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Abstract

Rationale: Animal studies of cardiac arrest suggest that shorter
epinephrine dosing intervals than currently recommended (every
3-5 min) may be beneficial in select circumstances.

Conclusions: In patients who received at least two doses of
epinephrine, dosing intervals <2 minutes were associated with
improved neurobehavioral outcomes compared with dosing intervals
>2 minutes. Mediation analysis suggests that improved outcomes are
largely due to frequent epinephrine shortening duration of CPR.

Objectives: To evaluate the association between epinephrine

Keywords: child; heart arrest; epinephrine
dosing intervals and pediatric cardiac arrest outcomes.

Methods: Single-center retrospective cohort study of children (<18
years of age) who received =1 minute of cardiopulmonary
resuscitation and =2 doses of epinephrine for an index in-hospital
cardiac arrest. Exposure was epinephrine dosing interval <2 minutes
(frequent epinephrine) versus >2 minutes. The primary outcome was
survival to hospital discharge with a favorable neurobehavioral
outcome (Pediatric Cerebral Performance Category score 1-2 or
unchanged). Logistic regression evaluated the association between
dosing interval and outcomes; additional analyses explored duration of
cardiopulmonary resuscitation (CPR) as a mediator. In a subgroup,
the effect of dosing interval on diastolic blood pressure was
investigated.

At a Glance Commentary

Scientific Knowledge on the Subject: Although the
American Heart Association recommends bolus doses of
epinephrine every 3-5 minutes in pediatric cardiac arrest,
evidence for an ideal dosing interval is limited and conflicting.
Previous studies have used estimations of epinephrine

dosing intervals.

What This Study Adds to the Field: This study used
documented epinephrine administration times to show that
dosing epinephrine more frequently than currently recommended
(at intervals of <2 min, i.e., “frequent epinephrine”) is associated
with higher intraarrest diastolic blood pressure, shorter
cardiopulmonary resuscitation (CPR) duration, and better survival
outcomes compared with dosing at intervals >2 minutes. The
effect of frequent epinephrine on the probability of return of
spontaneous circulation is time dependent and most notable in
the first 10 minutes of CPR. In a mediation analysis, the effect of
frequent epinephrine on neurologic survival is largely mediated by
shortening the duration of CPR.

Measurements and Main Results: Between January 2011 and
December 2018, 125 patients met inclusion/exclusion criteria;

33 (26%) received frequent epinephrine. Frequent epinephrine
was associated with increased odds of survival with favorable
neurobehavioral outcome (adjusted odds ratio, 2.56; 95%
confidence interval, 1.07-6.14; P=0.036), with 66% of the
association mediated by CPR duration. Delta diastolic blood
pressure was greater after the second dose of epinephrine among
patients who received frequent epinephrine (median [interquartile
range], 6.3 [4.1 to 16.9] vs. 0.13 [—2.3 to 1.9] mm Hg; P=0.034).
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In-hospital cardiac arrest (IHCA) affects
approximately 15,000 children in the United
States each year, and most occur in ICUs

(1, 2). Fewer than half of these children
survive to hospital discharge, and
neurobehavioral morbidity is common
among survivors (3, 4). Moreover, survival
rates have not improved in nearly 10 years
(3, 5), highlighting the need for continued
investigation into optimal resuscitation
strategies.

Epinephrine has been the
pharmacologic cornerstone of
cardiopulmonary resuscitation (CPR) for
decades. Its mechanism of action is to acutely
increase coronary perfusion pressure, which
is critical for achieving return of spontaneous
circulation (ROSC) (6) and may lead to
higher rates of survival (7). Current pediatric
resuscitation algorithms for IHCA
recommend the administration of bolus
doses of epinephrine every 3-5 minutes,
although evidence to support an optimal
dosing frequency is limited (8).
Pharmacologic studies suggest that
epinephrine administered more frequently
than the American Heart Association
recommends may be beneficial (9-12); yet,
retrospective observational studies are
conflicting, supporting both less and more
frequent epinephrine administration in
pediatric and adult cardiac arrest (13-16).
Previous observational registry studies all
relied on estimations of epinephrine dosing
intervals (i.e., actual administration timing of
all doses was not available); thus, more
rigorous investigation is warranted to
support future recommendations.

