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Abstract
Introduction Vasopressors are a commonly used treatment in beta-blocker poisoning despite evidence they may be ineffective or
harmful. The primary objective of the present study is to use previously collected data from two prior studies (high-dose insulin
(HDI) versus vasopressin + epinephrine and a placebo-controlled HDI study) to compare survival between vasopressin +
epinephrine and placebo. Secondary outcomes included a comparison with HDI as well as comparisons with hemodynamic
parameters, including mean arterial pressure (MAP), cardiac output (CO), heart rate (HR), and systemic vascular resistance
(SVR).
Methods Cardiogenic shock was induced in healthy pigs with a bolus of 0.5 mg/kg of intravenous propranolol followed by an
infusion of 0.25 mg/kg/minute until the point of toxicity, defined as (0.75 × initial HR × initial MAP), at which point the infusion
was reduced to 0.125 mg/kg/minute for 240 (vasopressin + epinephrine or HDI) or 360 minutes (placebo) or until death.
Results Survival was significantly lower in pigs receiving vasopressin + epinephrine (0%, 0/5) than in pigs receiving placebo
(50%, 2/4) (p < 0.01). Survival was significantly higher with HDI compared with both groups (100%, 5/5) (p < 0.01). All
vasopressin + epinephrine pigs died within 100 minutes after reaching toxicity. Over the course of the resuscitation, we observed
a statistically significant steady decrease in CO andHR in the vasopressin + epinephrine group compared with placebo (p < 0.01).
In contrast, we observed a statistically significant change in MAP and SVR that followed a parabolic arc, with MAP and SVR
rising significantly initially in the vasopressin + epinephrine group then rapidly falling until death (p < 0.01).
Conclusions Mortality was higher with vasopressors compared with placebo in this porcine model of propranolol poisoning.
Further studies are warranted to define the optimal timing and role of vasopressors in beta-blocker poisoning.
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Introduction

Beta-blocker poisoning is common [1]. In 2017, US poison
centers reported 26,225 exposures to beta-blockers, including

1,042 with a moderate outcome, 109 with a major outcome,
and 18 deaths [2]. Beta-blockers are even more toxic when
combined with other medications; they were contributory to
118 deaths reported to US poison centers in 2017 [2].
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Morbidity and mortality are multifactorial in nature, but occur
primarily due to cardiogenic shock [3]. Multiple therapies,
including glucagon, high-dose insulin (HDI), and vasopres-
sors [4–6], have been proposed as ideal agents to treat beta-
blocker poisoning; however, there is no consensus first-line
agent after basic supportive measures, such as preload aug-
mentation and calcium supplementation, have failed.

Vasopressors are a standard treatment for hemodynamic
shock in general [7, 8], given their ability to increase cardiac
output and systemic vascular resistance (SVR). The use of
beta-agonists, in particular, has appeal in beta-blocker poison-
ing as high doses of a receptor agonist to overcome receptor
blockade is a common treatment strategy in poisoning. Data
for the use of vasopressors in beta-blocker poisoning, howev-
er, are scant. A recent systematic review [9] of the use of
vasopressors for poison-induced cardiogenic shock found ev-
idence to support the use of vasopressors in beta-blocker poi-
soning was limited to 51 case reports and 7 animal studies [6,
10–15] and identified no human studies. Not only are data
scant, but also results are mixed. Of these 7 studies, 6 evalu-
ated mortality, and in 5 of these 6 studies, vasopressors were
associated with statistically significantly lower survival rates
[10–14]. Furthermore, of these 7 studies, only 4 contained a
placebo arm [12–15], and vasopressors commonly did not
outperform placebo.

Though vasopressors remain a standard treatment for
shock, they are also associated with adverse outcomes. In
addition to causing tissue ischemia and dysrhythmias, the rise
in SVR associated with vasopressors may contribute to an
overall decrease in cardiac output [16]. If shock is truly car-
diogenic, this increase in afterload and subsequent decrease in
cardiac output may further worsen the patient’s shock state. As
such, it is possible in a poison-induced cardiogenic shock
state, such as that from beta-blockers, vasopressors (or vaso-
pressors combined with inotropes) may actually be harmful.
Indeed, there is some evidence to suggest this [11, 12, 16]. The
combination of dopamine with either isoproterenol or gluca-
gon significantly reduced survival time compared with place-
bo in a rat model of propranolol poisoning [13, 14].

