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risk of developing postbypass.-renal failure seems to be a
function of the patient’s underlying renal function-(also af-
jected by age) and the perioperative circulatory status. The
nistologic changes that accompany renzl impairment after
cardiopulmonary bypass are characteristic of tubular necrosis.
The tubular cells seem 10 be the most susceptible to acute
reductions in renal perfusion.’!

Mcncgemenf

There are three agents (so-called renoprotective drugs) that

might be used during CPB to prevent an ischemic insult to
the kidneys. Mannitol used in the CPB priming fluid may
moderate ischemic insult, probably by volume expansion and
hemodilution. It also initiates an osmotic diuresis, which pre-
vents tubular obstruction and may serve as a free radical
scavenger. Furosemide appears to improve renal blood flow
when given during bypass. So-called renal dose dopamine (1
10 2.5 pg/kg/min based on ideal body weight) may maintain
renal blood flow and urine output. Once renal failure has
developed. none of these drugs is likely to offer any beneficial
effect. A megadose of furosemide (200 to 300 mg) may be
tned. but if there is no diuretic response, it should not be
repeated. Similarly, a single dose of mannitol (12.5 to 25
mg) either with or without furosemide could be tried but not
repeated if there is no effect. Whenever possibie, it is advisable
to avoid potentially nephrotoxic agents in the early postopera-
tve period. Examples of such include radiologic contrast
2gents. aminoglvecoside antibiodcs, and angiotensin-convert-
ing enzyme inhibitors.

POSTOPERATIVE
GASTROINTESTINAL DYSFUNCTION

Gestrointestinal Consequences
cf Cardiopulmonary Bypass

The gastrointestinal consequences of CPB appear to be mini-
mal. Reviews of the subject report a | percent prevalence. 3233
Most patients are eating within 24 to 48 h after an uncompli-
<uted elective procedure. The limited investigations of the
eastrointestinal tract after cardiac surgery have found a slight
Gecrease in hepatic and pancreatic blood flow duning coolmo
and rewarming on bypass and a decrease in gastric pH.> 03
Transient clevations in liver function tests and hyperamylas-
mia mayv occur after cardiac surgery, and the risk factors
includc long CPB time, multiple transfusions. and multiple

Valve rcplaccmcms Appearance of jaundice pontends a poor
Frogrosis.” Sc\ ere gastrointestinal complications are usually
Ischemic in nature and are often associated with a low-output
s\ndrome.*” The use of opioids as part of general anesthesia
and postoperative pain management contributes to gastrointes-
Unal dysfunction (cramping, ileus, constipation) and to post-
Operative nausea and vomiting. The nausea and vomiting can
be minimized by use of a naso- or orogastric tube to maintain
ftric decompression intraoperatively and early in the post-
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operative period. with the additional benefit of improving
thoracoabdominal compliance to positive-pressure venti-
lation.

POSTOPERATIVE
METABOLIC DISORDERS

Potassium Imbalance

There are multiple factors that can produce large and rapid
shifts in the serum potassium levels during and after CPB.
These factors include the following: (1) The patient receives
a high-potassium cardioplegia solution during surgery; (2)
some degree of renal dysfunction is likely to be present, with
associated oliguria and decreased clearance of potassium; (3)
low cardiac output states are accompanied by oliguria and
acidosis; (4) hemolyzed red cells release potassium; (5) potas-
sium is lost by diuresis; and (6) diabetes mellitus interferes
with cellular uptake of potassium unless insulin is infused
intra- and postoperatively. The principal detrimental effects
of these potassium shifts is on the electrical activity of the
heart. The electrocardiographic signs of hyperkalemia and
hypokalemia are described in Chap. 12. The electrocardio-
graphic changes of hyperkalemia do not necessarily appear
in the classic progressive manner; they are more related to
the rate of rise in serum potassium rather than to the absolute
serum concentration. The therapy of_severe hyperkalemia
should include counteracting the toxic cardiac effects of the
elevated potassium with intravenous calcium gluconate or
calcium chioride and lowering the serum level of potassium
with sodium bicarbonate and/or administration of regular insu-
lin and glucose. Hypokalemia does not usually become clini-
cally evident until the serum potassium concentration is less
than 2.5 meg/L. and at these levels it can be associated with
severe ventricular tachyarrhvthmias. Another consequence of
potassium depletion is metabolic alkalosis as the hydrogen
ions replace potassium ions within the cells. Hypokalemia is
treated with the intravenous administration of KCl at a rate
of no more than 10 to 15 meg/h. The serum potassium rises
approximately 0.1 meg/L for each 2 meq of KCI administered.
Large doses of KCl should be administered by a central venous
catheter because of the caustic effect of potassium on peniph-
eral veins.

Hypomagnesemia

Hypomagnesemia is common following cardiac surgery using
CPB. Magnesium mimics potassium in its effects on the elec-
trical activity of the heart. The cause of the hypomagnesemia
is unknown, but it is probably multifactorial. Many patients
will be hypomagnesemic preoperatively due to the use of loop
diuretics. thiazides. digoxin. or alcohol and to the effects of
type | diabetes mellitus. Magnesium is usually lost in the
urine during CPB. Patients with postoperative hypomagne-
semia develop atrial and ventricular dysrhythmias more fre-
quently and require more prolonged mechanical veatilatory
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THERAPEUTIC
CONTROVERSIES

Edited by Dennis F. Thompson
and Marsha A. Raebel

CONTROVERSIES IN CARDIOPULMONARY RESUSCITATION:
PEDIATRIC CONSIDERATIONS
Rosalie Sagraves and Claudia Kamper -

ABSTRACT: This article addresses some therapeutic controversies
concerning medicatons that may be needed during advanced pediatric
life support (APLS) and the routs of administration that may be
selected. The controversies that are discussed include the appropriate-
ness and selection of various routes for drug administraton during
APLS: the determinarion of whether epinephrine hydrochloride is the
adrenergic agent of choice for APLS and its appropriate dose: treatment
of acidosis associated with a cardiopulmonary arrest: recommendations
for awopine sulfate doses; and the role. if any, of calcium in APLS.
Background information differentating pediarric from adult cardio-
pulmonary arrest is presented to enable the reader to have 2 better under-
standing of the specific needs of children during this life-threatening
emergency. The article also presents an overview of various drugs used
for APLS and a table of their rypically recommended doses and routes
of administration.

DICP Ann Pharmacother 1991:25:760-72.

CHILDREN WHO EXPERIENCE CARDIAC ARREST typically have
a poor prognosis.™ Pediatric survival rates from cardiac ar-
rests that occur in the prehospital setting average 7 percent
(3 percent if arrests were unwitnessed and 15 percent if wit-
nessed by paramedics).? Such figures are low when com-
pared with an overall survival rate of 20 percent for adults
who experienced cardiac arrests in a similar setting.* From
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time of cardiac arrest to eventual hospital discharge, sur-
vival rates for pediatric patients typically have ranged from
5.5 to 21.0 percent when the arrest occurred in a hospital.!
Recently, more optimistic survival rates have been report-
ed for pediatric patients who experience cardiac arrest. In a
prospective study evaluating the use of high-dose IV epi-
nephrine hydrochloride (0.2 mg/kg) for pediatric cardiac
arrest, Goetting and Paradis reported that 40 percent of the
pediatric patients (8/20) survived to be discharged from the
hospital. Goetting and Paradis stated that all cardiac arrests
had been witnessed and all 20 patients received cardiopul-
monary resuscitation (CPR) and appropriate medications
within seven minutes after the arrest began.® These same
investigators previously published a senes of case reports
in which four of seven patents survived to be discharged
from the hospital after receiving at least one dose of epi-
nephrine 0.2 mg/kg IV during prolonged CPR.¢ Survival
rates from pediatric cardiac arrest must be differentiated
-from those for respiratory arrest, because overall survival
rates from the latter may be higher (17-55 percent).!
Reasons for poor pediatric survival rates after cardiac
arrest include the inability of bystanders in the prehospital
setting to respond to what is happening to the child, the
lack of trained paramedics who can recognize and handie
the pediatric cardiac arrest patient, and a diversity in the
ctiologies for cardiac arrest in children. Other reasons in-
clude the evolution of cardiac arrest from respiratory arrest
in many children, a high incidence of asystole, and possi-
bl the receiving of inadequate epinephrine doses.1254
Etiologies for cardiac arrest in infants and children comn-
monly include near-drowning, infection. sudden infant
death syndrome. poisoning, trauma, asphyxia, and aspira-
tion of a foreign body.
Asystole and bradyarrhythmias account for approxi-
mately 80-90 percent of all arrhythmias reported in chil-
dren who experience cardiac arrest. whereas all ventricular
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arrhythmias account for an additional 10 percent.>® This
percentage differs from cardiac arrests that occur in adults,
in whom ventricular fibrillation is more common.? Chil-
dren are more likely to experience a bradyarrhythmia or
asystole because many pediatric patients have respiratory
arrest prior to cardiac involvement. Respiratory arrest can
cause significant hypoxia and acidosis, which may lead to
a bradyarthythmia, asystole, or cardiac arrest.

In this article we review many aspects of pharmaceuti-
cal intervention in pediatric CPR or advanced pediatric life
support (APLS). We emphasize areas of therapeutic con-
troversy, including methods for drug administration, the
selection of the best adrenergic agent for initial administra-
tion during CPR, and the appropriate dose for the adrener-
gic drug and its route of administration. We also discuss
the treatment of acidosis; recommendations for pediatric
atropine sulfate doses; the role, if any, of calcium in cardi-
ac arrest; and the place of other pharmaceutical agents that
may be used during APLS. The information presented here
1s based on adult patient and animal data as well as pedi-

atric literature, because little specific information about

drugs used for APLS is available.

Methods for Drug Administration
Peripheral and central IV routes traditionally have been

used to deliver drugs needed for resuscitation. Difficulty.

obtaining venous access during CPR, particularly in in-
fants and children, is a significant problem facing health-
care professionals. Endotracheal (ET) and intraosseous
(10S) routes have therefore been suggested as viable alter-
natives to peripheral or central venous access. Changes in
administration techniques for drug delivery during car-
diopulmonary resuscitation are continually being invest-
gated to achieve better patient outcomes, but controversy
often surrounds technique modifications until they are ade-
quately shown to be beneficial. Additionally, effective dos-
es of drugs used routinely during resuscitation remain con-
troversial as alternative routes for drug administration are
endorsed.

ENDOTRACHEAL DRUG ADMINISTRATION

Several drugs used for APLS can be administered via
the ET route (Table 1). Theoretically, in addition to the
availability of rapid access, this route may be advantageous
because of the rapid absorption and distribution of drugs to
the arterial tree.® An extensive pulmonary surface area
with perfusion makes this route suitable for the administra-
tion of drugs exhibiting physical and chemical properties
that allow them to be absorbed across the alveolar-capillary
membrane. Comparisons of this route to IV administration
have been made by several investigators who have shown
similar times to reach peak drug concentrations, but who
also have shown significantly decreased concentrations
(10--33 percent) and associated poor clinical responses. 41
A depot effect also may occur, which may result in a de-
layed, exaggerated pharmacologic response, such as hy-
pertension with epinephrine.’¢? Thus, the optimal dose to
provide equivalent clinical response remains to be deter-
mined for all drugs used endotracheally. Delivery tech-
niques for optimal drug absorption, presumably via the
small airways, have not been thoroughly smdied. Drug di--
lution with saline has been suggested to enhance delivery
to small airways, as well as minimize detrimental effects
on arterial blood gases.’ Alteatively, the dose of drug
may be given followed by a saline bolus. Chernow et al.
found that intratracheal administration of epinephrine
1:10000 as a S-mL aliquot instilled down the ET tube pro-
duced significantly increased plasma epinephrine concen-
trations above baseline within one minute of administra-
tion.®

Diluent selection also may be important when using the
ET route for drug administration. Redding et al. compared
equivalent doses of undiluted epinephrine ET with epi-
nephrine ET diluted to 10 mL with either water or saline in
a canine arrest model. They found water to be the superior
diluent, presumably because of better absorption by the
lung.® Water, however, may cause depression of pH and
pO; and elevation of pCO,. The reader is directed to a re-
view of ET administration of drugs commonly used in
CPR for further information. 2

Table 1. Drug Dosing Guidelines for Pediatric Cardiopulmonary Resuscitation?

DRUG BOLUS DOSE ROUTE CONTINUOUS INFUSION DOSE REMARKS
Avtopine sulfare 0.02 mg/kg IV, ET. 108 NR minimum dose of 0.1 mg should be given to
’ avoid paradoxical bradycardia
Bretvlium tosyiate Smg/kg v NR patient should be monitored closely for
hypotension
Calcium chloride 20 mg/kg v NR administer slowly
Dobuwamine HC] NR v initiate at 510 pg/kg/min; ttrate to effecy;
: maximum 20 pg/kg/mi
Dopamine HC1 NR v iniuate at 510 pg/kg/min; trate to effect; administer through central line; extravasation
maximum 20 ug/kg/min may be treated with phentolamine ? use of
: the JOS route has been reported®
Epinephrine HC] 0.01 mg/kg IV, ET. 108 initiate at 0.1 ug/kg/min; titrate to effect;
maximum ] pg/kg/min
Lidocaine HCI 1 mg/kg IV,ET. 108 initate a1 20 ug/kg/min; maximum 50
ug/kg/min
Naloxone HCl1 0.1 mg/kg v may be sdminisiered as a contnuous infusion -
in place of repeat boluses; 0.04-0.16 - .-
"
Sodium bicarbonate 1 mEg/kg v also may be given by slow IV infusion pot recommended to be given by ET route

because of volume necessary; infuse slowly;
use of the ]OS route has been reportedili

ET = eadotracheal; HCl = hydrochlaride; 10S = intraosseous; NR = not recommended.
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INTRAOSSEOUS DRUG ADMINISTRATION

The techniguc of 10S delivery was first used clinically
e 1940s.
.aniques for long-term venous access were developed,
and only recently has it been recognized for its benefits in
CPR. Despite advancements in IV access techniques, ease
and speed of gaining IV access during CPR is difficult and
time consuming. A review of time required for gaining IV
access in pediatric arrests reveals a significant delay of
greater than ten minutes in 24 percent of patients and fail-
ure to gain IV access in 6 percent of patients. Those with
successful CPR outcomes tended to have earlier IV ac-
cess.® Therefore, rapid achievement of IV access appears
to be critical to the success of resuscitation efforts.