To that end, the objective of this study
was to evaluate the association between
epinephrine dosing intervals and pediatric
IHCA outcomes by leveraging a single-center
database that overcomes limitations of
previous work on this topic. We
hypothesized that in patients who received at
least two doses of epinephrine, I) frequent
epinephrine administration (intervals
=<2 min) would be associated with improved
patient outcomes and higher intraarrest
diastolic blood pressure (DBP), 2) frequent
epinephrine administration would improve
outcomes by shortening the duration of
CPR, and 3) the benefit of more frequent
epinephrine would be most evident during

the first ~10 minutes of resuscitation (i.e., if
frequent epinephrine did not facilitate ROSC
early in the resuscitation, continued frequent
administration would likely not provide
additional benefit).

Methods

Setting and Design

This retrospective cohort study used a single
quaternary care center cardiac arrest
database of prospectively collected data to
investigate the relationship between
epinephrine dosing intervals and 1) patient
outcomes and 2) intraarrest blood pressure.
An intensive 24/7 screening process ensured
identification and inclusion of consecutive
cardiac arrests. The study was approved with
a waiver of informed consent by the
Institutional Review Board at the Children’s
Hospital of Philadelphia.

Patient Population

Patients <18 years of age who experienced
an index THCA event in either the pediatric
or cardiac ICU and who received at least 1
minute of CPR were included. Patients were
excluded if 1) fewer than two doses of
epinephrine were administered, 2) a bolus
dose of a different vasopressor was given
(e.g., vasopressin), 3) extracorporeal
membrane oxygenation was required to
obtain return of circulation, or 4) data related
to the primary exposure or primary outcome
were missing. Patients receiving
extracorporeal CPR were specifically
excluded to allow comparison to prior work
(13) but also because our hypothesis was that
more frequent epinephrine dosing would
increase the likelihood of adequate DBP (7)
and thus likelihood of prompt ROSC and
subsequent improved neurobehavioral
outcome. As such, shorter time to ROSC is in
the causal pathway from epinephrine
frequency to improved neurobehavioral
outcome. This mechanism would not apply
to patients who required extracorporeal
support to achieve return of circulation.

Measurements

Epinephrine dosing times were abstracted
from bedside resuscitation records and
recorded through the end of CPR up to a

maximum of 10 doses of epinephrine,
regardless of the time over which they were
administered or the availability of waveform
data. Times were rounded to the nearest
minute if documented in seconds. Individual
intervals for each dose subsequent to the first
dose were calculated and an event-level
average of all intervals was calculated for each
patient. Of note, paper code sheets are the
standard at this institution, with trained
bedside nurses performing documentation.
The nurse documenter is trained to use the
same clock, synchronized to the institutional
monitors from which hemodynamic data are
gathered, to record epinephrine
administration times. The primary
independent variable was the epinephrine
dosing interval, classified as <2 minutes
(frequent epinephrine) or >2 minutes,

an inflection point supported by
pharmacodynamic data in translational
models (9-12). Secondary analyses included
1) a trichotomous predictor that included a
category consistent with the Pediatric
Advanced Life Support (PALS)-
recommended interval (<3, =3 to <5, and
>5 min) and 2) this same predictor with
estimated dosing intervals calculated by the
following equation: (CPR duration after the
first dose of epinephrine) / (total doses of
epinephrine - 1) to allow direct comparison
to prior work (13). An exploratory, more
granular analysis of 1-minute intervals * 2
minutes around the a priori 2-minute dosing
cutoff (=<1, 1 to <2, 2 to <3, 3 to <4, and
>4 min) was performed to ensure the cutoff
was supported by the data. For all analyses,
epinephrine doses that were <0.01 mg/kg
(unless the patient received adult dosing of 1
mg) or those given before CPR initiation or
after CPR cessation were not included.