Our group has used a porcine model to evaluate various
therapies for propranolol poisoning. In one study, we com-
pared HDI with a combination of vasopressin and epinephrine
infusions; that study did not include a placebo arm [6]. In
another study, we performed a randomized, placebo-
controlled trial of 3 unique doses of HDI [3]. These two stud-
ies were conducted by the same primary group of investigators
utilizing the same animal model of toxicity, including instru-
mentation, monitoring, laboratory space, and laboratory per-
sonnel. Upon completion of these two studies, we had an
opportunity to compare the use of vasopressors (specifically
vasopressin and epinephrine) with placebo in a porcine model
of propranolol poisoning, an important evaluation not previ-
ously done. Therefore, the primary objective of the present

study is to use these existing data in a post hoc fashion to
determine if the use of vasopressin + epinephrine is associated
with higher mortality than placebo. Secondary outcomes in-
clude a mortality comparison with HDI as well as compari-
sons with various hemodynamic parameters among vasopres-
sors, placebo, and HDI.

Methods

Study Setting and Animal Preparation

These studies were approved by the Scientific Review and
Animal Care and Use Committees within the HealthPartners
Institutional Review Board. Experiments were performed in
the HealthPartners Animal Care Facility, a secure animal care
facility licensed by the United States Department of
Agriculture. The laboratory was accredited by the American
Association for Accreditation of Laboratory Animal Care.

Healthy Yorkshire pigs were sedated with tiletamine and
zolazepam to facilitate instrumentation. Thiopental sodium
(2.5%) was administered while a tracheostomy was per-
formed, and anesthesia was maintained throughout the study
protocol with a combination of isoflurane and 30% nitrous
oxide. Anesthesia was titrated by monitoring of reflexes to
minimize cardiovascular depressant effects of the anesthetics.
Pigs were mechanically ventilated, typically at a rate of
10 breaths/minute with an FiO2 of 30%. A cutdown technique
was used to access the right internal jugular vein, and a Swan-
Ganz catheter was inserted into the pulmonary artery. Femoral
cutdowns were used to place arterial and central venous groin
lines. Electrocardiogram leads were placed for cardiac moni-
toring. Body temperature was maintained at 37–38° using
active warming as needed, and a suprapubic urinary catheter
was placed.

Experimental Design

We observed a stabilization period of 30 minutes after instru-
mentation before inducing toxicity. All propranolol doses
were administered intravenously (IV). A bolus of 0.5 mg/kg
propranolol was administered, followed by an infusion of
0.25 mg/kg/minute until the point of toxicity was reached,
which was defined as a 25% reduction in the product of the
initial MAP × HR. This point of toxicity was previously used
in other large animal poisoning studies [12, 17]. Upon
reaching the point of toxicity, the propranolol infusion was
halved to 0.125 mg/kg/minute, and each animal received a
20 mL/kg bolus of normal saline. Glucose concentrations
were measured in all subjects at baseline, at point of toxicity,
and every 10minutes thereafter. Dextrose was administered as
needed (a 25 g bolus of 50% dextrose was administered for a
blood glucose < 60 mg/dL; a 50 g bolus was administered for
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a blood glucose < 40 mg/dL). Dextrose infusions were used
and started at 12.5 g/hour; if a dextrose bolus was required in
addition to the dextrose bolus, the infusion was increased by
12.5 g/hour. Resuscitation continued until death or 4 hours in
the vasopressin + epinephrine and HDI groups, or until death
or 6 hours in the placebo group. This difference in resuscita-
tion duration was the only substantial difference between the
two studies. Any living pigs at the end of the resuscitation
protocols were euthanized with IV sodium pentobarbital.
Data from 14 pigs were used in the present study: 4 pigs
receiving saline placebo from Cole et al. and 5 pigs each
receiving either vasopressin + epinephrine or HDI from
Holger et al. Animal instrumentation and induction of toxicity
are displayed in Fig. 1.

Interventions

Vasopressin and epinephrine were chosen to represent vaso-
pressor therapy for multiple reasons. First, we found vasopres-
sin tended toward superiority compared to the more traditional
therapy of glucagon in a similar porcine model of propranolol
poisoning [6]. Epinephrine was chosen because it offered both
a way to synergistically maximize vasopressor effects via α1-
agonism while simultaneously providing a high-affinity beta-
agonist to directly compete with propranolol. Last, at the time
of the investigation, there was reason to believe that a combi-
nation of vasopressin and epinephrine was more effective than
epinephrine alone in cardiopulmonary resuscitation [18, 19].

