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CUTE CHEMICAL EMERGENCIES CAN OCCUR AS A RESULT OF AN INDUS-

trial disaster,.2 occupational exposure,34 recreational mishap,> natural catas-

trophe,® chemical warfare,”-8 and acts of terrorism.%10 This article reviews the
health effects most commonly associated with the short-term release of industrial and
environmental substances and with the use of chemical weapons. We emphasize the
application of empirical principles and the recognition of four clinical syndromes, or
“toxidromes,” that are applicable to most scenarios of accidental release of chemicals
and deliberate release as in acts of chemical terrorism. The classes of substances that
correspond to these clinical syndromes are asphyxiants (e.g., cyanide), cholinesterase
inhibitors (e.g., organophosphorus nerve agents), respiratory tract irritants (e.g., chlo-
rine), and vesicants (e.g., mustard) (Table 1). The agents that cause each clinical syn-
drome require similar treatment.

In accidental industrial releases, information about the presence of specific chemicals
may be available from the personnel of the facility, safety officials, and other sources. In
contrast, an act of terrorism is more likely to involve substances that cannot be imme-
diately identified. Owing to the rapidity of the onset of similar symptoms in a group of
persons or the close proximity of a group of persons to a release of hazardous materi-
als, chemical exposures are more quickly recognizable than are exposures to biologic
agents.11:12 However, in contrast to the period of latency that is associated with the
effects of biologic agents, when serious chemical intoxication occurs, the window for
effective therapy is often narrow. Furthermore, real-time identification of specific chem-
icals by means of environmental or clinical laboratory testing is difficult.13,14

GENERAL PRINCIPLES

Empirical treatment of the casualties of an acute chemical emergency is of paramount
importance. Treatment begins with ending the exposure, which can be accomplished by
evacuating or extricating the affected persons and then by thorough decontamination.
Persons in the vicinity of a chemical release that occurs outdoors can themselves take
several simple steps. If they are outdoors, they should move away from the source of
contamination — ideally, they should move upwind of it— until they reach an adequate
shelter. If they are indoors, they should close all windows and doors and shut down
both the heating and cooling systems, which could bring inside the contaminants that
are outside. Persons who suspect that they have sustained an exposure to a chemical con-
taminant should remove and bag their clothing and shower thoroughly with soap and
water as soon as possible.

Emergency personnel who approach the scene of the release of an unknown chem-
ical should use portable radiation detectors in order to rule out the possibility that high
levels of ionizing radiation are present.15:16 Affected persons within the zone contam-
inated by the release of a chemical can be extricated most safely by emergency personnel
who are using the appropriate personal protective equipment. Early decontamination of
persons who have been affected by the release of hazardous materials, before transport
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Table 1. Features of Selected Major Chemical Exposures.

Feature
Most likely agent in ac-
cidental release

Most likely agent in act
of terrorism

Hallmark

Typical presentations

Mild symptoms

Moderate-to-severe
symptoms

Hyperacute onset —
sudden collapse

Acute onset — typically
within minutes
to hours after
exposure

Delayed onset — typi-
cally 4to 6 hr
after exposure

Asphyxiants

Carbon monoxide
Cyanide

Tissue hypoxia in cardio-
vascular system and
central nervous system;
usually, absence of res-
piratory tract irritation;
no increase in secretions

Headache, fatigue, anxiety,
irritability, dizziness,
nausea

Dyspnea, altered mental
status, cardiac ische-
mia, syncope, coma,
seizure

High concentrations of
cyanide or hydrogen
sulfide and oxygen
deficiency within a
confined space

Most exposures to asphyx-
iant gases (carbon
monoxide, cyanide)
or oxygen deficiency

Low-to-moderate concen-
trations of substances
that metabolize to pri-
mary asphyxiant —
methylene chloride
(carbon monoxide),
acrylonitrile, and pro-
pionitrile (cyanide)

Cholinesterase Inhibitors

Organic phosphorus pesticides
Sarin and VX

Cholinergic syndrome with
pupil constriction (miosis)
and increased exocrine secre-
tions, with or without fascicu-
lations; increasing effects on
central nervous system with
increasing exposure

Miosis, dim vision, eye pain,
rhinorrhea, irritability,
headache, chest tightness,
sweating

Salivation, lacrimation, urina-
tion, defecation, gastro-
intestinal cramping, and
emesis (SLUDGE); wheezing,
muscle weakness, fascicula-
tions, cognitive impairment,
incontinence, coma, seizure

Exposure to VX or high-vapor
concentrations of other
nerve agents

Vapor exposure, ingestion of
liquid form, or moderate-
to-large dermal exposure

Limited exposure of skin to
droplets but not vapor

Respiratory Tract Irritants

Chlorine and its deriva-
tives, ammonia

Chlorine, phosgene

Respiratory tract irritation

and symptoms, usual-

ly more prominent
than irritation of eyes
and skin

Nose and throat irrita-
tion, sore throat,
cough, chest tight-
ness, eye irritation

Laryngitis, wheezing,
stridor, laryngeal
edema, acute lung
injury

Riot-control agents, irri-

tants highly and inter-
mediately water soluble
(ammonia, hydrochlo-

ric acid, chlorine)

Poorly soluble gases
(phosgene, nitrogen
dioxide)

Vesicants

Sulfur mustard

Eye injuries and skin
burns with vesicle
formation, followed
by respiratory irrita-
tion and, in the case
of exposure to high
concentrations, sys-
temic effects

