NOTABLE CASES

Early use of high-dose insulin euglycaemic therapy
for verapamil toxicity

Christopher P Nickson and Mark Little

A 49-year-old man presented WIth

tox:c:ty complicated by

and a junctional rhythm, in

the context of deliberate self-poisoning with multiple drugs. The patient’s hypotension normalised following
the early use ofﬂi without the need for additional vasopressors;

it recurred when HIET was prematurel
Consideration should be ‘
as

Clinical record

A 49-year-old man presented to a peripheral hospital emergency
department 1-1.5h after deliberately ingesting multiple medica-
tions: verapamil (unknown amount), controlled-release morphine
sulfate (20x 30 mg), diazepam (50x 5mg) and tramadol
(15% 200mg). He was a smoker with a history of depression,
ethanol misuse, chronic back pain, hypertension and a previous
instance of deliberate self-poisoning with multiple drugs.

At initial assessment, the patient’s vital signs were: temperature,
36.8°C; pulse, 84 beats/min; respiratory rate, 19 breaths/min;
blood pressure (BP), 115/80 mmHg; oxygen saturation, 95% on
room air; and Glasgow Coma Scale score, 14/15. He was drowsy,
disorientated to time, and had 2 mm pupils that were equal and
reactive. He had ataxia, dysarthria and was generally weak. His
breath ethanol concentration was 0.172 mg%.

Thirty minutes later, the patient was hypotensive (BP, 85/45 mmHg;
pulse, 72 beats/min). He was treated with oxygen, 2 L intravenous
(IV) 0.9% saline, a naloxone 1V infusion (400 ug/h), and 10 mL IV
10% calcium gluconate. He was transferred to a tertiary referral
centre and, on arrival (at 2.25h after initial presentation), his BP
was 85/45 mmHg, pulse was 64 beats/min, and an electrocardio-
gram (ECG) showed a junctional rhythm. Rapid sequence intuba-
tion (with propofol 40 mg+ 20 mg IV and suxamethonium 100 mg
1V) was performed for airway protection and ongoing management
of haemodynamic instability, while metaraminol IV boluses (total,
0.7 mg) were administered. Activated charcoal (50 g) was given,
and sedation was maintained with a propofol infusion.
The patient remained hypotensive (BP, mHg; pulse,
min) after intubation, so

was commenced at 3.5 hours after presentation.
He was given glucose) and ah short-
acting insulin IV bolus , followed by a further bolus of

50mL 50% glucose and a short-acting insulin IV infusion (30 IU/h)
(Box 1). His . improved to at I hours, with a
pulse of .beats/min and thythm on ECG, and he remained

stable during transfer to the intensive care unit (ICU).
The insulin infusion was abruptly
presentation, on arrival in the ICU. The patient’s
subsequently recurred (systolic BP, 70 mmHg;
prompting administration of 500 mL IV (a colloidal
plasma volume s ; B. Braun, Sydney, NSW) and com-
mencement of an 1V infusion (20 ug/min). The insulin
(301U/h) at 8.5 hours, and his .-
(Box 1). The propofol IV infusion was gradually

ed, and again stabilised when HIET was recommenced.
iven to the of HIET in treating severe calcium channel blocker toxicity,
h resort after other therapies have failed. (MJA 2009; 191: 350-352)

increased from 50 mg/h to 150 m,

i between 5.5 hours and 11.5
hours after presentation, and a IV infusion was

commenced at 9.5 hours to maintain normotension. At 15.5

catheter measurements showed a _
reference range [RR], 2.5-4.0 L/min/m~)
index (1047 dynes-s/cm’/m?;
eats/min

atient remained haemodynam-
notadienaline e feaned off

17.5 hours and 23.5 hours, respectively), despite the propofol
infusion rate being increased to 500 mg/h at 18.5 hours. Once

1
-, relative to treatment with high-
dose insulin and adrenaline infusions
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Following administration of a 0.51U/kg short-acting insulin bolus 3.5
hours after presentation, a short-acting insulin intravenous infusion
(0.51U/kg/h) was commenced (black line), and the patient’s blood
pressure improved. The infusion was abruptly discontinued 2 hours
later and the patient again became hypotensive. This resolved
following commencement of an adrenaline infusion (20 ug/min)
(grey arrow), and the insulin infusion (0.5 1U/kg/h) was restarted 8.5
hours after presentation (black arrow).
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NOTABLE CASES

sedation was withdrawn, the patient was extubated at 26.5 hours.
and at hours;
was stopped The patient was transferred to the
observation ward and discharged well later that day, after psychiat-
ric clearance.

During treatment With- the patient’s blood
were checked and ranged from
(RR, 3.5-5.5mmol/L). He received about
(mostly as 50% dextrose infusions).
levels were also serially monitored; the minimum potassium level
was 2.7mmol/L (RR, 3.5-5.0 mmol/L) at 8.75 hours, and the
magnesium level troughed at 0.5 mmol/L (RR, 0.75-1.05 mmol/L)
at 15 hours. These were with a total of of
potassium chloride and 20 mmol magnesium chloride.

Discussion

s an herspy o calctum chanel

(CCB) toxicity, but reports of its use are limited and it

remains Indeed, the scarcity of severe CCB poison-

ing cases means that a randomised controlled trial of HIET may

not be feasible.! Treating clinicians who seek advice from clinical

toxicologists are often hesitant about the high doses required and
the potential for adverse effects. Such hesitancy i

the treatment of CCB toxicity and supports its early use, rather
than as a last resort.*

Verapamil binds the alpha-1 subunit of L-type calcium channels,
preventing the intracellular influx of calcium.” These channels are
functionally important in cardiac myocytes, vascular smooth mus-

cardiac toxicity results
and nega-

cle cells, and islet beta cells.’

sinus

Vascular smooth

muscle tone is impaired, resulting in systemic
hypotension, and coronary vasodilation.

Less well known are the such as

Verapamﬂ Under the stress of the drug-induced shock state, the

, their
* CCB tox1c1ty

calcium channels.””

3% which, in conjunction with

may lead to_
Atropine, calcium boluses and infusions, glucagon, inotropes,
vasopressors, and cardiac pacing have all been advocated for
managing CCB toxicity, despite questionable efficacy.>*" For
instance, the evidence for glucagon is limited to small, non-
blinded animal studies where no survival benefit or improvement
in mean arterial pressure was shown, although heart rate improved
in some cases.” Rarely, - measures such as ‘
and intra-aortic balloon counterpulsation have

been successfully employed.”!°

was first used to treat verapamil toxicity in humans in
with a favourable outcome.® Since then, in addition to

animal studies, there have been nearly
with an rate of

owever, to our knowledge, use of HIET in humans
the administration of glucagon or vasopressors has only been
reported once.® There have been some reports of HIET failure in
treating CCB toxicity, although the dosing of insulin was low or
uncertain, or it was used late.®8 use of may be more

genase, and helps clear the
cytosol of glycolytic byproducts that impair calcium handling and
cause diastolic dysfunction.

because enhanced glycolysis pro-

motes increased sarcoplasmic reticulum-associated calcium
ATPase activity and increased cytoplasmic calcium concentrations,
and promotes calcium entrance into mitochondria and sarco-
lemma.

used _ with other measures such

for two reasons. First,
, and is by

Ithough insulin appears to improve myocar-
and may cause

and adverse events are predictable, uncommon,
is
followed by infu-
Interestingly, neither

g dose

Second, a
dial contractility, it
38

HIET is

©% Although
, they necessitate careful
monitoring. blood glucose -mmol/L)
occurred in cases,” and no cases of hypogly-
caemia within 24 hours of CCB overdose were noted in Greene

and colleagues’ series of seven cases.” Greene et al also reported a
T

although the mean blood glucose level exceeded the euglycaemic
in patients presenting

these are

potassium level of 2.8 mmol/L.*
mia should be- because it reflects the
potassium from the extracellular compartment due to the action of
insulin,

effect in excitable
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NOTABLE CASES

2 _
*7 based on the clinical experience of the

Western Australian Toxicology Service, published case
reports, reviews and animal studies

Commence therapy with:

IV bolus, unless marked
hyperglycaemia (blood glucose >22 mmol/L) is present

Short

receptors

Continue therapy with:

Short-acting insulin-startin a and titrated
every 30 min to a maximum of
IV infusion titrat

-- ed to maintain
(blood glucose, 5.5-14 mmol/L); may be

required to allow use of concentrated solutions (eg, 50% dextrose)
and limit excess volume administration

Glucose — every 20minfo it hou, then every 1h

Potassium — replace only if <2.5mmol/L and there is a source
of potassium loss

Therapeutic end points:
Improvement in myocardial ejection fraction -_
(systolic BP *n adults)
Adequate heart rate -oeats/min)
Resolution of- euglycaemia; adequate urine output
(1-2mL/kg/h)

-of cardiac Gonduiction abnormalities (QRS interval

Improved mentation
Therapy is weaned after the withdrawal of other vasopressors, as

IV =intravenous. BP =blood pressure. * The maximum safe and effective rate

of infusion is unknown but may be even higher than 51U/kg/h. In animal

In conclusion, we advocate consideration of the early use of
HIET (as detailed in Box 2) for the prevention and treatment of
life-threatening complications from potentially lethal CCB over-
doses. HIET is safe, inexpensive and freely available, and suitable
for use even in remote settings before transfer to a referral centre.
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Hi dose Insulin Protocol - Mayo Clinic

Insulin Orders:

Insulin regular (Novolin R) 100 units.ml.

1 unit/kg IV push then start high dose
infusion

[V Once Starting today

Insulin regular 10 units/ml (high dose)
infusion 1-10 units/kg/hour IV
Titrate to MAP greater than 65

1-10 Units/kg/hr IV Titrate. Starting
today

Dextrose Orders, initiate with insulin
infusion

D50W 25 gm IV PRN to maintain blood
glucose 100 - 200 mg/dL

25 gm IV, PRN based on blood sugar.
Starting today

D10W IV infusion to maintain blood
glucose greater than 100 mg.dL.
Start with insulin infusion.

At 100 mL/hr IV. Titrate starting today.




———— —
‘

Novel Therapies

* [nsulin
— High Dose-Euglycemia (0.5-1.0 unit/kg/hr)
— Super High Dose (>1.0 unit/kg/hr)
» Lipid Emulsion
— Fat soluble drugs
. | evosemendan for Ca** Channel Blockers

.
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Ranges of Therapy and Toxicity

' Intended Effects

TOXICITY

SECOND POSITIVE |
EFFECT |

Insulin Dose




Hemodynamic Effects of
High Dose Insulin

* Myocardial Performance
— Calcium dependent

— Calcium independent
* Cellular / mitochondrial energetics

» \/ascular Smooth Muscle Relaxation

— Systemic, coronary & pulmonary vessels
— Endothelial NO synthase (eNOS) activation
» PI3K pathway?




Insulin Cardiovascular Therapy

Ischemia-Reperfusion

Hypoxia

Congestive Heart Failure (?)
Post-Pump Cardiac Dysfunction

Myocardial Ischemia
Cardio-Toxic Overdosage / Poisoning

— [3-Blockers
— Ca** Channel Blockers

~ Bupivicaine
« Other Na* Channel Blockers?




Research Hypotheses

* Insulin’s effects on hemodynamics
continue into a dosing range far above that
which achieves glucose homeostasis.

» Off-setting insulin’s depression of glucose
and potassium levels may allow safe

exploitation of insulin’s inotropy and
vasodilatory properties into this high-dose

range.




B —

RESULTS SUMMARY

* INSULIN
- 100% Survival to 4hrs

— Resolution of Hypotension

— Dramatic Increase in CO with small improvement
in HR

- — co— c—
3
S 3

—

— 100% death by 2hrs

— Worsening hypotension

— An early dramatic increase in SVR then a drop in
SVR as death approached

_ CO decreased as SVR increased




\\
:
:
:
f

CONCLUSIONS

NI T
\7‘? .

— Improved survival in B-Blockade is due to CO
recovery primarily from INOTROPIC effects

- Insulip euglycemia therapy should be considered
early in the treatment of beta-blocker induced

hypotension

— Early death is due to lack of cardiac inotropy that is
unable to overcome the effects
_ Vaso/EPI should be avoided in beta-blocker OD
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~ Clinical Translation of HDI ?

. 55 y.0. woman multi-drug overdose /
Ingestion

* No prior cardiovascular or pulmonary
disease

 Atenolol, Venlafaxine, Amitriptylene

. Refractory to pressors and moderate
dose insulin, Glucagon, Epi, Atropine,

Calcium

* %

Holger J, J Clin Tox 2009




Clinical Translation of HDI ?

. “Terminal Shock” after several minutes of
cardiac arrest
. Very/ high dose insulin begun

— 1 u/kg/hr increments g 10 min

— Near immediate improvement in urinary flow,
skin temperature and metabolic acidosis

— Cardiac Output rose from 3.5 to 11 L/min
— Normal CVP and Wedge

» High Functioning Survival

Holger J, J Clin Tox 2009




Glucose Requirement

Insulin and Dextrose Infusion Rates

Note Delayed Peak

v 4

| —e— Dextrose (g/8 hr)i

" | —a—Insulin (Units/hr) |
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Day and Time




Consecutive HDI Case Series

Twelve Consecutive patients were treated with H
protocol. Age range: 19-65 years (mean 43). .

Primary toxins: B-blocker (BB) in 5, Ca** channel blocke
(CCB) 1, combined BB/CCB (4), TCA (1), polydrug (1).r

Two patients had pulseless electrical activity
(PEA) cardiac arrest prior to HDI.

Six patients failed pre-existing vasopressor therapy, and
5 of these were tapered off vasopressors while on HDI;
1 completed therapy with HDI| and a vasopressor.

nitiation of HD! during cardiac

mulsion 2 patients; ,
pdbaey - to HDI at 10 units/kg/hr.

arrest. and unresponsive
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Consecutive HDI Case Series

* An initial HDI bolus was used in all 12
patients.

» Mean maximum HDI infusion rate: 8.4
units/kg/hr (range: 0.5-21).

. Mean duration HDI 25.5 hrs (range 4-60).

. Mean duration of glucose infusion post-
HDI: 21 hrs.
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Clinical Outcomes

11 of 12 patients survived. One patient expired 9
hours into HDI therapy from cardiac arrcgst
shortly after the HDI infusion was stopped and a
vasopressor was re-initiated (protocol deviation).

Necrotic digits in one patient with prior clotting
disorder. High dose NE and INR reversal with
FFP were administered prior to HDI therapy.

One patient was discharged with mild anoxic injury
thought due to prolonged PEA arrest prior to HDI

therapy.




Conclusion

HDI therapy, using a pre-established
protocol that urges avoidance of
vasopressors, was effective in the
treatment of Toxin-Induced Cardiogenic

Shock.

HDI related adverse events were mild and
infrequent. Known adverse sequelae were

not related to HDI therapy.
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A Few Key Points

Monitor Cardiac Output Contintiously

— Non-Invasive
— BP is not an adequate monitor

Titrate to Effect Decrementally

Central Monitoring of Glucose and

Potassium
Consider “Lipid Sink” co-Treatment




Summary

* Insulin in doses much higher than needed for
glucose control has potent /iemodynamic actions
- Inotropic

- Vasodilatory

* Glucose and potassium requirements
do not increase in direct proportion to insulin dosage
tend to rise with shock resolution
Are manageable
» Because HDI bridges across a spectrum of
cardiotoxic mechanisms and merits further
investigation as an early ‘first-line’ approach to
mixed drug overdoses of uncertain composition




Conjecture

* Other ICU conditions characterized by
transient and potentially reversible
hemodynamic compromise may benefit
from HDI inotropic action, alone or in
combination with vasopressors

Sepsis
Myocardial ischemia ofs ig.
N R
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Hemodynamic Effects Of
High Dose ** Insulin

* Myocardial Contractility--Strong
+ Vasodilation---Moderate

« Heart Rate and Rhythm—~Negligible

— A possible rationale for simultaneous lipid infusion
and levosemendan

** 1.10 units/kg/hr
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ARTICLE

High dose insulin in toxic cardiogenic shock

JOEL S. HOLGER!, KRISTIN M. ENGEBRETSEN!, and JOHN J. MARINT?