The 108 route has the advantage of being rapid.! easy
to master,"124% and applicable to both the prehospital and
emergency department settings. 2 It allows for fluids.
medications, and blood products to be administered. 3%
Epinephrine,? sodium bicarbonate,'* atropine.!=* dopa-
mine hydrochloride,? diazepam,? isoproterenol hydrochlo-
ride, " pancuronium bromide,! phenytoin sodium.!'* phe-
nobarbital sodium,! succinyicholine chloride.® dexameth-
asone sodium phosphate, lidocaine hydrochlonide. hepann
sodium. diazoxide,® and antibiotics* are some drugs that
have been delivered intraosseously. Table ] contans a hist
of drugs that have been administered intraosseousiy dunng
APLS. Intraosseous infusions are indiczted in emergent
situations when peripheral or central I'V access s unsuc-
cessful or would waste valuable time. Protocols have been
developed that provide guidelines for the use of the 10S

sute. Some advise trying two quick attempts at peripheral
1V access before attempting the IOS route.2* and another
suggests using the IOS route after five minuies of resusci-
tative efforts without successful placement of a penipheral
cannula '

The characteristics of 10S delivery have been shown 10
be simiiar to IV drug delivery with minimai alter:uons ear-
ly in delivery.® Following confirmation of needle place-
ment (see References 25, 27, 29, and 30 for techmques for
placing lines), fluid delivery may initially be sluggish be-
cause of obstruction of the needle by marrow contents. 3
A saline flush may be used to clear the needle in prepara-
tion for a constant infusion. Achievable flow rates for the
1OS route may be somewhat lower than those for the pen-
pheral IV route; therefore, this route may not be optimal
for volume resuscitation.® Rapid or slow adminisgaaon of
drugs intraosseously results in disposition similar to that for
IV delivery.® Peak drug concentrations, although shghtly
delaved. within minutes are equivalent 1 IV injecuon and
remain elevated somewhat Jonger because of a depot effect
of the marrow cavity. A saline flush may further enhance
drug delivery by displacing the drug from the cavity into
the venous circulation surrounding the bone.*

The complicarions associated with this route of adminis-
tration cver the years have been thoroughly reviewed by
Rosetti et al.7” The most frequent compiicadon ciiec by
these authors was osteomyelitis (0.6 percent; 27/4270 infu-
sions), which apparently was related to preecisting bacte-
remia, hypertonic fluid administration, and prolonged du-
ration of IOS catheter use.?37 Other reported complica-
tions include improper placement of the needle resulting in
extravasztion of fluid or medication, failure to penetrate the
marrow cavity, clotting of the needle, abscess, local celluli-
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It subsequently met with mixed success as

tis, and pressure necrosis. Fat and bone marrow emboli to
the lungs have been reported in antopsy specimens from
two pediatric patents, but in a controlled trial in the canine
model, the presence of pulmonary fat emboli did not appear
to comprormise the resuscitative effort or clinical outcome.®
True contraindications to the IOS route exist and include
fractures, bone disorders such as osteogenesis imperfecta,
cellulitis, or burns at the site.” Preexisting bacteremia may
also be a contraindication. The IOS route appears to be an
important access route in the emergency pediatric setting
and it may become more widely used in the funire.

Medications Administered During Cardiopulmonary
Resuscitation

EPINEPHRINE (ADRENALIN)

APLS guidelines recommend using epinephrine for a pe-
diatric patient who has a sustained cardiac arrest; for stabi-
lizing the arrested child after cardiac rhythm has been re-
stored but whose blood pressure, perfusion, or cardiac
rhythrn remains unstable; or for a child who is hypotensive
with inadequate cardiac output ™ Epinephrine use in these
situations is not controversial, but controversy does sur-
round dosage selection and the route of administration.
The opdrmal choice of adrenergic agent also has been con-
troversial.

Epinephrine is a catecholamine that possesses alpha-
and beta-adrenergic properties. Its desired pharmacologic
actions for teating cardiac arrest include establishment of
an effective coronary artery perfusion pressure, with pref-
erential coronary and cerebral blood flow; improved myo-
cardial conrractility; stimulation of spontaneous myocar-
dial contractility; and increased myocardial susceptibility
to electrical defibrillation L7240 -

The optmal epinephrine dose or dosage range needed to
achieve these desired effects is currently under debate for
both children and adults.®44-4 Goetting and Paradis have
raised the issue of whether IV doses of epinephrine 0.01
mg/kg for infants and children, as recommended in APLS
guidelines, are suboptimal for pediatric CPR.*# Some re-
searchers have questioned whether the doses of epineph-
rine 0.5-1 mg IV (approximately 7-15 pg/kg when calcu-
lated for a 70-kg-patient) that are recommended by ad-
vanced cardiac life support (ACLS) guidelines are adequate
for adults.** The results from several animal resuscitation
studies, as well as human adult case reports and prelimi-
nary studies, indicate that higher epinephrine doses than
are currently recommended in ACLS guidelines may be
required for cardiac resuscitation.*44= Questions that need
to be answered include whether all patients who experience
cardiac arrest need higher epinephrine doses for resus-
citation and, if such doses are instituted, whether they will
be more beneficial than harmful when compared with stan-
dard doses.

Animal studies offer insight into the controversy over IV
epinzphrine dosaze during CPR. Redding and Pearson ob-
served that doses of epinephrine 1 mg were needed to re-
suscitate dogs following cardiac arrest, but it must be re-
membered that these 1-mg doses were adniinistered to dogs
that weighed 6.5~14 kg (approximately 70-150 pg/kg). =%
Kirimili et al. found that epinephrine 50 pg/kg was needed
to resuscitate study animals,* whereas Kosnick et al. ob~
served that increasing epinephrine doses from 15 to 150
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ng/kg elevated aortic diastolic pressures and prolonged epi-
nephrine’s effectiveness in dogs being resuscitated.® Brown
et al. have published animal studies evaluating the effects
of epinephrine on regional myocardial and cerebral blood
flow.552 In two studies, epinephrine was administered in
doses of 0.02, 0.2, or 2.0 mg/kg IV to swine that had expe-
rienced ventricular fibrillation. The 0.2- and 2.0-mg/kg dos-
es increased myocardial and cerebral blood flow, whereas
the dose of 0.02 mg/kg did not %=

Goetting and Paradis compared 20 children enrolled-in a
prospective study who received high doses of epinephrine
(0.2 mg/kg IV) during pediatric CPR to 20 historic con-
trols (matched for age, vasopressor use, time to CPR, and
time to the first dose of epinephrine) who received stan-
dard doses of epinephrine (0.01 mg/kg IV) under similar
conditions. All of the children in the prospective group had
failed at Jeast two standard IV epinephrine doses prior to
study enroliment. Fourteen children had a return of sponta-
neous circulation within five minutes after high-dose epi-
nephrine, whereas none of the historic controls responded
to standard epinephrine doses. Additionally, eight of the
patients enrolled in the prospective study survived 1o hospi-
tal discharge.® Goetting and Paradis also published an arti-
cle describing four children, out of a total of seven, who ul-
timately were discharged from the hospital after receiving
at least one dose of epinephrine 0.2 mg/kg IV during pro-
longed CPR ¢

Because pediatric experience with high-dose IV epi-
nephrine administration is limited, the following informa-
tion gained from experiences in adults may be helpful. Epi-
nephrine doses of 70-140 pg/kg IV were used by Koscove
and Paradis to resuscitate two patients unresponsive to
standard epinephrine doses during prolonged CPR. Both
patients had a return of spontaneous circulation. but only
one survived to discharge.** Gonzalez et al. reported a dose-
response pressor effect on both systolic and diastolic blood
pressure in ten adults who received increasing doses of epi-
nephrine 1, 3, and 5 mg IV at five-minute intervals. All of
these patients had experienced prehospital cardiac arrest
and were still in arrest upon hospital arrival. None of them
had spontaneous circulation after receiving epinephrine 3
mg: one responded to the S-mg dose but expired shortly
thereafter.® Martin et al. reported that four patients who did
not respond to standard IV epinephrine doses prior to hos-
pital admission, and who arrived in the emergency depart-
ment with nonperfusing rhythms of at least 20 minutes’ du-
ration, attained systolic blood pressures ranging from 134
t0 220 mm Hg within five minutes after receiving doses of
epinephrine 0.12-0.22 mg/kg IV. All four patients had se-
vere brain damage secondary to prolonged CPR and brain
ischemia; none survived to hospital discharge.® Paradis et
al. reported that high-dose epinephrine (02 mg/kg) admin-

" istered to 32 patients with cardiac arrest refractory to ACLS

(including multiple doses of epinephrine 1 mg I'V) resulted

in increaszs of coronary perfusion pressures by 11.3 £ 10.0
mm Hg compared with increases of 3.7 £ 5.0 mm Hg after

stand-wrd epinephrine doses The investigzters stated that
the use of kign doses of epinephrine would be more Lkely
than standard doses to increase coronary perfusion pres-
sure to at least 15 mm Hg, which is needed to adequately
perfuse the coronary arteries.*

Epinephrine administered in high doses may or may not
be detrimental to patients being resuscitated; this is difficult

Pediatric Cardiopulmonary Resuscitation

to determine. Catecholamine administration has been as-
sociated-with vascular injury and a type of myocardial in-
jury called contraction band necrosis. This latter injury was
reported to occur more frequently in pediatric patients who
nzceived catecholamines during unsuccessful resuscitation
efforts than in those who did not receive epinephrine, but
this type of damage can also occur after myocardial isch-
emia and sudden cardiac death 555 Thcorencally, high
doses of epinephrine used during CPR could increase my-
ocardial oxygen demand more than oxygen delivery. This
would be especially derimental to the myocardium if isch-
emia and an arrhythmia such as ventricular fibrillation,
which increases oxvgen demand, already existed.* Case
reports of epinephrine overdoses in patients not needing
CPR have noted adverse effects such as pulmonary edema,
hypertension, cardiac ischemia, hypokalemia, and hyper-
glycemia s1940

Callaham et al. reported that there were no significant
differences in the incidence of hypcrtcnsmn. pulmonary
edema, an'hythmm, new ischemic changes in electrocardi-
ogram, Creatine kinase concentrations (total or myocardial
band),-or glucose, bicarbonate, potassium, and magnesium
serum concentrations among adults receiving high-dose IV
epinephrine (cefined as a single IV dose 250 pg/kg or a to-
tal dosage of 2.8 pg/kg/min) and those who received stan-
dard doses (doses lower than hlgh-dosc epinephrine). Only
lower serum calcium concentrations were noted in the high-
epinephrine group. The authors concluded that patients
who received higher epinephrine doses during CPR did not
expernience a greater incidence of epinephrine-associated
complications, because there may have been a “down-regu-
lation of adrenergic receptors, altered sensitivity to cate-
cholamines at different stages of cardiac arrest, and altered
pharmacokinetics during cardiac arrest.”* Although the re-
sults from this study present evidénce that high-dose epi-
nephrine may not increase patient risk, it should be noted
that the study was a nonrandomized, retrospective one in
which no epinephrine dosage stratification was done prior
to analysis. In addition, only a limited number of patients
qualified for analysis (33 in the high-dose group, 35 in the
standard-dose group), and those who did not survive for at
least six hours after resuscitarion were not included. %

The optimal epinephrine dose for pediatric patients who
require CPR is currently unknown, and whether the dose
should be the same for all patients requiring CPR is debat-
ed Some patients respond quickly to low doses of epineph-
rine whereas others, especially those without adequate per-
fusion, may require high doses of epinephrine either initial-
ly or after they fail to respond to standard doses of epineph-
rine. Goetting and Paradis support the use of high doses of
epinephrine (0.2 mg/kg IV) after a pediatric patient fails to
respond to two standard doses.* Brown and Kelen urge cau-
tion regarding this recommendation because patients in the
study by Goetting and Paradis had various etiologies for
their cardiac arrests (€.g., asphyxia, aspiration, sepsis, hypo-
volemia, trauma, sudden infant death syndrome) and none
sustained arrest secondary o underlyirng cardiac disease.
Brown and Kelen recommend that high-dose epinephrine
should not be routinely -used-until more information is
available &

Studies are needed to determine whether the administra-
tion of higher epinephrine doses early in resuscitation can
make a difference not only in a patient’s cardiac outcome
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but also in his neurologic status before high-dose epineph-
rine can be used on more than an experimental basis. A
ive, muiticenter study currently is being conducted
che Ohio State University and the University of Pitts-
vurgh to compare the efficacy of various doses of IV epi-
nephrine for adult cardiac arrest in a prospective manner.
When completed, such a study should provide additional
information to answer the questior of whether high-dose
epinephrine has a place in cardiac resuscitation %

Epinephrine as a continuous infusion also has been rec-
ommended for cardiac arrest.! Animal studies using epi-
nephrine infusions of 4 pg/kg/min (doses much higher than
the 0.1-1.0 pg/kg/min rates for epinephrine infusion cur-
rently recommended for pediatric patients) after initial
loading doses have shown favorable outcomes on_myocar-
dial and cerebral perfusion and blood flow.®& Callaham
has stated that continuous infusions of IV epinephrine may
be 100 slow or too unpredictable to adequately deliver de-
sired concentrations of epinephrine to patients who have
poor perfusion @ Further smidies are needed 1o determine if
continuous epinephrine infusions are effective in patients
who have experienced cardiac arrest, and if so, what admin-
istration rate would be most appropriate.

Animal and human studies have been performed to help
decide which adrenergic agent is most appropriate for use
during CPR. Using animal studies, Redding and Pearson
observed that phenylephrine and methoxamine (pure al-
pha-adrenergic agents) were as efficacious as epinephrine
for cardiac arrest 85 Additonally, alpha- and beta-adrener-
gic blockade studies by Yakaitis et al.* and Otto et al.&
suggest that it is the alpha-adrenergic properties of epineph-
rine, and not its beta effects, that are responsible for re-
storing circulation during CPR. If alpha effects are more
important than beta effects for cardiac resuscitation then,
during CPR. one would expect pure alpha-adrenergic drugs
to be more effective than epinephrine, which has mixed al-
pha and beta activity.

Two studies in human adults have further addressed this
issue. In a double-blind study, Turner et al, showed no dif-
ference in the survival of 80 adults who received ACLS-

indicated doses of either epinephrine or methoxamine after

cardiac arrest. (The authors considered epinephrine 1 mg
equivalent to methoxamine 10 mg.) Patients were evaluat-
ed for survival for less than one hour, 1-6 hours, 6-12
hours, 12-24 hours, and longer than 24 hours.* In a ran-
domized study, Olson et al. showed a higher resuscitation
rate for patients who received epinephrine 0.5 mg IV after
ventricular fibrillation (n=51) than for those who received
methoxamine 5 mg IV (n=51); i.e., 49.0 and 275 percent,
respectively (p<0.02). Those in the epinephrine group re-
ceived 2.8 £ 1.3 doses during resuscitation whereas those in
the methoxamine group received 3.1 £ 1.4 doses (p<0.02).
Of those iu the epinephrine group, 19.6 percent were dis-
charged alive, whereas in the methoxamine group 7.8 per-
cent survived to discharge (p<0.08).¢

Tlie setection of tixe most appropriute adrenergic agent 1o
be used during CPR has been addressed in animal studies
in which epinephrine, when used for cardiac arrest, was
compared with the alpha,-selective adrenergic agents meth-
oxamine and phenylephrine 47 Brown et al. compared IV
epinephrine and methoxamine in two animal studies. Epi-
pephrine 0.2 mg/kg administered to swine that had experi-
enced ventricular fibrillation resulted in better defibrillation

outcomes and increased myocardial and cerebral blood
flow when compared with methoxamine administered in
doses of 0.1, 1, or 10 mg/kg. Epinephrine did not produce
these same results when doses of 0.02 mg/kg were admin-
istered. ## Studies also were performed to compare epi-
nephrine 0.2 mg/kg IV with phenylephrine 1 or 10 mg/kg
administered to swine as previously explained. ™" Regional
cerebral blood flow was increased in animals receiving
epinephrine when compared with those receiving phenyl-
ephrine 1 mg/kg; there was no difference in cerebral flow
when animals receiving epinephrine were compared with
those receiving phenylephrine 10 mg/kg (p<0.05).®Ina
second study, animals receiving epinephrine demonstrated
better regional myocardial blood flow than did those receiv-
ing phenylephrine. Additionally, 80 percent of the swine
given epinephrine were resuscitated whereas none in the
phenylephrine group survived.” Briliman et al. demonstrat-
ed no difference in neurelogic or cardiovascular outcomes
in dogs that received either epinephrine 1 mg or phenyle-
phrine 10 mg IV after cardiac amrest™

Although epinephrine possesses alpha- and beta-adrener-
gic activity, it appears to be the adrenergic agent of choice.!
Better survival rates after epinephrine administration have
been demonstrated in several previously discussed stud-
ies.#7 These rates may occur because epinephrine has both
alpha, and alpha, effects (exhibited at high doses) whereas
phenylephrine and methoxamine are pure alpha,-agonists.
Alpha,-receptors are predominant in the walls of resistance
blood vessels, whereas alpha,-receptors are located near the
lumen of these vessels. Furthermore; alpha,-receptors “ap-
pear to be activated primarily by neuronally-released nore-
pinephrine, whereas the alpha,-receptors are activated by
circulating catecholamines.”™ Therefore, if the effect of
circulating catecholamines predominates over neuronally
released catecholamines during cardiac arrest, then epi-
nephrine may be more beneficial. This appears to be rea-
sonable because Brown et al. have shown that epinephrine,
more than phenylephrine and methoxamine, increases my-
ocardial oxygen delivery over myocardial oxygen con-
sumption; this results in increased blood flow to various
regions of the heart and brain. %™ The initial use of dopa-
mine or dobutamine as a catecholamine of choice rather
than epinephrine will be addressed later in the dopamine/
dobutamine section of this article.