Conjunctivitis, limited
erythema, epistaxis,
sore throat, cough

Corneal damage, vesi-
cles and bullae,
nausea, wheezing,
stridor, laryngeal
edema, acute lung
injury

Lewisite, phosgene
oxime, high concen-
trations of sulfur
mustard

Sulfur mustard

to a hospital, should be performed by trained first
responders. Removing contaminated clothing can
eliminate 85 to 90 percent of trapped chemical sub-
stances.11:13,17 After their clothing has been re-
moved, injured persons should be irrigated with
water, and then washed with soap and water; this
approach is simplest and is effective in almost all
situations.?-11,13,18

In a chemical emergency that involves a mass
exposure, the majority of the affected persons are
likely to be exposed minimally and to remain am-
bulatory and therefore able to reach a hospital by

N ENGL J MED 350;8 WWW.NEJM.ORG

their own efforts. Thus, hospitals and triage centers
should make advance preparation for shower facil-
ities.13:19:20 [n scenarios for the treatment of mass
casualties, the projected number of persons affect-
ed by stress often exceeds the number of persons
affected physically, by ratios ranging from 5:1 to
16:1.13,17,21,22 Therefore, resources to provide psy-
chological support must be available both for casu-
alties and for emergency personnel.

The clinical signs of severe chemical injury in-
clude altered mental status, respiratory insufficien-
cy, cardiovascular instability, and a period of uncon-
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sciousness or convulsions. Initial supportive therapy
should be focused on airway patency, ventilation,
and circulation, at the same time that patients are
examined for burns, trauma, and other injuries.
When poisoning by industrial chemicals or chemi-
cal weapons is suspected, routine emergency guide-
lines should still be followed; these include consid-
ering the administration of naloxone to patients
who have an altered mental status and respiratory
depression.23 Some chemicals cause systemic in-
toxication, which may require treatment with anti-
dotes. Early consultation with the regional poison
center is recommended. Diazepam, cyanide anti-
dote Kkits, atropine, and pralidoxime are the most
important drugs to stockpile locally for the poten-
tial treatment of mass casualties of a chemical emer-
gency.11,24

ASPHYXIANTS

Asphyxiants are substances that cause tissue hy-
poxia with prominent neurologic and cardiovascu-
lar signs. Mild symptoms of asphyxia include head-
ache, fatigue, dizziness, and nausea. More severe
symptoms range from dyspnea, altered mental sta-
tus, cardiac ischemia, and syncope to coma and sei-
zure. Respiratory failure, if it occurs, generally re-
sults from depression of the central nervous system.
Asphyzxiants are classified as either simple or chem-
ical on the basis of the mechanism of toxicity (Ta-
ble 2). Simple asphyxiants (e.g., methane and nitro-
gen) physically displace oxygen in inspired air, and
their inhalation results in oxygen deficiency and hy-
poxemia. Chemical asphyxiants (e.g., carbon mon-
oxide, cyanide, and hydrogen sulfide) interfere with
oxygen transport and cellular respiration and there-
by cause tissue hypoxia. Therefore, in chemical as-
phyxiation, the partial pressure of arterial oxygen
may not be reduced, but anaerobic metabolism of-
ten causes lactic acidosis.25-28

Carbon monoxide is the most frequent cause of
asphyxiant poisoning and the most common cause
of fatal occupational inhalation in the United
States.2? The incidence of carbon monoxide poi-
soning is greater during the winter season, because
most exposures result from the escape of the chem-
ical from faulty heating systems or in exhaust from
combustion-powered vehicles or appliances and
because carbon monoxide readily accumulates in-
doors. A diagnosis of carbon monoxide poisoning is
confirmed by an elevated carboxyhemoglobin level,
for which there is a specific test with rapidly avail-

able results.25:3% Low carboxyhemoglobin values
must be interpreted cautiously, however, because
they can be the result of treatment with oxygen or
substantial delays between the end of the exposure
and the carboxyhemoglobin measurement.25:31

Cyanide poisoning should be suspected when a
laboratory or industrial worker suddenly collapses.
Cyanides can have a secondary role in carbon mon-
oxide poisoning that results from smoke inhala-
tion.32:33 The hallmarks of severe cyanide toxicity
are persistent hypotension and acidemia despite
adequate arterial oxygenation. Hydrogen sulfide
poisoning produces a similar clinical picture. High
concentrations of hydrogen sulfide from decaying
organic matter within a confined space can rapidly
“knock down” both initially exposed persons and
their would-be rescuers.+34:35

For all cases of poisoning by asphyxiants, treat-
ment begins with the administration of 100 percent
oxygen. Oxygen reverses hypoxemia in cases of sim-
ple asphyxiation, accelerates the elimination of car-
bon monoxide,3°:3¢ and helps to support persons
poisoned by cyanide or hydrogen sulfide.26:34 In the
United States, cyanide poisoning is treated with
100 percent oxygen along with sodium nitrite and
thiosulfate, both of which are in the Lilly Antidote
Kit.26:27,34,37 Nitrite induces the formation of met-
hemoglobin, which is bound by cyanide, yielding
cyanomethemoglobin. Because methemoglobin de-
creases the oxygen-carrying capacity of the blood,
its levels must be monitored. Thiosulfate acts syn-
ergistically to accelerate the detoxification of cyanide
to thiocyanate. Adverse effects are rare, and thiosul-
fate can be given safely when cyanide poisoning is
suspected.34 For cyanide poisoning due to smoke
inhalation, most authorities recommend the use of
thiosulfate, oxygen, and supportive measures and
recommend reserving nitrites for patients who are
hypotensive, acidemic, or comatose.3237,38 Nitrite-
induced methemoglobinemia aggravates the de-
crease in oxygen-carrying capacity that is due to car-
boxyhemoglobinemia.