To investigate the effect of epinephrine
dosing interval on intraarrest arterial DBP,
bedside monitor waveform data in printed or
electronic format (BedmasterEX; Excel
Medical) were collected and analyzed for
patients with invasive arterial BP monitoring
in place during CPR. Similar to previous
work, only the first 10 minutes of waveform
data were collected for each patient to limit
the size of the data files. Printed waveforms
were manually digitized by a trained research
coordinator (K.G.) blinded to other clinical
data (Plot Digitizer; https://sourceforge.net/
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projects/plotdigitizer). DBP was sampled
during mid-diastole for each compression.
Please see previous publications for more
details on DBP data extraction (7, 17).

Outcomes

The primary outcome was survival to
hospital discharge with favorable
neurobehavioral outcome defined by a
Pediatric Cerebral Performance Category
score (18) of 1-2 or no change from baseline.
Secondary outcomes were survival to
hospital discharge, ROSC for >20 minutes,
DBP, and CPR duration (beginning of chest
compressions to end of chest compressions
resulting in sustained ROSC >20 minutes or
cessation of resuscitation efforts and death

(19D).

Statistical Analysis

Categorical data are presented as frequencies
and percentages. Normally distributed
continuous data are presented using means
and SDs. Non-normally distributed data are
presented using medians and interquartile
ranges. Univariate associations between
exposures and outcomes were evaluated
using chi-square or Fisher exact test for
categorical data and Wilcoxon rank-sum test
for continuous data.

Logistic and linear regression models
were used to evaluate the association
between epinephrine dosing intervals and
outcomes, after adjusting for the effects of
confounders. Potential confounders of the
epinephrine interval-outcome relationship
were location (20), age (21), initial CPR
rhythm (22), time of day/week (23), and
delayed time to first epinephrine dose (>5
min [24]) and were chosen a priori based on
previously published associations with
survival. As in previous work on this topic
(13), regression analyses were stratified by
presence of a vasoactive infusion at the time
of arrest, a variable hypothesized to modify
the relationship between the exposure
(frequent epinephrine) and outcomes.

Cumulative probability distributions of
ROSC were created, and the Kolmogorov-
Smirnov test was used to investigate whether
the association between frequent epinephrine
and ROSC was time dependent.

Mediation analysis was planned to test
whether the effect of frequent epinephrine on
favorable neurobehavioral outcome is direct
(independent) or indirect (i.e., mediated
through CPR duration). The mediation
analysis was conducted by incorporating
mediation techniques into the outcome

models using the Mediation package in R
(www.R-project.org, version 3.6.1), which
used a quasi-Bayesian Monte Carlo
simulation-based approach (25). This
method jointly modeled two separate
regressions: the first regression examined the
change in CPR duration as a function of
frequent epinephrine and covariates, and the
second regression examined the change in
neurobehavioral outcome as a function of
covariates, frequent epinephrine, and change
in CPR duration. This package subsequently
estimated average causal effects for the total
effect (i.e., the overall relationship between
frequent epinephrine and favorable
neurobehavioral outcome), the indirect effect
(i.e., the estimated [mediated] effect
operating through CPR duration), and the
direct effect (i.e., the estimated [unmediated]
effect through unknown pathways). In
addition, the software calculated the
proportion of mediation, which represents
the proportion of the total effect that was
mediated by CPR duration. This analysis was
completed for the overall cohort and after
stratification by presence of a vasoactive
infusion at the time of arrest.

To minimize potential bias from
excluding subjects who achieved ROSC
before a second dose of epinephrine (i.e.,
good outcomes among brief arrests that did
not receive a second dose of epinephrine
potentially because of a longer dosing
interval), a sensitivity analysis including only
patients who received at least 4 minutes of
CPR was performed. The exploratory

Patients
e < 18 years of age

e Index IHCA 2011-2018
e PICU or CICU

n =323

e Atleast 1 minute of CPR

analysis of 1-minute intervals * 2 minutes
around the a priori 2-minute dosing cutoff
(=1,1to <2,2to <3, 3 to <4, and >4 min)
used mean outcome within each interval
with 95% confidence intervals (CIs) to show
the proportion of patients achieving each
outcome.