' Department of Emergency Medicine, Regions Hospital, St. Paul, MN, USA
’Department of Internal Medicine, University of Minnesota Medical School, Minneapolis, MN, USA

Objective. To report the successful use of high dose insulin (HDI) in previously unreported insulin dosing ranges in a patient with severe
myocardial toxicity due to an amitriptyline and citalopram overdose. Case Report. A 65-year-old female presented in respiratory arrest,
which was followed by bradycardic pulseless electrical activity after ingesting multiple medications. After a prolonged resuscitation, the
patient was maintained only on infusions of norepinephrine (40 mcg/min), vasopressin (4 units/h), [insulin (80 units/h), and sodium
bicarbonate. Due to a deteriorating clinical condition and limited prognosis, the insulin infusion was titrated incrementally upwards to
600 units/h (6 units/kg/h) over a 5 h time period while simultaneously completely weaning off both vasopressors. She developed brisk
pulses and warm extremities, and her cardiac output nearly tripled. After 2 days| of stabilization the jinsulin was slowly tapered, and the
patient recovered. Discussion. [HDI as a single cardiovascular agent significantly improved clinical and cardiovascular parameters after
the [failure| of vasopressor therapy in severe cardiovascular toxicity. Higher doses of insulin than previously recommended may be needed in

toxic poisonings when severe myocardial depression is present.

Keywords

Introduction

High dose insulin (HDI) therapy has been recommended in
the treatment of overdoses due to calcium channel blocker
(CCB) and B-blocker (BB) medications when conventional
measures fail to improve hemodynamic status.'> We report a
patient who ingested a cardiotoxic overdose of the ftricyclic
antidepressant (TCA) amitriptyline and citalopram resulting
in cardiopulmonary arrest. Initial treatment with vasopressors
resulted in ischemic extremities and evidence of organ
hypoperfusion. Clinical improvement was evident with the
initial dose increase of HDI therapy and increasing doses
allowed for complete withdrawal of vasopressor drugs.

Case report

A 65-year-old woman (100 kg) was brought to our Emergency
Department (ED) hypotensive, comatose, and intubated after
having ingested multiple medications at an unknown time.
The patient was known to be taking atenolol, citalopram,
enalopril, and venlafaxine. Preexisting medical problems were
hypertension and depression with past suicidal attempts. Para-

Received 16 April 2008; accepted 18 December 2008.

Address correspondence to Joel S. Holger, Department of
Emergency Medicine, Regions Hospital, 640 Jackson Street,
St. Paul, MN 55101, USA. E-mail: joel.s.holger@healthpartners.com

Insulin; Overdose; Cardiogenic shock; Tricyclic antidepressant; High dose insulin

medics found the patient unresponsive and in an
idioventricular rhythm with brief episodes of ventricular
tachycardia. Brief seizure activity was also noted. On arrival
to the ED the patient had dilated pupils, a Glasgow Coma
Score of 3, a blood pressure (BP) of 79/43 mmHg, a heart rate
(HR) of 70 beats/min, and an idioventricular thythm with a
QRS interval of 320 ms. Deterioration to jpulseless electrical
activity quickly ensued, with a ventricular rate of 40 beats/
min. Resuscitation medications were bolus administration
(totals) of sodium bicarbonate (250 mEq), atropine (3 mg),
epinephrine (8 mg), and calcium chloride (1 g) over 40 min,
which resulted in return of palpable pulses. Bradycardia and
hypotension persisted. Boluses of glucagon (total 6.5 mg),
dextrose 50% (25 g), and insulin (10 units) were given intra-
venously (IV). Normal saline and sodium bicarbonate infu-
sions were started. An epinephrine infusion, which delivered 1
mg over the next 30 min, was stopped due to dropping BPs.
Norepinephrine (NE) was then started at 8 mcg/min and
titrated to 40 mcg/min over the mext 20 min. A bolus of
80 units of insulin was given IV and an insulin infusion started
at a rate of 80 units/h due to the possibility of a severe BB
overdose (patient was thought to weigh 80 kg). The echocar-
diogram (ECQG) in the ED after initial resuscitation showed a
wide complex bradycardia at a rate of 56, with a QRS interval
of 200 ms and a QTc interval of 646 msec. Bedside point-of-
care testing during initial resuscitation revealed a pCO, >130
mmHg, Na of 143 mmol/L, K of 3.4 mmol/L, ionized calcium
of 1.56 mmol/L (normal 1.0-1.3 mmol/L), and a pH of 6.80.
After resuscitation, laboratory testing results revealed a Na of
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138 mmol/L, K 3.5 mmol/L, CI 102 mmol/L, CO, 25 mmol/L,
Blood urea nitrogen (BUN) 20 mg/dL, creatinine 1.1 mg/dL,
magnesium 2.1 mg/dL, calcium 10.6 mg/dL, blood ethanol
level <0.01 gm/dL, normal cardiac enzymes, and a lactate of
9.8 mmol/L (reference 0.7-2.1 mmol/L).

Within 2 h the patient was transferred to the Intensive Care
Unit (ICU) with BP 79/44 mmHg, HR 73 beats/min, and respi-
ratory rate 16 breaths/min. Vasopressin (VP) at 4 units/h was
started. The ECG showed sinus rhythm with a QRS duration of
200 ms and a QTc of 699 ms. An ECG demonstrated an ejec-
tion fraction of 55% and mild left ventricular hypertrophy. The
QRS remained >160 ms despite maintaining the arterial pH
between 7.50 and 7.55 with a sodium bicarbonate infusion.
Cool extremities, nonpalpable peripheral pulses, and markedly
delayed capillary refill developed. The HR improved to 80-90
beats/min. Noninvasive cardiac output (CO) monitoring by a
NICO"® monitor (Respironics, Murphysville, PA, USA) on day
2 measured the patient’s CO at 4 L/min with a low calculated
cardiac index of <2.5 L/min/m”. At this time (approximately
12 h after arrival) due to concern for a diminishing prognosis
secondary to decreased peripheral perfusion with ischemic
extremities, inadequate inotropic function, and urine output of
0.6 mL/kg/h, her clinicians attempted to improve cardiac ino-
tropic function and peripheral perfusion by using higher doses
of insulin. Based on our own laboratory experience along with
previous animal studies that support the use of HDI in /doses up
to 10 units/kg{ll? the insulin infusion was increased progres-
sively in 1 umt/lgm increments (100 units/h_increases) on an
hourly basis.** Insulin_was infused in a concentration of
10 units/mL. Clinical improvement first manifested as improved
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extremity warmth and capillary refill time was appreciated
after the first increase in insulin dose. This response prompted
us to wean off the NE first followed by the VP over a 5-h inter-
val while concomitantly [increasing the insulin dose with the
goal to maintain a minimum mean arterial pressure (MAP) of
65 mmHg. During this time the patient developed brisk periph—
eral pulses and warm extremities. From this time point on, insu-
lin was the‘on_lz cardiovascular agent used to support the patient.
At a dose of 600 units of insulin/h (6 units/kg/h) both vasopres-
sors had been discontinued. The [HR remained unchanged. (CO
measurements made from a pulmonary artery catheter
improved from the previously noted 4 L/min to 11.3 L/min.
Urine output increased to 2 mL/kg/h. Hemodynamic data and
medication infusions are graphed in Fig. 1. The maximum
quantity of glucose required to maintain a serum level >100
mg/dL was 50 g/h (Fig. 2).

After 36 h of the insulin infusion at or above 500 units/h,
the insulin infusion was weaned by 50 units/h increments as
tolerated to keep MAP >65 mmHg. No hypoglycemic events
occurred. The ECGs showed no evidence of a rightward
terminal 40-ms frontal plane QRS axis (R prime wave in lead
aVR of greater than 3 mm or a deep S wave in lead I) at any
time. Pulmonary emboli complicated the patient’s later
course. The patient recovered to a clinical state consistent
with residual mild anoxic injury (confusion regarding recent
events and unsteadiness requiring assistance with transfers)
and was discharged to a transitional care unit.

Toxicology testing on serum samples collected 2 h after
ED presentation identified the TCA jamitriptyline and citalo-
pram (Table 1). The combined level of amitriptyline and

BP (mmHg)

Medication dose

Date & time

—A— Systolic mmHg

—&— Insulin Units/kg/h: started day 2 at 2:45; ended day 4 at 14:40

—aA— NE mcg/min: started day 1 at 21:25; ended day 2 at 14:48
VP Ulh: started day 2 at 8:05; ended day 2 at 16:00

—— Diastolic mmHg
—@— Epinephrine infusion mcg/min: started day 1 at 20:57; ended day 1 at 21:25
—®— NaHCO3 mEq/h: started day 1 at 20:51; ended day 3 at 12:17

Fig. 1. Medications and blood pressure versus time.
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Fig. 2. Insulin and dextrose infusion rates.

Table 1. Comprehensive drug testing results by GC/MS

Actual
Drug level (ng/mL) Therapeutic range
Venlafaxine 500 100-500 ng/mL
Desmethylvenlafaxine 280 200—400 ng/mL
Atenolol 336 200-500 ng/mL
Citalopram 197.3 Up to 120 ng/mL
Desmethylcitalopram 82.3 1/3 of citalopram level
Amitriptyline 1,150 50-150 ng/mL
Nortriptyline 378 50-150 ng/mL
Amitriptyline and 1,528 75-250 ng/mL

nortriptyline (total)

nortriptyline was 1,528 ng/mL. TCA levels >1,000 ng/mL are
consistent with severe toxicity.” The citalopram level was
197 ng/mL (therapeutic levels up to 120 ng/mL). Venlafaxine,
desmethylvenlafaxine, and atenolol levels were within therapeutic
ranges. Knowledge that the patient also had access to amitriptyline
was not revealed until later while the patient was in the ICU.

Discussion
Since the 19308 insulin has been known to have jpositive

cardiac w properties although the mechanism(s) is not
fully understood.® Insulin promotes cellular glucose uptake by

activating glucose transporters on the cell membrane. Increas-

ing glucose as an energy substrate during myocardial stress
improves myocardial energy production by activating calcium
and potassium channels, regenerating cytosolic ATP levels and
enhancing aerobic metabolism.! The phosphatidylinositol 3-
kinase (PI3K) pathway (one of the three major intracellular
signaling pathways that insulin is known to activate) facilitates
glucose uptake and affects the synthesis of glycogen and lipids.
This pathway is known to be Wseﬂ in foxicity, and
can be re-activated in vitro by finsulin in high concentration.’

In addition to being a potent inotrope insulin dilates the
systemic, coronary, and pulmonary vasculature. The mecha-
nism of this is likely due to the activation of endothelial nitric
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oxide synthase (eNOS). Microvascular recruitment (blood
flow becoming less heterogeneous) at the terminal arterioles
and capillary level is also improved, an effect that is likely
due to the effects of the PI3K pathway on eNOS.® This
enhances perfusion in vascular beds.

Over the past 20 years animal models investigating BB and
CCB toxicities in conjunction with anecdotal clinical experi-

ences have led to guidelines recommending using insulin
catecholamine vasopressors, and glucagon have failed.ij_i!
Our recently published experience with a highly cardiotoxic
propranolol porcine model compared HDL (an 1n0tr0p1c
approach) to a vasopressor approach.* When s system ic vascu-
lar resistance (SVR) is raised by vasopressors in this state of
myocardial depression, CO drops continuously until death
occurs. In contrast, HDI [ increased €O markedly due to an
otropic effect accomgamed by a decreasmg SVR! which
resulted in a marked increase in survival. This is a key
concept that may have been instrumental in the survival of
this patient. The effect of vasopressors depressing CO when
severe myocardial depression exists cannot be simply
measured by observing BP and pulse. Measuring CO and the
response to cardiovascular support therapy is essential for
optimizing treatment in patients with severe myocardial
toxicity, and can be accomplished noninvasively. If CO is
low or decreases in the presence of hypotension and signs of
hypoperfusion an inotropic approach to therapy should be
considered as first-line pharmacologic therapy. Decreasing or
eliminating vasopressor therapy in the presence of severe
myocardial depression may enhance this approach, as was
evident in our patient. Persistent vasopressor therapy in
these circumstances may theoretically increase the dose of
insulin required to jovercome the high SVR| induced by these
medications.*

HDI was employed when evidence of the vasopressor
approach [failed clinically, in hopes of overcoming myocardial
depression, inadequate CO, and the resulting hypoperfusion.
Clinical improvements were associated with increasing HDI
titration and weaning of vasopressors. This corresponded to
increases in CO and resulted in a decreased SVR, and
evidence of improved perfusion (Table 2). In our patient our
BP goal was to maintain an MAP >65 mmHg. The optimum
target level for MAP in the treatment of shock is unknown.
The titration of MAP to 65 mmHg has been demonstrated to
preserve tissue perfusion, and this level has been shown to be
physiologically equivalent to higher BPs (MAP >85
mmHg).!>!3 Cerebral perfusion was not calculated in this
patient as intracranial pressure was not measured; however,
cerebral blood flow should be maintained at this level of
MAP due to protective autoregulation. No previous case
reports have utilized HDI in known TCA overdoses, have
used insulin as a sole |cardiovascular jagent, or employed
doses of HDI in toxicology cases higher than 2 units/kg/h. All
other case reports have used insulin in combination with
other vasoactive or inotropic medications after the initial
approach was inadequate.
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Table 2. Insulin levels and hemodynamic values
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CO (L/min) CI (L/min/m?)

normal range normal range
Date  Time Insulin (uIU/mL)  (4.0-8.0 L/min)  (2.5-4.0 L/min/m?*) SVR (dyn-s/cm®) PVR (dyn-s/cm®) HR (beats/min)
Day3 1859  >3,000 113 5.3 435 64 98
Day3 2310  >3,000
Day4 0900 10.3 438 466 70 93
Day4 1027 9.4 4.4 502 145 97
Day4 1100 608
Day 4 1324 6.3 2.9 584 152 94
Day4 1400 Insulin stopped
Day 4 2134 6.0 2.8 733 187 92
Day5 0445 43
Day 6 1622 5.6 2.6 671 86 94

Initial CO output (prior to HDI therapy) was 4 L/min and rose with insulin titration. At a maximum insulin infusion of 600 units/h, the CO was noted to be
11.3 L/min. Further documentation correlating increasing insulin doses with CO was not documented. The figure above documents decreasing insulin lev-

els with hemodynamic parameters.

* Therapeutic levels of insulin are <17 pIU/mL (micro-international units/mL).

+ Normal SVR is 900-1,300 dyn-s/cm°.
« Normal PVR is 155-255 dyn-s/cm’.

* Normal CO is 4.0-8.0 L/min.

« Normal CI is 2.5-4.0 L/min/m?.

Figure 2 illustrates the prolonged need for dextrose infu-
sion for 24 h after discontinuation of the insulin infusion,

which [correlates well with our patient’s increased measured
serum _insulin levels during this time period (Table 2). The

jonset of inotropic effects from IV bolus or infusion of HDI is
m‘gm Clinical effects have been reported within mln-
utes (in this case) and up to 45 min in other case reports.'*
This variation may be due to bolus versus infusion adminis-
tration or may even be a dose-dependent effect.

The toxicologic effects of [TCAs include a myocardial
depressant effect due to sodium channel blockade, which can
usually be overcome with the use of hypertonic sodium bicar-
bonate by maintaining a pH of 7.50-7.55. 5" Approximately
W of patients with TCA overdose and a limb lead QRS
complex = develop |seizures and 14% develop ventri-
cular dysrhythmias,'¢ However, no ventricular dysrhythmias
occurred in patients with a QRS duration <160 ms. Our
patient had seizure activity and dysrhythmias early in her pre-
sentation when the QRS interval was 320 ms, which is consis-
tent with TCA toxicity. The metabolite didesmethylcitalopram
shares a toxic mechanism with TCAs in its blockade of sodium
and potassium channels; the effects from which could explain
the prolonged cardiovascular toxicity (QRS >120 ms for more
than 36 h) seen in our patient.!” !

Limitations of this case report include the lack of toxico-
kinetic data, which could have helped correlate drug toxicity
to the patient’s hemodynamic and clinical course. Other limi-
tations include lack of more invasive cardiac hemodynamic
documentation early in the patient’s presentation. Incapacita-
tion of the patient and limited family knowledge delayed dis-
covery of etiological agents in this case until quantitative
drug levels could be confirmed.