For the treatment of poisoning by hydrogen sul-
fide, which preferentially binds methemoglobin,
the administration of 100 percent oxygen and so-
dium nitrite is recommended.343940 Thiosulfate,
however, is not indicated in cases of hydrogen sul-
fide poisoning. Hydrogen sulfide is highly irritating,
and patients must be monitored for ophthalmic tox-
icity (“gas eye”) and acute lung injury.40:41

Additional treatment with hyperbaric oxygen
may be offered to selected patients with chemical
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asphyxia. Hyperbaric oxygen accelerates the elimi-
nation of carbon monoxide and decreases the fre-
quency of the cognitive sequelae that can result from
severe exposure to carbon monoxide.3¢42 It may
also be beneficial in the treatment of poisoning by
cyanide and hydrogen sulfide.43-45 The role of hy-
perbaric-oxygen treatment in a mass exposure to
asphyxiant substances is restricted by the limited
availability of hyperbaric chambers.

CHOLINESTERASE INHIBITORS

Organic phosphorus pesticides, carbamate pesti-
cides, and the organophosphorus compounds that
are developed as weapons known as “nerve agents”
(e.g., sarin, soman, tabun, and VX) all inhibit acetyl-
cholinesterase, resulting in cholinergic overstimula-
tion, with both muscarinic and nicotinic effects.46-48
Muscarinic symptoms include profuse exocrine se-
cretions (tearing, rhinorrhea, salivation, bronchor-
rhea, and sweating), in addition to ophthalmic
symptoms, such as miosis, dim vision, headache,
and eye pain. Exposure to large doses of cholines-
terase inhibitors, especially if these are ingested,
may cause abdominal cramping, nausea, emesis,
diarrhea, and fecal and urinary incontinence. Nico-
tinic symptoms include weakness of the skeletal
muscles, fasciculations, and paralysis. Cardiovas-
cular effects of poisoning are mixed, but initially
tachycardia and hypertension due to nicotinic stim-
ulation usually predominate.*8:49 Effects on the cen-
tral nervous system range from irritability and
mild cognitive impairment to convulsions and co-
ma.*8,50,51 Multiple mechanisms (e.g., hypersecre-
tion, bronchoconstriction, thoracic weakness, and
decreased respiratory drive) can contribute to res-
piratory failure. Depression of erythrocyte cholin-
esterase and serum cholinesterase activity provides
confirmation of severe intoxication.%48:51,52 How-
ever, treatment cannot await the results of testing of
cholinesterase activity because tests results are not
rapidly available.11,13

Cholinesterase inhibitors are absorbed by inha-
lation, by ingestion, and through the skin, and they
may contaminate emergency personnel who are in-
adequately protected.4?5° Supplemental oxygen,
suctioning, and mechanical ventilation may be
needed to support the patient. Three antidotes —
atropine, pralidoxime, and diazepam — are useful.
Atropine works primarily at muscarinic sites. It is
administered to adults in doses of 2 mg every 5 to
10 minutes, and the dose is adjusted to minimize

dyspnea, airway resistance, and respiratory secre-
tions.#852 Pralidoxime reactivates acetylcholines-
terase and works at nicotinic, muscarinic, and cen-
tral nervous system receptors. The initial dose of
pralidoxime is 1 g administered intravenously over
a period of 20 to 30 minutes.?52

Benzodiazepines are the only effective anticon-
vulsant drugs for the treatment of persons poisoned
with nerve agents and should be administered to
all persons with severe intoxication by such agents
(i.e., patients with seizure, loss of consciousness, or
toxic effects in two or more organ systems).7-17,48
In an instance of terrorism in which persons sud-
denly collapse with coma, seizure, or apnea, cyanide
is the other chemical agent to be considered.11,17,53
Persons affected by nerve agents or cyanide require
airway support and the administration of 100 per-
centoxygen. Seizures in both cases should be treat-
ed with benzodiazepines. Characteristics that dif-
ferentiate the diagnosis of poisoning by cyanide
from that of poisoning by nerve agents are listed in
Table 3.

There are several differences between organo-
phosphorus nerve agents and structurally related
organic phosphorus insecticides. The insecticides
are oily, less volatile liquids. They have a slower on-
set of toxicity, but their effects last longer and re-
quire a larger cumulative dose of atropine.#46:50,53
Nerve agents are watery and volatile, acting rapidly
and severely, but their effects last for a shorter time
and require a smaller total dose of atropine.”»53
Over time, organophosphorus—acetylcholinesterase
binding becomes irreversibly covalent and resistant
to reactivation by pralidoxime, in a process known
as “aging.” Aging has clinical implications for so-
man, which ages in minutes, and sarin, which ages
over a period of three to five hours.>%54 Pralidoxime
should never be withheld, however, out of concern
that it might be administered too late after expo-
sure.>* For organophosphorus insecticides, aging
is not clinically relevant because these agents age at
a slow rate.#” Among nerve agents, VX has several
unique characteristics. Itis oily, is persistent in the
environment, and ages minimally, but even one
drop of the substance on the skin can be lethal.52

Carbamate insecticides have a more limited pen-
etration of the central nervous system, inhibit acetyl-
cholinesterase reversibly, and result in a shorter,
milder course than organophosphorus compounds.
Nevertheless, in the treatment of severe cholinergic
syndromes, it is prudent to use both atropine and
pralidoxime.4?
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Table 3. Factors in the Differential Diagnosis of Severe Toxicity as a Result of Exposure to Nerve Agents and to Cyanide.