Epinephrine has been administered intravenously, endo-
tracheally, and intraosseously. Because the efficacy of ET
administration appears to be dependent on dose, patient
(prehospital or hospital use), and technique, this route does
not appear to be the preferred method for epinephrine ad-
ministration 14151%.7% For epinephrine administration, the
10S route appears to be an excellent alternative to the IV
route for the pediatric patient who may not have an [V line
in place at the time of cardiac arrest or in whom starting an
IV is difficult either peripherally or centrally.®? (See Table
1 for dosing information.)

SODIUM BICARBONATE

Inadequate ventilation in combination with pooar tissue
perfusion during cardiac arrest often results in a mixed res-
piratory and metabolic acidosis. Management of acidosis in
this setting is an area of therapeutic controversy for those
caring for pediatric patients. (o 8 b
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In the past, sodium bicarbonate (NaHCO,) was routine-
ly administered for the correction of acidosis because bi-
carbonate is a physiologic buffer that can increase arterial
pH. Current literature suggests that buffering occurs only
when the carbon dioxide (CO,) that is generated from bi-
carbonate’s interaction with excess hydrogen ions can be
adequately removed by the lungs.*” This situation pre-
sents a major problem for pediatric patients who experience
cardiac arrest, because many of these infants and children
have underlying pulmonary disease and experiencc respira-
tory failure prior to cardiac arrest.? These patients have a
decreased ability to eliminate CO,, and administered bicar-
bonate has a propensity to transiently produce hypercap-
nia. Thus, because of their underlying pulmonary prob-
lems, intubation, effective ventilation, and adequate chest
compression are more important for correcting acidosis
and hypoxemia in these patients than is bicarbonate ad-
ministration. 77

In metabolic acidosis assocxated with cardiac arrcst. in-
tramyocardial pCO, concentrations are elevated and intra-
cellular pH is decreased. A similar process also occurs in
the brain. Apparently, only adequate tissue perfusion can
correct these problems.™ Bicarbonate adrinistration with-
out satisfactory ventilation and perfusion has been shown
to worsen intracellular and cerebrospinal fluid acidesis.
This deterioration occurs because CO; diffuses across cell
membranes more rapidly than bicarbonate ions, and in-
creased CO, cellular concentrations may lead to alterations
in neurologic and myocardial function. "

Maintaining adequate ventilation to combat acidosis has
been demonstrated in newborn dogs. Steichen and Klein-
man studied the effects of IV NaHCO, on pH, PaCO,, and
Pa0, in 36 hypoxic, acidemic newborn dogs that were di-
vided into four groups. Group I was hypoventilated with
100% O, and received NaHCO, 2 mEq/kg IV over three
minutes; Group II received NaHCO, in the same manner
but was hypoventilated on room air; Group III received an
equivalent dose of IV NaHCQ, over three hours and was
hypoventlated on room air; Group IV (control group) was
hypoventilated on room air and received IV D5W instead
of NaHCOQ,. Only animals in Group I maintained their pHs
over the three-hour study period; the remainder dropped
their pHs by 0.15-0.3 pH units (least reduction occurred in
Group IV). Groups I and II experienced the greatest initial
elevations in PaCO,, but then the PaCO, in Group I ani-
mals declined. Only Group II animals demonstrated a sud-
den fall in PaO,. The investigators concluded that when
NaHCO, was administered to acidotic, hypoxic animals

* who were hypoventlated, a closed system was established

in which CO, was retained.® The effect of bicarbonate in a
closed system was most significant for Group II animals,
but Group II and Il animals had a more severe course than
the controls. Group I animals, which were well oxygenated,
had the best outcome, thus dcmonstrating the importance of
maintaining adequate oxygenation to combat acidosis. Ad-
ditionally, Jefferson et al. observed no difference in out-
come of severely acidotic neonatal swine that received IV
eoinephrine and adequate ventilation versus those that re-
ceived NaHCO, 1 mEg/kg in additon to the previously
mentioned treatment modalities.®

The routine use of NaHCO, is no longer recommended
for pediatric patients who experience cardiac arrest X"
NaHCO, should only be administered after recommended

Pediatric Cardiopulmonary Resuscitation

interventions including cardiac compression, ventilatory
support, defibrillation, and epinephrine administration have
been employed and the arrest is prolonged (>10 min).™»
NaHCO, administration early in CPR may be beneficial in
certain situations (e.g., patient has a preexisting acidosis),
but such use should be individualized and not routine. Al-
though controversial, NaHCO, administration also may
benefit parients experiencing lactic acidosis. ™28

Conversely, excessive bicarbonate administration can
shift the oxyhemogjobin saturation curve to the left if meta-
bolic alkalosis occurs, which can impair oxygen delivery to
various tissues.! Bicarbonate has been shown to depress
myocardial function, and cardiac arrhythmias may result
from bicarbonate-induced alkalosis.” Serum potassium
concentrations may be lowered as potassium is shifted in-
tracellularly; ionized plasma calcium concentrations may
be decreased, and serum sodium concentrations may be in-
creased (because of the sodium content of the preparation).!

Periventricular and intraventricular hemorrhages have
been reported in immature neonates who received hyperos-
molar bicarbonate solutions.”#2 Lou et al. have demon-
strated that stressed neonates lose autoregulation of their
cerebral blood flow.*® This leaves the immature cerebral
perfusion and vasculamre of the germinal matrix vulnera-
ble to blood pressure fluctuations; the rapid infusion of
NaHCO, has been reported to cause peripheral blood pres-
sure fluctuations, decreased cerebral blood flow, and in-
creased intracranial pressure in these patients. In addition,
hypoxemia and CO, generated from NaHCO; administra-
tion may also dilate cerebral vessels.” Thus, the vascula-
ture of the neonate appears to be more sensitive to bicar-
bonate therapy than the vasculature of adults. Therefore, if
bicarbonate must be administered to a neonate, it should be
given as a 0.5-mEqg/mL (4.2%) solution or less. If only the
NaHCQ; 1 mEqg/mL (8.4%) solution-is available, it should
be diluted in sterile water for injection without preserva-
tives prior to administration. DSW should not be used as a
diluent because it would add to the osmolality of the solu-
tion.

Catecholamines can be inactivated by NaHCO,, and
calcium salts will precipitate when mixed with NaHCQO,.%
To prevent these interactions, I'V tubing used for drug ad-
ministration should be flushed before and after bicarbonate
administration, or separate IV lines should be used.

NaHCO, has been administered intravenously and in-
traosseously after the patient is appropriately ventlated
and other CPR measures are being undertaken.! Animal
studies have shown excellent response of study animals 1o
I0S bicarbonate administration ** In one of these studies,
similar pH changes were demonstrated in approximately
the same length of time after peripheral I'V or 10S infu-
sion.? (See Table 1 for dosing recommendations.)

Not only are there controversies surrounding the use of
NaHCO, for treating-acidosis,-but there also appears 10 be
a controversy as to whether arterial blood gases should be
used to monitor acidosis during CPR. This situation has
arisen because there appears *0 be ¢ disparity hetveen arte-
rial and mixed-venous pHs in animals and patients that
have experienced cardiac arrest-assocjated acidosis.?** Ve-
nous pH may indicate an acidosis whereas an arterial blood
sample reflects a normal pH or an alkalosis. This disparity
may occur because arterial blood gases do not accurately
reflect CO, accumulation in the pulmonary vasculature that
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occurs when CQ, is not adequately removed by the Iungs.
Additionally, mixed-venous blood gases may more accu-
vately reflect tissue perfusion than arterial blood gases; they

2y represent a better way to monitor metabolic acidosis
and its response to therapeutic interventions (including bi-
carbonate therapy).”

Carbicarb (International Medication Systcms) an exper-

imentally used buffering agent that consists of an equimolar
mixture of NatHCO3 and disodium carbonate (Na,CO,)
was formulated to raise blood pH without increasing CO,
production and has been suggested as a possible alternative
to NaHCO, in the treatment of metabolic acidosis.”* It
was hoped that Carbicarb administration would elevate
blood pH while intracellular pH increased, or at least did
not decrease, as occurs when NaHCO, is administered for
metabolic acidosis. Carbicarb also may be a more efficient
alkalinizing agent than NaHCOQ, for an equal sodium
load * It is more stable in solution than NaHCO,; and los-
es CO, slowly when exposed to room air® Additionally,
Carbicarb has the capacity to generate bicarbonate jons not
only from carbonate ion when added to blood but from
CO, in the blood or poorly perfused tissues that may be res-
ervoirs for CO,.

To date, only animal studies have been performed that
address the potential usefulness of Carbicarb in treating ac-
idosis. The results from studies where various rat models
for systemic acidosis or lactic acidosis were used have
shown that Carbicarb administration can increase systemic
and brain pH without increasing blood pCO, when com-
pared with NaHCO, administration, which resulted in de-

creased brain pH and increased blood pCO, while produc- -

ing a systermic alkalosis.? Similar arterial pH and pCO,
results were reported by Sun et al.* Bersin and AriefY, us-
ing a canine model in which animals were made acidotic

by administration of a hypoxic gas mixture, reported im- -

provements in arterial and liver pHs as well as in hemody-
namic and cardiac function following Carbicarb adminis-

tration, whereas the opposite occurred after bicarbonate -

administration.!® Kindig et al. noted that the administra-
tion of Carbicarb or NaHCO, to dogs made acidotic with
hydrochioric acid infusions resulted in systemic alkaliniza-
tion, but only Carbicarb administration did not mcrease
CO, generation. 1 T
Although the previously discussed studies have shown
promising results from Carvicarb administration, 55101
studies using either a swine or canine CPR model have not
shown simnilar benefits #710210 In one study, both Carbicarb
and NaHCO, increascd the systemic pH but not intramyo-
cardial pH in swine that had been subjected to ventricular
fibrillanon. The administration of the buffers (as well as
hypertonic saline used as a control) did not improve myo-
cardial acidosis nor did the administration of any of the
three agents improve myocardial resuscitability.}® In a sec-
ond swine study, 25 miniature swine received Carbicarb,
NaHCO,, or a sodium chloride solution (used as a control)
25er ventricular fibriliator: vas induced. Both buffe-s sig-

nificanty increased the pH and bicarbonate concentrations -

of arterial, mixed-venous, and coronary vein blood, but
only Carbicarb administration resulted in a decreased sys-
temic blood PCO,. Neither buffer, however, decreased
PCO, or lactate content in the coronary veins. Additionally,
resuscitability was no better in animals that received Carbi-
carb (5/8 successfully resuscitated) than in those adminis-
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tered NaHCO, (4/8) or those in the control group (6/9).1@
Blecic et al. compared the effects of NaHCO,. ‘Carbicarb,
and dextrose administration using a canine ventricular fib-
rillation and cardiopulmonary resuscitation model. All
dogs underwent ventricular fibrillation three times and
were treated after each episode with epinephrine and one
of the three agents being tested. Bicarbonate, Carbicarb,
and dextrose were administered in a random order to all
dogs so that each dog served as its own control. There was
o significant difference in the time to recovery (15 min
and 20 * 30 s after bicarbonate administration, 16 min and
23 +43 s after Carbicarb, and 14 min and 2 + 57 s after
dextrose) or the recovery rates after ventricular fibrillation
among the agents used (8/13 after bicarbonate administra-
tion, 10/14 after Carbicarb, and 9/11 after dextrose).”

Although some studies have shown promise for Carbi-
carb administration in the treatment of acidosis, recent ani-
mal studies using ventricular fibrillation and CPR models
have not shown Carbicarb to be more effective than NaH-
CO,. Additional animal studies or prospective studies in
humans undergoing CPR are needed before Carbicarb’s ef-
ficacy in the treamment of CPR-related acidosis can be dafi-
nitely determined.

ATROPINE

Arropine is indicated for the treatment of bradyarthyth-
mias and asystole. Through its parasympatholytic action,
aropine increases activity of the sinoatrial node and atrio-
ventricular conduction. Low doses, however, may cause a
paradoxical parasympathomimetic action that may further
depress automaticity and conducfion 1

Atropine may be useful in the treatment of pediatric pa-
tients who experience bradyarrhythmia with poor perfu-
sion, hypotension, or asystole. Atropine also may be used
to counteract vagally induced bradyarrhythmia sometimes
produced by attempted intubation. In distressed but nor-
motensive infants less than‘six months of age where cardi-
ac output is dependent upon heart rate, bradyarrhythmia
(rate<80 beats/min) should be treated.”

Because bradyarrhythmia can result from hypoxemia,
providing adequate ventilation should precede atropine use.
When atropine is deemed necessary, doses of 0.02 mg/kg
can be administered by the IV, IOS, or ET route (see Tabie
1 for further dosing information). A minimum dose of 0.1
mg should be used to avoid the paradoxical bradycardic ef-
fect. Maximum single doses or cumulative total doses
(0.02 mg/kg repeated q5min) of 1 mg in children and 2 mg
in adolescents should be used.” Although tachycardia mav
accompany atropine use, significant adverse hemodynamic
effects are usually absent.

CALCTUM

Calcium is no Jonger recommended in the ACLS or
APLS guidelines for CPR resulting from asystole or elec-
tromechanical dissociation (EMD).” This change from
those recomcndauonspmmusly_puhhsha&“ ozcurres
because data supporting the use of calcium to reestablish
cardiac function following asystole are lacking; its use for
EMD is questionable.1%+1% Furthermore, adverse effects as-
sociated with excessive calcium administration have been
documented.o312 To date, no data are available that specif-
ically address the benefits of calcium in pediatric CPR or
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the safety of calcium doses that have been used during pe-
diatric CPR3

Several studies have addressed the efficacy of IV calci-
um chloride (CaCl,) administered to adults who experi-
enced cardiac arrest secondary to asystole, EMD, or ven-
tricular fibrillation. Stueven et al. studied 210 prehospital
adult cardiac-arrest victims (129 diagnosed as having asys-
tole and 81 with EMD). Eight of 105 who received IV
Ca(l, for asystole (8 percent) were successfully resuscitat-
ed whereas 8 of 24 (33 percent) who did not receive calci-
um were also resuscitated. Of the 63 patients who received
caicium for EMD, 16 percent were resuscitated; 44 percent
of those who did not receive calcium were resuscitated.
None of the 168 patients who received calcium were dis-
charged from the hospital whereas five who did not receive
calcium were discharged ™

In an uncontrolled study of 480 adult patients who expe-
rienced EMD, ventricular fibrillation, or asystole, a re-
sponse to calcium therapy was observed in 27 patients.
These patients received a mean dose of CaCl, 900 mg as

well as NaHCO, and epinephrine. Only three responders _ _

lived to be discharged. ™
Seventy-three adults with asystole refractory to epineph-
rine, NaHCO,, and atropine were enrolled in a prospective,

randomized, blind study to compare the effectiveness of .