Conclusions

This case demonstrated the effectiveness of using HDI to
increase CO and peripheral perfusion in a patient with
myocardial depression from a TCA overdose. This case also
demonstrates the clinical and physiological effects when an
inotropic approach replaces a wvasopressor approach to
therapy. This treatment hopefully prevented end-organ
dysfunction and death secondary to hypoperfusion. To our
knowledge, this is the highest dose of insulin yet reported in
the medical literature and significantly jgreater than the
currently recommended maximum HDI dose of 1 unit/kg/h.
Our experience also suggests that HDI might be considered
earlier in drug overdoses resulting in myocardial depression
when hypotension and hypoperfusion result secondary to
decreased CO. Further research is needed to define the
mechanism of insulin’s cardiovascular actions in the setting
of poisonings with myocardial depression, and the interrela-
tionship of the cardiovascular effects between vasopressors
and HDI.
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High-dose insulin: A consecutive case series in toxin-induced
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Context. _can be-to- Various treatment modalities are currently recommended. Obiective.

To describe patient outcomes and adverse events of high-dose insulin therapy in consecutive overdose patients in
after implementation of a high-dose insulin protocol (1- while ﬁ or . Methods. This is an
ﬁconsecutive case series of patients identified from a registry. Data were collected by chart review of patients
treated by our toxicology service with this protocol from Februa i,

until March were treated with
%h-dose insulin. The mean age was

(SD 11.7). atients had therapy, and all were
while on insulin. experienced to high-dose - therapy.
Intravenous mean = 8.35, SD 6.34).

B 5D
-blocker/calcium channel blocker in two,

of One patient expired 9 h into insulin therapy

from cardiac and a (protocol deviation). Adverse events. patients
experienced a total of events. (defined as < 3.0 mEq/L) developed in i patients. Adverse sequelae.
Necrotic digits occurred in one patient with known clotting disorder after receiving high-dose norepinephrine and INR reversal with fresh
frozen plasma prior to insulin therapy. patient was discharged withiinjury thought due to
Three of these 12 patients have been previously described in published case reports. Conclusion.

therapy based on a dosini iuideline and recommending ‘of _ appears to be Wle treatment of

toxin-induced cardiogenic shock. was the most frequent event, followed by hypokalemia. events did
ead 0 e el

Keywords High-dose insulin; Overdose; Cardiogenic shock; Calcium channel blocker; Beta blocker

Introduction resuscitation after other treatments have been tried or failed,
and in a general dose range of Our group
first reported the successful use of a much range of
insulin infusion in what was initially thought to

Significant cardiovascular toxicity manifested by hypoten-
sion and bradycardia may result from an overdose of a

variety of me d1cat'1 ons. This syndrome is most commonly be a B-blocker-induced cardiogenic shock that ultimately
caused by ingestion of calcium channel blockers and

B-blockers; however, overdoses involving tricyclic antide- proved to be due to a tricyclic antidepressant ingestion.®
T . .. Based on this experience, published case reports, and together
pressants, clonidine, antidysrhythmics, and other xenobiotics . . .
- with experience in our we developed a

may also cause this toxidrome. case reports . : v :
Y . . PO, 6 treat toxin-induced cardiogenic shock using
and demonstrate increasin for the role .
in a range up to

of asa approach, par- of this protocol was to

tic n preapltatle:c; by channel blockers and/ the use of if already implemented, to

or Win estions.
Since the initial successful

. . these medications. We justify this approach usin
case reported m- high- - o pp e
. . - . direct and indirect study that these medica-
dose insulin has been typically used in the course of . .
tions ma be and may be in moderate to

severe in these conditions.
Received 15 February 2011; accepted 30 May 2011 In this case series, we report the characteristics, medica-
Address correspondence to Joel S. Holger, MD, Department of Emergency tions ingested, adjunctive treatments, adverse events, and

Medicine, Regions Hospital, Mail Stop 11102F, 640 Jackson Street, St. Paul, ~ outcomes of patients treated and managed by our toxicology
MN 55101, USA. Tel: 651-254-5209. E-mail: joel.s.holger@healthpartners.com service using this protocol as a guideline.
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Methods

This is an consecutive case series with data
collected from a and by [retrospective chart review

of all patient consultations maintained by the toxicology ser-
vice at Regions Hospital in St Paul, MN. The patients were
identified by examining this registry beginning in February
2007 (when the initial case referenced above occurred and
this protocol was devised) until March 2010, representin

as a guideline.
as a patient showing objec-

tive or clinical

There were . pre

mean arterial pressure requirements for inclusion. Patients
that needed only intravenous fluids and observation without
pharmacological interventions were excluded. The care of
patients occurred in conjunction with emergency department
and intensive care unit resident, fellow, and attending physi-
cians. Patients were only included if our toxicology service
was present in person to participate in patient management,
which is our standard protocol (telephone advice to off-site
hospitals are not included in the registry). The toxicology
service did not maintain a bedside presence throughout the
entirety of each patient’s care.

where insulin doses

up to 10 U/kg/h are routinely used, including our experi-
ence and those of ﬂ Steps such as calcium

goals and the definition of hypokalemia as << 3.0 mmol/L
within the context of this treatment are arbitrarily derived

from incomplete evidence. While not specifically addressed,
vasopressor ‘o be it down

wards and eventually while implementing insulin
therapy. The protocol is outlined in Fig. 1.

Adverse events were defined as episodes of hypoglycemia
(glucose < 60 mg/dL), hypokalemia (defined as K+ < 3.0
mmol/L), and H (other than sinus bradycardia)
during high-dose insulin therapy. Adverse sequelae were
defined as death, neurological deficits at discharge, or any
other outcomes noted during retrospective chart review by
consensus of the treating physicians or internal review that
may have been attributable to high-dose insulin.

Results

During this time period, 12 patients were evaluated and
treated for toxin-induced cardiogenic shock. All were treated
with high-dose insulin using this protocol as a guideline.

such as glucagon alone, as their primary pharmacologic
treatment. Eleven patients were treated at Regions Hospital;
one was treated at another hospital with a toxicology consul-
tation member present. Patient data are presented in Table
1. Three of these patients have been previously described in
published case reports.511-12

The age range was 19— ean = 36.5, SD 11.7).
The primary toxins were in five patients (patients

Step 1:
Goal for maintenance fluids is minimum urine

output of 0.5 ml/kg/hr.

Step 2: Infuse calcium IV with an ionized goal of 2 mmol/L
(12 mg/dL, total) (especially in calcium channel blocker
ingestions).

Step 3: Administer 50ml of dextrose 50% 1V if blood glucose
is <200gm/dL.

Step 4: Regular insulin bolus a_

Step 5: Insulin infusion at
with a 10% dextrose infusion at 100 ml/hour, to
maintain glucose > 100 mg/dL

Step 6: Increase insulin infusion
every 10-15 minutes to clinical response.

Step 7: Maintain K+ >3.0 mmol/L and <4.5 mmol/L.

Fig. 1. Goal of therapy: maintain/improve cardiac output and tissue
perfusion.

2,3,5,7,and 10), in patients 4 and
8, combined B-blocker/calcium channel blockers in patients
1 and 6, primarily a antidepressant in patient 11
(also polydrug), and in patients 9 and 12. Confir-
mation by serum drug level testing was performed in patient
11 (amitriptyline, venlafaxine, atenolol, citalopram). Seven

to high-dose insulin
therapy. of these patients and were discharged.
An initial insulin bolus was used in all 12 patients (column
8 in Table 1). The

(SD 19.7). The
insulin discontinuation wa:
(SD 17.7).

Clinical outcomes

Patient 7 due to a pulseless electrical
activity/asystolic cardiac _
and the re-administration of
norepinephrine at a dose rate of 12-14 mcg/min. This
management decision was made by intensive care unit staff
without consultation with toxicology staff. The patient was
demonstrating clinical signs of adequate perfusion while on
high-dose insulin; however, the mean arterial pressure was
thought to be inadequate. We presume that, at the time of
the cardiac arrest, the physiological effects of insulin were
likely to be present due to the persistence of high serum

levels.

resulting in further cardiac failure. This patient’s
hypokalemia was treated from a level of 2.3 to 3.0 mmol/L
prior to cardiac arrest. The contribution of hypokalemia as a

Clinical Toxicology, vol. 49 no. 7 2011
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potential cause of cardiac arrest is unknown. Internal review
of this case prompted the addition to our guideline of non-
invasive cardiac output monitoring whenever possible to
help assess response to treatment changes.

Adverse events

The lowest recorded glucose was 21 mg/dL in a patient who
experienced a total of eight hypoglycemic events (patient 5).
Dosing ranges in patients 1, 2, and 10 above 10 U/kg/h were
protocol deviations due to calculation error; these prompted
educational efforts but not protocol changes. Hypokalemia
(< 3.0 mmol/L) developed in eight patients (minimum 2.3
mmol/L). KCI was infused in six of these patients. No exces-
sive potassium rebound was found on cessation of the insulin
infusion. No adverse arrhythmias (excluding the expected
toxicity-induced bradycardia) were recorded as a result of
the treatment protocol.

Adverse sequelae

was discharged to a transitional care unit with
This was likel

to high-dose insulin
therapy. At the time of discharge from the hospital, she had
confusion regarding recent events and unsteadiness requir-
ing assistance with transfers.

requiring partial digit amputation occurred in patient 4 with
a prior clotting disorder after receiving high-dose norepi-
nephrine and coagulation reversal with fresh frozen plasma
prior to insulin. This patient was weaned off the initial
treatment of norepinephrine (40 mcg/min) and vasopressin
on day 1 while treated with high-dose insulin for 53.5 h.
Cardiac output was maintained in the 10-11 L/min range
while on insulin therapy. The necrotic digits were attrib-
uted to disseminated intravascular coagulation unrelated
to high-dose insulin therapy by consulting physicians. No
patients were discharged with adverse sequelae secondary

to hypoglycemia.
patients were treated with an_
Patient 10 experienced cardiovascular collapse in the
intensive care unit following an intentional overdose of
primarily nebivolol along with baclofen and diazepam.!!
Hypotension and bradycardia developed which deterio-
rated into an asystolic cardiac arrest. High-dose insulin was
started during the brief arrest period, and a perfusing cardiac
rhythm occurred after a bolus administration of the intra-
venous fat emulsion. An intravenous fat emulsion infusion
followed and the insulin dose escalated following recovery
from the arrest. The insulin infusion in this case actually
peaked over 21 U/kg/h, in part due to a caregiver calculation
error. Patient 12 was a 30-year-old female who developed
cardiogenic shock after an intentional ingestion of diltiazem,
metoprolol, and amiodarone.'? This patient had an underly-
ing hypertrophic cardiomyopathy (for which her medica-
tions were prescribed). The insulin had been titrated up to
10 U/kg/h and a progressively deteriorating mental status

was evident with an inadequate mean arterial pressure. Intra-
venous fat emulsion bolus and infusion were administered

to this patient with subsequent recovery and without further

known to occur when inotropes and vasodilators are used in
this condition. We consider this patient a high-dose insulin
treatment

Discussion

This series represents a large consecutive case series using
high-dose insulin as a primary pharmacologic interven-
tion in toxic-induced cardiogenic shock. We report these
results from a single toxicology service using a protocol as
a guideline that allows much higher than the usual recom-
mended doses of insulin while emphasizing the avoidance of
vasopressor therapy. The range of toxicity was broad, from
moderate to severe, including two patients who manifested

cardiac arrest early in their treatment course.
The
with no direct comparisons for

mixed etiologies of toxic cardiogenic shock and treatment
approaches. summarized the case report and case series
literature and found aﬁwhen-was
used in resuscitation.' He notes that no direct outcome com-
parisons can be made to st

andard therapies. Shephard and
Klein-Schwartz published aﬂwith cal-

cium channel blocker toxicities collected from the literature

_). All patients received multiple treatments prior
to high-dose insulin, and theﬁ
ﬁ They note that this literature likely suffers from
underreporting and _ - (non-responders or
-ﬁ or accepted).'® Greene et al. presented a
prospectively collected seven-patient case series with severe
calcium channel blocker toxicity with treatment advised by
their poison center (six survivors). Insulin was infused at
rates from 1 to 2 U/kg/h and all were treated with vasopres-
sors. No adverse sequelae were reported in the survivors.!4
Lastly, Megarbane et al. recently reported a mortality of
8% (5 of 65 patients) in their series of admitted verapamil-
poisoned patients. Multiple treatment modalities were used,
and insulin was used in 15% of patients."

by the combination of these effects, and is further
enhanced by Microcir-
culatory dysfunction is a hallmark of many forms of car-
diogenic shock that results in heterogeneous blood flow at

the terminal arteriole and capillary level and results in tissue
ischemia.!

(blood flow becoming less heterogeneous)
at the terminal arteriole and capillary level, an effect that is
likely due to increasing ﬂroduction. Capillary
flow can achieve perfusion density similar to that of exercis-
ing muscle.!” The goal of our high-dose insulin protocol is to

increase cardiac output and maintain perfusion of essential
organs. Based on these physiological effects and laboratory

Clinical Toxicology, vol. 49 no. 7 2011
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data that suggest that the use of

, we
developed our protocol to maximize insulin therapy and de-
emphasize the use of vasopressors.’

When treating patients with this clinical condition, we
stress the

We have previously shown in an animal model
of B-blocker toxicity that increasing mean arterial pressure
with the use of a
be ascer-
and heart
to therapy with high-
dose insulin are and may depend on the severity
of the toxicity, the type of medications ingested, and host
factors, such as age, pre-existing cardiovascular conditions,
and reserve. Determining a minimum mean arterial pressure
goal to ensure vital organ perfusion is difficult, especially in
severe toxicity. If

preferably with the to monitor

to assess responses to treatment. Consideration

of other therapeutic approaches, such as intravenous fat

emulsion, ventricular assist devices, aortic balloon pumps,
and temporary pacemakers, are also warranted.

We are not aware of any studies that have assessed the
dose/response effects of insulin levels in toxin-induced
cardiogenic shock or any form of shock in which it has
been used therapeutically. The downstream intracellular
signaling effects initiated by the binding of insulin to the
membrane-bound insulin receptor are highly complex and
incompletely understood. The concept of “saturation” is a
fluid process involving phosphorylation of the receptor with
subsequent internalization into endosomes, which then may
either degrade the activated receptor or reprocess it back to
the cell membrane.'”

by translocation of intracellular
complexes to the cell membrane. This mechanism, however,
ishto be the responsible for the
various mechanisms of enhanced cardiovascular effects.?’
in high concentrations

that to the
which involve The onset of these effects
can be measured n human myocar-
dium.?! We maximized insulin doses at 10 U/kg/h in our
animal studies as others have, and utilized this dose in our
guideline.

Conclusions regarding the safety and efficacy of high-dose
insulin in this case series are limited by the relative infre-
quency of these clinical events, which makes a large case
series difficult to collect. This also limits the feasibility of
performing a prospective randomized trial. Rigorous adher-
ence to the guideline did not occur, as would be expected
due to individual care provider variation and preferences (by
both toxicology and intensive care personnel), especially

effects, many of

Copyright © Informa Healthcare USA, Inc. 2011
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when introducing a novel protocol. This was not measured
quantitatively. The assessment of clinical responses to treat-
ment can be difficult and are subject to variable clinical
impressions when quantitative parameters (such as cardiac
output monitoring) are lacking. Adverse sequelae may not
have been detected due to the lack of long-term follow-up
assessments. Most of these cases lacked analytical confir-
mation of ingested drugs. This series, however, represents
a spectrum of moderate to severely poisoned patients with
toxin-induced cardiogenic shock.

Conclusions

High-dose insulin therapy based on a 1-10 U/kg/h dosing
guideline and recommending the avoidance of vasopressors
appears to be effective in the treatment of toxin-induced
cardiogenic shock in this case series. Hypoglycemia was
the most frequent adverse event, followed by hypokalemia.
Aggressive surveillance and treatment for these conditions
are indicated. Adverse events did not lead to known adverse
sequelae.
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High-dose insulin therapy in beta-blocker and calcium
channel-blocker poisoning
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Introduction. High-dose insulin therapy, along with glucose supplementation, has emerged as an effective treatment for severe beta-
blocker and calcium channel-blocker poisoning. We review the experimental data and clinical experience that suggests high-dose insulin is
superior to conventional therapies for these poisonings.

Presentation and general management. Hypotension, bradycardia, decreased systemic vascular resistance (SVR), and cardiogenic shock
are characteristic features of beta-blocker and calcium-channel blocker poisoning. Initial treatment is primarily supportive and includes
saline fluid resuscitation which is essential to correct vasodilation and low cardiac filling pressures. Conventional therapies such as
atropine, glucagon and |calcium often fail to improve hemodynamic status in severely poisoned patients. Catecholamines can increase
blood pressure and heart rate, but they also jincrease SVR which may result in |decreases in cardiac joutput and perfusion of vascular beds.
The [increased myocardial oxygen demand that results from catecholamines and vasopressors may be deleterious in the setting of
hypotension and decreased coronary perfusion.