Characteristic or Area Affected

Odor None to very faint

Oral, nasal, and respiratory systems Copious secretions

Initial cardiovascular response

Characteristic Effects of Nerve Agent

Eyes Miosis (unresponsive to naloxone),  Pupils normal or dilated
dim vision, pain, lacrimation

Skin Profuse sweating, cyanosis likely
Often hypertension and tachycardia  Often hypotension

Muscle Weakness, generalized fascicula-
tions, eventually flaccid paralysis tions)

Arterial blood gases and acid-base  Respiratory alkalosis or hypoxemia  High anion-gap acidosis, above-normal
balance with respiratory acidosis

Characteristic Effects of Cyanide

Bitter almonds

Relatively few secretions

Profuse sweating, sometimes also cyanosis

Twitching of body parts (but not fascicula-

venous oxygenation

RESPIRATORY TRACT IRRITANTS

The hazardous materials most frequently released
in industrial accidents are irritants to the respiratory
tract.55-57 QOther respiratory tract irritants are tear
gas and choking agents that are used in warfare. Di-
rect tissue reactivity, reflex stimulation, water solu-
bility, and dose are factors that determine the clinical
effects of these substances. Highly soluble irritants,
such as ammonia, are absorbed in the upper respi-
ratory tract, where symptoms develop that are early
warnings of toxicity, whereas less soluble irritants,
such as phosgene, penetrate more deeply and may
cause acute lung injury with a delayed onset.”-58 Re-
gardless of the degree of solubility of the chemical
irritant, however, any massive exposure may have
severe effects on the upper respiratory tract (e.g., la-
ryngeal edema) or the lower respiratory tract (e.g.,
acute lung injury).7,58,59

The chemical agents used for riot control — tear
gas or other “lacrimators” — are aerosolized solids
that cause intense, immediate, and usually self-lim-
ited burning on exposed body surfaces, especially
the eyes.®® Ammonia, hydrochloric acid, sulfuric
acid, and the chloramines — which, in a common
mistake, are produced by the inappropriate mixing
of ammonia and household bleach (hypochlorite)
— are highly soluble irritants to the upper respira-
tory tract.58:61 In the case of tear gas and the highly
soluble agents, intense or prolonged exposure or
the presence of underlying lung disease may result
in bronchospasm and even acute lung injury.>8,62
Chlorine has an intermediate solubility; in small
doses itirritates the upper respiratory tract, whereas
in larger doses it leads to bronchospasm and even-
tually to acute lung injury.°3

Phosgene is the prototypical low-solubility irri-

tant.” It irritates the mucosa, but neither the irrita-
tion nor the odor of the substance (which has been
likened to new-mown hay, moldy hay, or green corn)
provides an adequate warning of its presence.59:64
As late as 15 to 48 hours after the exposure, acute
lung injury may be manifested in persons who were
previously asymptomatic.5%:64 Dyspnea or radio-
graphic evidence of pulmonary edema within four
hours after exposure to phosgene indicates a worse
prognosis and requires treatment in an intensive
care unit.”-59 In persons who remain asymptomatic
and whose lungs appear clear on chest films ob-
tained eight hours after exposure, acute lung injury
is unlikely to develop.®+ Nitrogen dioxide is another
poorly soluble gas. Silo-filler’s disease can develop
in agricultural workers who inhale high concentra-
tions of the nitrogen dioxide that may accumulate
inside silos.65

Treatment of the effects of respiratory irritants
begins with life support, the administration of high-
flow oxygen, and decontamination by irrigation
of the eyes and skin. An assessment of the severity of
the effects is based on the particular substance or
substances involved, the duration of the exposure,
and a determination of whether the patient was ex-
posed to the substance within a confined space and
whether there was loss of consciousness. Patients
in whom hoarseness, stridor, upper-airway burns,
wheezing, or altered mental status develop may re-
quire endotracheal intubation. Bronchodilators are
indicated to treat bronchospasm, and corticoste-
roids may be added as therapy for severe airway re-
activity.”-°0 Nebulized bicarbonate has been advo-
cated as therapy to neutralize chlorine derivatives,
but data from controlled studies of its efficacy are
lacking.®°

For acute lung injury, the treatment remains sup-
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portive. Between the exposure and the onset of
symptoms, bed restis crucial, because physical exer-
tion exacerbates inflammation of the lungs.”-17,59,64
The use of corticosteroids has been recommended
for possible prophylaxis and as therapy.59:67 Al-
though their use in the treatment of the effects of
exposure to phosgene is controversial,?-17 cortico-
steroids are favored for the treatment of moderate-
to-severe exposure to nitrogen dioxide.17.68 Positive
end-expiratory pressure may be used to help main-
tain oxygenation in the presence of pulmonary ede-
ma.>%64 The administration of diuretics should be
avoided because they may aggravate intravascular
hypovolemia.”-¢# Although bacterial superinfection
is a recognized complication of acute lung injury
due to phosgene, the prophylactic use of antibiotic
drugs is not recommended.5®