For the 5 pigs receiving vasopressin + epinephrine, infu-
sions of vasopressin dosed at 0.0028 units/kg/minute along
and epinephrine at 10 mcg/kg/minute were started at the point
of toxicity. The vasopressin infusion was increased by
0.0028 units/kg/minute every 10 minutes until the baseline
HR × MAP product normalized or a maximum infusion of
0.014 units/kg/minute was reached. This vasopressin infusion
was based upon a human equivalency infusion of a titration
between 0.17 and 0.84 units/kg/hour [6]. The epinephrine
infusion was increased by 10 mcg/kg/minute until the HR ×

MAP product returned to baseline or a maximum dose of 50
mcg/kg/minute. For the 5 pigs receiving HDI, HDI was initi-
ated at 2 units/kg/hour at the point of toxicity and increased
every 10 minutes until the MAP × HR product returned to
baseline or a maximum of 10 units/kg/hour dose was reached.
Pigs in the placebo group received normal saline at a rate
commensurate with similar infusions of either vasopressors
or HDI.

Measurements

Baseline measurements were taken before the induction of
toxicity on each animal. Continuous cardiac output (CO)
was measured using thermodilution technique. Pulse oximetry
(SpO2), heart rate (HR), systolic blood pressure (SBP), mean
arterial pressure (MAP), SVR, and arterial pHwere monitored
and recorded every 10 minutes. Glucose monitoring was de-
scribed as above; results were recorded every 10 minutes.
Potassium concentrations were measured and recorded at
baseline, at the point of toxicity, and every hour thereafter.

Outcomes

The primary outcome of the current study was mortality be-
tween groups treated with vasopressors or placebo. Secondary
outcomes included difference in mortality between HDI and
the other two groups, as well as differences in CO, HR, MAP,
and SVR among all three groups.

Analysis

Data analysis was performed using SAS 9.1. Kruskal-Wallis
and one-way ANOVA tests were used as appropriate to eval-
uate baseline characteristics, which were described using
means and standard errors. The Kaplan-Meier method was
used for the analysis. CO was evaluated using a linear
mixed-effects regression model. Like our previous work [3,
6, 11, 20], this model featured CO as a function of time,

Fig. 1 Animal instrumentation
and induction of toxicity.
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quadratic time, a time by CO interaction, and a random effect
for each subject to account for correlation between measure-
ments taken from the same identical animal. Similar regres-
sion models were used for HR, MAP, and SVR. The use of
this dose-by-time interaction model for hemodynamic param-
eters allowed us to make several observations on each animal
to determine if differences in hemodynamic parameters oc-
curred between arms over time and not just at any one given
point. Multiple imputation was used to correct for truncation
of data in animals that died, assuming that after death, unob-
served measurements of cardiovascular variables were pro-
portional to the mean values for that subject, as well as the
values of that particular variable observed in other subjects to
account for imputation error [21]. In addition to the assump-
tions implicit in all ANOVA and linear regressionmodels, two
additional assumptions were made in the analysis of CO. First,
we assumed a linear change in CO over time and did not fit
anymore complicatedmodels involving exponential, logarith-
mic, or polynomial coefficients. Second, we imputed values
for the vasopressin + epinephrine group when the recorded
value for cardiac output was “< 1,” by assuming that the de-
cline from the last recorded value of CO until the time of death
would be roughly linear, with a standard error proportionate to
the expected value. Assumptions for HR were similar to the
ones used in the CO analysis: that the change in HRwas linear
over time and that the conditions of regression held. We as-
sumed that MAP was a quadratic function of time (rather than
linear).

Results

A total of 14 pigs were included in the final analysis. There
was no difference in baseline characteristics (weight, CO, car-
diac index (CI), or heart rate) between the groups at the point
of toxicity with the exceptions of mean MAP, SVR, and time
to point of toxicity which were all lower (or shorter) in the
placebo group than either the HDI or the vasopressin + epi-
nephrine groups. Table 1 includes baseline characteristics at
the point of toxicity for all groups, as well as times to maxi-
mum infusions of both vasopressin + epinephrine and HDI.
Metabolic parameters, including potassium measurements,
were reported in the previous manuscripts.

