation or count.

bTBSA: total body surface area.
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Table 2
Hemodynamic assessments at 24 h post admission.
Hemodynamic measurement® Propranolol Control p value
Cardiac index, ml/min/m? 55+1.4 58+1.3 0.52
Heart rate, bpm 142 £ 23 149 + 15 0.84
Mean arterial pressure, mmHg 79+12 76 £ 13 0.80
Rate pressure product, mmHg/min 16544 + 3714 16915 + 3149 0.93
Cardiac work, J 503 £ 331 525 £ 250 0.22
Stroke volume, ml 46 +21 46 + 24 0.55
EVLWIS, milkg 7.8+31 88+3.4 053
SVRIC, dynes-sec/omS/m? 1101+295 958 +315 0.79

a o
Data presented as mean + standard deviation.

b .
EVLWI: extravascular lung water index

c . . .
SVRI: systemic vascular resistance index
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Table 3

Lactic acidosis episodes during the first 28 days post burn.

Lactic acidosis Propranolol  Control p value
Patients with lactic acidosis, n (%) 4 (7%) 4 (8%) 1.00
Duration of lactic acidosis, days? 0.2£07 01+03 0.88

Days where lactic acidosis was assessed, days? 16:0+8.7 16981 067

a o
Data presented as mean + standard deviation.
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