Methods. The Medline, Embase, Toxnet, and Google Scholar databases were searched for the years 1975-2010 using the terms: high-
dose insulin, hyperinsulinemia—euglycemia, beta-blocker, calcium-channel blocker, toxicology, poisoning, antidote, toxin-induced
cardiovascular shock, and overdose. In addition, a manual search of the Abstracts of the North American Congress of Clinical Toxicology
and the Congress of the European Association of Poisons Centres and Clinical Toxicologists published in Clinical Toxicology for the
years 19962010 was undertaken. These searches identified 485 articles of which 72 were considered relevant.

Mechanisms of high-dose insulin benefit. There are three main mechanisms of benefit: increased [inotropy, increased intracellulall glucose
transport, and vascular dilatation.

Efficacy of high-dose insulin. |Animal models have shown high-dose insulin to be superior to calcium salts, glucagon, epinephrine, and
vasopressin in terms of jsurvival. Currently, there are no published controlled clinical trials in humans, but a review of case reports and case
series [supports the use of high-dose insulin as an initial therapy.

High-dose insulin treatment protocols, When first introduced, insulin doses were cautiously initiated at 0.5 U/kg bolus followed by a
0.5-1 U/kg/hl:ontinuous infusion due to concern for hypoglycemia and electrolyte imbalances. With increasing clinical experience| and the

publication of janimal studies, high-dose insulin dosing recommendations have been increased to 1 U/kg insulin bolus followed by a 1=10
U/ki/h continuous infusion. Although the optimal regimen is still to be detennined—m-infusions as

have been administered with |good outcomes and minimal adverse events.

Adbverse effects of high-dose insulin. The major anticipated adverse events associated with high-dose insulin are hypoglycemia and
hypokalemia. Glucose concentrations must be monitored regularly and supplementation of |glucose will likely be required throughout
therapy and for up to 24 h after discontinuation of high-dose insulin. The change in serum potassium concentrations reflects a shifting of
potassium from the extracellular to intracellular space rather than a decrease in total body stores.

Conclusions. While more clinical data are needed, animal studies and human case reports demonstrate that high-dose insulin (lm
hour) is a superior treatment in terms of safety and survival in both beta-blocker and calcium-channel blocker poisoning. High-dose insulin
should be considered initial therapy in these poisonings.

Keywords High-dose insulin; Beta-blocker; Calcium-channel blocker; Poisoning

Introduction
Received 12 April 2011; accepted 14 April 2011. Beta-blocker and calcium-channel blocker overdoses may be
Address correspondence to Dr. Kristin M. Engebretsen, the result of unintentional or suicidal ingestions, medication

Emergency Medicine Department/'roxicology’ Regions errors, or dI'ng interaCtiOIlS.l Overdose is associated with

Hospital, 640 Jackson Street, St. Paul 55101, USA. E-mail: a high incidence of morbidity and mortality due to
Kristin.M.Engebretsen @HealthPartners.com cardiovascular toxicity including profound hypotension and
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conduction disturbances.'™ In addition to supportive care,
potential interventions include fluids, calcium, glucagon,
atropine, catecholamines, inotropes, vasopressors, and
mechanical supportive measures such as extracorporeal
bypass.l’3 Unfortunately, these interventions may not
improve hemodynamic parameters or ensure survival in
severely intoxicated patients.'

Recent experimental data and clinical experience suggest

high-dose_insulin_(HDI) may have a greater effect on

hemodynamic stability than conventional measures.” Treat-
ment failures with HDI have been reported when EDI has
been used as a gescue therapy after other pharmacological
measures have failed.” This may be a result of delayed HDI
administration, underlying pathophysiology incompatible
with HDI’s mechanism of action, and/or ineffective
dosing.6’7 In some situations, the initial selection of
pharmacological measures may impact the efficacy and
dosing of HDI therapy. It has been theorized that higher
W be required when vasopressors are
employed initially.

HDI's wide availability, inexpensive cost, and minimal
adverse event profile further support its use. Adverse events
are predictable and can be effectively managed with glucose
and potassium supplementation. This [review provides a
synopsis of case reports, summarizes efficacy data, and
describes current dosing strategies in order to characterize
HDTI’s role in poisoning by these drugs.

Presentation and general management

Hypotension, bradycardia, decreased systemic vascular
resistance (SVR), and cardiogenic shock are characteristic
features of |beta-blocker and |calcium-channel [blocker
poisoning. Hypotension is a result of decreased inotropy,
conduction defects, and peripheral vasodilation. Other
clinical findings may include hyperglycemia (calcium-
channel blockers), bronchospasm (beta-blockers), tachycar-
dia due to myocardial compensation of peripheral vasodila-
tion (dihydropyridine calcium-channel blockers), [metabolic
acidosis, pulmonary edema due to pre-capillary vasodilation
and [increased| transcapillary hydrostatic pressure, ischemia,
bowel infarction/ileus, and cardiogenic shock.!79-11
Initial treatment is primarily Supportive including con-
sideration of gastrointestinal decontamination and saline
fluid resuscitation which is essential for resultant vasodila-
tion and low cardiac filling pressures. Conventional
therapies often fail to improve hemodynamic status_in
severely poisoned patients.3’4 Glucagon produces a ftransient
increase in inOtropy, that may not be maintained throughout
treatment.'> (Glucagon may cause [vomiting resulting in
aspiration and airway obstruction in patients with decreased
mental status. Case reports_of glucagon failures have also
been published.n’15 Catecholamines can increase blood
pressure and heart rate, but they also increase SVR| which
may result in decreases in cardiac output and perfusion of
vascular beds. The increased myocardial oxygen |[demand
that results from catecholamines and vasopressors may be

deleterious in the setting of hypotension and decreased
coronary perfusion.'

Calcium salts are used to partially or completely reverse
the hemodynamic effects of |beta-blockers and calcium-
channel blockers by overcoming inhibited calcium channels
and increasing inotropy.'®!” |Caleium salts should be
considered as [initial therapy but may have variable success
in severe intoxications.'®° Afropine can be used for
symptomatic bradycardia in moderate toxicity, but its
effects are variable and [shortilived. Variable results and
failures in severe poisonings have led clinicians toward
alternative therapies including HDI.

Methods

The Medline, Embase, Toxnet, and Google Scholar
databases were searched for the years 1975-2010 using
the terms: high-dose insulin, hyperinsulinemia—euglycemia,
beta-blocker, calcium-channel blocker, toxicology, poison-
ing, antidote, toxin-induced cardiovascular shock, and
overdose. In addition, a manual search of the Abstracts of
the North American Congress of Clinical Toxicology and
the Congress of the European Association of Poisons
Centres and Clinical Toxicologists published in Clinical
Toxicology for the years 1996-2010 was undertaken. These
searches identified 485 articles of which 72 were considered
relevant. These included animal studies, case reports, and
case series; no clinical trials were available.

Mechanisms of HDI benefit

There are many proposed and proven mechanisms for the
major salient effects of HDI in beta-blocker and calcium-
channel blocker poisoning and cardiogenic shock induced
by these drugs. In general, these fall into three categories:
(1) increased inotropy, (2) increased intracellular glucose
transport, and (3) vascular dilatation. HDI is not a
vasopressor. To the contrary, insulin is a vasodilator of the
systemic, coronary, and pulmonary vasculature. These
vasodilatory effects are due to enhancement of endothelial
nitric oxide synthase (eNOS) activity by its effects on PISK
(a major insulin intracellular signaling pathway). Micro-
vascular dysfunction is a hallmark of cardiogenic shock, and
insulin enhances microvascular perfusion at the capillary
and pre-capillary concentration. These effects appear to be
rapid, occur independently of changes in total blood flow to
the vascular bed, and can achieve perfused capillary density
similar to that of exercising muscle.”' In cell culture
systems, supraphysiological doses of jinsulin are required
to [increase eNOS activity above basal concentrations,
consistent with the need for a higher insulin |dosing range
to elicit these beneficial vascular effects. Decreasing
vascular resistance by these mechanisms (independent of
inotropy) results in enhanced cardiac output.

Intracellular transport of glucose in cardiac and skeletal
muscle is greatly enhanced by insulin and has been
implicated as an essential component of its {inotropic

Clinical Toxicology vol. 49 no. 4 2011
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properties. Stressed myocardium primarily uses glucose as
the preferred energy substrate. while preferring fatty acid

oxidation under mnormal conditions.’ These glucose
transport mechanisms that enhance_inotropic function have
been demonstrated in human explanted hearts.””> This
mechanism, however, is unlikely to be the primary
mechanism responsible for the various mechanisms of
enhanced cardiovascular effects. Insulin in high concentra-
tions affects several intracellular mechanisms that contribute
to the inotropic effects, many_of which involve calcium
handling and the PI3K Eathwaz.”’23 The onset of these
effects can be measured within S min in explanted human
myocardium,** These inotropic effects have also been
shown to occur while lincreasing coronary blood [flow
without increasing |O, requirements, in contrast to catecho-
lamine agents.

Efficacy of HDI

Experimental studies

Kline et al.>>® performed studies using HDI in verapamil
poisoning in dogs. In the 1993 study, the dogs were treated
with either: normal saline (2 ml/min), epinephrine (1 mcg/kg
titrated to response), glucagon (0.2-0.25 mg/kg bolus
followed by 150 mcg/kg/min infusion), calcium chloride
(20 mg/kg bolus followed by 0.6 mg/kg/h infusion), or HDI
(19.8-27.5 U/kg/h with 20% dextrose). Survival rates were
0/6 in the normal saline control, 4/6 in the epinephrine
group, 3/6 in the glucagon and calcium chloride groups, and
6/6 in the HDI group. While there was no significant
improvement in _mean blood pressure or heart rate, dogs
treated with HDI had significantly jimproved maximum
elastance at end systole, left ventricular (LV) end diastolic
pressure, ventricular relaxation, and coronary artery blood
flow.”* When assessing_the same treatments_in_another
canine study,?® HDI increased myocardial contractility and
improved the ratio of myocardial oxygen delivery/work.
They also found that HDI increased myocardial glucose
concentrations.”*?"?° Overall, Kline et al.>*® ascertained
that HDI therapy increased [survival in comparison to high-
dose epinephrine, glucagon, and calcium therapy in a canine
verapamil poisoning model.

Krukenkamp et al’® induced myocardial depression
using 0.2 mg/kg propranolol in 13 dogs. Myocardial
depression was defined by the lack of response to a 1
mcg/kg IV bolus of isoproterenol. The subjects were given a
33.3-50 U/kg insulin bolus followed by a 10-15 U/kg/h
continuous insulin infusion. Glucose concentrations were
monitored every 5 min and dogs were given 50% dextrose
and potassium to maintain plasma glucose concentrations
greater than 100 mg/dL (5.6 mmol/L). Insulin concentra-
tions in the control group were 22 4+ 7 U/mL and
increased in the treatment group to 5660 + 60 and 4730
+ 480 U/ml after the bolus and 30 min into the continuous
infusion, respectively. Insulin reversed the myocardial
depression to 80 + 2% of the baseline cardiac function
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and produced a statistically significant increase in peak
blood pressure without changing myocardial oxygen con-
sumption.

Kerns et al.>! compared insulin, glucagon, and epinephr-
ine for propranolol poisoning (0.25 mg/kg/minute) in a
canine model. Each group received either 4 U/min insulin,
50 mcg/kg glucagon bolus followed by a 150 mcg/kg/h
continuous infusion, or 1 mcg/kg/min infusion of epinephr-
ine. The insulin group was found to have increased CO and
contractility and decreased SVR. While the epinephrine
group showed increased contractility over 30-90 min,
contractility steadily declined over the remainder of the
study. Epinephrine also transiently increased blood pressure,
but this was not maintained. The overall survival rate was
significantly higher in the insulin-treated group with 6/6
insulin, 4/6 glucagon, and 1/6 epinephrine-treated dogs
surviving for the 240-min study duration.

Holger et al’? compared HDI (10 U/kg/h) to a
combination of vasopressin and epinephrine in a porcine
model of propranolol poisoning. The insulin group demon-
strated decreased SVR, while maintaining mean arterial
pressure and increasing cardiac output. The increased
cardiac output was thought to be due to a combination of
increased inotropy and vasodilatation. Vasopressin/epi-
nephrine treatment increased mean arterial pressure and
SVR initially, followed by a steady decline until death,
similar to the findings by Kerns et al.*' Cardiac output and
heart rate steadily decreased from the initiation of therapy. A
significant difference in survival rates was found, with 5/5 of
the HDI treatment group and 0/5 of the vasopressin/
epinephrine group surviving, leading to early study
termination.

Studies have found either no advantage or antagonism
may occur when HDI therapy is used in conjunction with
vasopressors. Engebretsen et al.>® hypothesized that the
addition of phenylephrine, an alpha-adrenergic agonist,
would overcome the peripheral vasodilation seen in
dihydropyridine calcium-channel blocker poisoning and
improve survival, cardiac index, mean arterial pressure
and SVR. Pigs were given nifedipine until mean arterial
pressure x cardiac output had decreased by 25% of baseline.
The pigs were then treated with either fluids (control),
insulin (titrated from 2 to 10 U/kg/h) alone or insulin and
phenylephrine (titrated from 2.4 to 3.6 mcg/kg/h). No
differences were seen in survivability, cardiac index, SVR,
heart rate, mean arterial pressure, peripheral vascular
resistance, or base excess with the addition of phenylephrine
to HDI therapy. These results are consistent with other
studies showing that vasopressors are not beneficial in
calcium-channel blocker poisoning.

Holger et al.® theorized that even higher insulin doses are

required in the presence of vasopressors to overcome

increased SVR and decreased cardiac output. There does
not appear to be any strong evidence that the use of
vasopressors in drug-induced cardiogenic shock is beneficial
and an attempt to wean vasopressor therapy off if already
initiated should be strongly considered.®**
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Clinical experience
While there have been [no clinical trials comparing the use of

HDI to other treatments in humans, many case reports report
the beneficial effects of HDI therapy in caleium-channel

blocker and |beta-blocker poisoning and_in iogenic
shock induced by |these and other drug:rg’lo_n’ —~ Insulin

boluses ranged from 0.1 to 10 U/kg. Continuous insulin
infusion rates ranged from 0.015 to 22 U/kg/h with the
[majority of patients receiving between 0.5 and 2 U/kg/h.
Two| patients did not require a continuous infusion after the
insulin bolus, due to rapid improvement. =1035-59 Treatment
continued up to 49 h in one case report.’’

A few HDI case reports have used insulin doses outside of
the typical range of 0.5-1 U/kg/h. Hasin et al.'' reported on
a combined verapamil and metoprolol overdose that
responded to very low doses of insulin (0.015 U/kg/h).
However, insulin was started more than 48 h after
presentation and toxicity from the overdose may have been
resolving. More recent case reports and some institutions are
reporting the safe and effective use of insulin doses greater
than 10 U/kg/h to stabilize the patient’s clinical condition
and cardiac output.”>>*’

Engebretsen et al.*? reported on a mixed beta-blocker/
calcium-channel blocker overdose that was treated with
HDI. Instead of titrating up to a maximum of 10 U/kg/h, the
insulin rate was inadvertently increased to 16.7 U/kg/h. This
patient did experience one episode of hypoglycemia (57 mg/
dL), but it was rapidly corrected and the patient did not
exhibit any clinically significant symptoms.

A nebivolol overdose reported by Stellpflug et al.*® also
inadvertently received a continuous infusion of insulin at 22
U/kg/h for 2 h. After identification of the therapeutic error,
the insulin infusion was titrated down but required insulin
infusion rates greater than 10 U/kg/h for more than 7 h. The
patient continued to receive HDI therapy for a total of 36 h.
The patient recovered and no apparent adverse effects were
noted.*? Finally, Place et al.*' reported on a verapamil
overdose patient that was intended to receive a 1 U/kg
insulin bolus. The patient, however, received a 10 U/kg
|bolus in error, which led to rapid I‘nemodynamic improve-
ment and no reported adverse effects.