Survival

Two pigs survived in the placebo group (2/4, 50%), no pigs
survived in the vasopressin + epinephrine group (0/5, 0%),
and all pigs survived in the HDI group (5/5, 100%). The two
deaths in the placebo group occurred at 220 and 270 minutes
into resuscitation. All pigs in the vasopressin + epinephrine
group died in less than 100 minutes. Regarding the primary
outcome, there was a statistically significant difference in

survival favoring the placebo group over the vasopressin +
epinephrine group (p < 0.01). HDI was superior to both pla-
cebo and vasopressin + epinephrine in terms of mortality
(p < 0.01). Figure 2 depicts the Kaplan-Meier survival curve
for the three groups.

Cardiovascular Parameters

Cardiac Output

While CO was not significantly different in any of the three
groups at time of toxicity, the interaction effects of the treat-
ment groups and time upon CO were significant. As calculat-
ed from the linear mixed-effects regression fit to these data,
the predicted change for the insulin treatment is a gain of
0.0113 L/minute2 over the 240 minutes of study time. Thus,
over a 240-minute resuscitation, the mean increase in CO for
HDI-treated pigs can be calculated using the following
formula:

(dose/time interaction for CO [0.0113 L/min2] × 240 mi-
nutes) = 2.71 L/minute.

The dose/time interaction for HDI was significantly higher
(p < 0.0001) than the change in CO for the placebo group,
which was a loss of cardiac output of − 0.0119 L/minute2 over
the 240 minutes of study time. Thus, the loss of CO over a
240-minute resuscitation can be calculated as follows:

(dose/time interaction for CO [− 0.0119 L/min2] × 240 mi-
nutes) = − 2.86 L/min.

In turn, the placebo arm’s predicted change in CO over time
was significantly greater (p < 0.0001) than that of the vaso-
pressin + epinephrine group, which was − 0.0352 L/minute2.
Thus, the loss of CO over a 240-minute resuscitation can be
calculated as follows:

(dose/time interaction for CO [− 0.0352 L/min2] × 240 mi-
nutes) = − 8.45 L/minute.

CO is displayed over time for all three groups in Fig. 3.

Heart Rate

Heart rates at time of toxicity were significantly lower in the
placebo group compared with the insulin group (p < 0.001).
Because of this, the linear mixed-effects regression used to
model the change in HR over time did not attempt to force a
common intercept term at t = 0. The predicted model for the
insulin arm showed subjects’ HR starting at 87 beats/minute
and increasing by 0.099 beats/minute every minute, such that
by the end of the study, it would be 110.7 beats/minute. This is
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significantly different from the placebo group (p < 0.0001),
whose initial heart rate is 69 beats/minute and experiences a
projected decline that is quite close to zero. The placebo arm
had significantly higher HR over time than did the vasopressin
+ epinephrine arm (p < 0.0001), which started at 86 beats/
minute and declined at − 0.501 beats/minute until all subjects
died in the interval between 90 and 100 minutes. Heart rate
over time is displayed for all three groups in Fig. 4.

Mean Arterial Pressure

MAP at time of toxicity was significantly lower in the saline arm
than in the other two arms. Due to this, we did not attempt to
force a common intercept at t= 0 in linear mixed-effects regres-
sion. While the change in MAP over time was not significantly

different in placebo and HDI arms (p= 0.1975, p = 0.1076 for
linear and quadratic treatment by time interaction terms,
respectively), the change in MAP projected for the vasopressin
+ epinephrine arm was a parabolic arc following the formula
MAP = 78 + 1.83 × (time) − 0.03 × (time2). The respective
p values for the linear and quadratic interaction terms with
time for vasopressin + epinephrine were < 0.0001 and < 0.0001.
MAP over time for all three groups is displayed in Fig. 5.

Systemic Vascular Resistance

SVR showed a statistically significant difference between pla-
cebo and HDI arms, both at baseline and in terms of interac-
tion effects (p < 0.001). SVR was higher in both the HDI and
vasopressin + epinephrine groups initially, peaking at

Table 1 Comparisons between treatment arms at point of toxicity and time to maximum infusions for interventions.