VESICANTS AND SKIN CAUSTICS

Vesicants, which are blistering agents, are extreme-
ly irritating to the eyes, skin, and airways.®9-71 Mus-
tard is the most important agent in this class, and
its use historically has caused the greatest number
of casualties of all chemical warfare agents.”2 Mus-
tard is a liquid at room temperature, but it becomes
a vapor hazard as the ambient temperature ris-
es.09:73 Affected persons and clinicians may be mis-
led by the typical period of latency of 4 to 12 hours
between exposure and the onset of symptoms and
may therefore not initially recognize that an expo-
sure occurred.1?,74 Within minutes, however, ab-
sorbed mustard becomes fixed in the dermis or
penetrates the circulation.”>”> Therefore, decontam-
ination, which is always indicated in persons who
have been exposed to mustard, is most effective
when performed immediately after exposure.53,69
Mustard is a radiomimetic alkylating agent that
affects DNA chains®972 and is an inflammatory ac-
tivator.”-17 The cutaneous and ophthalmic effects
of exposure to mustard are the most prominent
and the first to appear. Ophthalmic effects range
from conjunctivitis to corneal damage and can in-
clude temporary or permanent loss of vision.69:7¢
Dermatologic lesions can develop and progress
from erythema to vesicles and bullae with a predilec-
tion for forming in intertriginous areas.”375 Airway
involvement can occur, usually within 24 hours after
the exposure and can range from epistaxis, pharyn-
gitis, laryngitis, and cough to dyspnea and sputum
production to hemorrhagic edema, the formation
ofa pseudomembrane, and mucosal sloughing with

possible airway obstruction.?-72:74 Pulmonary com-
plications are the most common cause of death
from exposure to mustard.”’+7> High doses affect
rapidly dividing cells®® and usually result in nausea
and vomiting.”+ Within days to weeks after expo-
sure to mustard, hematopoietic suppression may
be manifested as leukopenia,”+7%:77 although it can
be initially obscured by a reactive leukocytosis.®°
An exposure that may be fatal is indicated by effects
on the patient’s airway within six hours,?>7> burns
over more than 25 percent of the total body sur-
face,17:74 and an absolute white-cell count of less
than 200 per cubic millimeter.9:75

After immediate decontamination and eye irri-
gation, persons affected by a severe exposure to
mustard require supportive measures, including
pulmonary care similar to that used to treat patients
affected by respiratory tract irritants. In addition,
such persons may require specialized ophthalmic
treatment,”6 burn care,”? and critical care.® Early
ophthalmic treatment consists of the administra-
tion of topical anticholinergic agents, antibiotics,
and petrolatum to prevent the eyelids from stick-
ing.75:76 Care of burns involves débridement, the
application of topical antibiotic medication, and lib-
eral administration of analgesic drugs.”>”7 Large
blisters should be unroofed with care.?# The blister
fluid does not contain active mustard.”? Overhydra-
tion should be avoided in patients with mustard
burns, who have less fluid loss than patients with
thermal burns.11,67

Although there are no antidotes to mustard,
emerging evidence suggests that early treatment
with nonsteroidal antiinflammatory drugs may be
beneficial.17:78:79 The use of thiosulfate has been
shown to decrease systemic toxicity and mortality in
animals.”-69 In the presence of hematopoietic sup-
pression, the use of nonabsorbable antibiotics to
sterilize the gut may prevent enteric sepsis.” Gran-
ulocyte colony-stimulating factor should be consid-
ered for the treatment of severe neutropenia.11,67

Most chemical burns of the skin are due to con-
tact with simple acids or bases. Unlike mustard,
these substances are not considered vesicants, and
most burns due to them do not result in systemic
toxicity. The primary treatment is decontamination,
includingvigorous irrigation with water. Burns from
hydrogen fluoride, which is a component of some
household rust removers and is used in certain in-
dustries, require special treatment. Hydrofluoric
acid releases fluoride, which has a high affinity for
calcium and magnesium. Dilute exposures resultin
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delayed symptoms of severe pain, whereas exten-
sive burns and exposure to high concentrations can
result in life-threatening hypocalcemia and hypo-
magnesemia8%:31 and may require the administra-
tion of local and parenteral calcium preparations.8°

CURRENT CONCEPTS

life support and decontamination, and follow-up
with excellent supportive care. Community pre-
paredness for possible toxic chemical releases re-
quires well-organized emergency-medical-response
systems, as well as clinicians and hospitals trained

for readiness. Emergency planning should be ap-

COMMUNITY PREPAREDNESS

releases.

In all serious cases of exposure to chemical sub-
stances, a successful outcome hinges on the extri-
cation of casualties, immediate provision of basic

REFERENCES

1. Melius JM. The Bhopal disaster. In:
Rom WN, ed. Environmental & occupation-
al medicine. 3rd ed. Philadelphia: Lippin-
cott—Raven, 1998:1239-44.

2. Wing JS, Brender JD, Sanderson LM,
Perrotta DM, Beauchamp RA. Acute health
effects in a community after a release of hy-
drofluoric acid. Arch Environ Health 1991;
46:155-60.

3. Fawcett TA, Moon RE, Fracica PJ, Me-
bane GY, Theil DR, Piantadosi CA. Ware-
house workers’ headache: carbon monoxide
poisoning from propane-fueled forklifts.
J Occup Med 1992;34:12-5.

4. Fuller DC, Suruda AJ. Occupationally re-
lated hydrogen sulfide deaths in the United
States from 1984 to 1994. J Occup Environ
Med 2000;42:939-42.

5. Carbon monoxide poisoning deaths as-
sociated with camping — Georgia, March
1999.JAMA 1999;282:1326.

6. Houck PM, Hampson NB. Epidemic
carbon monoxide poisoning following a
winter storm. ] Emerg Med 1997;15:469-73.
7. Medical management of chemical casu-
alties handbook. Aberdeen Proving Ground,
Md.: U.S. Army Medical Research Institute
of Chemical Defense, Chemical Casualty Di-
vision, 1999. (Accessed January 27, 2004, at
http://usamricd.apgea.army.mil/.)