IV CaCl, with saline. Of 39 patents who received calcium,
three were successfully resuscitated; one patient out of 34
in the saline group was resuscitated. None of those resusci-
tated was discharged '

A prospective, randomized, blind study was performed
to compare CaCl, with IV saline in the resuscitation of
adults experiencing EMD in the prehospital setting. All pa-
gents received NaHCO, and epinephrine and were consid-
ered refractory to therapy before randomization into the

* CaCl, or the saline group. Those in the calcium group each

received CaCl, 500 mg. Eight of 48 patients in the calcium
group were successfully resuscitated, but only one was dis-
charged from the hospital. Two of 42 in the saline group
were successfully resuscitated, but neither left the hospital.
Although there was a statstical difference between re-
sponse to CaCl, versus saline (p<0.028), there was no dif-
fererce in mortaliry.*®

Calcium is indicated for hypocalcemia, hyperkalemia,
hypermagnesemia, and for calcium channel-blocker over-
dose.Y For these indications, CaCll, is the preferred salt be-
cause there is more physiologically active ionic calcium
available.!? (See Table 1 for dosing information.)

DOPAMINE/DOBUTAMINE

Dopamine and dobutamine are catecholamines useful in
the postarrest setting to enhance myocardial contractility
and peripheral vascular resistance once circulation has
been restored and respiration supported. Dopamine pro-
duces variable pharmacodynamic responses based upon
the dose used. With infusion rates of 5-15 pg/kg/min, en-
hanced oot tracility aid heart rate primarily occur through
stimulation of beta,-receptors. Alpha-adrenergic sumula-
tior begins to predominate at infusion rates berween 10
and 15 pg/kg/min, which causes peripheral vasoconstric-
tion supporting blood pressure.® Dopamine is used rou-
tinely for cardiovascular support in pediatric patients of all
ages, including neonates #3115 Because dopamine phar-

Pediatric Cardiopulmonary Resuscitation

macology is complex and the point at which various recep-
tor populations are stimulated may vary in individual pa-

- tients, dopamine infusions must be titrated to individual re-

sponse. Adverse effects that may appear at higher doses in-
clude tachycardia, hypertension, and ventricular arrhyth-
mias. Guller et al. retrospectively reviewed experiences
with dopamine in 31 children. Six of the 31 developed ar-
rhythmias associated with dopamine infusions in excess of
10 pg/kg/min; however, doses as high as 75 pg/kg/min
were used without associated rhythm disturbances.’ Cag-
tion must be exercised in patients with preexisting pul-
monary hypertension because this condition may be exac-
erbated. "’ Administration of dopamine is best done using
central IV access, as infiltration of peripheral lines may re-
sult in significant extravasation and tissue damage $138
There is little information about using dopamine for the
initial treatment of cardiac arrest. High doses of dopamine
(40 mg) administered to dogs weighing 12-20 kg pro-
duced a return of circulation in 90 percent or more of the
animals that had undergone either asphyxial or fibriliatory
arrest. These results were similar to those noted for animals
that received doses of epinephrine 1 mg, but animals in a
third group that received dobutamine 50 mg demonstrated
poor recovery (only 2/10 in either the asphyxia group or
the fibrillation group survived).!** In another study, the ef-
fectiveness of dopamine 2.5 mg/kg was compared with
epinephrine 45 pg/kg and no drug therapy (control group)
after either asphyxial arrest or ventricular fibrillation in
swine. Resuscitation of the animals in the asphyxial arrest
group was better after epinephrine administration with all
seven animals surviving, whereas only three of the seven in
the dopamine group and none in the control group sur-
vived. Results were different in the ventricular fibrillation
animals; all animals receiving dopamine were resuscitated
and in a shorter time period than those that received epi-
nephrine. The authors theorized that animals in the ventric-
ular fibrillation group were resuscitated more quickly after
dopamine administration becanse dopamine may penetrate
the sympathetic nerve endings and release stored nore-
pinephrine.’® Gonzalez et al. prospectively enrolled nine
patients who had not responded to standard ACLS therapy
into a group (n=5) that would receive increasing IV doses
of epinephrine (1, 3, and 5 mg) or into a group (n=4) that
would receive dopamine (15 pg/kg/min) in addition to the
epinephrine dosing.1?! Dose-related increases in peak sys-
tolic blood pressure were noted for patients in the epineph-
rine-only group but were not observed in the epinephrine-
dopamine group. The investigators stated that the adminis-
tration of epinephrine alone appears to produce “a dose-
dependent vasopressor response during CPR in humans,”
but patients receiving high doses of epinephrine and dopa-
mine do not receive an additive vasopressor effect .12
Dobutamine exhibits relatively selective beta,-adrener-
gic activity, therefore increasing myocardial contractility
and cardiac output, primarily caused by an increased stroke
volume.!® Heart rate is mildly increased and tlood pres-
sure may increase, decrease, or remain unchanged. In con-
trast to dopamine, dobutamine acts directly on receptors
and does not rely on the release of endogenous catechola-
mine stores. Little published information regarding dobu-
tamine’s effect in pediatric patients is available. Most of
the guidelines for use are extrapolated from adult studies.
Pediatric studies show dobutamine to be an effective ino-
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tropic agent with variable responses in heart rate, systemic
vascular resistance, and pulmonary capillary wedge pres-
svwe. In a group of 33 patents aged 4 weeks to 17 years
¢ "ad either cardiogenic shock or septic shock, Perkin
¢. .. measured hemodynamic responses to dobutamine.
As expected, the cardiac index increased with stepwise in-
creases in dose when compared with preinfusion values.
Those with cardiogenic shock exhibited greater increases

in the cardiac index; however, the difference was not statis-

tically significant. In the subgroup of patients less than 12
months of age (n=10), the cardiac index did show stepwise
increases over baseline ranging from 7 to 18 percent; how-
ever, it did not reach statistical significance. Pulmonary
wedge pressure did show stepwise increases in this same
subgroup and reached statistical significance at the 10
pg/kg/min infusion rate. The most common adverse ef-
fects observed were arrhythmias, systemic hypertension,
and pulmonary edema secondary to increased pulmonary
wedge pressure. A decrease in infusion rate resulted in res-
olution of symptoms.1® Schranz et al. also found signifi-
cant chronotropic effects in pediatric patients receiving in~

fusions of 7.5-10 pg/kg/min. 2 Cardiac output increased -

in all patients, including those less than 12 months of age
(n=6). Clinically, dobutamine may prove useful in low-car-
diac output syndromes in all age groups; however, caution
should be exercised in preexisting pulmonary hyperten-
sion. The general scheme of dosing ttration follows that of
dopamine with an initial infusion of 5-10 pg/kg/min, up to
20 pg/kg/min according to patient response.” Rates in ex-
cess of 20 pg/kg/min are generally of no further benefit,
~~d adverse effects such as hypertension, tachycardia, and
iythmias may increase.!

Although dopamine and dobutamine both have been
used successfully in neonates and infants, some cont-over-
sy exists regarding the preferred agent for this group. ietal
and neonatal animal studies have demonstrated imri:ature
myocardial adrenergic innervation, reduced norepinegarine
stores, reduced norepinephrine uptake and storage czpacity,
and increased beta-receptor sensitivity.!%*1¥ Beciuse of
variability in the maturation of myocardial adrenergic in-
nervation and renal dopaminergic receptor mass, dose-re-
sponse relationships may be altered when compared with
those of older children and adults.’* Dopamine has been
noted to have decreased efficacy in longstanding conges-
tive heart failure or in young infants.’* Therefore, because
dopamine’s inotropic effects depend in part upon indirect
release of norepinephrine in the myocardium, direct ago-
nists may in some instances be preferred.’ The reader is
referred to two articles reviewing this subject in detail 1=4%

LIDOCAINE

Lidocaine, structurally similar to local anesthetics, ex-
erts its antiarrhythmic effect by suppressing automaticity
and spontaneous ventricular depolarization during diastole.
Althongh the need 30 use Yicocaine is infrequent in the pedi-
atric populaticn, it is indicated for ventricular tachycardia
or fibrillation. It also is indicated in hemodynamic: compro-

aise accompanied by ventricular arrhythmias, such as fre-
_aent ventricular premature beats, and other malignant ven-
tricular rhythms.” Bolus doses of 1 mg/kg may be adminis-
tered by the IV, 10S, or ET route (see Table 1) and may be
repeated twice at intervals of 5-15 minutes if necessary.’
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Additionally, a lidocaine infusion of 20-50 pg/kg/min may
be started to maintain therapeutic concentrations. ¥ Infu-
sion rates may need to be decreased in situations resulting
in decreased hepatic blood flow or function, such as shock,
cardiac dysfunction, and known liver disease when lido-
caine clearance is decreased.™! Lidocaine toxicity is mani-

~ fested primarily as central nervous system abnormalities,

such as drowsiness, disorientation, and even seizures that
may result when infusion rates are in excess of clearance
rates. Lidocaine concentrations, therefore, should be moni-
tored closely. Serum lidocaine concentrations of 2-5 pg/mL
generally are associated with efficacy and minimal toxicity.
Concentrations above 6 pg/mL generally are associated
with significant risks of both central nervous system and
cardiac toxicity. If signs of significant toxicity appear, par-
ticularly if early in the course of therapy, the infusion
should be temporarily stopped and then restarted at a lower
rate to avoid significant drug accumulation.

BRETYLIUM .
Although there is little published experience with bre-
tylium in the pediatric patient, and it does not hold the pre-

ferred status over lidocaine as it does in the adult popula-

tion, it may prove useful in cases of failure with lidocaine.
Bretylium, a Class III antiarthythmic agent, has a mecha-
nistn of action uniike that of lidocaine and the Class I anti-
arrhythmic agents. Following uptake by the adrenergic
nerve endings, bretylium has a biphasic effect on the sym-
pathetic nervous systzm.B+* Inigially, catecholamine re-
lease occurs, which may cause transient increases in myo-
cardial contractility 2nd blood pressure. Secondarily, cate-
cholamine relcase is inhibited, thereby increasing the ven-
tricular fibrillzrion threshold. Significant hypotension may
also occur secondary to sympatholytic activiy; therefore,
patients should be closely monitored. Published guidelines
for the use of bretylium in pediatric patients suggest an inj-
tial dose of 5 mg/kg IV followed by a defibrillation at-
tempt. If this atternpt is unsuccessful, the dose may be in-
creased to 10 mg/kg followed by another attempr at electri-
cal defibrillation.}7243413 The ET administration of bre-
tylium was evaluated in the canine model, but was found
to be ineffective in dose:s as high as 20 mg/kg despite the
ust: of a device designeci to ensure site-specific delivery.™

NALOXONE

For completeness, information regarding naloxone use
is included here. Naloxone, 2 pure narcotic antagonist, is
the drug of choice for reatment of cardiorespiratory de-
pression associated with narcotic agonists. It has been used
successfully in the pediatric population to reverse neonatal
respiratory depression caused by intraparturn administra-
tion of narcotics, manage pharmacologic narcotic excess,
and treat accidental narcotic ingestions. The recommended
dose is 0.1 mg/kg IV or ET from birth to § years of age or
up to a weight of 20 kg. A minimum of 2 mg shouild be
used beyond this poiut.™” Pharmacokinet.c smdios in neo-
nates reveal mean plasma half lives of 3.1 £0.5 h in full-

term infants after either a 35-pug or 70-ug dose given by

umbilical vein*** and 1.2 + 0.6 h in a group of 10 prema-
ture neonates receiving 40 pg/kg IV, despite immature glo-
curonidating capability in this pasent population.”” Time
to peak serum concentrations varied from 5 1o 40 minutes
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depending at Jeast in part on route of administration %1%
The minimum effective dose may need to be repeated when
narcotic metabolism is significantly slower than naloxone’s,
which would allow narcotic-induced cadiorespiratory de-
pression to return.}434! Caution must be exercised in the
use of naloxone in the newbomn, as indiscriminate use in
infants of narcotic abusers may precipitate withdrawal in
these infants.’*}¢ Naloxone is available in 0.02-mg/mL
(neonatal), 0.4-mg/mL., and 1-mg/mL strengths. Because
of the large fluid volumes that may be required to provide
doses of 0.1 mg/kg, the use of the neonatal preparation is
no longer recommended, particularly for small neonates.
Moore and Rumack recommend an inital trial dose of 0.01
mg/kg followed two minutes later by 0.1 mg/kg if no clini-
cal response is seen.' Alternatively, a continuous infusion
may be used, particularly in cases of significant over-
dose 1514

Summary

Pediatric cardiorespiratory arrest results in high morbid-
ity and mortality rates. Because of fundamental differences
berween adult and pediatric patients in the usual ongin of
arrest, likelihood of an'hythmxas, difficulry in securing IV
access, and the varying responses to CPR drugs. the ap-
proach to managing the pediatric patient may also be dif-
ferent. Advances have been made in gaining I\’ access. us-
ing the ET route for drug administration and. once again,
using the IOS route for drug therapy. Opurnal doses. how-
ever, still need to be identified for the ET route.

Providing adeguate ventilation is crucial in the pediatric
patient, as respiratory insufficiency is ofien the primary
cause of arrest. Epinephrine remains the imitial drug of
choice in atternpts to restore circulation and may be readily
administered by the ET route as well as by the IV and 108
routes. Epinephrine dosage selection. however. remains
controversial at this ime. NaHCO, use has been himuted by
revised guidelines, and the indications for calciurn adminis-
tration are few. Atropine must be used in adequate doses to
prevent paradoxical parasympathornimetc actvify when it
is needed for bradyarrhythmias or asystole. Postresuscita-
tion support is largely accomplished with catecholamine in-
fusions. The choice of catecholamine is primarily depen-
dent on the bemcdynamics of the individual patient. For
those few situations calling for an antarrhythmic agent. L-
docaine remains the first-line agent. and as expenence with
bretylium in the pediatric patient increases, the indicatons
for its use may change.=
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EXTRACTO

En este anticlo se discuten algunas controversias terapéuticas acerca de
los férmacos que podrian ser necesarios durante la resuscliacion
cardiopulmonar (RCP) pedidtrica y las rutas de administracién que
pueden ser seleccionadas. Enmre las conmroversias discutidas se incluyen:
1a elecci6n apropiada de varias nutas de administracién durante RCP,
determinando si epinefrina es el agente adrenérgico de eleccion para
RCP y su dosis apropiada; tratamiento de acidosis asociada con arresto
wd:opﬂmonrmomdmmdeladomdumpxmydmlde
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calcio, si alguno en RCP. Se presenta informacién que diferencia e
arresto cardiopulmonar pedidtrico con el adulto, de manera que el lector
pueda entender mejor las necesidades especificas de los nifios en esta
emergencia donde 1a vida esta peligro. Ademds, el articulo presenta un
mpasodcvamsdmgasusadastCPyunanbladehsdmscmnms
de adminisracién recomendadas.

WILMA M. GUZMAN

RESUME

Cet article traite de certaines controverses concernant Jes médicaments &
utiliser ainsi que de leurs modes d'administration lors des réanimations

cardiorespiratoires en pédiatrie. Plus pammiculisrement, les sujets discutés
dans cet article sont le choix des voies d’administration des
médicamens, I'utilisation et les posologies de I'épinéphrine, le
traitement de 1'acidose associée aux arréts cardiorespiratoires, les
posologies recommandées d”atropine et le roie du calcium. Afin
d’assurer une meilleure compréhension des besoins spécifiques des
enfants lors d’armét cardiorespiratoires, les ameurs revisent également les
différences majeures entre Jes améts cardiorespiratoires en pédiarrie et
chez les adultes. Finalement, une revue des différents médicaments
utilisés lors des réanimations cardiorespiratoires avec les doses et les
voies d’administration recommandées complitent cet article.
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Cardiopulmonary Resuscitation -

Although resuscitation has been performed for thousands
of years, only in the last century has it been performed
with any measure of success. Despite reports of success
with external chest compression and artificial ventilation
in the late nineteenth century, direct internal cardiac
massage rernained the standard mode of resuscitation until
the value of external chest compression was redescribed in
1960. Basic cardiopulmonary resuscitation has changed
lirtle since then.