For the subset of patients with arterial
lines in place at the time of the cardiac arrest,
invasive blood pressure measurements after
epinephrine boluses were analyzed in
30-second epochs in an exploratory analysis
to evaluate whether there was hemodynamic
evidence of improved DBP, a surrogate of
coronary perfusion pressure, after frequent
epinephrine (<2-min intervals). The
primary hemodynamic analysis was to
characterize the change in DBP from
“baseline” (after the first dose of
epinephrine) to after the second dose of
epinephrine within groups using the
Wilcoxon signed-rank test and across groups
using the Wilcoxon rank-sum test. For all
tests, a P value <0.05 was considered
statistically significant.

Results

Between January 2011 and December 2018,
569 index IHCAs occurred, of which 323
(57%) met inclusion criteria; 125 were
included in the final cohort (Figure 1). The
median age was 1.6 years (interquartile range
[IQR], 0.3-6.2) and 59 (47%) were male.
Thirty-three (26%) patients received frequent

A 4

Sequential exclusions (n = 198)

129 <2 doses epinephrine
57 E-CPR
8 vasopressin bolus

4 missing data

A 4
Final cohort
n=125

Figure 1. Consolidated Standards of Reporting Trials diagram. CICU = cardiac ICU;
CPR = cardiopulmonary resuscitation; E-CPR = extracorporeal cardiopulmonary resuscitation;
IHCA =in-hospital cardiac arrest; PICU = pediatric ICU.
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Table 1. Patient Characteristics

Overall (N=125)

Age, yr
<1

~N O
—_——
—-—

=1
Sex
M
F
Race
White
Black
Asian
Other
Ethnicity
Non-Hispanic
Hispanic
Unknown
Preexisting conditions
Respiratory failure
Circulatory failure 58
Pneumonia/sepsis 20
Malignancy 9
Congenital heart disease 65
Baseline PCPC
1: Normal 63
2: Mild disability 28
13
13
8

N A (X))
—_—~—
=

~ W0 w N (=X=]
==

OWON OO 01O
QNG ax QB

N
A~~~

N Nad

3: Moderate disability
4: Severe disability
5: Vegetative state

Frequent Epinephrine

Yes (N=33) No (N=92) P Value
0.74
14 (42) 36 (39)
19 (58) 56 (61)
0.56
17 (52) 42 (46)
16 (48) 50 (54)
0.77
13 (39.5) 34 (37)
8 (24) 21 (23)
0 (0) 3(3)
12 (36.5) 34 (37)
0.33
24 (73) 74 (80)
6 (18) 8 (9)
3(9) 10 (11)
19 (58) 57 (62) 0.66
15 (45) 43 (47) 0.90
7 (21) 13 (14) 0.34
1(3) 8 (9) 0.28
18 (55) 47 (51) 0.73
0.44
14 (42.5) 49 (53)
11 (33.5) 17 (18)
4 (12) 9 (10)
3(9) 10 (11)
1(3) 7 (8)

Definition of abbreviation: PCPC = Pediatric Cerebral Performance Category.
Baseline patient characteristics by exposure to frequent epinephrine. Data are shown as n (%).

epinephrine. Baseline patient characteristics
of the cohort are listed in Table 1. The most
common initial rhythm was asystole/
pulseless electrical activity (95/125 [76%]).
Patients who received frequent epinephrine
had shorter durations of CPR and fewer
doses of epinephrine overall. Cardiac arrest
event characteristics are listed in Table 2.