8. Spanjaard H, Khabib O. Chemical
weapons. In: Levy BS, Sidel VW, eds. Terror-
ism and public health. New York: Oxford
University Press, 2003:199-219.

9. Okudera H. Clinical features on nerve
gas terrorism in Matsumoto. J Clin Neurosci
2002;9:17-21.

10. Okumura T, Suzuki K, Fukuda A, et al.
The Tokyo subway sarin attack: disaster
management, part 2: hospital response.
Acad Emerg Med 1998;5:618-24.

11. Henretig FM, Cieslak TJ, Eitzen EM Jr.
Biological and chemical terrorism. J Pediatr
2002;141:311-26.

12. Greenfield RA, Brown BR, Hutchins JB,
etal. Microbiological, biological, and chem-
ical weapons of warfare and terrorism. Am J
Med Sci 2002;323:326-40.

13. Moore DH, Alexander SM. Emergency
response to a chemical warfare agent inci-

N ENGL J MED 350;8 WWW.NEJM.ORG

dent: domestic preparedness, first response,
and public health considerations. In: So-
mani SM, Romano JAJr, eds. Chemical war-
fare agents: toxicity at low levels. Boca Raton,
Fla.: CRC Press, 2001:409-35.

14. Brennan RJ, Waeckerle JF, Sharp TW,
Lillibridge SR. Chemical warfare agents:
emergency medical and emergency public
health issues. Ann Emerg Med 1999;34:191-
204.

15. Nuclear and radiological threats. In:
Committee on Science and Technology for
Countering Terrorism, National Research
Council. Making the nation safer: the role of
science and technology in countering ter-
rorism. Washington, D.C.: National Acade-
my Press, 2002:39-64.

16. Medical management of radiological
casualties. Bethesda, Md.: U.S. Armed Forc-
es Radiobiology Research Institute Informa-
tion Office, 1999. (Special publication 99-
2.) (Accessed December 24, 2003, at http://
www.aftri.usuhs.mil.)

17. Biological & chemical warfare and ter-
rorism: medical issues and response. Satel-
lite broadcast November 28-30, 2001. Fort
Sam Houston, Tex.: U.S. Army Medical
Command, 2001 (transcript).

18. Doyle CJ, Cisek J, Upfal MJ. Disaster
management of massive toxic exposure. In:
Haddad LM, Shannon MW, Winchester JF,
eds. Clinical management of poisoning and
drug overdose. 3rd ed. Philadelphia: W.B.
Saunders, 1998:319-32.

19. Burgess JL, Kirk M, Borron SW, Cisek J.
Emergency department hazardous materi-
als protocol for contaminated patients. Ann
Emerg Med 1999;34:205-12.

20. Macintyre AG, Christopher GW, Eitzen
E Jr, et al. Weapons of mass destruction
events with contaminated casualties: effec-
tive planning for health care facilities. JAMA
2000;283:242-9.

21. Bleich A, Dycian A, Koslowsky M, Solo-
mon Z, Wiener M. Psychiatric implications
of missile attacks on a civilian population:
Israeli lessons from the Persian Gulf War.
JAMA 1992;268:613-5.

22. Knudson GB. Nuclear, biological, and
chemical training in the U.S. Army Reserves:

plicable to both accidental and deliberate chemical

Supported by a grant (ES00002) from the Environmental Health
Center, National Institutes of Health, and by the Department of En-
vironmental Health, Harvard School of Public Health.

We are indebted to Dr. Thomas Glick for his insightful comments.

mitigating psychological consequences of
weapons of mass destruction. Mil Med
2001;166:63-5.

23. Clinical policy for the initial approach to
patients presenting with acute toxic inges-
tion or dermal or inhalation exposure. Ann
Emerg Med 1999;33:735-61.

24. Sharp TW, Brennan RJ, Keim M, Wil-
liams RJ, Eitzen E, Lillibridge S. Medical
preparedness for a terrorist incident involv-
ing chemical or biological agents during the
1996 Atlanta Olympic Games. Ann Emerg
Med 1998;32:214-23.

25. Seger DL, Welch LW. Carbon monoxide.
In: Sullivan JB Jr, Krieger GR, eds. Clinical
environmental health and toxic exposures.
2nd ed. Philadelphia: Lippincott Williams
& Wilkins, 2001:722-7.

26. Curry SC, LoVecchio FA. Hydrogen cya-
nide and inorganic cyanide salts. In: Sullivan
JBJr, Krieger GR, eds. Clinical environmen-
tal health and toxic exposures. 2nd ed. Phil-
adelphia: Lippincott Williams & Wilkins,
2001:705-16.

27. Salkowski AA, Penney DG. Cyanide poi-
soning in animals and humans: a review. Vet
Hum Toxicol 1994;36:455-66.

28. Snyder JW, Safir EF, Summerville GP,
Middleberg RA. Occupational fatality and
persistent neurological sequelae after mass
exposure to hydrogen sulfide. Am J Emerg
Med 1995;13:199-203.

29. Valent F, McGwin G Jr, Bovenzi M, Bar-
bone F. Fatal work-related inhalation of
harmful substances in the United States.
Chest 2002;121:969-75.

30. Piantadosi CA. Carbon monoxide poi-
soning. N EnglJ Med 2002;347:1054-5.

31. Marshall MD, Kales SN, Christiani DC,
Goldman RH. Are reference intervals for
carboxyhemoglobin appropriate? A survey
of Boston area laboratories. Clin Chem
1995;41:1434-8.