Each year, more than 500,000 people die suddenly from
cardiac causes in the United States. Prompt institution of
resuscitative efforts could save many of these lives. Re-
ported success rates for cardiopulmonary resuscitation
vary from 10% to %0%. In general, the success rate is low
among critically ill patients and when institution of resusci-
tation is delayed; the success rate is high among patients in
whom primary ventricular fibrillation is rapidly identified
and treated. In our-of-hospital victims of ventricular fibril-
lation, resuscitation is successful less than 40% of the time.

External chest compression and mouth-to-mouth ven-
tilation are temporizing measures, designed to prevent
irreversible ischemic deterioration while the patient awaits
more definitive therapy. Although no absolute rules pre-
dict the success of resuscitation, the success rate is very
low if basic resuscitation is instituted beyond 4 to 5 min-
utes. If more advanced resuscitative efforts are delayed by
7 to 8 minutes, chances of survival are even lower. In
certain causes of cardiac arrest, particularly hypothermia,
these guidelines do not apply and patients may be success-
fully revived after much longer delays. In general, how-
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ever, time is the most impormant predicror of successful
resuscitation.

Causes of Cardiac Arrést

The most common causes of sudden death are ventricular
tachycardia and ventricular fibrillaton. Other tachyar-
rhythmias, such as atrial fibrillation in the patient with
accelerated atrioventricular conduction, may occasionally
cause sudden death. Bradyarrhythmias are less common
precipitating events; ischemia-induced sinus arrest or
complete heart block are the usual causes.

Other causes of sudden death include primary respira-
tory arrest; electromechanical dissociation (absence of ef-
fective mechanical systole despite persistent electrical
complexes); and acute mechanical lesions, such as massive
pulmonary embolism, acute disruption of the cardiac
valves or great vessels, pericardial tamponade, and myo-
cardial rupeure. Regardless of the cause of cardiac arrest,
the initial approach to the victim is the same.

Mechanisms of Blood Flow

During Resuscitation

The success of cardiopulmonary resuscitation depends in
large part on achieving adequate blood fiow to the heart
and brain. External chest compression was initially de-
scribed as “closed-chest cardiac massage,” implying that
resuscitation-induced blood flow was a result of the heart
being squeezed berween the sternum and spine, mimick-
ing the action of intérnal cardiac compression and propel-
ling blood forward by increasing the intracardiac pressure
above the aortic pressure. However, recent work by many
investigators casts doubt on the validity of this proposed
mechanism. It is now apparent that cardiac output during
sternal compression may be due at least in part to an
increase in intrathoracic pressure during each compres-
sion. According to this hypothesis, the heart acts as 2

continued on page 46
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Wright continued from page 42

conduit for blood flow rather than as a pump. When
intrathoracic pressure is elevated by chest compression,
blood is squeezed out of the thorax. Retrograde flow is
prevented by the cardiac and systemic venous valves, and
possibly by collapse of the systemic veins as they exit from
the thorax. Thus, as intrathoracic pressure rises, blood is
forced from the lungs through the heart and into the
aorta. As pressure on the sternum is released, blood flows
back into the pulmonary vascular bed from the systemic
veins. Flow from the aorta back into the heart is prevented
by the aortic valve.

Evidence for such a flow pattem was originally based on
clinical observarions. Patients with flail chests, in whom
the unstable chest segment precludes the arrainment of a
positive intrathoracic pressure with sternal compression,
were at rimes revived only after stabilization of the chest
wall. Emphysematous patients were not more difficult to
resuscitate despite the increased distance between their
sternum and spine. Coughing, which subsmantally in-
creases intrathoracic pressure, was noted to generate re-
markable cardiac output in the absence of cardiac systole;
in fact, repetitive coughing maintains consciousness in
humans with ventricular fibrillation. Recent attempts to
duplicate the physiology of the cougn by increasing ab-
dominal pressure (with binding, for example) and by in-
flating the lungs simultaneously with sternal compression
have resulted in demonstrable increases in forward blood
flow during resuscitation.

Hemodynamic data also support a role for the “chest
pump” hypothesis. Measured pressures in the great vessels
and intracardiac chambers can be eéqualduring sternal
compression; if forward blood flow were due to direct
squeezing of the heart, intracardiac pressares should ex-
ceed pressures elsewhere in the thorax. In uddition, angio-
graphic and two-dimensional echocardi:graphic views
show that some patients exhibit flow through open mitral
and aortic valves during sternal compression. However,
some investigators have reported eviden:e for direct car-
diac compression, during resuscitation, at least in dogs. In
some patients, either or both proposed mechanisms of
flow could occur.

Supplemental maneuvers, such as abdominal binding,
interposed abdominal compression, and simultaneous
lung inflation with chest compression can further increase:
intrathoracic pressure and carotid blood flow during ster-
nal compression, according to some studies. Recent stud-
ies in animals and humans indicate potentially berter sur-
vival with interposed abdominal counterpulsation during
cardiopulmonary resuscitation, but optimal use of this
technique has not been fully demonstrated.

Technique of
Cardiopulmonary

Resuscitation

Figure 1 is a diagram of the process of cardiopulmorary
resuscitation.

Vendlation. Once a patient is determined to have had a
cardiac arrest, a patent airway must be established. This is
accomplished most quickly by placing the patient in the

supine position and tilting the head back while simulta-
neously pulling the jaw forward and opening the mouth
slightly. These maneuvers preclude airway obstruction by
the tongue and pharynx, and allow inspection of the
pharynx if ventilatory difficulties indicate upper-airway
obstruction.

Mouth-to-mouth resuscitation at a rate of about 12
breaths/min can then be instituted. Adequate ventilation
may be gauged by the presence of chest expansion and the
sounds of the victim’s exhalations. Mouth-to-mouth ven-
tilation is a temporizing measure, as the fractional inspired
oxygen so administered is only 0.17. In a prolonged resus-
citation, this will usually be insufficient to achieve ade-
quate arterial oxygenation. Therefore, the use of a respira-
tor bag and a dghe-firting mask, esophageal airway, or
endotracheal tube is necessary to administer 100% oxygen
if initial actempts at restoring spontaneous ventilation are
unsuccessful Endotracheal intubation also provides a
route for drug administration if intravenous cannulation is
unavailable.

The adequacy of ventilation should be menitored by
arterial blood-gas determinations. Hyperventilation is fre-
quently necessary to compensate for the memabolic acido-
sis often seer. in the patient with cardiac arrest The
arterial pH should be maintained at 7.30 to 7.45. Hypoxia
is invariably present because of intrapulmonary shunting;
therefore, 100% oxygen should always be administered.
Use of high levels of oxygen for brief periods is not
dangerous.

Arterial blood-gas levels are poor indicators of tissue
acid-base status and oxygenation during resuscitation, but
are necessary to assess the adequacy of vendlation and
pulmonary gas exchange, although mixed venous blood
gas levels and end-tidal carbon dioxide levels are much
better measures of tissue perfusion. This disparity is due to
the poor cardiac output achieved during resuscitation.
Such low flow leads to poor delivery of carbon dioxide to
the lungs, with a resultant striking degree of hypercapnia
and acidosis in the tissues and in venous blood. In such
situations, arterial blood gas measurements give insuffi-
cient and potertially misleading information about the
adequacy of tissue perfusion, and usually mask the severity
of tissue ischema.

Upper-airway obstruction due to foreign body aspira-
tion, as in the so-called “cafe coronary syndrome” caused
by the aspiration of food, may be treated successfully by
use of the Heimlich maneuver. The rescuer stands behind
the victim with the fists clenched beneath the victim's
xiphoid process, and delivers a swift thrust upward and
inward. This usually drives the diaphragm up and expels
the blocking agent from the airway.

Circulaton. Adequate circulation must be achieved si-
multaneously with the restoration of effective ventilation.
External chest compression usually produces 25% or less
of the normal cardiac output. This reduced ourput is
directed predominantly cephalad and is often sufficient to
perfuse the brain, at least temporarily. Myocardial perfu-
sion is much less optimal. Coronary blood flow during
resuscitation may be less than 10% of normal. Insufficient
myocardial blood flow is frequently the cause of inability
to achieve a stable cardiac rhythm. This suboptimal flow is
due to the low diastolic bicod pressure (and thus a poor
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r { Unccnscious Victim |

vitnessec arrest
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Assure airway
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Figure 1. The steps instituted during a typical cardiopulmonary resuscitation. If the electrocardiogram reveals
ventricular tachycardia, a chest thump may be attempted. See text for further discussion of the use of the chest
thump, and for dosages and dosing intervals of the various treatment agents named in the figure.

driving force for coronary artery perfusion) artained dur-
ing resuscitation. '

Proper chest compression is important for maximizing
blood flow during resuscitation. The rescuer kneels or
stands beside the victim and places his or her interlocked
hands, one atop the other, on the lower half of the victim's
sternum. The exact position is not critical as long as the
hands are above the xiphoid process (pressure on the

xiphoid may result in ineffective thoracic compression
and/or hepatic lacerations). If sternal placement of the
hands is impossible, positioning of the hands anywhere on
the thorax can be effective. For instance, one hand can be
placed on each hemithorax. Each compression is accom-
plished by depressing the sternum by 4 to 6 cm. This is
most easily done by locking the elbows and leaning over
the victim's chest, thereby transmitting the weight of the

,-17
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upper torso to the hands. A force of 60 to 90 pounds is
usually needed. A firm surface beneath the patient makes
the job easier and more effective, but successful compres-
sions can be performed with a patienr in bed. if necessarv.

The opumal rate, force, and velocitv of chest compres-
sion are controversial. Although earlv observers noted no
significant change in blood flow with rates of 4 to 120
compressions/min, more recent reports indicate a rise in
output over this range. For this reason, a rate of SC o 120
compressions/min is recornmended. The dJduration of
compressions may be important: 30% to &¥: “down-
time” results in improved flow than do briefer periods of
compression Jduring slow rates, but this variable appears to
be less important at faster compression rates. Recent data
show that “high impulse” compression. in which the
velocity of initial chest compression is increased. achieves
higher systolic and diastolic pressures, and superior mvo-
cardial and cerebral perfusion. Chest compression force is
also an important variable: increased force results in a
higher cardiac output. Ventilations should be interposed
berween every fourth or fifth compression. i a rescuer is
alone, this pattern can be modified so thar two ventlations
are administered berween every 12 to 13 compressions. In
sum, a regimen of 80 ro 120 forceful, high-velocity com-
pressions per minute is recommended.

Internal cardiac massage resulits in demonserabiv berter
cardiac output than sternal compression, but s used infre-
quently because it is an invasive technique Nevertheless,
it is indicared in certain cases of penetrating cardiac
trauma; in the postoperative cardiac surgical pauent; in
mechanical lesions such as aortic stenosis. 1n the patient
with a grossly unstable chest; in some patients wath pros-
thetic valves (external pressure applied over prostheric
valve rings may cause cardiac rrauma dunng chest com-
pression); and in patients who have Qied to0 respond 1o
more routine measures,

The precordial thump has a low success rate and is
therefore no longer recommended 1n the unwitnessed
arrest. It may be useful for the patient with witnessed
ventricular tachycardia, in which a single thump may
convert the patient to sinus rthvthm, or the patient with
severe bradvcardia, in which repenitive thumps mav in-
duce sponraneous cardiac conrtractions. From a height of
20 to 30 cm above the victim's chest, the fleshv poruon of
the fist is used to deliver a swift blow to the midsternum.
Conscious patients will not like this maneuver. and alter-
native modes of therapy, such as intravenous hidocaine for
the patient with venricular tachvcardia, should be consid-
ered.

Electrical Cardioversion

and Defibrillation

Direct-current electrical defibrillation is by far the most
useful element in successful cardiopulmonary resuscita-
tion. When instiruted promptly, it has a very high success
rate in a variety of dysrhvthmias. Defibrillators deliver a
monophasic depolarization of several thousand volts over
2 period of about 10 msec. The delivered energy can be
varied up to a maximum of 360 joules (watt-seconds) on
most Jdefibrillators.

The optimal power secting for external cardiac defibril-
lation has been detated. Advocates of high-energy shocks
maintain that bodv weight is a variable in determining the
power requirements for successful defibrillation, but this
has not been borne out bv clinical studies. High-energy
shocks result in increased electrical injury to the myocar-
dium and a higher incidence of post-shock asystole and
atrioventricular block. Current evidence indicates that
200 joules is optimal for initial artempts at defibrillation;
much less energy {10- 30 joules) is usually required for the
conversion of ventricular tachvcardia.

The rechnique of defibrillation is straightforward. The
machine is set to the desired power level and the paddies
are charged. Exact paddle placement is less critical than
ensuring that adequate electrode paste (or saline pads) and
firm paddle pressure are used, since these simple maneu-
vers will maximize the amount of energy delivered to the
victim. One paddle is placed just below the right clavicle;
the other is placed just lateral to the cardiac apex (or below
the left scapula, when a flat posterior paddle is used).
When evervone stands clear of the patient and the bed,
the shock is delivered. Additional shocks of 200 to 360
joules are administered if needed, usually in prompt suc-
cession. )

In the monitored patient with witnessed ventricular
tachycardia or ventricular fibrillation, electrical therapy, if
immediately available, must not await the initation of
chest compression and ventiladon. There is no reason to
delay delivery of the definitive treatment for these arrhyth-
mias. In the unwitnessed arrest, cardiopulmonary resusci-
tation and pharmacologic intervention are often used for 1
to 2 minutes before countershock is attempted. This may
increase the likelihood of successful conversion; however,
even in an unwitmessed arrest a rapidly administered
shock may be lifesaving and must be delivered as soon as
possible.

Some patients have recovered even after several hours
of ventricular fibrillation and cardiopulmonary resuscita-
tion; therefore, attempts at defibrillation should continue
until irreversible cardiac asystole appears. If several at-
tempts at defibrillation fail, more intensive pharmacologic
therapy, closer attention to metabolic abnormalities, and
higher-energy shocks may be useful. Rapid sequential
shocks, spaced a few seconds apart, are occasionally bene-
ficial, since the first shock lowers skin impedance and
allows a higher deliverv of energy by the second shock.

Asystole has the poorest prognosis of any arrhythmia
and is rarely responsive to cardioversion. Although suc-
cessful shocks have been reported in cases of asystole,
ventricular fibrillation was probably present in these pa-
tients. If asvstole appears on the electrocardiographic
monitor, the monitor’s gain should be increased and the
electrical leads should be changed to obtain a configura-
tion perpendicular ro the first lead. This ensures that the
tracing is not actually ventricular fibrillation, which occa-
sionally may be isoelectric in a particular lead. -

Pharmacology of
Resuscitation '

Effective restoration of circulation often depends on phar-
macologic manipulation (Table I). Rapid piacement of an
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TABLE I: DRUGS FREQUENTLY USED DURING CARDIOPULMONARY RESUSCITATION !