Outcomes

Among the 125 patients included in the
study, 91 (73%) achieved ROSC, 50 (40%)
survived to hospital discharge, and 42 (34%)
survived with favorable neurobehavioral
outcome. After adjustment for a priori
selected confounders, frequent epinephrine
was associated with higher rates of survival
with favorable neurobehavioral outcome
(adjusted odds ratio [aOR], 2.56; 95% CI,
1.07-6.14; P=0.036), survival to discharge
(aOR, 2.69; 95% CI, 1.12-6.43; P=0.027),
and ROSC (aOR, 8.88;95% CI, 1.91-41.3;
P=0.005). CPR duration was also
significantly shorter in patients who received
frequent epinephrine compared with those
who did not (adjusted effect estimate, —15.7
min; 95% CI, —21.8 to —9.61; P < 0.01)

980

(Table 3). After stratification by presence of a
vasoactive infusion at the time of arrest,
effect estimates were similar but not
statistically significant (Table 4). In a
sensitivity analysis of arrests =4 minutes,
effect estimates for the primary outcome
were similar (aOR, 2.86; 95% CI, 1.11-7.4;
P=0.03). An exploratory analysis of
1-minute intervals = 2 minutes around the a
priori 2-minute dosing cutoff (<1, 1 to <2,2
to =<3, 3 to =<4, and >4 min) supported the
2-minute cutoff as an inflection point for
evaluation in our analyses (see Figure E1 in
the online supplement).

DBP within and across Groups
Among 58 patients with arterial catheters in
place at the time of arrest, 16 (28%) had
evaluable DBP data. Comparisons within
epinephrine interval groups (Figure 2A)
demonstrated that DBP increased
significantly after a second dose of
epinephrine in the frequent epinephrine
group (median, 35 [IQR, 30-43] to 46 [IQR,
39-52] mm Hg, P = 0.031) but not in the less
frequent epinephrine group (median, 40
[IQR, 30-45] to 37 [IQR, 29-49] mm Hg;

P=0.99). When comparing the delta in
diastolic blood pressure across groups
(Figure 2B), the change in DBP after the
second dose of epinephrine was greater
among patients receiving frequent
epinephrine versus those given less frequent
epinephrine (median 6.3 [IQR, 4.1 to 16.9]
vs. 0.13 [IQR, —2.3 to 1.9] mm Hg;
P=0.034).

PALS-recommended Dosing Interval
and Outcomes

When the PALS-recommended dosing
interval was used as part of a trichotomous
predictor (<3, =3 to <5, and >5 min), odds
of survival to discharge with favorable
neurobehavioral outcome were not different
between groups (Table E1). In the analysis
using the same predictor with estimated
dosing intervals, odds of survival with
favorable neurobehavioral outcome were not
different between groups (Table E2).

CPR Duration as an Effect Mediator
Using the mediation approach, the average
causal effect (total effect) of frequent
epinephrine on favorable neurobehavioral
outcome was 0.20 (95% CI, 0.03-0.36). By
incorporating causal mediation analysis into
our logistic regression model, we could
decompose the total effect into an indirect
pathway through CPR duration (estimated
indirect effect was 0.13 [95% CI, 0.04-0.23;
P=0.01]) and a direct effect through
unknown pathways. These results indicate
that the indirect effect (CPR duration as a
mediator) explained 66% of the total effect of
frequent epinephrine on favorable
neurobehavioral outcome (i.e., frequent
epinephrine at least partly improves
outcomes by shortening the duration of
CPR). The effect of CPR duration as a
mediator was most evident among patients
not on a vasoactive infusion at the time of
arrest (Table E3).

Frequent Epinephrine and ROSC:
Time-Dependent Analysis

Cumulative probabilities of ROSC across all
time points of the first 30 minutes of CPR
were higher for those exposed to frequent
epinephrine (P < 0.001), although the most
notable divergence in the probability curves
was evident during the first 10 minutes of
CPR (Figure 3).
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Table 2. Event Characteristics

Overall (N=125)

Frequent Epinephrine

Yes (N=33) No (N=92) P Value

suggest that a more frequent epinephrine
dosing interval than recommended in
current guidelines, at least during the initial
minutes of resuscitation, may be a strategy to
improve outcomes from pediatric cardiac
arrest.

Location of CPR event 0.68 These findings must be considered in
PICU 72 (58) 18 (55) 54 (59) the context of the existing body of literature
Cicu 53 (42) 15 (45) 38 (41) di inephrine duri .