Variable Vasopressin + epinephrine High-dose insulin Placebo

Mean SEM Range Mean SEM Range Mean SEM Range p value

Weight (kg) 29.4 2.28 22.4–35.8 32.6 3.66 22–38.6 39.6 2.94 31.8–44.4 0.083

Time to toxicity (minute) 45.0 8.94 20–60 49.0 4.00 40–60 13.8 1.25 10–15 0.014

Cardiac output (L/minute) 2.55 0.24 2.1–3.1 3.00 0.27 2.3–3.8 2.80 0.30 2.2–3.5 0.525

Cardiac index (L/minute/m2) 3.77 0.73 3.5–4.6 4.14 0.63 3.9–5.5 3.44 0.76 3.6–5.1 0.418

Heart rate (beats/minute) 80.2 1.65 67–84 77.8 3.38 72–90 68.7 3.77 64–80 0.073

SVR (dynes × s/cm5) 2046 149 1496–2400 1787 165 1357–2330 1263 117 955–1418 0.013

Mean arterial pressure (mmHg) at time of toxicity 75.3 2.36 49–82 73.8 4.94 65–92 49.0 2.42 45–56 0.001

Time to maximal infusion rate for therapy (minute)* 40 0 40–40 40 6.32 20–60 NA NA NA

Italicized values represent a significant difference between groups

*All pigs in the vasopressin + epinephrine reached maximal dosing. All but one pig in the HDI group reached maximal dosing; this unique pig reached a
steady state at 6 U/kg/hour at 20 minutes and required no additional up-titration of HDI
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30 minutes, then fell to 0 in all pigs as they died. Meanwhile,
placebo and insulin groups did not experience a significantly
different change in SVR over time. Both the placebo and HDI
groups experience a shallow decline in SVR that was not
statistically different from zero. SVR over time for all three
groups is displayed in Fig. 6.

Discussion

In this study of a lethal porcine model of propranolol poisoning,
we found the combination of vasopressin and epinephrine, com-
pared with placebo, to be associated with decreased survival.
HDI was associated with increased survival compared with both
groups. Hemodynamic parameters were also more favorable for
placebo than vasopressin + epinephrine. Cardiac output and heart

rate were both significantly higher in the placebo group than in
the vasopressin + epinephrine group when accounting for the
entire study protocol, and HDI was associated with both in-
creased heart rate and cardiac output comparedwith both placebo
and vasopressin + epinephrine. Systemic vascular resistance and
mean arterial pressure were initially higher in the vasopressin +
epinephrine group compared with placebo or HDI, but
experienced a parabolic arc as the animals died, resulting
ultimately in significantly lower readings.

Existing literature evaluating vasopressors and
inotropes for beta-blocker poisoning is sparse. In addition
to the four studies evaluating vasopressors and inotropes in
a placebo-controlled manner identified by Skoog et al., we
found an additional 7 studies by conducting our own liter-
ature search [22–28] (see summary in Table 2). This was
performed by searching PubMed and MEDLINE using the

Fig. 4 Heart rate over time.
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search terms used by Skoog et al. restricted to any con-
trolled or comparative study dating back to 1990. We sup-
plemented this search by the review of the references in the
controlled trials previously identified by Skoog et al. Three
groups studied only inotropes, with two (Love et al. and
Sato et al.) studying glucagon, amrinone, milrinone, and
combination therapies in canine models [15, 22–24] and
one group studying dobutamine and levosimendan in a

porcine model [25]. The Love and Sato groups evaluated
only hemodynamic parameters and not mortality and found
all therapies to be superior to placebo with subtle differ-
ences in each therapy to increase either heart rate
(glucagon) or MAP (phosphodiesterase inhibitors).
Leppikangas et al. found no difference between placebo
and dobutamine but did note a substantial mortality advan-
tage with levosimendan [25]. Another group studied

Table 2 Summary of comparative effectiveness animal studies evaluating vasopressors and inotropes in beta-blocker poisoning.

Reference Model** Treatment arms Results

Love et al. [15] Canine Placebo (n = 6)
Glucagon (n = 6)
Amrinone (n = 6)

Amrinone and glucagon effective in reversing depressed
ventricular pressures, cardiac output, and stroke
volume compared with placebo, only glucagon
improved heart rate

Love et al. [22] Canine Amrinone + glucagon (n = 6)* Addition of amrinone to glucagon had a detrimental
effect on MAP

Sato et al. [23] Canine Placebo (n = 3)
Glucagon (n = 5)
Milrinone (n = 5)

Milrinone and glucagon both superior to placebo,
hemodynamic parameters favor milrinone