DRUGS DOSE ROUTE MECHANISM OF ACTION COMMENTS AND PRECALTIONS

Epinephrine 1.0 mgevery 5 IV, ET,IC Increases blood pressure and Drug of choice for resuscita-
minutes or con- heart rate tion; inactivated by sodium
tinuous infusion bicarbonate
(1 ampule =
1 mg)

Sodium bi- Afrer initial 5-10 v ? Helps prevent acidosis May result in alkalemia, hyper-

carbonate minutes, 1| mEq/ natremia, hyperosmolar stare;
kg, then 0.5 inactivates epinephrine; pre-
mEq/kg as cipitates with calcium
needed
(1 amp =44.6 or
50 mEq) ,
Calcium 250-1,000 mg vV, IC Increases contractility Precise role undefined. Inrra-
chloride (lamp=1g (?) Helps electromechanical cardiac injection may cause
dissociation ; severe bradvcardia; precipi-
tates with bicarbonate; con-
traindica:ed in digitalis
toxiciry

Artropine 05-10mgevery5 IV,ET, IC Mayreverse bradycardiaor  Low doses mav cause paradoxi-
minutes up to heart block cal bradycardia
3mg(lamp=
1 mg)

Lidocaine 100-300 mg in May prevent ventricular fibril- High doses may cause central
50- 100 mg bol- lation nervous system toxicity
uses; then-t—4—— .. . ..
mg/min

Bretylium 5 mg/kg every 10 May prevent or convert ven- ~ Can cause hypotension
minutes up to 30 tricular fibrillation; lowers
mg/kg: then threshold for successful
1-2 mg/min cardioversion -

IV = intravenous; ET = endotracheal route: IC = intracardiac.

intravenous line is crucial. Any vein can be used, but a
vein above the diaphragm is preferred. Blood flow during
chest compression may be preferentially directed cepha-
lad: infusion into the saphenous or femoral veins may
therefore result in delayed entry of instilled medications
into the central circulation. If an arm vein is palpable, it
should be used, although this is often impossible because
of the marked venospasm that may accompany cardiac
arrest. In this situation the external or internal jugular
vein should be cannulated. The subclavian vein may also
be used, but this approach carries a higher incidence of
protentially serious complications, and the vein may be
difficult to cannulate while the patient is undergoing chest
compression.

If technical problems preclude rapid intravenous access,
epinephrine, atropine, and lidocaine can be safely instilled
into the tracheobronchial tree via an endotracheal tube, in
doses equal to initial intravenous doses. Sodium bicarbon-
ate should not be insrilled into the lungs.

Except during open-chest massage, the intracardiac in-
jection of medications is indicated only if intravenous or
intrarracheal administration cannot be done. Potentially
serious complications of this route include coronary artery
laceration, intramyocardial injection, and pericardial tam-
ponade. Epinephrine is inherenty no more effective when
administered by the intracardiac route. When intracardiac

administration is indicated, the subxiphoid approach is
preferable to the parasternal approach.

Volume expansion with 1 to 2 L of normal saline or
another volumne expander is often helpful in elevating the
blood pressure during resuscitation of the volume-
depleted patient, but is not usually useful in the normo-
volemic patient.

Epinephrine. The most useful and important drug for
resuscitation is epinephrine. Although experimental evi-
dence clearly shows that the administration of epineph-
rine enhances survival in cardiac arrest, this potendally
lifesaving drug is often underutilized. Since epinephrine
has both a- and f-adrenergic agonist activity in the doses
given during resuscitation, it increases both peripheral
vasoconstriction (& effect) and cardiac rate and contractil-
ity (B effect). This enhancement of peripheral vasoconstric-
tion results in higher rates of successful resuscitation,
presumably because of augmented myocardial blood flow
resulting from an increase in diastolic blood pressure.
Other o agonists, such as methoxamine, phenylephrine,
and norepinephrine, may be more effective in this regard,
but are less frequently used and less readily available than
epinephrine. Methoxamine may actually be superior to
epinephrine, since the larrer may lead to pulmonary venti-
lation/perfusion defects during cardiopulmonary resusci-
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taton. An a-adrenergic agonist should be administered as
soon as possible during cardiac resuscitation. Epinephrine
in a dose of | mg or more intravenously at least every 4to 5
minutes throughout the duration of the resuscitation, or
as a continuous infusion, is the usual choice, but the
optimal dose is unknown; doses 10-fold higher than this
have dramatically improved survival rates in several animal
studies. Frequent administration is necessary due to the
rapid merabolism of epinephrine. If intravenous access is
unavailable, epinephrine should be given endotracheally
by diluting the desired dose in 10 ml of fluid and instilling
this into the endotracheal tube. In animals, the success
rate of resuscitation is unaffected by f-adrenergic stimula-
tion. For this reason, other S-agonists, such as isoproter-
enol and dobutamine, usually have no role in the initial
phase of cardiac resuscitation. However, these agents may
be of value in the partient with bradycardia.

Sodium Bicarbonate. Sodium bicarbonate is frequently

used during resuscitation, but its role in resuscitation is -

extremely controversial. Although valuable for the tempo-
rary correction of metabolic acidosis, the premature or
excessive use of sodium bicarbonate may resuit in hyper-
natremia, the hyperosmolar state, severe arterial alkalemia,
or possible excessive CO, production peripherally and
centrally, thus potendally worsening intracellular and ce-
rebral acidosis. These conditions may be dangerous and
may preclude successful resuscitation. Sodium bicarbon-
ate is not proved to beneficially affect the outcome of
resuscitation, and must therefore be administered
cautously. In the witnessed arrest, it usually does not need
to be given for the first 10 minutes of resuscitation if the
patient is being adequately ventilated and metabolic acido-
sis did not precede the arrest. In the unwitnessed arrest
and in the patient with known metabolic acidosis, correc-
tion of arterial acidosis may in part by accomplished by
hyperventilation-induced hypocarbia. Sodium bicarbon-
ate may still be necessary, usually at an initial dose of |
mEq/kg. Subsequent doses should be gauged by monitor-
ing the arterial or central venous pH. If blood-gas determi-
nations are ynavailable, half of the initial dose of sodium
bicarbonate can be administered empirically every 10 to 15
minutes undl! spontaneous circulation reappears. Sodium
bicarbonate inactivates epinephrine and precipitates with
calcium chloride, and these drugs should therefore not be
administered concurrentdy through the same intravenous
line.

Calcium. Although calcium is necessary for myocardial
contraction, few data indicate that calcium sales are thera-
peutically useful in cardiac resuscitation. Studies have
failed to demonstrate a beneficial effect of calcium adminis-
tration during the artempted resuscitation of patients with
asystole or electromechanical dissociation. Moreover, cal-
cium overload may aggravate postischemic injury. There-
fore, calcium should be given with caution, if at all, during
resuscitation. Appropriate uses for calcium administration
include hypocalcemic states, such as after ransfusion with
large quantities of citrated blood, and hyperkalemia Cal-
cium administration is contraindicated in patients with
digitalis toxicity, owing to the possible aggravation of ven-
tricular dysthythmias. -

Arropine. Atropine, 3 parasympatholytic drug, is occa-
sionally useful in transiently reversing sinus bradycardia
and high-degree atrioventricular block caused bv excessive
vagal tone. It has little role in the initial stages of resuscita-
tion unless bradycardia is identified as the initial rthythm.
The usual dose is 0.5 to 1.0 mg every 5 minutes as needed,
to a total of 3 mg. Smaller doses, of 0.2 mg or less, should
be avoided because they may cause a paradoxical increase
in vagal tone.

Isoproterenol. Isoproterenol is sometimes effective in
accelerating the heart rate of patients who remain brady-
cardic despite atropine, and in patients with complete
heart block. The usual dose is 1 to 10 ug/min, titrated
down to the smallest dose capable of maintaining an ade-
quate heart rate. Epinephrine has a similar chronotropic
efficacy and is often preferable, but neither agent is as
effective as artificial pacing.

Antiarrhythmi¢ and Other Drugs. Andgarrhythmic
agents can be valuable adjuncts in mainraining sinus
rhythm after successful defibrillation. These drugs do not
usually directly contribute to restoring sinus rhythm, may
raise the threshold for successful cardioversion, and may
increase the incidence of post-defibrillation asystole.
Therefore, antiarthythmic agents need not be adminis-
tered during the initial stage of resuscitation of the patient
with ventricular fibrilladon. If ventricular tachycardia or
ventricular fibrillation is persistent or recurrent, lidocaine
(50-75 mg IV every 5 minutes for three doses, followed

- by a continuous-infusion at 1=4 mg/min); or bretylium

(5 mg/kg loading dose IV repeated in 10- 15 minutes if
necessary, to a total dose of 30 mg/kg, followed by a
continuous infusion at 1-2 mg/min, if needed) may be
useful. These drugs are often used in this sequence. Brety-
lium may have the unique effect of lowering the defibrilla-
tion threshold, but has potentially serious side effects and
is not usually recommended as a first-line drug. Isolated
reports have also been published of the successful conver-
sion of refractory ventricular fibrillation following the
administration of intravenous amiodarone and intrave-
nous magnesium sulfate.

Morphine, B-blockers, corticosteroids, diuretics, ni-
trates, and calcium-channel antagonists have no proven
role in basic cardiac resuscitation.

Mechanical and
Electromechanical Support

The emergent use of a transcutaneous external pacemaker
or the placement of 2 pacing wire is often beneficial in the
sympromatic bradycardic patient, but is unlikely to re-
suscitate the asystolic patient. Transvenous pacers are
preferable to transthoracic wires, since the latter are less
often effective and can be associated with serious compli-
cations.

The antishock garment (MAST suit) directs blood flow
toward the central circulation and thus may have a role in
cardiac resuscitation; its exact place remains to be defined.
Mechanical devices to compress the sternum are effective
when properly used, and can produce external chest com-
pression more reliably than manual compression. A hand-
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held suction device for manual active compression-
Jecompression has also been used on a limited number of
patients, and may improve cardiopulmonary circulation
over that achieved with standard cardiopulmonary resusci-
gation.

When Resuscitation

is-Failin

When resuscitative efforts fail, there is often little that can
be done to avert death. However, potentially remediable

.causes of resuscitative failure do exist. Ventilation may be

ineffective, perhaps because of improper endotracheal
rube placement or tension pneumothorax. Unreliable in-
ravenous access is often a problem; during frenetic resus-
citation efforts, subcutaneous infiltration from an intrave-
nous line may go unnoticed Severe membolic
abnormalities, such as hyperkalemia, may be present. Vol-
ume depletion may be unsuspected and may need empiric
reatment if suspicion warrants. Pericardial tamponade
may be present; in such instances, pericardiocentesis may
result in dramatic hemodynamic improvement Emer-
gency two-dimensional echocardiography is extremely

useful in these differential diagnoses. Resuscitation should

not be abandoned until all potentially reversibie causes are
investigated.

Cerebral Protection

and Resuscitation

Despite successful cardiac resuscitation, many patients
suffer severe and irreversible ischemic encephalopathy
after cardiac arrest. This is due to long periods of cerebral
ischernia and to delayed cranial reperfusion after success-
ful restoration of spontaneous circulation. Despite early
hopes for effective cerebral protection utilizing high-dose
barbiturates, phenytoin, corticosteroids, anticoagulation,
hypothermia, and a variety of other measures, there is little
evidence that these interventions are beneficial after resus-
citation. More recent data indicate that calcium-channel
antagonists may have a role in this setting, but further
studies are needed before these drugs can be recom-
mended for routine use.
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POTASSIUM HOMEOSTASIS AND
HYPERKALEMIC SYNDROMES

Barbara A. Clark, MD and Robert S. Brown, MD

Acute hyperkalemia can be a life-threatening consequence of patho-
logic, pharmacologic, and iatrogenic disorders. Recognition and prompt
therapy often reverses the electrophysiologic complications within mi-
nutes. Physicians must therefore have a thorough understanding of
potassium homeostasis. These mechanisms keep the serum potassium
within the relatively narrow normal range of 4.0 to 5.5 mEq/L. despite
huge intracellular stores (98% of the total body potassium) and widely
varied dictary intake in which the potassium ingested in a day is
commonly more than in the entire extracellular fluid. This balance can
be upset by changes in renal excretion or by interference with the.
mechanisms responsible for maintaining the intracellular to extracellular
potassium gradient.'”* Frequently a combination of renal and extrarenal
abnormalities coexist. For example, although hyperkalemia is prone to
occur with any cause of oliguria, this is particularly true when acute
renal failure is associated with a large potassium load shifting from the
intracellular to extracellular fluid, such as with rhabdomyolysis or a
hemolytic transfusion reaction. This discussion, thercefore begins with a
review of the renal and extrarenal mechanisms that preserve potassium
homeostasis. :

From the Charles A. Dana Rescarch Institute, the Harvard - Thorndike Laboratory of Beth
Israel Hospital, the Renal Division, Depattment of Medicine, Beth Israel Hospital and
Ilarvard Medical School; and the Harvard Center for the Study of Kidney Discases,
Boston, Massachusetts
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RENAL POTASSIUM HOMEOSTASIS

Renal excretion of potassium is modificd primarily by the follow-
ing factors: '

Dietary potassitm intake and plasma potassium level

Distal renal tubular delivery of sodium, poorly reabsorbed anions,
and water

Acid-base balance

Mineralocorticoids (aldosterone)

Normally renal potassium excretion is highly adaptable to dietary po-
tassium intake in humans™ Although the usual intake of potassium
ranges from 1.0 to 1.5 mEq per kg body weight per day, the dietary
intake can increase by as much as 6 mEq/kg/day without exceeding
the excretory capacity of the kidneys.* The distal tubules and collecting
ducts are the sites at which renal potassium excretion is controlled (Fig,.
1). Dictary potassium loading stimulates distal tubular Na'-K ' -ATPasc
pumps by a direct mechanism independent of mineralocorticoids® in
addition to the effects mediated by increasing aldosterone.® This adap-
tive mechanism enhances renal tubular potassium secretion over about
2 days of a high plasma potassium induced by high dictary intake.™
Potassium excretion is also favored by increased delivery of sodium,
poorly reabsorbed anions, and water to the distal renal tubular lumen.

Filtered load
600-700 mEq/day

K* Reabsorption

70-80 %

K* Secration
/

Proximal tubule Oistal lubule

K Secretion

Collecting
Tubule

'. Urinary
excretion
90 mEq/day

Figure 1. Schematic representation of the renal tubular handling ol potassium. Approxi-
mately 80% of the filtered polassium Is reabsorbed by the early- lo mid-distal bule. Most
of the polassium In the urine Is derived from secrelion of polassium by the mid- 1o late-
distal tubule and cortical collecting lubule. (From Raslager A, DeFronzo RA: Disorders of
potassium melabolism associated with renal disease. /n Schrier RW, Gollshalk CW (eds):
Diseases of the Kidney, ed 5, vol 3. Boston, Little, Brown & Company, 1993, p 2649; with
permission.)
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Increased distal tubular delivery of sodium allows enhanced sodium-
potassium exchange, with polassium secretion stimulated by the electro-
negativity of the tubular lumen when sodium is reabsorbed. ™ The anion
accompanying sodium plays a role in this effect because anions other
than chloride, such as bicarbonate, phosphate, or sulfate, are relatively
impermeant to distal tubular reabsorption. Impermeant anions raise the
electronegativity of the tubular fluid when sodium is reabsorbed without
an accompanying chloride anion, resulting in increased potassium secre-
tion.”* Because overall potassium excretion is dependent on urine flow,
increased distal tubular delivery of water also enhances total potassium
excretion.” These effects account for the potassium loss seen when renal
tubular sodium chloride reabsorption is blocked more proximally by
diuretics such as furosemide or thiazides, which act mainly in the loop
of Henle or early distal tubule® Conversely, in states of avid sodium
retention, sodium chloride and bicarbonate are more completely reab-
sorbed in the proximal tubule. The decreased delivery of sodium chlo-
ride and bicarbonate to the distal tubule hinders potassium secretion in
exchange for sodium. This explains the tendency for hyperkalemia to
occur in patients with prerenal azotemia from volume depletion or
severe congestive heart failure’ in which diminished renal perfusion
with decrcased glomerular filtration rate (GFR) and increased proximal
tubular reabsorption of sodium and water result in decreased distal
tubular potassium secretion,

Systemic acidosis or alkalosis exerts a powerful effect on renal
potassium balance.” In systemic acidosis, hydrogen ion is buffered intra-
cellularly, with a shift of potassium from the intracellular to extracellular
fluid to maintain electrical neutrality. When the potassium concentration
within the distal tubular cell falls, decreasing the concentration gradient
toward the tubular lumen, renal potassium secretion is diminished.”
Thus the decreased urinary excretion of potassium contributes to hyper-
kalemia in systemic acidosis. Conversely, with alkalosis, o shilt of pot-
assium into distal renal tubular cells promotes enhanced renal tubular
potassium secretion. This effect, combined with the increased distal
tubular delivery of bicarbonate in patients with metabolic alkalosis,
contributes to the increased potassium excretion and hypokalemia.”