Time of day 0.07 regarding epinephrine during CPR. First,
Nights/weekends 67 (54) 15 (45) 52 (57) although earlier administration of the first
Weekdays 58 (46) 18 (55) 40 (43) dose of epinephrine is associated with

Imltlnedi?te qau/s?] Kseps 77 (62) 20 (61) 57 (62) 0.89 improved pediatric THCA outcomes (24),

ypotension/shock/sepsis . . :
Respiratory decompensation 66 (53) 19 (58) 47 (51) 0.52 there have been n}u(ed observgﬂonal data
Arrhythmia 7 (8) 2 (6) 5 (5) 0.89 regarding the optimal dosing interval.

Initial CPR rhythm 0.19 Specifically, similar to our findings, an adult
Bradycardia” 15 (12) 4(12) 11 (12) study of out-of-hospital cardiac arrest found
Cﬁﬁ?le/PEA gg gf) 23 Eg?) 7; 5275)) an association between shorter epinephrine
Not documented 10 (8) 5 (15) 5 (5:5) dosing intervals and improved outcomes

Duration of CPR, min 13 (6-25) 5(4-10) 16.5(10-31) <0.01 (16). Conversely, a large registry study by

Int,i:tver']tilonst ti1n tp|élC€ 58 (46) 18 (55) 40 (43) 007 Hoyme and colleagues observed an

erial catheter } o . .
Vasoactive infusion 63 (50) 13 (39) 50 (54) 014 eocalion biweeré shorter elzll,nel?h““ed,

Pharmacologic interventions osing intervals and worse pediatric cardiac
Time to first epi dose, min 2 (0-3) 1(0-2) 2 (0-3) 0.34  arrest outcomes (13). Similar to other studies
'(Eotla! epinephrine doses 73 %3‘3) 1% gg?) 6‘11 Eég;ﬁS) <88; of cardiac arrest, the analytic plan

alcium .
Sodium bicarbonate 93 (74) 21 (64) 72 (78) 0.qo  undertaken by Hoyme and colleagues

controlled for duration of CPR as an
important confounder. We intentionally did
not control for CPR duration in our
multivariable models because we postulated
that CPR duration was acting as a mediator
in the relationship between frequent
epinephrine and improved survival
outcomes. Specifically, by improving
hemodynamics and increasing the likelihood
of ROSC (6), shorter epinephrine dosing
intervals would shorten CPR duration and
improve outcomes. This conceptual model
and analysis is consistent with the recently
published innovative approach to address the
effects of early defibrillation on outcomes
from ventricular fibrillation cardiac arrest
(26). Our causal mediation analysis and the
cumulative probability of ROSC at
continuous time points during CPR support
this hypothesis and our analytic plan.

Definition of abbreviations: CICU = cardiac ICU; CPR = cardiopulmonary resuscitation;

epi = epinephrine; PEA = pulseless electrical activity; PICU = pediatric ICU; VF = ventricular
fibrillation; VT = ventricular tachycardia.

Baseline event characteristics by exposure to frequent epinephrine. Data are shown as n (%)
or median (interquartile range).

*Bradycardia with poor perfusion.

neurobehavioral outcome was largely
mediated by CPR duration. In the subset of
patients with invasive blood pressure
measurements during CPR, those exposed to
frequent epinephrine experienced a more
substantial rise in DBP after the second dose
of epinephrine, providing a biologically
plausible mechanism by which more
frequent epinephrine may improve outcomes
(i.e., increased coronary perfusion pressure
that allows ROSC to be achieved more
quickly). Taken together, these results

Discussion

In this cohort of pediatric ICU patients with
THCA who received at least two doses of
epinephrine, epinephrine dosing intervals
<2 minutes were associated with
significantly higher rates of survival with
favorable neurobehavioral outcome, survival
to hospital discharge, and ROSC compared
with epinephrine dosing intervals >2
minutes. The association between frequent
epinephrine administration and favorable