Sato et al. [24] Canine Placebo (n = 5)
Glucagon (n = 5)
Milrinone (n = 5)
Glucagon + milrinone (n = 5)

No evaluation of survival. All arms improved over placebo;
combination therapy resulted in undesired tachycardia

Toet et al. [13] Rat Placebo (n = 10)
Isoproterenol (n = 10)
Isoproterenol + glucagon (n = 10)
Isoproterenol + dopamine (n = 10)

Survival not improved over placebo in any arm, but
reduced in the isoproterenol + dopamine group

Toet et al. [14] Rat and rabbit Placebo (n = 10 rats, 8 rabbits)
Glucagon (n = 10 rats, 8 rabbits)
Dopamine (n = 10 rats, 8 rabbits)
Dopamine + glucagon (n = 10 rats,

8 rabbits)

Survival not improved over placebo in any arm, but
reduced in dopamine + glucagon arm in rat study

Kerns et al. [12] Canine Placebo (n = 6)
Epinephrine (n = 6)
Glucagon (n = 6)
HDI (n = 6)

Survival as follows: placebo (0/6), epinephrine (1/6),
glucagon (4/6), and HDI (6/6)

Holger et al. [6] Porcine Vasopressin (n = 8)
Glucagon (n = 8)

No difference between arms

Uechi et al. [26] Canine (oral
carvedilol)

Placebo (n = 6)
Dobutamine (n = 6)
Dopamine (n = 6)
Milrinone (n = 6)

Mortality not evaluated, hemodynamic parameters
favor milrinone

Holger et al. [11] Porcine Vasopressin + epinephrine (n = 5)
HDI (n = 5)

Significantly lower survival with vasopressors

Leppikangas et al. [25] Porcine Placebo (n = 6)
Dobutamine (n = 9)
Levosimendan (n = 9)

No difference in survival between placebo and
dobutamine, all pigs receiving levosimendan lived

Kalam and Graudins
[27]

Rat (IV metoprolol) Placebo (n = 10)
Epinephrine (n = 10)
Levosimendan (n = 20)

Improved survival with levosimendan over control but not
epinephrine

Kalam and Graudins
[28]

Rat Placebo (n = 10)
Epinephrine (n = 10)
Levosimendan (n = 50)

No difference in survival between any groups

Katzung et al. [10] Porcine HDI (n = 5)
HDI + norepinephrine (n = 5)
Norepinephrine + epinephrine

(n = 5)

Significantly reduced survival with vasopressors

*Results compared with data from Love et al. [15]

**All models in table involve IV propranolol, except as noted
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levosimendan in a rat model, comparing it with placebo
and epinephrine, and found improved survival in metopro-
lol poisoning [27] but not propranolol [28]. Currently,
levosimendan is not approved for use in the USA. Toet
and colleagues conducted two studies using a rat model
of propranolol poisoning evaluating isoproterenol, dopa-
mine, and glucagon [13, 14]. There was no difference in
time to survival between arms (including placebo), with
the exception of the isoproterenol + dopamine arm, in
which survival time was significantly decreased compared
with all other groups [13]. In their second study, which
utilized their previous rat model as well as a rabbit model,
they evaluated glucagon and dopamine and found that no
intervention improved survival compared with placebo in
either model. In addition, in the rat model, glucagon +
dopamine was associated with decreased survival com-
pared with placebo, as was glucagon monotherapy in the
rabbit model [14]. Lastly, Kerns et al. compared saline
placebo with glucagon, with epinephrine, and with HDI
in a lethal canine model [12]. Survival was significantly
greater with HDI over the other arms. No placebo animals
survived; one of six canines treated with epinephrine
survived.

As noted in the review by Skoog et al., evidence examining
the use of vasopressors for beta-blocker poisoning is
perplexing. Animal studies generally show no improvement
over placebo or poor outcomes, whereas human case reports,
subject to publication bias as they may be [29, 30], are gener-
ally associated with positive outcomes. Our data align with
previous studies demonstrating vasopressors, in this case va-
sopressin and epinephrine, are associated with worse out-
comes than placebo. Clinical experience with severe beta-
blocker poisoning, however, clearly demonstrates that multi-
ple therapies are frequently needed to maintain perfusion [5,
31, 32]. Therefore, the most pertinent question is likely not
“if” vasopressors should be used in beta-blocker poisoning but
“when.” Recent data from our laboratory may shed some light
on these questions. In propranolol poisoned pigs, Katzung
et al. found the combination of norepinephrine and epineph-
rine to be associated with rapid death and that HDI was supe-
rior to the combination of these two vasopressors [10].
However, survival with HDI alone was not universal. In this
model, when norepinephrine was added to HDI, not only did
survival increase, but brain perfusion, as measured by cerebral
oxygen tension [33], improved as well. Given multiple animal
models have demonstrated that HDI is superior to vasopres-
sors in beta-blocker poisoning [10–12] and that vasopressors
may be worse than placebo in this context, the available data
suggest severe poisoning should first be treated with HDI,
with vasopressors added as adjuncts if HDI fails to produce
adequate organ perfusion as it appears that HDI and vasopres-
sors may be synergistic [10, 20]. Data from human patients
poisoned with beta-blockers would help clarify these matters;