A few reports of treatment failure with HDI have been
reported. One case of amlodipine ingestion remained
hypotensive and developed oliguric renal failure despite
HDI and vasopressor therapy.*’ Treatment failure could
have been due to a number of possibilities including
concomitant administration of vasopressors resulting in
increased afterload and decreased cardiac output, inadequate
insulin dosing, delayed administration of HDI, inadequate
duration of therapy, or underlying pathophysiology un-
responsive to inotropic therapy.®’

HDI treatment protocols

IV saline resuscitation is an essential initial intervention as
central venous pressures (CVP) and LV filling pressures are

decreased in drug-induced cardiogenic [shock. Prior to
initiating HDI therapy, glucose concentrations need to be
determined. Patients with concentrations [less than 200 mg/
dL (1.1 mmol/L) should be supplemented with intravenous
dextrose (adults: 25 g dextrose; children: 0.25 g/kg dextrose,
given as 10-25% dextrose).
Most clinicians recommend an initial insulin bolus
JJJélgg followed by a 0.5=1 U/kg/h continuous
1nf usion.” >~ '' In one of the more aggressive HDI
protocols, insulin doses as high as 10 U/kg/h have been
used in refractory cases.®* This protocol suggests initiating
a 1 U/kg/h continuous infusion after a 1 U/kg bolus. The

infusion rate may be [increased by 2 U/kg/h every 10 min
to_a maximum of 10 U/kg/h if no increase in cardiac

output or clinical improvement is seen.

Although the onset of action of HDI has been stated as
15-45 min, we could not find any studies that actually
studied or measured the onset of action clinically in patients.
Human and canine myocardial studleg have demonstrated
measurable inotropic improvements in 5 min.*® Tradition-
ally, HDI therapy has been reserved for refractory cases. In
order for HDI to be of greatest benefit, it should be used
early on in therapy rather than as rescue therapy.”

The recommended goals of HDI therapy are to maintain
perfusion of essential |vascular beds and |organs not by
increased BP or mean arterial pressure alone. This can be
assessed by monitoring mental status, skin warmth and
color, peripheral pulses, urine output and vital signs. Insulin
is an inotrope and a vasodilator, with minimal effects on
systolic blood pressure. Traditional hemodynamic para-
meters such as maintaining a mean arterial pressure >65
mmHg, a systolic blood pressure >90 mmHg and a HR
>50 may not be obtainable. Maintaining adequate perfu-
sion by assessing clinical parameters is likely more
important than these traditional hemodynamic targets,
especially when shock is defined at the microcirculation/
oxygenation concentration.®’ Non-invasive cardiac output
monitoring, if available, will add significant data to assess
the effects of HDI therapy. Measuring response by blood
pressure and pulse alone may be misleading, especially
when vasopressors are used, as these values do not reflect
cardiac output and perfusion. Vital signs may provide a false

sense of security by looking as if they “improved”, while

underlying memay decrease tissue perfusion
and result in decreased survival.’> Biochemical parameters

and ]lactate concentrations may also be fhelpful when
monitoring therapeutic response.

At the beginning of therapy, a dextrose infusion should be
initiated in order to prevent hypoglycemia. Shepherd et al.”
suggest administering |10% dextrose and %2 normal saline at
a rate equal to 80% maintenance, while others suggest
infusing 5=10% dextrose to maintain glucose concentrations
above 100 mg/dL (5.6 mmol/L). However, [concentrated
glucose infusions |greater than 10%) through a |central line
may be required to maintain normal glucose concentrations
and should be implemented without delay to minimize risk
of fluid overload. During initiation and titration of insulin,
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glucose concentrations should be [checked every 10 min| to
see if additional boluses of dextrose and/or increased rates of
infusion are needed. Once the insulin dose is stable, glucose
concentrations may be checked every 30-60 Ir_lin.9 Potas-
sium concentrations should be checked levery hour during
insulin titrations and then every 6 h once stable. Most
recommend supplementing potassium_once _concentrations
fall below 2.8-3.0 mEq/L (2.8-3.0 mmol/L).*>* In
addition, magnesium and phosphorous concentrations
should be monitored as concentrations may decrease during
HDI therapy.62

There are currently no studies illustrating the best way to
decrease HDI therapy after cardiac function has improved.
Once the hemodynamic parameters have stabilized, the
insulin infusion may be gradually tapered and discontinued.
Alternatively, the infusion may be stopped abruptly

allowing elevated insulin_concentrations to_self-taper_due
to_gradual release of insulin from lipid stores. Dextrose
supplementation be i 24-h post-insulin

discontinuation due to elevated insulin concentrations.®”
Potassium concentrations should also be assessed after
insulin discontinuation due to cellular shifts.®*

Further studies are underway in our laboratory to look at
the effectiveness of different insulin doses as a true dose/
response study has not been reported. A _study by Bechtel
et al.®® found that the degree of glucose uptake inhibition
differs by calcium-channel blocker class. The strongest
glucose uptake inhibition was seen with nifedipine and
verapamil and [least with (diltiazem. The effects of HDI
reversed the PI3K pathway defect, while physiological
doses of insulin had no effect. Further studies should
investigate insulin dosing requirements to see if higher
concentrations are beneficial. In addition, the maximum
beneficial dose of insulin has not been established.

Adverse effects of HDI

The most common adverse effects of HDI include
hypoglycemia and electrolyte imbalances especially hypo-
kalemia. Although high doses of insulin have been used, no
irreversible adverse effects have been reported. Greene
et al.>® prospectively reviewed adverse drug reactions in
seven severe calcium-channel blocker (verapamil, diltiazem,
or amlodipine) overdoses, where HDI therapy was used. In
this review of patients, serum glucose and potassium
concentrations were monitored every 30 min until patients
stabilized and then every 1-2 h. Potassium concentrations
were maintained between 3.8 and 4.0 mEqg/L (3.8-4.0
mmol/L) and glucose concentrations between 65 mg/dL (3.6
mmol/L) and 110 mg/dL (6.1 mmol/L). No patient had
clinically significant hypoglycemia or hypokalemia. One
patient experienced a blood glucose concentration of <65
mg/dL (3.6 mmol/L), but it was rapidly corrected. The mean
blood [glucose concentrations at the time of presentation and
during therapy were 207 mg/dL (11.5 mmol/L.) and 210 mg/
dL (11.7 mmol/L), respectively. Two patients had potassium
concentrations of <3.5 mEq/L (< 3.5 mmol/L), but neither
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had ECG signs of hypokalemia or arrhythmias. Average
potassium supplementation during therapy was 2.7 mmol/h.”
Other studies found that many patients do not require
potassium supplementation.5

Holger et al>* reported on adverse effects in 12 patients
receiving HDI therapy for treatment of drug-induced
cardiogenic shock. Six patients experienced a total of 19
hypoglycemic events. The lowest recorded glucose was
21 mg/dL (1.2 mmol/L) in a patient that experienced a total
of 8 hypoglycemic events. Hypokalemia (<3.0 mEgq/L;
<3.0 mmol/L) developed in seven patients (minimum
2.3 mEqg/L); potassium was infused in these patients. No
adverse arrhythmias were recorded. No patients were
discharged with adverse sequelae determined to be due to
hypoglycemia.

In other case reports, incidences of hypoglycemia and
hypokalemia have also been clinically insignificant and have
resolved easily. Yuan et al.’’ reported on five calcium-
channel blocker overdoses requiring HDI therapy. Four of
the patients experienced hypoglycemia but glucose concen-
trations were only checked hourly. All patients had reported
potassium, phosphate, and/or magnesium abnormalities but
no reported signs/symptoms of deficiencies.

Conclusions

HDI is a promising treatment for severe beta-blocker and
calcium channel-blocker poisoning. Its use is supported by
experimental evidence and case reports. HDI has been
shown to increase cardiac output without increasing
myocardial oxygen demand. Animal studies show higher
survival rates in comparison to glucagon, epinephrine, and
vasopressin in beta-blocker and calcium-channel blocker
poisoning. Current evidence suggests using an insulin bolus
of 1 U/kg followed by a continuous infusion of 1-10 U/kg/h
early in therapy. A concentrated dextrose infusion should be
initiated at the start of HDI therapy. While HDI therapy has
been associated with minimal clinically significant adverse
events, glucose and potassium concentrations need to be
monitored carefully and rapidly corrected if they do occur.
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Insulin versus vasopressin and epinephrine to
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Objective. We compared insulin and glucose (IN/G) to vasopressin plus epinephrine (V/E) in a pig model of B-blocker toxicity. Primary
outcome was [survival over four hours. Methods. Ten pigs received a 0.5 mg/kg bolus of propranolol IV followed by a continuous
infusion. At the point of toxicity 20 ml/kg normal saline was rapidly infused and the propranolol drip continued at 0.125 mg/kg/min over
four hours of resuscitation. Each pig was randomized to either IN/G or V/E. The V/E group began with epinephrine at 10 mcg/kg/min
titrated up by 10 mcg/kg/min every 10 min to 50 mcg/kg/min or until baseline was obtained. Simultaneously, these pigs received
vasopressin at 0.0028 units/kg/min, titrated upwards every 10 min to 0.014 units/kg/min or until baseline was obtained. The IN/G group began
with a 2 units/kg/hr drip and increased by 2 units every 10 minutes to 10 units/kg/hr, or until baseline hemodynamics were obtained. CO,
SVR, systolic blood pressure, HR, MAP, glucose, and potassium were monitored. Glucose was given for values <60 mg/dl. Results. The
study was terminated early due to marked survival differences after five pigs were entered in each group. All IN/G group pigs survived four
hours. All V/E group pigs died within 90 min. CO in the IN/G group increased throughout the four hours, rising above pre-propranolol
levels, while MAP, SBP, and SVR all trended slightly downward. CO in the V/E group dropped until death, while MAP, SBP, and SVR
rose precipitously until 30-60 minutes when these dropped abruptly until death. Glucose was required in the IN/G group. Conclusion. In
this swine model, IN/G is superior to V/E to treat B-blocker toxicity. IN/G has marked inotropic properties while the vasopressor effects of

V/E depress CO and contribute to death. Increasing SVR in this condition is detrimental to survival.

Keywords

Introduction

In the United States, toxicity induced by B-blocker ingestion
causes significant morbidity and mortality. In 2004, the
American_Association _of Poison Control Centers_reported
17,057 exposures to B-blocker toxicity, including 2,467 cases
classified as moderate or major toxicities and 25 deaths due
to intentional or accidental ingestion (1). Reversal of the
bradycardia and hypotension are the primary goals in treat-
ment of this toxicity. Various modalities have been used as
therapy including volume expansion, atropine, cardiac pac-
ing, vasopressors, and inotropes. The effectiveness of the cat-
echolamine vasopressors is often limited, as they act upon
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many of the same cell membrane receptors that are blocked.
Traditionally, glucagon has been considered a first line
cardiovascular agent in -blocker toxicity due to its ability to
increase intracellular cyclic AMP via a non-catecholamine
receptor on the cell wall (2,3). The ability of glucagon to
reverse B-blocker toxicity is variable, however, and glucagon
has failed as a single agent in several case reports (4—6 ).
Recently we found that vasopressin was superior to gluca-
gon in improving mean arterial pressure and systolic blood

pressure when used as a first line therapy early in the course

of resuscitation in propranolol toxicity using a pig model.
This may be due to the superiority of vasopressin in increas-
ing systemic vascular resistance compared to glucagon.
These physiologic advantages, however, did not translate into
survival advantages, as we found no survival differences
between the vasopressin and glucagon resuscitated groups
(7). Vasopressin is a peptide hormone that is synthesized in
the hypothalamus and stored in the posterior pituitary gland.
It is released in response to increased plasma osmolarity, or
due to a baroreflex from the aortic body sensing decreases in
blood pressure or volume (8). Its renal actions are mediated
via the V2 receptors, which are coupled to the generation of
cyclic AMP by adenyl cyclase resulting in the resorption of
water. In the vasculature, vasopressin acts upon V1 receptors
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on smooth muscle, which are coupled to a phospholipase C
mediated increase in intracellular Ca++ via the phosphoino-
sotide cascade. Vasopressin has also been shown to be an
effective vasopressor in septic and other forms of vasodilatory
shock (9,10). There is debate about whether the combination
therapy of vasopressin and epinephrine may be more effec-
tive than epinephrine alone in cardiopulmonary resuscitation
(11). There is evidence in animal models that the combina-
tion of vasopressin and epinephrine improves survival in car-
diac arrest. (12,13). This was also shown in a human clinical
trial of refractory cardiac arrest (11). Vasopressin and a cate-
cholamine may have complex interactions, although these are
not yet well defined. Vasopressin acting on vascular smooth
muscle receptors may potentiate a-agonists and block ATP-
sensitive potassium channels to help restore vascular tone (14).

Insulin has also been found to be effective in B—blocker
toxicity in several animal and human case reports. Kerns
et al. found insulin improved survival compared to either glu-
cagon or epinephrine in a canine model of B-blocker over-
dose (15). The mechanism of this effect is unclear. Insulin is
an inotropic agent and promotes aerobic metabolism in the
myocardium (16,17). Insulin protects against apoptosis and
ischemia/reperfusion injury during the shock state. Other
possibilities include enhancement of glucose transport in the
myocardium during the toxic state, the improvement of intra-
cellular calcium homeostasis by enhancing calcium channels,
and stimulation of catecholamine release (17,18).

In 1997, Kerns demonstrated that insulin did improve survival
when compared to glucagon or epinephrine in a canine B-
blocker toxicity model. In our recent study, we demonstrated
that vasopressin as a single agent improved hemodynamics com-
pared to glucagon in a similar swine model, though this did not
result in improved survival. Theoretically, and due to the above
mentioned evidence, we felt that the addition of epinephrine to
vasopressin may be beneficial in this clinical setting. In this
study we compare vasopressin plus epinephrine to insulin and
glucose in a model of B-blocker toxicity. Our hypothesis is that a
combination of insulin and glucose will be superior to a combi-
nation of vasopressin and epinephrine.

Methods

Our Institutional Animal Care and Use Committee approved
this research. Healthy 12-week-old pigs weighing approxi-
mately 27-35 Kg were acclimated for a minimum of five
days prior to the study. Each pig was temporarily sedated
with Telazol (Fort Dodge Animal Health, Southampton,
U.K.) intramuscularly to facilitate the establishment of an ear
vein. Thiopental sodium (2.5%) was administered to effect
while a tracheotomy was performed. Anesthesia was then
maintained throughout the protocol using a combination of
30% nitrous oxide and isoflurane and titrated by monitoring
of reflexes in order to minimize cardiovascular depressant
effects. Each pig was mechanically ventilated at a rate of 10
breaths per minute and FiO, was maintained at 30%. An
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incision was then made to expose the internal jugular vein
and a Swan-Ganz catheter was placed into the pulmonary
artery. A femoral cut down was performed to allow place-
ment of femoral arterial and vein catheters. ECG electrodes
were attached for continuous monitoring. Body temperature
was maintained at 37-38 degrees, utilizing a heating blanket
as needed. Continuous cardiac output (CO) was measured by
the thermodilution technique. Continuous ECG, O, satura-
tion, heart rate (HR), systolic BP (SBP), mean arterial BP
(MAP), central venous pressure (CVP), systemic vascular
resistance (SVR)-calculated, arterial pH, and SVO, monitor-
ing were performed and recorded every 10 minutes.

At the beginning of the experimental protocol, baseline hemo-
dynamic and metabolic determinations were documented. Each
pig received an initial bolus of propranolol at a dose of 0.5 mg/
kg. An infusion of propranolol was then initiated at 0.25 mg/kg/
min and continued until the point of toxicity. A point of toxicity
was defined as the time when the product of the HR and MAP
decreased to a value that was 75% of the baseline product. This
definition was based on a previously published protocol by
Kerns et al. (15). When the point of toxicity was obtained, a fluid
resuscitation bolus of 20 ml/kg of 0.9% saline was administered
over the next 10 minutes. At this time the propranolol infusion
rate was decreased 50% to 0.125 mg/kg/min to simulate contin-
ued absorption. This reduction in the continuous dose was cho-
sen due to concerns from our previous model that the
continuation at 0.25 mg/kg/min produced a model that was too
toxic to find subtle differences in treatment arms.