Table 3. Association between Frequent Epinephrine and Outcomes: All Patients

Unadjusted OR (95% CI) P Value Adjusted OR (95% CI)* P Value
Survival with favorable neurobehavioral outcome 2.85 (1.25 t0 6.48) 0.013 2.56 (1.07 to 6.14) 0.036
Survival to discharge 2.67 (1.18 to 6.03) 0.018 2.69 (1.12 t0 6.43) 0.027
ROSC 8.27 (1.86 to 36.8) 0.006 8.88 (1.91 to 41.3) 0.005
Duration of CPRT —15.2 (-21.1 to —9.18) <0.01 —15.7 (-21.8 to —9.61) <0.01

Definition of abbreviations: Cl = confidence interval; CPR = cardiopulmonary resuscitation; OR = odds ratio; ROSC = return of spontaneous
circulation.

*All models adjusted for location, age category, initial rhythm, time of day, and delayed time to first epinephrine dose (>5 min).

TEffect estimate (minutes) from linear regression models.
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Table 4. Association between Frequent Epinephrine and Outcomes: Stratified by Presence of Vasoactive Infusion

Outcome Infusion
Survival with favorable No
neurobehavioral outcome Yes
Survival to discharge No
Yes
ROSC No
Yes
Duration of CPRT No
Yes

Unadjusted
OR (95% ClI) P Value
3.02 (0.99 to 9.16) 0.051
2.02 (0.51 to 8.06) 0.32
2.57 (0.83 to 7.96) 0.10
2.22 (0.60 to 8.15) 0.23
3.98 (0.80 to 19.9) 0.092
—14.0 (—20.5 to —4.32) <0.01
—16.0 (—26.9 to —5.1) <0.01

Adjusted OR

(95% CI)* P Value
3.33 (0.96 to 11.6) 0.06
2.58 (0.36 to 18.4) 0.35
2.83 (0.79 to 10.1) 0.11
4.93 (0.78 to 31.3) 0.09
4.80 (0.76 to 30.4) 0.10
—13.4 (—19.9 to —6.9) <0.01
—16.7 (—29.4 to —3.9) 0.012

Definition of abbreviations: Cl
circulation.

= confidence interval; CPR = cardiopulmonary resuscitation; OR = odds ratio; ROSC = return of spontaneous

*All models adjusted for location, age category, initial rhythm, time of day, and delayed time to first epinephrine dose (>5 min).
TEffect estimate (minutes) from linear regression models. Note: Model for ROSC did not converge because 100% of those patients exposed to
frequent epinephrine in this subgroup achieved ROSC.

Although our data suggest that more
frequent epinephrine dosing may be a
strategy to improve pediatric cardiac arrest
outcomes, the potentially deleterious effects
of epinephrine deserve comment. First, it has
been known for decades that high-dose
epinephrine (a 10-fold dose above that
currently recommended) is associated with
worse outcomes from pediatric cardiac arrest
(27). At such doses, the potential risks of
increased myocardial oxygen consumption
(28) and decreased Q during CPR (29), and a
toxic hyperadrenergic state after resuscitation
(e.g., myocardial dysfunction and

>

80 | P=0.99

[o)]
=]
|

Diastolic Blood Pressure (mmHg)
n I
o )
| |

arrhythmias [30]), become more evident.
Importantly, in the present study, patients
who received more frequent epinephrine
actually received fewer doses of epinephrine,
and thus a lower cumulative dose, over the
course of the resuscitation because of the
aforementioned shorter cardiac arrest
duration. Second, epinephrine may have
adverse effects on the cerebral microvascular
circulation (31, 32). Although epinephrine
during CPR may improve systemic
hemodynamics, global cerebral blood flow,
and cerebral tissue oxygenation (33),
attention to these other potentially
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problematic effects is necessary. Of note,
experimental laboratory data demonstrate
that the beneficial effects of epinephrine on
systemic hemodynamics and cerebral blood
flow diminish with each subsequent
administration during CPR (12, 33-35). Our
analysis highlighting a time dependence to
the relationship between frequent
epinephrine and ROSC in patients treated
with frequent epinephrine is consistent with
these translational data and suggests that if
ROSC is not achieved within approximately
10 minutes of CPR onset with frequent
epinephrine, continued administration is