Aldosterone is the primary mineralocorticoid responsible for pot-
assium homeostasis, acting to increase distal tubular and collecting duct
reabsorption of sodium and secretion of potassium (Fig. 2). This effect
of aldosterone is mediated by increasing the permeability of the apical
membrane sodium channels for sodium and potassium exchange, and
sccondarily by increasing the number of Na*-K*-ATPase pumps.® Ad-
renal secretion of aldosterone is stimulated directly by an elevated
extracellular potassium concentration* and by angiotensin I1.* The sen-
sitivity of the adrenal cortex to secrete aldosterone in response to an
clevated extracellular potassium level also depends on angiotensin 1.7
Thus aldosterone secretion is closely linked to stimulation of the renin-
angiolensin system. Renin is secreted in response to salt and water
depletion or hypoperfusion of the renal juxtaglomerular apparatus. This
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Peritubular
caplllary

tumen ) Principal cell

b~~~ Aldo

Na*
o (3] s j:

I Na* K*

Figure 2. Polassium secrellon by the principal cell of the cortical coltecling tubule and the
effect of aldosterone. Luminal Na* enters the cell through Na® channels In the apical
(fuminal) membrane, down a concenlration gradient created by the Na-K-ATPase pump
{open circie) on the basolateral {peritubular) membrane, T_ha alectronegativity of the tubular
Jumen created by the movement of Na* into the cell facilitates the secretion of i* through
K* channels In the luminal membrane. The efiect of mineralocoricolds to enhance K*
secretion Is mediated by aldoslerone (Aldo) enlering the cell and binding to its cytosolic
raceplor (R-Aldo). The synthesis ol aldosterone-induced proleins (AIP) occurs, which in-
creases the number of open Na* channels. This aliows more Na* 1o be reabsorbed from
the luminat fiuld into the cell promoting increased K* movement into tha lumen, The higher
intraceliular sodium seems to secondarily increase the activily of the Na-K-ATPase pump.*
(From Sansom S, Muto S, Giebisch G: Na-dependent effects of DOCA o celtulqr transport
properties of CCDs from ADX rabbils. Am J Physlol 253:F753-F759, 1987; with permis-
slon.)

stimulation is mediated in part by beta-sympathetic agonists" and !)y
prostaglandins of the E&F scries.’? As discussed later, intcrfcrc:ncc with
this complex renin-angiotensin-aldosterone system can predispose to
hyperkalemia. ) )

In summary, renal potassivm excrelion is cnlmncec.i by adapta‘hon
to a high-potassium diet; by increased distal tubular delivery of sodium
chloride, impermeant anions, and water; by alkalosis; and l?y increased
aldosterone. Conversely, a low-potassium diet, decreased distal tybular
delivery of filtrate, acidosis, and decreased aldosterone decrease pot-
assium excretion.

EXTRARENAL POTASSIUM HOMEOSTASIS

Maintenance of normal levels of cxtracellular potassium depends
on renal excretion and on extrarenal disposition of potassium into cells,
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mainly muscle cells. This is especially true in patients with renal failure.
The major factors known to affect cellular potassium balance are as fol-
lows:

Acid-base balance

Insulin

Mineralocorticoids (aldosterone)
Sympathetic adrenergic activity

Acidosis causes cellular potassium efflux, shifting potassium into the
extracellular fluid. In the presence of an excess acid load, there is
hydrogen ion influx into the cell in exchange for potassium and de-
creased cellular potassium uptake by inhibition of Na*-K*-ATPase® To-
gether with the decreased renal potassium excretion described in the
preceding scction, this extracellular shift of potassium can cause hyper-
kalemia. The opposite occurs in alkalosis, in which a shift of potassium
into cells and increased urinary potassium excretion can cause hypoka-
lemia. The effect of acid-base shifts are more substantial in metabolic
than respiratory disorders.® Furthermore, when metabolic acidosis is
caused by mineral acids such as hydrochloric acid, the shift of potassium
is greater than in organic acidosis, in which there is inhibition of cellular
potassium efflux by the accompanying organic anion.?

Basal insulin levels are important in potassium homeostasis because
insulin augments cellular potassium uptake.”® Whereas high potassium
loads have been shown to stimulate insulin secretion, the magnitude of
this effect in humans may be small® when potassium is given without
accompanying dietary glucose intake. Insulin seems to act on potassium
yptake by stimulating Na*-K*-ATPase activity by a mechanism inde-
pendent of cyclic AMP and independent of glucose uptake.® Insulin

_also stimulates sodium-hydrogen exchange, secondarily augmenting

potassium influx by decreasing intracellular hydrogen ion concentra-
tion.” The insulin-stimulated celtular uptake of potassium is indepen-
dent of glucose uptake. This independent action should be remembered
when using insulin and glucose to treat hyperkalemia. Glucose should
not be given alone, because if insulin secretion is impaired, the increase
in serum osmolality caused by the glucose results in an extracellular
shift of water and potassium, exacerbating the hyperkalemia.

Although the primary action of mineralocorticoids is to promote
renal potassium excretion, aldosterone also plays a role in extrarenal
potassium homeostasis. Mineralocorticoids have been shown to increase
potassium and decrease sodium content in feces, probably by enhancing
colonic epithelial Na*-K*-ATPase activity.'” Aldosterone also increases
potassium concentration in saliva and sweat. The amount of potassium
excreted via these routes is not usually of physiologic importance unless
there is excessive sweating or diarrhea. In addition, fecal potassium
secretion seems to be a more important route of excretion in patients
with renal failure. Furthermore, aldosterone seems to protect against
hyperkalemia resulting from acute potassium loads given to anephric
patients,” presumably by augmenting cellular potassium uptake in tis-
sues with mineralocorticoid receptors.
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Sympathelic adrenergic activity also plays an important role in
potassium distribution. Beta-adrenergic stimulation increases and beta-
blockade impairs extrarenal disposal of a potassium load.* This occurs
independently of any change in insulin or aldosterone levels and with-
out affecting renal potassium excretion® The increased cellular po-
tassium uptake seems 1o be a beta,~specific effect because it is stimulated
only by beta, agonists and blocked only by beta, antagonists. The
cellular mechanism depends on binding to beta receptors and stimula-
tion of cyclic AMP via adeunylate cyclase, which in turn activates the
Na ‘-K*-ATPase pump, resulting in sodium efflux and potassium influx
across the cell membrane.” In contrast, alpha-adrenergic stimulation
seems to inhibit cellular potassium uptake® For example, in exercise-
induced hyperkalemia, beta blockade with propranolol augmenis and
alpha blockade with phentolamine diminishes the rise of extracellular
potassium.™ In summary, akalosis, increased insulin, increased aldoste-
rone, and beta-adrenergic stimulation enhances extrarenal uptake of
a potassium load. Conversely, acidosis, decreased insiling decreased
aldosterone, and alpha-adrenergic stimufahion or beta Block ade enbanges
cellular potassium efflux, causing wperkatenna,

ETIOLOGY OF HYPERKALEMIA

Muitiple mechanisms control potassivm balance and act to prevent
hiyperkalemia. Frequently, however, one ar more partial defects in these
homeostatic mechanisms exist. The patient population particularly at
risk for hyperkalemia are diabetics in whom insulin deficiency, auto-
nomic insufficiency (with decreased beta-adrencergic stimulation), pro-
pensity for acidosis, renal insufficiency, and hyporeninemic hypoaldoste-
ronism may coexist.®? Physicians must be aware of disease states and
drugs that predispose to hyperkalemia to prevent potentially dangerous

harmacologic regimens. Four general causes of hyperkalemia should

e remembered when evaluating a specific patient: (1) diminished po-
tassium excretion; (2) intracellular to extracellular potassium shift; (3)
excess potassium load; and (4) pscudohyperkalemia. The following list
elaborates on these four basic causes:

Diminished renal potassium excretion
+ Oliguric renal failure
Severe nonoliguric renal failure (GFR usually < 10 mL/min)
Distal tubular renal diseases with defective potassium secretidn
Acute interstitial nephritis, often drug induced '
Sickle cell nephropathy
Renal transplant rejection
Reflux and obstructive uropathies
Papillary necrosis
Lead nephropathy
Lupus interstitial nephritis
Pseudohypoaldosteronism
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Mineralocorticoid deficiency with decrcased renal tubular po-
tassium secretion
Addison’s discase
Hypoaldosteronism with or without low renin levels
Drugs that inhibit potassium secretion )
Decreased aldosterone secretion
Heparin
Angiotensin-converting enzyme inhibitors
Decreased distal tubular potassium secretion
Potassium sparing diuretics: spironolactone, amiloride, triamt-
erenc
Trimethoprim
Lithium toxicity
Decreased aldosterone and decreased renal tubular potassium
secretion
Nonsteroidal antiinflammatory drugs
Cyclosporine and tacrolimus
Intracellutar 1o extracelutar shifts of potassiom
Aadesis, particilarly metabolic mineral acidosis
Hyperosmolar syndromes
Insutin deficiency
Autonomic nervous system insufficiency
Vigorous exercise
Cell necrosis
Rhabdomyolysis
Acute hemolysis
Drugs that shift potassium extracellularly
Beta-adrenergic blockers
Alpha-adrenergic agonists
Digitalis intoxication
Fluoride poisoning
Tumor cell lysis
Depolarizing muscle relaxants
Arginine hydrochloride
Hyperkalemic periodic paralysis
Excess exogenous potassium loads
High oral or intravenous potassium intake
Potassium-containing salt substitutes
Potassium penicillin G
Pseudohyperkalemia
Hemolyzed blood sample
Thromgocylosis, usuatly over 800,000/ mm?
Marked leukocytosis, usually over 100,000/ mm?

DIMINISHED POTASSIUM EXCRETION

Although the most obvious cause of diminished potassium excretion
is renal failure, many other systemic conditions and pharmacologic
agents significantly influence renal potassium metabolism. Acute hyper-
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kalemia is most commonly seen associated with oliguria (either renal or
prerenal) in which a marked decrease in potassium excretion occurs. In
nonoliguric acute or chronic renal failure, the GFR usually is less than
10 mL./min before hyperkalemia occurs. There are certain renal diseases,
however, in which selective tubular dysfunction occurs before a signifi-
cant decrease in GFR. Decreased renal tubular potassium sccretion cre-
ates a disproportionate susceptibility to hyperkalemia. Distal tubular
diseases include drug-induced allergic interstitial nephritis,” sickle cell
nephropathy,* renal transplant rejection?® reflux and obstructive ne-
phropathics,® lead nephropathy,* papillary necrosis, and some cases of
lupus nephritis.”? :

As described under the section on renal potassium homeostasis,
acidosis diminishes renal potassium sccrefion. Acute renal failure may
be accompanied by acidosis secondary to accumulation of organic acids
or concomitant lactic acidosis or kctoacidosis, which exacerbates hyper-
kalemia. Correcting the acidosis in acute ot chronic renal failure usually
helps to control the hyperkalemia. o

Pseudohypoaldosteronism is a rare disorder in which aldosterone
levels are normal but urinary potassium sccretion is low.+ & Hyperka-
lemia occurs secondary to an‘apparent defect in renal aldosterone recep-
tors in one type of infantile pseudohypoaldosteronism.’ In infants an
associated salt wasting and hypotension occur,* whereas in adults, hy-
pertension and acidosis occur.® Mineralocorticoids are ineffective as
treatment. Increasing renal potassium excretion by a thiazide diuretic or
sodium sulfate often is useful in controlling the hyperkalemia in these
patients

Primary adrenal insufficiency (Addison’s discase) is a well-recog-
nized, although infrequent, cause of hyperkalemia, Diagnosis is con-
firmed by low plasma cortisol and aldosterone levels with a blunted
response to corticotropin (Cortrosyn stimulation test). ‘

Hyporeninemic hypoaldosteronism is increasingly recognized as a
cause of hyperkalemia.* It is characterized by an associated hyperchiore-
mic acidosis and low levels of renin and aldosterone.™ In some patients,
renin levels may be normal but with suppressed secretion of aldosterone
dependent on another mechanism. Volume-overload states with in-
creased levels of atrial natriuretic peptide may play a role™ because atrial
natriuretic peptide has been shown to suppress aldosterone stimulation
induced by potassium loading." The typical patient is clderly, often
having diabeles and mild renal insufficiency. Because the aldosterone
defect ‘is only partial, salt wasting and hyponatremia usually are not 1
seen. Mineralocorticoid replacement (0.1 mg and occasionally up to 0.4 °
mg daily of fludrocortisone) is effective treatment but may provoke fluid
retention and hypertension, requiring thiazide or loop diuretic therapy.
Correction of the acidosis with oral sodium bicarbonate, however, may
be sufficient to correct the hyperkalemia in some patients,

A variety of drugs can interface with the renin-angiotensin-aldoste-
rone axis and thereby promote hyperkalemia. Heparin suppresses adre-
nal cortical aldosterone synthesis by inhibiting conversion of corticoste-
rone to 18-hydroxycorticosterone.™ In most circumstances this is not

.
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significant enough to produce hyperkalemia. When a patient has an
already compromised renin-angiotcnsin-aldosterong system, however,
the heparin effect may cause elevated serum potassium levels.!

Angiotensin-converting enzyme inhibitors such as captopnl. or ena-
lapril have been increasingly prescribed in treating h pertension and
congestive heart failure. They prevent the conversion of angiotensin | to
angiotensin Il and thereby reduce aldosterone secretion.” Hyperkalemia
is most likely to occur in patients with renal insufficiency™ or those with
severe congestive heart failure in whom renal perfusion and, therefore,
distal tubular sodium delivery is low.* .

Several diuretics are prescribed for their potassium-sparing proper-
ties. Spironolactone is an aldosterone antagonist.® The actions of triamt-
erene and amiloride are independent of aldosteroneé. Amiloride inhibits
distal tubular cell sodium channel permeability, ! thereby interfering
with sodium reabsorption, which is the driving force for potassium
secretion.” Triamterene seems to inhibit the sodium channel and may
inhibit Na*-K*-ATPase activity at the basolateral cell membrane.? Any
of the potassium-sparing diuretics may cause significant hyperkalemia
by decreasing renal potassium excretion. A recently recognized cause of
hyperkalemia is high-dose trimethoprim when treating pneumonia fror:
a Prenmocystis carinii infection in immunologically' deficient patients.
The mechanism is apparently an effect of trimetoprim to block the
sodium channel similar to amiloride.” ! R

Nonsteroidal antiinflammatory drugs (NSAIDs) also may predis-
pose to hyperkalemia. Renal prostaglandins are necessary f.og' adequate
renin production by the juxtaglomerular apparatus. By 'mhlb.lhng prosta-
glandin synthesis, NSAIDs produce iatrogenic hypofeninemic hypoaldo-
steronism.” In addition, prostaglandins decrease §3d|um cljlon ¢ reab-
sorption in the loop of Henle, thereby augmenting the distal tubular
delivery of sodium and the sodium-potassium exchange. Again, patients
at risk for hyperkalemia from NSAIDs include those who have renal
failure, diabetes, or those who are taking other agen‘ts that interfere with
potassium homeostasis.” o ] e

Cyclosporine and tacrolimus—immunosuppressant drugs used fre-
quently in transplant recipients—have been associated with hyperka-
lemia even in patients with normal GFR and without evidence of renal
transplant rejection. An associated hyperchloremic metabolic acidosis
frequently occurs. Although the mechanism remains unclear, cyclo-
sporine seems to produce both hypoaldosteronism and ‘_tubglz‘\”r nephro-
toxicity with decreased renal tubular potassium secretion.® * Lithium
toxicity is a rare cause of hyperkalemia®; it apparently acts by decreasing
renal tubular potassium excretion.™

INTRACELLULAR TO EXTRACELLULAR POTASSIUM
SHIFTS

Acidosis is probably the most common reason for an acute shift of
potassium to the extracellular fluid and can cause severe hyperkalemia.
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An acute mincral acidosis often is accompanied by a serum potassium
risc of 0.5 to 1.3 mEq/L. for every 0.1-unit fall of arterial pH; organic and
respiratory acidoses usually provoke lesser rises in the serum potassium?
unless they are accompanied by cell necrosis or insulin deficiency.