Each pig was randomly assigned to either the insulin and
glucose (IN/G) group or to the epinephrine and vasopressin
(V/E) group. After the fluid resuscitation, the V/E group
received an initial dose of .0028 units/kg/min of vasopressin
and 10 mcg/kg/min of epinephrine. The vasopressin (American
Pharmaceutical Partners, Schaumburg, IL) infusion was
increased by .0028 units/kg/min every 10 minutes until the
HR x MAP was equal to their baseline value or up to a maxi-
mum value of 0.014 units/kg/min. The vasopressin infusion
was based on the human equivalency infusion of a titration
between 11.8 and 58.8 units per hour (70 kg person), and the
identical rate as our previous model. The vasopressin solution
was made by diluting 1 ml of 0.2 u/ml vasopressin in 50 cc of
normal saline. The epinephrine infusion was increased by an
additional 10 mcg/kg/min until the HR X MAP was equal to
their baseline value or up to a maximum of 50 mcg/kg/min.
Insulin infusions were started at 2 units/kg/hr and increased
every 10 minutes by an additional 2 units/kg/hr until the HR
X MAP was equal to their baseline value or up to a maximum
of 10 units/kg/hr. A glucose level was performed on both
groups at baseline, at the point of toxicity, and every 10 min-
utes after the point of toxicity until the end of the protocol or
death. A glucose less than 60mg/dl was treated with 25 grams
of intravenous dextrose. A glucose less than 40mg/dl was
treated with 50 grams of intravenous dextrose. Potassium lev-
els were determined at baseline, the point of toxicity, and at
60 minute intervals until the end of the study or death. Total
resuscitation time was until death or when four hours elapsed.
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At this point any living pigs were euthanized with a concen-
trated sodium pentobarbital solution.

Our primary outcome measure was survival. A 50% differ-
ence in survival rates would be considered significant and
would lead us to believe that IN/G is superior to V/E in treat-
ing B-blocker toxicity. We anticipated that approximately
50% of the animals receiving V/E would survive four hours
of resuscitation, and all pigs receiving the IN/G treatment
would survive. Under these assumptions, a log-rank test for
equality of survival curves with an o = 0.05 two-sided signif-
icance level will have approximately 82% power to detect a
50% difference (i.e., 100% vs. 50% survival). Based on this,
we anticipated studying 10 pigs in each group.

Data analysis was conducted using SAS V8.1 statistical
analysis software. A Kaplan-Meier survival curve with a log-
rank test was used to analyze differences in survival between
the two treatment groups. A Fisher’s exact test was used to
compare the proportion of animals surviving at the end of the
study. Hemodynamic and metabolic data was expressed
encompassed by 95% confidence regions. Repeated measures
analyses using SAS PROC MIXED was used to analyze physi-
ologic data. The type 1 error rate was set at the 5% level.

Results

The mean pig weight was 30.1 kg in the V/E group and 32.6 in
the IN/G group. Baseline measurements did not show differ-
ences between the groups prior to infusion of propranolol in
respect to MAP, CO, SBP, HR, CVP, SVR or pH (see Table 1).
All animals reached time to toxicity within 60 minutes, and
there was no difference between the groups (p = 0.91). All ani-
mals in the V/E group were titrated to the maximum drip rates
for both drugs. All but one animal in the IN/G group were
titrated to the maximum insulin drip rate (one pig returned to
baseline after titration to 6 units/kg/hour).

For the primary outcome measure of survival, after five
pigs were entered in each group, a planned midway interim
analysis was conducted. At this point in the study there was
100% survival to four hours in the IN/G group, and 0% sur-
vival in the V/E group, with all pigs dying within 1.6 hours
from the beginning of resuscitation (time 0). Results from
this analysis indicated a significant difference in survival
(p <0.001) (20). In order to allow for conservation of animal

Table 1. Mean baseline values

IN/G V/E P value
CO (L/min) 4.64 4.4 0.69
HR 101.6 105.4 0.48
MAP (mmHg) 83 78 0.45
SVR 0.64 0.58 0.47

CO: cardiac output; HR: heart rate; MAP: mean arterial pressure. SVR:
systemic vascular resistance.
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resources we elected to terminate the study. The survival
curve is shown in Figure 1.

Analysis of the secondary endpoints found significant dif-
ferences throughout the resuscitation period especially in
respect to CO, HR, MAP, SVR, and CVP. These data are rep-
resented in Figure 2, with the confidence bands included. In
general, the IN/G group is characterized by a maintenance of
MAP over time, an increase in HR, a decrease in SVR, and a
dramatic increase in CO. The V/E group is characterized by a
marked increase in MAP until 30 minutes into the resuscita-
tion followed by a significant decrease until death. SVR dem-
onstrated a similar shaped curve, peaking at 30 minutes, then
falling until death. The CO and HR fell continuously over
time from the onset of resuscitation. Figure 3 demonstrates
the relationship between CO and SVR in the two groups.
There is an inverse relationship between these parameters.
The CVP trended upwards in the V/E group, while falling in
the IN/G group (Fig. 2).

Glucose was required only in the IN/G group, with require-
ments as shown in Figure 4. Potassium levels dropped mildly
lower in the IN/G group as expected, with no level recorded
less than 2.7 in any animal and these results are graphed in
Figure 5. We did not observe any ectopic or ventricular
arrhythmias, and we did not observe QRS widening during
propranolol toxicity.

Discussion
In this model of severe B-blocker toxicity, we found insulin to
be a clearly superior resuscitative agent than the combination of

vasopressin and epinephrine. Insulin was superior not only in
a survival benefit, but also showed markedly different profiles
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of cardiovascular function. Glucagon, another inotropic
agent, has been accepted as a standard agent to be used in B-
blocker overdose. Although we did not test the effect of glu-
cagon in this study, it has been tested directly against insulin
by Kerns in his dog model, and was inferior to insulin in
terms of mortality and cardiovascular parameters (15). We
also found vasopressin to be equal to glucagon in terms of
survivability (7). We did not include a placebo (saline) con-
trol group as Kerns demonstrated 100% mortality by 150
minutes in this arm in his study, and we did not feel it was
ethical to repeat this (15). We also used the equivalent doses
of insulin on a unit/kg/hour basis that he used in his dogs
when he found 100% survival in his insulin group.

Examining the curves over time of the measured cardiovas-
cular parameters in this study clearly depicts each drug’s effect
on hemodynamics and thus offers clues to the physiological
mechanisms of their effect. Insulin was found to be an inotro-
pic agent and this mechanism is demonstrated by observing the
relationship of the CO and HR. In the IN/G group the CO
increased during the resuscitation period, to the point of being
higher than the baseline CO in the animals prior to any infusion
of propranolol. This occurred with only a modest increase in
HR. Thus, stroke volume, although not directly measured,
likely increased significantly.Stroke volume is mostly depen-
dent on preload and contractility (with a small, inverse contri-
bution from afterload). We observed the preload to decrease in
the IN/G group and the SVR to decrease over time, leaving the
increased inotropic state likely to account for the increase in
CO. The decreasing SVR may be artifactual due to the fact that
this is a calculated value, which includes the CVP in the
numerator. Insulin does have, however, a vasodilating effect in
vascular smooth muscle. We could postulate that increasing
preload by giving more fluids in the IN/G group would
increase the CO even further.

In the V/E group, the CO continued to decrease in a linear
fashion from the point of beginning of resuscitation until
death. The CVP levels rose during this time, which should
enhance CO, however this was accompanied by a sharp rise
in SBP and SVR in the initial stages of resuscitation while the
HR decreased steadily. This suggests that there was an
inverse relationship in this group between SVR and CO. The
depressed B-blocked heart was unable to overcome the
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increasing vasoconstriction of the combined vasopressors,
further reducing CO. Our model did not show any evidence
of an inotropic effect using vasopressors. The SVR and SBP
likely rose until the point of impending death, at which point
SVR and SBP dropped precipitously. It is also clear that the
very large doses of epinephrine used were unable to overcome
the depressed chronotropic state in this severe B-blocked
model.

In the clinical setting, the effects of using potent vasopres-
sors would be typically monitored using the HR and blood
pressure. Our model demonstrated a marked increase in SVR
with a concomitant decrease in CO during the administration
of vasopressor agents. These clinically significant hemody-
namic changes would not be appreciated through HR and BP
monitoring alone, and may be masked by the appearance of
an improving hemodynamic situation, until the SVR is too
great to be overcome by the depressed contractility of the
heart, at which point death might be imminent. In the insulin
arm, all cardiovascular parameters improved (except CVP),
including SV02, suggesting an improvement in tissue perfu-
sion and oxygenation as well.

We did not supplement the insulin group with additional
potassium, and the potassium dropped to moderate levels of
hypokalemia (lowest level was 2.7 mmol/L). However, we
did not observe any deleterious effects due to this drop. The
V/E group demonstrated a mild hyperkalemia until late in the
course of resuscitation when this became more severe; this
may represent a leak from ischemic tissue or due to acidosis
as a preterminal event. B-blockers suppress adrenergic medi-
ated uptake of potassium by peripheral tissues, and this may
have exacerbated the hyperkalemia.

Clinical relavence

This study adds significant animal model evidence to support
the use of insulin in this toxicity in high doses up to 10 units/
kg/hour. This ceiling dose was arbitrarily chosen and based on
previous studies (15). The efficacy of insulin was evident not
only in terms of survivability but also in terms of cardiovascu-
lar performance, comparing a vasopressor versus an inotropic
approach. We did not observe a plateau of cardiovascular func-
tion at the 10 units/kg/hour level; the maximum effective dose
of insulin may even be higher. Could a combined approach of
both inotropes and vasopressors be even more successful? We
did not test this, although it is possible that the use of vasopres-
sors may require even higher doses of inotropic agents to over-
come the increase in the SVR to augment cardiac output in this
setting of profound myocardial depression.

Limitations
Data derived from this animal model may have limited

applicability in humans. Prospective human clinical trials in
toxicology are difficult to perform, and much of what we
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believe is therapeutically effective is based on animal models
and case reports.

Most animal cardiovascular models will have some myocar-
dial depressant properties inherent in them due to the anesthe-
sia chosen. We believe that the combination of nitrous oxide
and low dose isoflurane, however, minimized these effects.

We did not measure coronary artery blood flow. It is possi-
ble that the combination of vasopressin and epinephrine
caused cardiac ischemia that contributed to the depressed car-
diac output. We did not, however, observe any ST segment
deviations in the V/E group, and this combination in a pig
cardiac arrest model markedly increased coronary blood flow
compared to either agent alone (20).

Conclusion

In this animal model of severe B-blocker-induced cardiovas-
cular toxicity, we found the combination of insulin in doses
up to 10 units/kg/hour and glucose to demonstrate a clear and
definitive superiority over the combination of vasopressin
and epinephrine. The cardiovascular physiology we mea-
sured also demonstrates the advantages of an inotropic
approach over a vasopressor approach in this toxicity where
there is profound myocardial depression.
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A blinded, randomized, controlled trial of three doses of high-dose
msulin in jpoison-induced cardiogenic shock
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Background. High dose insulin (HDI) has proven superior to glucagon and catecholamines in the treatment of poison-induced cardiogenic
shock (PICS) in previous animal studies. Standard recommendations for dosing of insulin vary and the optimal dose of HDI in PICS has not
been established. Our hypothesis was a dose of 10 U/kg/hr of HDI would be superior to 1 U/kg/hr with cardiac output (CO) as our primary
outcome measure in|pigs with propranolol-induced PICS. Methods. This was a blinded, prospective, randomized trial with 4 arms consisting
of 4 pigs in each arm. The arms were as follows: placebo (P), 1 U/kg/hr (HDI-1), 5 U/kg/hr (HDI-5), and 10 U/kg/hr (HDI-10). Cardiogenic
shock was induced with a bolus of 0.5 mg/kg of propranolol followed by an infusion of 0.25 mg/kg/min until the point of toxicity, defined
as 0.75 x (HR x MAP) was reached. At this point the propranolol infusion was decreased to 0.125 mg/kg/min and a 20 mL/kg bolus of
normal saline (N'S) was administered. The protocol was continued for 6 hours or until the animals died. Results. 2 pigs died in the P arm, 1
pig died each in the HDI-1 and HDI-5 arms, and all pigs lived in the HDI-10 arm. There was a statistically significant difference in dose by
time interaction on CO of 1.13 L/min over the 6 hr study period (p = <0.001). There was also a statistically significant difference in dose
by time interaction on MAP, HR, and systemic vascular resistance (SVR). No statistically significant difference was found between any of
the arms regarding glucose utilization. Conclusion, HDI was statistically and clinically significantly superior to placebo in this propranolol
model of PICS. Furthermore a dose response over time was found where CO increased corresponding to increases in doses of HDI.

Keywords High dose insulin; Cardiogenic shock; Beta blockers

Introduction occasionally conduction defects.>=3 As beta-blockers are but
one cause of PICS, a new or improved therapy would likely
benefit patients who also ingest calcium channel block-
ers, anti-dysrhythmics, cyclic anti-depressants, and other
xenobiotics known to cause PICS.

Various pharmacologic modalities have been suggested,
subsequently studied and/or used clinically for attempted
reversal of PICS. These include volume expansion, calcium
salts, atropine, glucagon, catecholamines (vasopressors and/
or inotropes), methylene blue, levosimendan, and high-dose
insulin (HDI).>%7 Volume expansion and administration of
calcium salts have sound reasoning in their favor and little
downside, but there is a controversy regarding the use of
glucagon or catecholamines.”? Glucagon may be transiently
effective for PICS from beta-adrenergic blockers, but pro-
longed treatment may not be effective, and there are several
case-reported failures.®!! Catecholamines can increase
blood pressure and heart rate, but they also increase systemic
vascular resistance (SVR). This increase in SVR increases
afterload against the already stressed myocardium result-

_ ) _ ing in decrease in cardiac output (CO) and subsequently
Add.ress cor.respondence to Jon B Cole, M.D., .Medlcal Director, Hennepin decreased perfusion of vascular beds (microperfusion).12 The
Regional Poison Center, Hennepin County Medical Center, Department of

Emergency Medicine, 701 Park Ave, Mail Code RL, Minneapolis, MN, USA. increaseq myocar dial Oxygf?n de.mand tha:t results from C.at'
Tel: +612-873-6000. Fax: + 612-904-4289. E-mail: jon.cole@hcmed.org echolamines may be deleterious in the setting of hypotension

Poison-induced cardiogenic shock (PICS) is a cause of seri-
ous morbidity and mortality, and thus, the knowledge on
effective treatment of this clinical scenario is vital for clini-
cal toxicologists or other physicians managing drug over-
doses. Beta-blockers are the commonly encountered causes
of PICS.! The 2010 American Association of Poison Con-
trol Centers’ National Poison Data System Annual Report
revealed 23,091 beta-blocker exposures in the United States.
This included 842 cases categorized with moderate or major
toxicity outcomes and five deaths due to intentional or acci-
dental ingestion.! Treatment for patients with moderate or
major toxicity focuses on attempting to reverse both macro-
and microhypoperfusion that occurs with these exposures.
This hypoperfusion is often the result of a combination of
bradycardia, decreased inotropy, and peripheral vasodila-
tion.> With beta-blocker toxicity specifically, cardiogenic
shock results from bradycardia, decreased inotropy, and
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and decreased coronary perfusion as well. Evidence exists that
HDI is more effective than catecholamines for the treatment
of PICS from both beta-adrenergic blockers!? and calcium-
channel blockers,'* and it is likely related to its difference in
physiological effects as compared to vasopressors. HDI func-
tions as a powerful inotropic agent and as a vasodilator in
addition to increasing myocardial glucose transport.” Several
studies have illustrated the differences in physiologic effects
of placebo, glucagon, vasopressors, and HDI in the setting
of severe PICS, with HDI resulting in reduced mortality in
comparison with other arms.'*"1® There is mounting positive
human experience with HDI in this setting as well.!>-16

Despite the growing evidence that HDI should be a stan-
dard treatment for PICS, there is no universal dosing rec-
ommendation, in part because there has been no previously
performed dose comparison studies. In human case experi-
ence with correlating recommendations, insulin boluses
ranged from 0.1 to 1 U/kg while continuous insulin infusion
rates ranged from 0.015 to 22 U/kg/h; a majority of patients
received between 0.5 and 2 U/kg/h.!”!8 A 1994 review of
beta-blocker and calcium channel blocker toxicity recom-
mended an initial bolus of 1 U/kg followed by an infusion
starting at 0.5 U/kg/h, titrated up every 30 min as needed.'®
The same author offered updated and reiterated recommen-
dations in a standard Toxicology textbook in 2011; those
recommendations included starting insulin dosing with a
bolus of 1 U/kg followed by an infusion starting at 0.5-1
U/kg/h.' This reference text also goes on to say that the
maximum dose has not been established in humans. With no
maximum HDI dose established, deaths reported after use
of low doses of HDI, and good outcomes without adverse
effects after use of as high as 22 Units/kg/h,'> and it is appar-
ent that an analysis of HDI dose-response was needed. As
propranolol has previously been demonstrated to account
for a disproportionate number of poisonings and deaths,?
we chose it as our agent to induce cardiogenic shock. The
purpose of this study was to determine whether a difference
in cardiac output exists in swine with propranolol-induced
PICS treated with placebo (P) or insulin infusions of
1 Unit/kg/h (HDI-1), 5 Units/kg/h (HDI-5), or 10 Units/kg/h
(HDI-10). This swine model primarily evaluated the role of
HDI, dose, time, and the interaction of dose and time in the
determination of cardiac output.