P =0.034

p———
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Interval > 2 min Interval < 2 min Interval > 2 min Interval < 2 min

Figure 2. Diastolic blood pressure analyses. (A) Within-group response: baseline is average diastolic blood pressure after first epinephrine
dose (light gray); response is average diastolic blood pressure after second epinephrine dose (dark gray). (B) Comparison of delta (dose 1 to
dose 2) across groups. P values calculated within groups using the Wilcoxon signed-rank test (A) and across groups using the Wilcoxon rank-
sum test (B).
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Figure 3. Cumulative probabilities of return of spontaneous circulation. The figure depicts the
analysis to evaluate whether the association between frequent epinephrine and return of
spontaneous circulation was time dependent. The dashed line represents the frequent
epinephrine group; the solid line represents the nonfrequent epinephrine group.

CPR = cardiopulmonary resuscitation.

likely only to expose the patient to the
aforementioned risks. In these cases, other
strategies should be considered, including
activation of extracorporeal CPR systems
when available (36). Similarly, although effect
estimates were similar between groups, our
analyses suggest that patients on vasoactive
infusions may see less benefit from increased
epinephrine frequency. This may simply be a
reflection of a more critically ill group of
patients or may represent catecholamine
nonresponsiveness in the setting of refractory
shock as a precipitant of the arrest. In any
case, a patient’s vasoactive requirement
should be one additional consideration when
deciding if more frequent epinephrine
administration is warranted.

This study has limitations. First, it is
retrospective in nature; thus, its results

demonstrate association and not causation.
Second, it is a single-center study, which
potentially limits generalizability. Third, we
limited our analysis to the first 10 doses of
epinephrine given during an arrest and as
such could have missed important dosing
interval variations that occurred later in the
resuscitation. However, 95% of the arrests
within the final cohort included 10 or fewer
doses of epinephrine. Fourth, we may have
been underpowered to detect an association
between longer dosing intervals and
improved outcomes owing to small numbers
of patients receiving epinephrine at longer
intervals. Fifth, chart documentation of
epinephrine dose does not necessarily equate
to time of drug administration, and although
its reliability and accuracy are unknown, it is
presumably superior to previously used

Kienzle, Morgan, Faerber, et al.: Pediatric Arrest Epinephrine Dosing Intervals

estimation techniques. Sixth, we did not
rigorously collect data on postresuscitation
myocardial dysfunction and as such cannot
comment if more frequent epinephrine
administration was associated with a toxic
adrenergic state after resuscitation. Because
patients receiving more frequent epinephrine
received less cumulative epinephrine and had
superior outcomes, even if present, this
potential consequence of frequent
epinephrine was not clinically significant.
Finally, hemodynamic data were only
available for 16/58 (28%) arrests with
invasive arterial monitoring because of
known limitations related to waveform
capture (e.g., lack of arterial waveform due to
line interruption for blood draw, truncation
of BP waveform obscuring DBP [7]). As
such, this convenience sample is subject to
selection bias and, furthermore, resulted in
an underpowered sample to consider
important confounders (e.g., etiology of
arrest) in our evaluation of the association
between epinephrine intervals and DBP. In
addition, CPR mechanics data (e.g., chest
compression depth) were unavailable for the
patients in the hemodynamic analysis,
precluding evaluation of CPR quality as it
related to outcomes.

Conclusions

In this single-center study of children
receiving at least two doses of epinephrine
during THCA, frequent epinephrine dosing
at intervals of <2 minutes was associated
with improved rates of survival with
favorable neurobehavioral outcome, survival
to discharge, and ROSC. The mechanisms by
which this occurs may include earlier
increases in coronary perfusion pressure
necessary to achieve ROSC, shorter CPR
duration, and, thereby, less neurologic injury.
Despite these promising observational
results, randomized controlled trials are
warranted to better discover the optimal
epinephrine dosing interval during pediatric
IHCA. ®
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