32. Linden CH. Smoke inhalation. In: Had-
dad LM, Shannon MW, Winchester JF, eds.
Clinical management of poisoning and drug
overdose. 3rd ed. Philadelphia: W.B. Saun-
ders, 1998:876-84.

33. Baud FJ, Barriot D, Toffis V, et al. Elevat-
ed blood cyanide concentrations in victims

FEBRUARY 19, 2004

Downloaded from www.nejm.org at EVANSTON NORTHWESTERN HEALTHCA on August 11, 2008 .
Copyright © 2004 Massachusetts Medical Society. All rights reserved.

807



808

of smoke inhalation. N Engl J Med 1991;
325:1761-6.

34. Kerns W II, Isom G, Kirk MA. Cyanide
and hydrogen sulfide. In: Goldfrank LR,
Flomenbaum NE, Lewin NA, Howland MA,
Hoffman RS, Nelson LS, eds. Goldfrank’s
toxicologic emergencies. 7th ed. New York:
McGraw-Hill, 2002:1498-510.

35. Milby TH, Baselt RC. Hydrogen sulfide
poisoning: clarification of some controver-
sial issues. Am J Ind Med 1999;35:192-5.
36. Thom SR. Hyperbaric-oxygen therapy
for acute carbon monoxide poisoning.
N EnglJ Med 2002;347:1105-6.

37. KuligK. Cyanide antidotes and fire toxi-
cology. N Engl] Med 1991;325:1801-2.

38. Hall AH, Rumack BH. Cyanide and re-
lated compounds. In: Haddad LM, Shannon
MW, Winchester JF, eds. Clinical manage-
mentofpoisoning and drug overdose. 3rd ed.
Philadelphia: W.B. Saunders, 1998:899-905.
39. Hall AH, Rumack BH. Hydrogen sulfide
poisoning: an antidotal role for sodium ni-
trite? Vet Hum Toxicol 1997;39:152-4.

40. Gregorakos L, Dimopoulos G, Liberi S,
Antipas G. Hydrogen sulfide poisoning:
management and complications. Angiology
1995;46:1123-31.

41. Gabbay DS, De Roos F, Perrone J. Twen-
ty-foot fall averts fatality from massive hy-
drogen sulfide exposure. ] Emerg Med 2001;
20:141-4.

42. Weaver LK, Hopkins RO, Chan RJ, et al.
Hyperbaric oxygen for acute carbon monox-
ide poisoning. N Engl J] Med 2002;347:
1057-67.

43. Tomaszewski CA, Thom SR. Use of hy-
perbaric oxygen in toxicology. Emerg Med
Clin North Am 1994;12:437-59.

44. Scolnick B, Hamel D, Woolf AD. Suc-
cessful treatment of life-threatening propi-
onitrile exposure with sodium nitrite/sodium
thiosulfate followed by hyperbaric oxygen.
J Occup Med 1993;35:577-80.

45. Gunn B, Wong R. Noxious gas exposure
in the outback: two cases of hydrogen sulfide
toxicity. Emerg Med 2001;13:240-6.

46. Sidell FR. Clinical effects of organophos-
phorous cholinesterase inhibitors. J Appl
Toxicol 1994;14:111-3.

47. Carlton FB Jr, Simpson WM Jr, Haddad
LM. The organophosphates and other in-
secticides. In: Haddad LM, Shannon MW,
Winchester JF, eds. Clinical management of
poisoning and drug overdose. 3rd ed. Phila-
delphia: W.B. Saunders, 1998:836-45.

48. Sidell FR, Borak J. Chemical warfare
agents. II. Nerve agents. Ann Emerg Med
1992;21:865-71.

49. Suzuki T, Morita H, Ono K, Maekawa K,
Nagai R, Yazaki Y. Sarin poisoning in Tokyo
subway. Lancet 1995;345:980.

50. Gunderson CH, Lehmann CR, Sidell
FR, Jabbari B. Nerve agents: a review. Neu-
rology 1992;42:946-50.

51. Okumura T, Takasu N, Ishimatsu S, et
al. Report on 640 victims of the Tokyo sub-
way sarin attack. Ann Emerg Med 1996;28:
129-35.

N ENGL J MED 350;8 WWW.NEJM.ORG

CURRENT CONCEPTS

52. Nerve agents. In: Managing hazardous
material incidents. Vol. 3. Medical manage-
ment guidelines. Atlanta: Agency for Toxic
Substances and Disease Registry, Public
Health Service, 2001.

53. Sidell FR. What to do in case of an un-
thinkable chemical warfare attack or acci-
dent. Postgrad Med 1990;88:70-84.

54. Chemical warfare. In: Ellenhorn MJ,
Schonwald S, Ordog G, Wasserberger J. El-
lenhorn’s medical toxicology: diagnosis and
treatment of human poisoning. 2nd ed. Bal-
timore: Williams & Wilkins, 1997:1267-304.
55. Hall HI, Dhara VR, Price-Green PA,
Kaye WE. Surveillance for emergency events
involving hazardous substances — United
States, 1990-1992. MMWR CDC Surveill
Summ 1994;43:1-6.

56. Kales SN, Castro M, Christiani DC. Epi-
demiology of hazardous materials respons-
es by Massachusetts district HAZMAT teams.
J Occup Environ Med 1996;38:394-400.

57. Burgess JL, Pappas GP, Robertson WO.
Hazardous materials incidents: the Wash-
ington Poison Center experience and ap-
proach to exposure assessment. J Occup En-
viron Med 1997;39:760-6.