Methods

Our Institutional Animal Care and Use Committee approved
this project. The supervision of the animals was in accord
with the American Association for Accreditation of Labo-
ratory Animal Care guidelines. Healthy Yorkshire swine,
ranging in weight from 32 to 44 kg, were sedated with the
short-acting agents tiletamine and zolazepam for instrumen-
tation and anesthetized for the entire protocol with a combi-
nation of 30% nitrous oxide and isoflurane. Reflexes were
monitored to minimize cardiovascular depressant effects.
A tracheostomy was performed, and the animal was placed
on a ventilator. An incision on the right upper neck of the
pig was made, and a Swan-Ganz catheter was placed via

cutdown method for the determination of cardiac output
(CO) measurements as determined by the thermodilution
technique, pulmonary artery pressures, and central venous
pressure measurements. A femoral arterial line was placed
for continuous arterial blood gas and pH determinations, and
for continuous systolic, diastolic, and mean arterial pres-
sure monitoring. Animals were ventilated with 30% O2 and
monitored to maintain the pCO2 near the baseline. Femoral
venous access was allowed for medication, fluid, and venous
blood sampling. Electrocardiogram electrodes were attached
for continuous monitoring. A suprapubic urinary catheter
was placed. Each animal was placed on a heating pad
to maintain baseline temperature. A stabilization period
of 30 min was observed before induction of toxicity.

Baseline measurements were taken on each pig prior
to the experimental protocol. The following measure-
ments were recorded every 10 min: cardiac output, cardiac
index, systolic blood pressure, mean arterial blood pressure
(MAP), central venous pressure (CVP), SVR (calculated),
pulmonary vascular resistance (PVR, calculated), arterial
blood gasses, base excess, and glucose. Serum lactate and
potassium concentrations were recorded at baseline, at the
point of toxicity, and at 60-min intervals until the end of the
study. The total amounts of infused glucose and potassium
were also recorded. Measured potassium concentrations less
than 2.5 mEq/L were administered 10 mEq of intravenous
potassium chloride.

Induction of toxicity in the pigs was complicated by model
development. Initially, we attempted to replicate a model of
toxicity first described by Leppikangas et al.,® in which tox-
icity was induced in the swine with a 1 mg/kg intravenous
bolus of propranolol followed by an infusion of 0.5 mg/kg
until the point of toxicity was reached. Toxicity was defined
in this study as 40% of baseline cardiac output for a period
of 15 min before resuscitation was initiated. Despite exten-
sive laboratory experience among the investigators, we were
unable to replicate this model; the swine enrolled in this
protocol died before we could begin resuscitation.

Next, we attempted a model of toxicity used in our previous
work.?! In this model, toxicity was induced with a 1 mg/kg
intravenous bolus of propranolol followed by an infusion of
0.25 mg/kg until the point of toxicity was reached. Toxicity in
this model was defined as a 25% reduction in the product of
the initial MAP x HR. This point of toxicity was previously
defined and validated in work by Kerns'?® and Kline.!* Twelve
animals were enrolled under this protocol in four arms; pla-
cebo, 1 U/kg/h, 5 U/kg/h, and 10 U/kg/h of HDI. No animals
survived, and an interim analysis revealed no difference
between any of the HDI arms. Again, we concluded that our
model was too toxic to make any meaningful conclusions.

We then moved to a model we had previously used!?
that was developed in response to editors’ concerns that our
previous research model had been too toxic to find subtle
differences in treatment arms. In this study, the propranolol
bolus was reduced to 0.5 mg/kg. The point of toxicity was
identical. Induction of toxicity was brought about by the
same 0.25 mg/kg/min infusion of propranolol; however,
upon reaching the point of toxicity, the infusion was reduced

Clinical Toxicology vol. 51 no. 4 2013
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Table 1. Comparisons between treatment arms at baseline.

Placebo 1 U/kg/hr 5 U/kg/hr 10 U/kg/hr Overall
Variable Mean SEM Mean SEM Mean SEM Mean SEM P value
Weight (kg) 39.6 2.9 38.8 0.8 42.3 1.8 40.4 2.0 0.67
Time to toxicity (min) 14 1.2 21 2.6 16 2.4 20 2.9 0.17
Cardiac output (L/min) 2.8 0.3 3.6 0.8 3.6 0.7 2.9 0.5 0.78
Cardiac index (L/min/m"?) 34 0.4 44 1.0 3.8 0.8 34 0.5 0.75
Heart rate (bpm) 69 3.8 73 7.8 72 2.1 70 6.2 0.94
Mean arterial pressure (mm Hg) 49 24 48 1.3 53 35 52 4.4 0.75
SVR (dyne-sec/cm™) 1262 116 1125 287 1174 274 1389 247 0.87
Venous O2 saturation (%) 52 2.4 50 2.8 46 3.8 44 8.0 0.68
Base Excess 4.9 0.9 6.3 1.0 4.2 1.6 5.4 1.7 0.73
Potassium Concentration (mEq/L) 3.7 0.1 3.3 0.4 4.0 0.2 3.8 0.1 0.20

to 0.125 mg/kg/min. Resuscitation was carried out for 6 h
or until death of the animals. Sixteen swine were enrolled
under this protocol and randomized to one of the same
4 arms: placebo, 1 U/kg/h, 5 U/kg/h, and 10 U/kg/h of HDIL.
Randomization was performed utilizing www.randomiza-
tion.com. The randomization results were delivered blinded
to the central pharmacy in our institution and study drug was
mixed there. Investigators were blinded to the treatment arm.
After the point of toxicity was reached, each animal received
a 20 mL/kg bolus of 0.9% sodium chloride. Glucose con-
centrations were measured in all subjects at baseline, at the
point of toxicity, and at every 10 min after the point of toxic-
ity until the end of the protocol. A glucose concentration less
than 60 mg/dl was treated with 25 g of intravenous glucose;
if the glucose concentration was less than 40 mg/dl, the
subject was treated with 50 g of intravenous glucose. Upon
administration of the first bolus of glucose, an infusion of
glucose was started at a rate of 12.5 g/h. On every occasion,
an additional bolus of glucose was given, and the glucose
infusion rate was increased by 12.5 g/h. D50 was used as the
glucose fluid of choice for this study.

We described each treatment arm at baseline using the mean
and standard error of several important prognostic factors.
Equivalence at baseline in each of these factors between
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Fig. 1. Post-resuscitation survival.
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treatment arms was assessed using ANOVA. Our primary aim,
which was to determine whether the rate of change in CO in
measures observed over time was proportional to the dose of
HDI, was addressed using a linear mixed-effects regression
model in SAS PROC MIXED. Like the previous analyses of
CO over time that have been conducted by our group,!>2223
this model featured CO as a function of time, quadratic time,
a time by CO interaction, and a random effect for each subject
to account for correlation between observations taken from
the same animal. Analogous regression models were used to
assess whether the change over time for CI, HR, MAP, SVR,
and venous oxygen saturation was associated with higher
doses of insulin. We used multiple imputation to correct for
truncation of data in animals that expired, assuming that after
expiration, unobserved values of cardiometric variables were
proportional to the average values for that subject, as well as
to the values of the variable observed in other subjects, using
the method of Rubin?* to account for imputation error. Mor-
tality was analyzed using Kaplan—Meier survival rates, and
the association between randomization group and survival
was assessed using a log-rank test. Survival analysis was per-
formed using the statistical software R, version 2.9.1, while all
other analyses and data manipulations were performed using
SAS 9.1. All hypothesis tests were two-sided, with o.=.05.

*Error bars represent 95% confidence bounds of predicted averages
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*Error bars represent 95% confidence bounds of predicted averages
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We performed a power analysis, which indicated that
under the assumed conditions, our study would have an 85%
chance of correctly identifying a real increase in CO of 0.45
L/min per every 1 U/kg/h increase in HDI dose, if such an
effect existed. The assumptions made regarding study condi-
tions were that the sixteen subjects would be measured an
average of 24 times apiece, that CO would vary significantly
within each subject (ICC =0.01), that the effect of insulin
upon the change in CO over time was linear with increasing
dose, and that our tolerance for type I error would be 5%.

Results

No baseline differences prior to induction of toxicity were
found between the four arms in weight, CO, CI, HR, MAP, SVR,
venous oxygen saturation, base excess, or serum potassium
concentration (Table 1). No difference was found with respect
to time to toxicity between any of the arms (p =0.17).

55 - *Error bars represent 95% confidence bounds of predicted averages
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Fig. 4. Mean arterial pressure (Pred. Avgs.).

Mortality

Two pigs died in the P arm, one pig each died in the HDI-1 and
HDI-5 arms, and no pigs died in the HDI-10 arm. Survival was
not statistically different between the 4 arms as the study was
not powered for mortality as a primary outcome. However, a
dose-related trend in mortality was noted. The Kaplan—-Meier
method was used for analysis of this variable (Fig. 1).

Cardiovascular parameters
Cardiac output

Little difference between the 4 arms in terms of CO was
observed at any point during the 360-min protocol. How-
ever, a linear mixed-effects regression found a small but sta-
tistically significant dose by time interaction, in which CO
improved an average of 0.00035 L/min/min for every 1 U/
kg/h of insulin (p < 0.001). Thus, while there was no differ-
ence in groups at any single point in time, there is evidence
of a difference in the trajectory that the group average CO
followed over the 360-minute study interval that is propor-
tional to the dose of insulin received (Fig. 2). Because we
assumed a linear effect, this difference can be calculated
for any of the cardiovascular variables between any of the
4 arms in the study using the following formula:

(dose/time interaction (for CO, 0.00035 L/min/min) X
360 min X HDI dose) — (dose/time interaction X 360 min
X HDI dose)

The difference in projected averages between the HDI-10
arm and the HDI-1 arm at the end of a 6-hour resuscitation
is (0.00035 L/min/min X 360 min X 10) — (0.00035 L/min/
min X 360 X 1) =1.26 L/min — 0.126 L/min = 1.13 L/min.

Heart rate

At no single points were average heart rates for any two
groups statistically different from one another. However,
as with CO, a statistically significant dose by time interac-
tion effect upon heart rate was observed (P <<0.0001). On

*Error bars represent 95% confidence bounds of predicted averages
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Fig. 6. Cumulative glucose administration.

average, heart rate increased by 0.0028 bpm/min each minute
for every 1 U/mg/kg of insulin (Fig. 3). Thus, the difference
in projected averages between the HDI-10 and the HDI-1
arm at the end of a 6-hour resuscitation is (0.0028 bpm/
min X 360 X 10) — (0.0028 bpm/min X 360 X 1)=10.08
—1.008 =9 bpm.

Mean arterial pressure

Similarly, MAP did not exhibit significant differences
between group averages at any point of measurement over
the duration of the study, but the trend over time was sig-
nificantly different (P <<0.001). As is somewhat visible from
the projected plot of MAP vs. time, the HDI-10 arm main-
tained an average MAP that was more or less stable, while
the other three groups experienced a monotone downward
trend (Fig. 4). Thus, assuming a linear dose by time interac-
tion trend, the effect of 1 U/mg/kg of insulin is to raise MAP
by 0.0024 mmHg every minute, which given the observed
degree of uncertainty, is statistically nonzero (< p =0.001).
The predicted effect is such that MAP would be 8 mmHg
higher in the HDI-10 arm than in the HDI-1 arm at the end
of the 360 min.

Systemic vascular resistance

In keeping with the pattern, SVR was not significantly dif-
ferent by dose at most of the measured time intervals, but
a linear mixed effects model indicated that SVR decreased
faster over time in groups receiving higher doses of insulin
(p<<0.001). This was expected as HDI is not a vasopres-
sor, rather it is a vasodilator.?? This interaction effect was

Table 2. Average glucose cumulative administration (grams) across
all time points in the study.
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estimated to be a decrease of approximately 0.067 dyne-s/
cm?’ per minute, for every 1 U/mg/kg of insulin. Thus, SVR
would be predicted to decrease by 217 dyne X sec/cm’ over
the entire 360-min study interval in the HDI-10 arm com-
pared to the HDI-1 arm (Fig. 5).

Metabolic parameters
Glucose administration

Graphical representation for cumulative glucose admin-
istration per arm is shown in Fig. 6. The average glucose
administration over the entire resuscitation in each arm,
adjusted for mortality by calculating the average glucose
administration per 10-min interval, was as follows: P =271
g, HDI-1 =632 g, HDI-5 =742 g, HDI-10 =680 g (Table
2). There was a statistically significant difference in glucose
administration between the P arm and all the HDI arms
(P<<0.0001, Table 2). We found no statistically significant
difference between any two individual arms in terms of glu-
cose administration (Table 3); however, no power analysis
was done prior to obtaining data as glucose administration
was a secondary outcome. Of note, glucose administration
in the P arm was particularly affected by one pig that had
four hypoglycemic events but did not consume glucose at
a significantly higher rate as the animal was hyperglyce-
mic for much of the resuscitation. As we did not determine
a priori what to do if a pig stopped utilizing glucose, we
did not decrease the glucose infusion when the pig became
hyperglycemic; thus, the P arm’s glucose administration is
somewhat inflated. The average number of hypoglycemic
events per arm (measurements of glucose <60 mg/dL while
on the glucose protocol described above, not accounting
for mortality) were as follows: P=1.75, HDI-1=4.25,
HDI-5=5.75, HDI-10 = 5.25.

Potassium concentration

Only thrice did potassium concentration drop below 2.5
mEqg/L. Two measurements of 2.4 mEq/L were observed
in one animal in the HDI-1 arm that had a baseline potas-
sium concentration of 3.1 mEqg/L. One measurement of 2.4
mEq/L was observed in the HDI-10 arm. All three instances
responded to a single dose of 10 mEq of intravenous potas-
sium chloride.

Lactate concentration

We observed no clinically significant changes in lactate
measurements over time during the resuscitation. However,

Table 3. Group average cumulative glucose administration (grams)
among pigs alive at time 7.

Placebo HDI-1 HDI-5 HDI-10 Overall p-value

271 632 742 680 586 >0.0001

Time (min) Placebo HDI-1 HDI-5 HDI-10  p-value
60 37.5 109 128 100 0.291
120 125 292 353 309 0.134
180 238 563 750 600 0.104
240 463 896 1138 941 0.169
300 763 1296 1573 1297 0.379
360 950 1717 2044 1684 0.145

Copyright © Informa Healthcare USA, Inc. 2013
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a sharp rise in lactate concentration seemed to coincide with
the ultimate terminal event. Measurements were not taken
often enough to make a meaningful statistical conclusion
regarding this parameter.

Discussion

In this model of Poison-Induced Cardiogenic Shock, there
was a statistically significant increase in the cardiac output
of 0.13 L/min for every increase in dose of HDI of 1 U/kg/h
between placebo and 10 U/kg/h. Thus, there is a difference of
1.13L/minof CObetweenthe HDI-10and HDI-1 arms overthe
6-hour resuscitation. Given the average CO nadir of the pigs
in this study, this represents a 57% increase in CO between
the HDI-10 and HDI-1 arms| As we measured an increase in
heart rate with increasing doses of HDI, some of the increase
in CO appears to be via an increase in HR. This increase
in HR, however, dose not account for the entire change in
CO:; thus, we can infer that stroke volume also increases
with increasing doses of HDI. As expected, SVR tended to
fall as HDI dosing increased demonstrating the vasodilatory
effect of HDI. Though the concept of giving a vasodilator to
a patient in cardiogenic shock may alarm some clinicians,
in fact MAP actually rose with increasing doses of HDI.
This suggests that while the vasodilatory effect of HDI is in
fact present, the increased inotropy from HDI actually over-
comes the vasodilatory effect on MAP, resulting in an overall
higher macroperfusion as well as an increased microtissue
perfusion.