When plasma tonicity is acutely raised, as in hyperglycemia® or
infusion of mannitol,” plasma potassium also rises. With the rise in
osmolality, fluid shifts from the intracellular to the extracellular space
and potassium accompanies this water flux. In normal persons, hyper-
glycemia induces insulin release, which augments cellular potassium
uptake. Therefore glucose-induced hyperkalemia usually is clinically
significant only in the insulin-deficient person with type I diabetes
mellitus.>*

In insulin deficient persons, decreased tolerance to a potassitm load
may cause hyperkalemia.® Because insulin is an important mediator of
cellular potassium uptake, the diabetic must rely on other mechanisms
to maintain potassium homcostasis. If these are impaired also, serious
hyperkalemia may result.

Beta-adrenergic blockade and alpha-adrenergic stimulation impair
the extrarenal disposal of potassium loads. Beta-blocking agents produce
only a small increment in plasma potassium in normal persons® but
should be used with caution in patients with renal failure® Although
less commonly used, alpha-adrenergic agonists, such as phenylephrine,
can contribute to hypcrEnlemin.‘“

Digitalis intoxication can produce severe hyperkalemia. The mech-
anism is believed to be from poisoning of the Na‘-K'-ATPase pump
throughout all body tissues. Extracellular potassium rises while intracel-
lular potassium falls. This results in reduction of the resting membrane

" potential, decreased automaticity, and resultant cardiac arrhythmias.

Therapeutic digoxin levels are not high enough to affect potassium
levels. In severe cases of hyperkalemia caused by digitalis intoxication,
digoxin immune Fab fragment (Digibind) can be life-saving.* In patients
with renal failure receiving hemodialysis, accidental fluoride poisoning
may cause fatal hyperkalemia by an intracellular to extracellular shift of
potassium.” .

Vigorous exercise may cause an aculc elevation in serum polassium.
This is partly caused by a potassium release from contracting muscle
cells. Ordinarily this presents no physiologic problem. An exaggerated
plasma potassium rise, however, can occur in patients taking beta block-
ers or alpha agonists.”™

1 Massive cellular necrosis can lead to an acute release of potasdium
into the extracellular fluid that can overwhelm the potassium disposal
mechanisms, particularly if renal failure is present. Rhabdomyolysis,
traumatic muscle injury (crush syndrome), or hemolytic transfusion
reactions can produce simultaneous renal failure and life-threatening
hyperkalemia. Early institution of dialysis often is necessary to control
the hyperkalemia in these patients. Acute hyperkalemia may be caused
by chemotherapy® when necrosis of a large tumor burden releases
intracellular potassium into the extracellular fluid. This is scen mostly
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in the treatment of leukemia or lymphoma. Often an associated relcase
of uric acid occurs, with acute urate nephropathy or renal toxicity from
certain chemotherapy agents that also compromises renal potassium
excretion.

I’Ia§n'1a potassium rises slightly (about 0.5 mEq/L) in patients given
depolarizing muscle relaxants, such as succinylcholine, because of efflux
of potassium from motor end plates.® In certain disease states, life-
threatening hyperkalemia can occur, Patients at risk include those with
massive trauma, burns, tetanus, and neuromuscular or central nervous
system diseases.** The mechanism for this remains unclear but may be
caused in part by exaggerated potassium release from either sensitized
or proliferating motor end plates.

Intravenous arginine hydrochloride occasionally is used in treating
scvere metabplic alkalosis. In normal subjects a standard 30- to 60-g
dose is associated with a 0.6- to 1.0-mEq/L rise in serum potassium.
Arginine hydrochloride is a cationic amino acid that displaces intracellu- -
lar potassium to the extracellular space. Severe hyperkalemia has been
reported in patients with renal failure and in patients with hepatic
insufficiency who are unable to metabolize the arginine."

Hyperkalemic periodic paralysis is a rare inherited disorder of
potassium homeostasis characterized by sudden onset of paralysis and
hyperkalemia precipitated by anesthesia, fasting, strenuous exercise, or
potassium ingestion.” The pathogenesis remains unclear. Aldosterone,
insulin, and the adrenergic system are intact.™ % A generalized disorder
of potassium transport seems to occur. Besides avoiding known precipi-
tants, treatment with diuretics or the beta agonist, salbutamol, have been
of therapeutic benefit.”

Excess Exogenous Potassium Load

) Elevations in serum potassium can occur after massive administra-
tion of oral potassium (> 2.5 mEq/kg) or intravenous infusion of greater
than 40 mEq/h.” The use of potassium-containing salt substitutes can
supply as much as 1.2 to 5.7 mEq of potassium per “shake.” These salt
substitutes pose a danger to patients with renal failure, diabetes, infants,
those taking potassium-sparing diuretics, and, rarely, normal elderly
persons who use them too heavily. Some high-protein, high-calorie
nutrient supplements contain substantial amounts of potassium, and if
given in large quantities to debilitated patients with low muscle mass,
can result in acute hyperkalemia.

Potassium supplements frequently are prescribed for patients taking
thiazide or loop diuretics. Hyperkalemia is unlikely to occur in normai
persons unless a significant overdose is taken but is more common in
patients with renal insufficiency. Rapid administration of penicillin G
can account for a substantial potassium load. It contains 1.7 mEq po-
tassium per million units of penicillin, and large doses should not be
given by intravenous bolus. The sodium preparation of penicillin G is
safer in patients with renal failure.
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Pseudohyperkalemia

Spurious hyperkalemia can occur secondary to release of potassium
from intracellular stores after a blood sample is collected. For example,
a traumatic venipuncture, prolonged tourniquet use, or excessive biood
sample agitation can hemolyze red cells and release potassium. Po-
tassium release from platelets or white biood cells during in vitro coagu-
lation can produce a 1.0- to 1.5-mEq/L clevation in serum potassium in
rmicnts with thrombocytosis (usually over 800,000/mm?) or extreme
eukocytosis (> 100,000/mm?).

EVALUATION OF HYPERKALEMIA ',

Although the development of hyperkalemia often is multifactorial,
the detection of the major causes usually is possible. Knowliedge of
pOiassiung nomeostatic mechanisms and possible causes ot iyyyserhsbenda
point the clinician toward the evaluation necessary. When pseudohyper-
kalemia is suspected, collection of blood in a heparinized tube should
reflect the true plasma potassium to be normal in these cases.

Persistent hyperkalemia commonly results primarily from cither
renal failure or an inadequate renal tubular secretion of potassium.
Measurement of urinary excretion of notassium in hyperkalemic patients
without renal failure usually differentiates between disorders of renal
and extrarenal potassium homeostasis.* If renal excretion is inappro-
priately low, the administration of a mineralocorticoid can differentiate
between hormonal and renal tubular defects. The transtubular potassium
gradient (TTKG), calculated from a random urine specimen using the
following formula, estimates the tubular fluid potassium concentration
at the site of most potassium secretion, the end of the cortical collecting
tubule:

Urine K
~ Plasma K - Uosm
Posm

TTKG

_ Urine K - Posm_
Plasma K » Uosm

where K is potassium, Posm is plasma osmolality, and Uesm is urine
osmolality. . !

The TTKG corrects for the increase of urinary potassium concentra-
tion effected by water extraction in the medullary collecting duct without
any increment of potassium secretion. Because increased renal excretion
of potassium with potassium loading in normal subjects “increases the
TTKG from baseline levels of about B to over 10%, values over 8 indicate
a normal renal response to hyperkalemia and argue for an extraremal
cause (ie, a high exogenous or endogenous potassium load). Con-
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versely, TTKG values below 6 are indicative of a renal excretory defect™
In cases with a low TTKG, the administration of a mineralocorticoid
(either 100 mg of hydrocortisone or 0.1 mg of fludrocortisone acetate)
should increase the TTKG to over 6 after 4 hours in patients with
mineralocorticoid deficiency. Combined with the documentation of a
low plasma aldosterone, a low but responsive TTKG confirms hypoaldo-
steronism, whereas an unresponsive TTKG points to a tubular secretory
defcct of a renal cause.™ The latter might be caused by either a primary
renal tubular disease or a potassium-sparing diurctic. The TTKG formula
approach, however, may not be useful in subjects with low distal deliv-
ery of sodium (< 25 mEq/L) compromising maximal potassium secre-
tion, or with a water diuresis causing a low urinary potassium concentra-
tion,” even if normal renal tubular secretory mechanisms are intact.

Once the clinician distinguishes that the disorder is of either a
hormonal, renal tubular, or extrarenal cause, it is usually possible to
detect the major factors responsible.

MANIFESTATIONS OF HYPERKALEMIA

Although exceptions exist, clinical symptoms are rare unless the
hyperkalemia is severe. Hyperkalemic manifestations are primarily mus-
cular and cardiac™® Patients may complain of generalized muscle weak-
ness or dyspnca secondary to respiratory muscle weakness. Rapid devel-
opment of hyperkalemia can produce paradoxical tetany-like symptoms
of muscle twitching and tingling.'? If hyperkalemia is severe, flaccid
paralysis may be present. Frequently, however, no outward clinical
symptoms occur and patients develop cardiac dysrhythmias as the initial
manifestation. Early electrocardiographic changes include peaking of T
waves and shortening of the QT, interval, followed by loss of P waves,
widening of the QRS complex, and eventually a sine wave pattern in
which the widened QRS merges with an adjacent T wave. Electrocardio-
gram (ECG) changes seldom are seen with a serum potassium level less
than 6.0 mEq/L and frequently are present with a potassium level of
more than 8.0 mEq/L.*

TREATMENT OF HYPERKALEMIA

Effective therapy takes advantage of mechanisms to enhance intra-
cellular potassium uptake and maximize potassium elimination via renal
and extrarenal routes. The primary approaches to treating hyperkalemia
are as follows:

Antagonize potassium cardiac toxicity
Calcium chloride or gluconate intravenously
Shift potassium into cells
Sodium bicarbonate intravenously

AP e anies
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Insulin intravenously with glucose to avoid hypoglycemia
Albuterol by inhalation or intravcnously

Enhance potassium excretion
Furosemide diuresis
Sodium polystyrene sulfonale orally or by rectal enema
Dialysis: hemodialysis or peritoneal dialysis

Avoid excessive potassium intake

Electrocardiographic  monitoring should be started and continued.

throughout the treatment course. If no ECG changes are present, hemo-
lysis or thrombocytosis should be ruled out quickly as possible causes
of pscudohyperkalemia.

Mild hyperkalemia without ECG changes can be treated by enhanc-
ing potassium clearance from the body. Administering a cation exchange
resin, soditm polystyrene sulfonate (Kayexalate, 15 to 20 g in 50 to 80
mL of water, with or without 10 mL of a 70% sorbitol solution to prevent
constipation) given orally every 2 hours (up to five doses) facilitates
potassium loss from the gastrointestinal tract. Although the resin can be
administered rectally (50 g in 100 mL of 10% sorbitol or dextrosc solution

by enema every 4 to 6 hours), it is more eflective if taken orally because-

of increased retention time. Each 1.g of the resin given orally removes
about 1 mEq of potassium. The use of sodium polystyrene sulfonate
with sorbitol should be avoided in postoperative patients, particularly
those who are immune suppressed with renal transplants, because bowel
perforation has been descriEcd in this setting.™ Additionally, furosemide
administration can be used to enhance renal potassium excretion if a
diuresis ensues. When hyperkalemia is accompanied by or is secondary
to metabolic acidosis, administration of sodium bicarbonate may be
sufficient to correct both abnormalities.
¢ If the serum polassium elevation is severe (> 7.0 mliq/L) or is
moderate (6.0-7.0 mEq/L) and associated with ECG changes, more
urgent therapy is indicated. Initial trcatment is directed towad cffecting
an acute increase in cellular potassium uplake, thereby reducing extra-
cellular potassium concentration. Administration of two to three am-
pules of sodium bicarbonate (50 mEq per ampule) intravenously usually
‘produces a shift of potassium intraccliularly over 20 minutes. Several
studies, however, have failed to confirm a reliable effect of sodium
bicarbonate to lower the serum potassium in patients with end-stage
renal disease.®? Insulin administration therefore may be a more logicpl
first ‘therapy in such cases, with sodium bicarbonate added in cases of
acidosis. If concomitant hypocalcemia is present (as may occur with
acute or chronic renal failure), care should be taken to precede alkaliniza-
tion with the administration of calcium salts because the acidosis may
be protecting against tetany. :

Insulin administration also produces an increase in cellular po-
tassium uptake over 20 to 30 minutes, and the decrease of the serum
potassium is greater than with sodium bicarbonate." The usual dose is
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10 units of regular insulin by intravenous bolus accompanied by one
ampule of 50 mL of 50% dextrose to prevent hypoglycemia, but several
alternative regimens have been used.®?

Albuterol, by nebulized inhalation of 10 mg? or intravenous infu-
sions of 0.5 mg,* ** also has been shown to be a rapid way to reduce the
serum potassium by its beta-agonist action to promote cellular uptake. In
addition, in some studies combining albuterol with insulin resulted in a
greater decrease in the plasma potassium than giving either drug
alone." * The safety of this treatment to avoid cardiac tachyarthythmia
and angina, however, has not been documented, suggesting that albut-
crol should be reserved for situations in which the foregoing treatments
are ineffective or undesirable.*?

If ECG changes are severe (widened QRS complex), intravenous
calcium also should be given. Calcium has an immediate protective
effect by raising myocardial cell membrane threshold potential and
restoring excitability toward normal. Calcium can be administered as
either two to four 10-mL ampules of 10% calcium gluconate or one 10-
mL ampule of 10% calcium chloride intravenously over 2 to 5 minutes.
Because calcium gluconate releases ionic calcium more slowly into the
circulation, it is safer and will not cause skin necrosis if extravasated.
Calcium chloride, :however, may be more effective if the patient is
in cardiac arrest with poor tissue perfusion. If concomitant digitalis
intoxication is suspected, calcium should not be administered unless the
serum calcium is low to avoid precipitation of ventricular fibrillation.

In addition to the acute therapy with sodiiin bicarbonate, insulin,
and calcium salts, some means of ridding the body of excess potassium
must be initiated. Sodium polystyrene sulfonate resin usually is effective

. but may be inadequate lif there is compromise of the gastrointestinal

tract, large potassium loads, or inability to tolerate the sodium released
{ruin the resin (about 1 -1.3 mEq/g). In such cases, dialysis is an effective
method of potassium removal. Hemodialysis is more etticient than peri-
toneal dialysis for this purpose.

Liqually important té prevent recurrent hyperkalemia, the clinician
must scarch for the undeflying disturbances and eliminate any reversible

_factors that predisposé to hyperkalemia.

In summary, potassium excretion is dependent on the physiologic
influences that control renal distal tubular and cortical collecting duct
secretion of potassium and thereby determine the total body potassium
content. The factors affecting renal potassium excretion and the disor-
ders that lead to potassjum retention and hyperkalemia are reviewed.
In addition, extrarenal mechanisms promote cellular uptake of po-
tassium to preserve the normal distribution of potassium between the
intracellular and extracellular fluid compartments. Knowledge of the
pathophysiologic features of these renal and extrarenal mechanisms
usually allows the proper distinction and treatment of clinical disorders
of potassium homcostasis.
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