58. Nelson LS. Simple asphyxiants and pul-
monary irritants. In: Goldfrank LR, Flomen-
baum NE, Lewin NA, Howland MA, Hoft-
man RS, Nelson LS, eds. Goldfrank’s
toxicologic emergencies. 7th ed. New York:
McGraw-Hill, 2002:1453-68.

59. BorakJ, Diller WE. Phosgene exposure:
mechanisms of injury and treatment strate-
gies. ] Occup Environ Med 2001;43:110-9.
60. Graudins A. Tear gas and riot control
agents. In: Haddad LM, Shannon MW, Win-
chester JF, eds. Clinical management of poi-
soning and drug overdose. 3rd ed. Philadel-
phia: W.B. Saunders, 1998:987-92.

61. Mrvos R, Dean BS, Krenzelok EP. Home
exposures to chlorine/chloramine gas: review
0f 216 cases. South Med ] 1993;86:654-7.
62. Salem H, Olajos EJ, Katz SA. Riot-con-
trol agents. In: Somani SM, Romano JA Jr,
eds. Chemical warfare agents: toxicity at low
levels. Boca Raton, Fla.: CRC Press, 2001:
321-72.

63. Winder C. The toxicology of chlorine.
Environ Res 2001;85:105-14.

64. Phosgene. In: Managing hazardous
material incidents. Vol. 3. Medical man-
agement guidelines. Atlanta: Agency for
Toxic Substances and Disease Registry,
Public Health Service, 2001.

65. Waldron HA. Non-neoplastic disorders
due to metallic, chemical and physical
agents. In: Parkes WR, ed. Occupational
lung disorders. 3rd ed. Boston: Butterworth-
Heinemann, 1994:593-643.

66. Sexton JD, Pronchik DJ. Chlorine inha-
lation: the big picture. J Toxicol Clin Toxicol
1998;36:87-93.

67. Prevention and treatment of injury from
chemical warfare agents. Med Lett Drugs
Ther 2002;44:1-4.

68. McMullen MJ, Hetrick TJ, Cannon L.
Ammonia, nitrogen, nitrogen oxides, and

related compounds. In: Haddad LM, Shan-
non MW, Winchester JF, eds. Clinical man-
agement of poisoning and drug overdose.
3rd ed. Philadelphia: W.B. Saunders, 1998:
978-87.

69. Borak J, Sidell FR. Agents of chemical
warfare: sulfur mustard. Ann Emerg Med
1992;21:303-8.

70. Blister agents. In: Managing hazardous
material incidents. Vol. 3. Medical manage-
ment guidelines. Atlanta: Agency for Toxic
Substances and Disease Registry, Public
Health Service, 2001.

71. Phosgene oxime. In: Managing hazard-
ous material incidents. Vol. 3. Medical man-
agement guidelines. Atlanta: Agency for
Toxic Substances and Disease Registry, Pub-
lic Health Service, 2001.

72. Hurst CG, Smith WJ. Chronic effects of
acute, low-level exposure to the chemical
warfare agent sulfur mustard. In: Somani
SM, Romano JA Jr, eds. Chemical warfare
agents: toxicity at low levels. Boca Raton,
Fla.: CRC Press, 2001:245-60.

73. Smith KJ, Hurst CG, Moeller RB, Skel-
ton HG, Sidell FR. Sulfur mustard: its con-
tinuing threat as a chemical warfare agent,
the cutaneous lesions induced, progress in
understanding its mechanisms of action, its
long-term health effects, and new develop-
ments for protection and therapy. ] Am Acad
Dermatol 1995;32:765-76.

74. Davis KG, Aspera G. Exposure to liquid
sulfur mustard. Ann Emerg Med 2001;37:
653-6.

75. Medical management of chemical casu-
alties: vesicants. Aberdeen Proving Ground,
Md.: U.S. Army Medical Research Institute of
Chemical Defense, Chemical Casualty Care
Division, 1999. (Accessed January 27, 2004,
at http://usamricd.apgea.army.mil/.)

76. Safarinejad MR, Moosavi SA, Montazeri
B. Ocular injuries caused by mustard gas: di-
agnosis, treatment, and medical defense.
Mil Med 2001;166:67-70.

77. Ruhl CM, Park SJ, Danisa O, etal. A seri-
ous skin sulfur mustard burn from an artil-
lery shell. ] Emerg Med 1994;12:159-66.

78. Babin MC, Ricketts K, Skvorak JP, Gaz-
away M, Micheltree LW, Casillas RP. Sys-
temic administration of candidate antivesi-
cants to protect against topically applied
sulfur mustard in the mouse ear vesicant
model (MEVM). J Appl Toxicol 2000;20:
Suppl:S141-S144.

79. Dachir S, Fishbeine E, Meshulam Y, Sa-
har R, Amir A, Kadar T. Potential antiin-
flammatory treatments against cutaneous
sulfur mustard injury using the mouse ear
vesicant model. Human Exp Toxicol 2002;
21:197-203.

80. Caravati EM. Acute hydrofluoric acid ex-
posure. Am ] Emerg Med 1988;6:143-50.
81. Blodgett DW, Suruda AJ, Crouch BI. Fa-
tal unintentional occupational poisonings
by hydrofluoric acid in the U.S. Am J Ind
Med 2001;40:215-20.

Copyright © 2004 Massachusetts Medical Society.

FEBRUARY 19, 2004

Downloaded from www.nejm.org at EVANSTON NORTHWESTERN HEALTHCA on August 11, 2008 .
Copyright © 2004 Massachusetts Medical Society. All rights reserved.