Our findings are consistent with our clinical observation
that some patients do not respond to lower doses of HDI
and that, in fact, higher doses are required to maintain per-
fusion.!” We did not study doses higher than 10 U/kg/h and
did not see a plateau effect in our study and therefore cannot
comment on aceiling dose. A review of the literature reveals
no previous work establishing a dose-response with HDI.
Out data support a dose-response for HDI in Poison-Induced
Cardiogenic Shock does in fact exist.

Regarding glucose administration, our study was not
powered to detect a difference between arms. No difference
was found between the three HDI arms in terms of glucose
administration when death was accounted for. Perhaps, a
more clinically useful measurement regarding glucose use
would be a number of hypoglycemic episodes that occurred,
on average, at each HDI dose. While on average there was
one less hypoglycemic episode per resuscitation in the HDI-1
arm, there appears to be no difference between the HDI-5
and HDI-10 arms; in fact the HDI-5 arm averaged slightly
more hypoglycemic episodes. While we cannot make defini-
tive conclusions regarding glucose utilization, our data show
no difference between any of the HDI arms in terms of
glucose administration.

Metabolic parameters outside glucose administration
were not particularly revealing. Only three episodes of
hypokalemia were observed. At no time did any pig experi-
ence a dysrhythmia consistent with hypokalemia. In these
three instances, potassium was replaced uneventfully. Mea-
sured serum lactate was also unrevealing other than elevated

levels likely coinciding with the terminal event; this is
consistent with previously published clinical data.?

Our study is not without limitations. Data derived from
an animal model may not accurately represent toxicity in
a human. We attempted to replicate continued absorption
of propranolol via a constant infusion of propranolol; how-
ever, this may not simulate what truly occurs in a human
oral overdose. The duration of monitoring lasted only
6 h. While this is longer than much of the previous animal
work, 2131423 it i5 conceivable that the difference we found
is no longer present further into a patient’s toxicity. Animal
cardiovascular models may have inherent myocardial depres-
sion due to anesthesia, and this model is no different; however,
we believe that the combination of nitrous oxide and low-
dose isoflurane minimizes these effects. Lastly, this model
used propranolol to induce cardiogenic shock. Propranolol
induces cardiogenic shock via both beta-adrenergic blockade
and sodium-channel blockade. It is conceivable other mecha-
nisms that cause PICS, such as calcium-channel blockade,
may not exhibit the same dose—response we found with the
propranolol.

Though our data support a dose-response effect of HDI
in PICS, we did not observe a ceiling effect. This is consis-
tent with our clinical observation as well.!> Further work is
required to establish a true ceiling effect of HDI.

Conclusion

In this model of Poison-Induced Cardiogenic Shock,
there was a dose-response over time where cardiac output
increased corresponding to the increases in HDI dosing.
When using HDI, clinical toxicologists should be mindful,
a ceiling dose has not been established, and higher doses of
HDI appear to be more effective than lower doses with likely
minimal additional risk.
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Intentional overdose with cardiac arrest treated with
intravenous fat emulsion and high-dose insulin

SAMUEL J. STELLPFLUG"?, CARSON R. HARRIS!, KRISTIN M. ENGEBRETSEN', JON B. COLE"? and JOEL S. HOLGER!

'Regions Hospital Clinical Toxicology Service and Department of Emergency Medicine, St. Paul, MN, USA
2Hennepin Regional Poison Center, Minneapolis, MN, USA

Introduction. Nebivolol, a beta blocker with 3—10 times more (3, cardioselectivity than metoprolol, has caused hypotension and
bradycardia in overdose. We report a nebivolol-induced cardiac arrest in the setting of a polydrug ingestion, successfully resuscitated with
intravenous fat emulsion (IFE) and high-dose insulin (HDI). Case report. A 48-year-old man was brought to the emergency department
after ingesting nebivolol and ethanol, along with possibly diazepam and cocaine. He had a heart rate of 71/min and a blood pressure of 98/
61 mmHg. The initial ECG showed sinus rhythm with a QTc of 483 ms and a QRS of 112 ms. Over the subsequent 4 h, he became
bradycardic and hypotensive and developed bradyasystolic cardiac arrest. Standard resuscitation including lepinephrine had no effect.
Spontaneous circulation returned 30 s after a 100 mL bolus of 20% IFE, and the patient then became briefly hypertensive and tachycardic
with heart rate and blood pressure measured as high as 123/min and 251/162 mmHg, respectively. His care included IFE infusion along
with HDI bolus and infusion with doses as high as 21.8 units/kg/h. With subsequent hypotension, vasopressors were withheld in favor of
HDI and supportive care. He was discharged with baseline neurologic function. Discussion. We hypothesize that after the administration
of IFE the epinephrine was able to jexert its effect on receptors previously occupied with the nebivolol. This would be congruent with the
lipid sink theory of IFE mechanism. Conclusion. We report an overdose involving nebivolol in a polydrug ingestion resulting in cardiac

arrest, successfully treated with IFE and a very HDI infusiori

Keywords

Introduction

Nebivolol is a third-generation beta adrenergic receptor
antagonist, approved by the FDA in December of 2007 for
the treatment of hypertension.! It has been used in Europe
since 1999 for the treatment of hypertension and heart failure,
and at therapeutic doses it is the most cardioselective g,
antagonist available.? It has caused hypotension and brady-
cardia in overdose.®> Ethanol, diazepam, baclofen, and
cocaine have been reported to precipitate hypotension, brady-
cardia, and/or bradyasystolic arrest.*”’ We report a cardiac
arrest likely because of nebivolol ingestion with possible con-
tribution from ethanol, diazepam, baclofen, and cocaine. The
patient was successfully resuscitated with a combination of
intravenous fat emulsion (IFE) and high-dose insulin (HDI).
The maximum infusion rate of HDI was 21.8 units/kg/h.
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Case report

A 48-year-old man was brought to the emergency department
(ED) by ambulance after being found unresponsive in his
wheelchair. His past medical history included hypertension
and paraplegia. His known medications were baclofen, diaz-
epam, and nebivolol. His fingerstick glucose was 100 mg/dL,
and his vital signs included blood pressure (BP) 92/52
mmHg, heart rate (HR) 72/min, respiratory rate 22/min, and
O, saturation of 96% on 15 L/min O, through nonrebreather
mask. Physical examination revealed a patent airway,
shallow breath sounds, palpable pulses, Glasgow coma score
of 3, sluggishly responsive pupils bilaterally (3 mm), and no
signs of trauma. ECG showed sinus rhythm with QRS of 112
ms and QTc of 468 ms. His ED course included endotrachial
intubation, a normal head computed tomography, and chest
X-ray; abnormal laboratory studies included a serum ethanol
of 110 mg/dL and a positive urine immunoassay for benzodi-
azepines and cocaine metabolites (confirmed by GC-MS). In
his 4 h in the ED, his HR and systolic BP remained essen-
tially 70/min and 90 mmHg. The patient’s home nurse
reported that he had left a suicide note next to three bottles of
medicine prescribed the day before: half empty bottles of
baclofen (2,700 mg prescribed) and diazepam (75 mg pre-
scribed), and an empty bottle of nebivolol (300 mg
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Hemodynamic parameters and treatments over time
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Fig. 1. Representation of a time course of documented
hemodynamic parameters and treatments.

prescribed). The time of ingestion was unknown, but was
within 3 h before arrival.

Within the hour after the patient arrived to the intensive
care unit, his HR declined to 35/min and his systolic BP fell
to 50 mmHg. During this time he was given intravenous (IV)
normal saline boluses totaling 3 L and 18 mEq calcium. He
developed a bradyasystolic cardiac arrest. Figure 1 shows
resuscitation medications and time frame. His resuscitation
included CPR and two boluses each of atropine 1 mg and epi-
nephrine 1 mg, 4 min apart. One minute after the second dose
of epinephrine, a 100 mL bolus of 20% IFE was administered
IV over a few seconds. Thirty seconds after the IFE bolus, a
pulse returned with organized sinus rhythm, and 30 s later the
patient developed a HR and BP measured as high as 123/min
and 251/162 mmHg, respectively. Over the ensuing 20 min,
bradycardia and hypotension returned. At this point a 20%
IFE infusion was started at 0.25 mL/kg/min and was contin-
ued for 1 h (1 L total infused), and the patient received a
bolus of 100 units of regular insulin IV, which was followed
by HDI infusion. The infusion quickly reached doses in
excess of 21 U/kg/h because of administration error and was
slowly tapered over the subsequent 36 h although maintain-
ing perfusion parameters. Supportive care included calcium
(117 mEq total) and dextrose (485 g total) to maintain eugly-
cemia. Although the patient’s mean arterial pressure was less
than 60 mmHg for 50 min, as per toxicology recommenda-
tions no pressors were used. No evidence of impaired end
organ perfusion was evident by clinical exam or laboratory
tests. He was discharged on day 11 with no neurologic
change from his previous baseline.

Discussion

This is a case of cardiac arrest as an outcome in a nebivolol
overdose. A previous nebivolol overdose is reported, in which

Clinical Toxicology vol. 48 no. 3 2010
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the patient demonstrated hypotension, bradycardia, hypogly-
cemia, and respiratory failure.’ Our case is unique because of
the cardiac arrest but also because of the successful IFE resus-
citation. The IFE bolus was given 1 min after the last 1 mg
epinephrine bolus. A prevalent mechanistic hypothesis for
IFE is the lipid sink theory, in which IFE sequesters lipophilic
drugs into the serum and away from their target receptors.®
Additionally, there is evidence that IFE also modifies energy
metabolism in the cardiac myocyte.” The theory of IFE creat-
ing a sequestering pool for lipophilic agents to be pulled away
from receptors is congruous with the immediate response in
our patient. He transitioned from being pulseless to being
hypertensive and tachycardic immediately after the IFE bolus.
We hypothesize that after IFE administration epinephrine was
able to exert its effect on the receptors previously occupied by
nebivolol. Nebivolol has a volume of distribution between
151 and 200 L/kg.'° It is highly lipophilic, much more so than
epinephrine, thus the epinephrine would be more available to
the receptor after IFE treatment.'®'? Of note, baclofen and
diazepam are also quite lipophilic, so it is possible that the IFE
may also have caused withdrawal of either of these xenobiot-
ics.!*!* The insulin infusion dose given to this patient reached
21.8 units/kg/h. It was slowly tapered and was kept over 10
units/kg/h for several hours. There is no evidence of a dosing
ceiling for HDI. There is not a consensus standard for dosing,
but recommendations are typically in the range of 0.5—1 units/
kg/h.!>!® Animal studies show increasing efficacy at much
higher doses and human case reports of good outcomes at
higher doses as well.!”"!? This patient tolerated the very high
doses of insulin without hypoglycemia and/or clinically sig-
nificant hypokalemia. Our case adds support that current rec-
ommendations for HDI dosing are not aggressive enough for
maximal patient benefit. Report limitations include the
unavailability of serum nebivolol levels and the possibility
that the paraplegia or other medications played an important
role.

Conclusion

We report a polydrug overdose involving nebivolol resulting
in cardiac arrest, successfully treated with IFE and a very
HDI infusion.
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Premises, Premises ((Poisoning-induced cardiogenic shock and

D. SEGER

Department of Medicine, Vanderbilt University Medical Center, Nashville, TN, USA

A premise is a statement that an argument claims will induce
or justify a conclusion.! In other words, a premise is an
assumption that something is true.

Poisoning-induced cardiogenic shock (-) is a very
broad term. It is a much broader term than calcium channel
block(CCB)-induced cardiogenic shock or beta blocker(BB)-
induced cardiogenic shock or sodium channel block(NCB)-
induced cardiogenic shock. So one must assume that the
phrase PICS encompasses shock caused by any or all poisons.

End-stage shock caused by many drugs will have a similar
clinical picture. But the of that causes
shock isp- in each of the for exam-

ple, channel block (we do not even approach shock caused by
drugs that block channels the same way — initial treatment of
NCB toxicity is very different from initial treatment of CCB
toxicity). The physiology of early shock is varied enough that
initial treatments are different. But is the physiology similar
enough that we can approach PICS as a single entity and
therefore look for a best or universal treatment?

Before we knew much about the sodium channel, scien-
tists tried for years to determine which component of plasma
alkalinization improved hemodinamic instability and out-

come in tricyclic antidepressant - There were
- ublished (bench and animal experiments, and
case studies)

etc. It was important to determine which compo-
nent so that we could find the best universal treatment. But as
research increased our understanding of the sodium channel
it became clear that the of the
that decreased the drug’s affinity for the sodium channel was
and different for each drug.

Now, we are looking for the best universal treatment for
PICS in the same way we looked for the best universal treat-
ment of NCB poisoning. Again, we are looking for the one
size that fits all.

We must be very careful in how we present the evidence.
For instance, the authors state that_ is
Received 15 February 2013; accepted 18 February 2013.
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more effective than catecholamines and that HDI decreases
mortality in several studies that compare glucagon, vasopres-
sors, and HDI for treatment of PICS.? And although these stud-
ies are appropriately referenced, th

3% The authors add that
referencing a
report of a beta blocker overdose treated with HDI and intra-
venous fat emulsion’® as well as an observational case series
with data collected from a registry.® They then state that despite
growing evidence that HDI should be standard treatment for
PICS, there are no universal dosing recommendations, and
their study is addressing the dosing issue.

So from animal experience and a few case reports and
case series, which do not include analytical confirmation,3¢
it has been suggested that there is a standard treatment for
PICS (i.e., HDI). Premise number one — there is a standard
treatment for PICS. Premise number two — is the stan-
dard treatment . Premise num-
ber one and premise number two have led to premise number
three — there must be an universal dosing regimen for HDI.

That might seem logical but may not reflect the reality.
The ability to
First is the issue of devel-

oping a model of toxicity. The authors tried two different
models, but no animals survived in either model, so a third
model was developed. (This exemplifies the diligence of the
authors and the difficulty of the task.)

Premise number four — results from intravenous (IV)
administration of drug to animals until they demonstrate
toxicity simulate the toxicity of oral ingestion of the same
drug in humans. The authors correctly note that data derived
from an animal model may not accurately represent human

IV administration
which vary from drug to
drug. IV infusion maintains a constant serum drug concen-
tration, which certainly does not occur following oral inges-
tion. How important are these differences? And how does
one know the threshold of clinical importance — in this case
in cardiac output (CO)? Clinically, is there a linear effect of
insulin dosing and CO improvement?
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number five —

The number of hypoglyce-
mic episodes occurring in each arm of the study is recorded.
The issue of ﬂ with HDI administration in poi-
soning other than CCB should ﬁ

causes
degree of
overdoses.’ There is little concern about hypoglycemia when
administering HDI to these patients. But what about hypogly-
cemia caused by drugs that do not cause insulin resistance?
This is a key issue. If a patient is paralyzed and ventilated,
hypoglycemia may go unnoticed. How often should one
check a bedside glucose? In a hemodynamically unstable
patient, hypoglycemia has the potential to increase mortal-
ity. In overdoses in which there is not insulin resistance, the
benefit of HDI versus the potential to increase mortality (or
neurologic deficits) caused by unrecognized hypoglycemia
has not been evaluated.
There are many clinical issues that are difficult to address
with animal studies. Take age, for instance;

following an overdose.

and the young have
A verapamil overdose in a 14-year-old patient is an entirely
different clinical entity than an ingestion of exactly the same
amount of verapamil in a 55-year-old patient.

It is so important that we have animal experiments to
increase our knowledge about these poisonings. But we have
to realize the limitations of these experiments and use the
data from them to increase our understanding. We cannot
use the data to make far-reaching conclusions until we have
more clinical evidence. Read the cases of the various treat-
ments of digoxin overdose prior to the release of antibody
therapy. It will make you be very wary of evidence from case
series and animal studies, even if everyone is doing it.

And
the authors are to be congratulated on an animal study that
has added information to our knowledge base. As noted b
the authors, in clinical medicine,_
Why? Is it because cardiogenic shock caused by one of the
ingested poisons does not respond to HDI and it has nothing
to do with dose response; the HDI dose is wrong; the patient
ingested a fatal dose of drug, or is it a reason that we have yet
to understand? It is the combination of further experiments
and clinical evidence that holds the answer and allows us to
replace premises with evidence.
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