however, a randomized trial in humans is unlikely to be fea-
sible in the near future.

Limitations

Our study has several limitations. First, this is an animal mod-
el only of propranolol poisoning.We chose a porcine model to
mitigate this as much as possible, given the many similarities
between porcine and human hearts [34]; however, porcine is
clearly not a perfect model, and unappreciated differences
between humans and pigs may have introduced bias and lim-
ited generalizability.

Second, this study was not planned a priori. Rather, it was
an analysis of previously collected data. This was done not
only for feasibility and cost reasons, but also to prevent un-
necessarily sacrificing animals. This methodology has been
used by other researchers on this topic [15, 22]. The lack of
a priori planning and the spaced data collection between arms
could have introduced bias. It is possible this existed as there
were some differences in the baseline characteristics between
groups. Time to toxicity was shorter, and MAP and SVR were
lower in the placebo group than in the vasopressin + epineph-
rine group. We also followed placebo pigs for up to 360 mi-
nutes, whereas HDI and vasopressin + epinephrine pigs were
only followed up to 240 minutes. These differences, however,
would bias the groups toward the vasopressin + epinephrine
group having healthier pigs and better outcomes, and yet the
vasopressin + epinephrine group performed worst overall. For
instance, one of the placebo pigs died at 270 minutes—had we
followed placebo pigs for only 240 minutes, the placebo arm
would have had an even better survival profile. As the placebo
group performed better despite having less optimal baseline
characteristics and a longer observation time, we believe any
differences that may have been present between the groups did
not substantially bias our results against vasopressors.

Third, our model included only propranolol poisoning, and
yet as both large studies of patients with beta-blocker poison-
ing [1, 5, 35] and numerous case reports [36–38] demonstrate,
co-ingestion with other medications that cause vasodilatory
shock is common. Therefore, even if our results translate to
human beta-blocker poisoning, they may not apply if a drug
that causes profound vasodilatory shock is also co-ingested. In
addition, as demonstrated by Kalam and Graudins with met-
oprolol and propranolol, different beta-blockers themselves
may respond differently to different therapies [27, 28].
Propranolol is somewhat unique among beta-blockers in that
it causes sodium channel blockade. We did not measure QRS
duration formally in this study, though anecdotally, we ob-
served QRS duration on continuous ECG monitoring did not
become visibly wide until death was imminent. Nevertheless,
the fact that HDI proved to be a superior therapy may have
implications for poisoning from other drugs that cause cardio-
genic shock via sodium channel blockade, such as flecainide
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[39–41]. Further study is needed to determine if HDI has a
role in such poisonings.

Last, our results may only apply to the medications we
studied and not to other inotropes or vasopressors. For in-
stance, we did not study glucagon, a commonly recommended
first-line drug for beta-blocker poisoning [42]. We chose to
study vasopressin rather than glucagon because in our previ-
ous work, we found no significant difference between vaso-
pressin and glucagon [6]. In addition, it may be that a single
unopposed vasopressor is not harmful in beta-blocker poison-
ing. Similar to our results, in many of the animal studies where
vasopressors were found to be harmful, worse outcomes oc-
curred when the vasopressor was used in combination with
another inotrope or a second vasopressor [10, 11, 13, 14]. It is
possible a single vasopressor, particularly if used at a modest
dose, may not be harmful in beta-blocker poisoning.

Conclusions

This study demonstrated an increased mortality with the com-
bination of vasopressin and epinephrine when compared with
placebo in a porcine model of propranolol poisoning. Further
studies are warranted to define the role and optimal timing of
the use of vasopressors in beta-blocker poisoning.
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