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Environmental Gas Displacement
Three Accidental Deaths in the Workplace
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The authors describe three accidental deaths resulting from
occupational hazards involving environmental gas alterations.
One involved the displacement of oxygen caused by leakage of
liquid nitrogen during the installation of a magnetic resonance
imaging system. Two involved elevated environmental carbon
dioxide concentrations: dry ice sublimation in a walk-in refrigerator in a research laboratory, and activation of a carbon
dioxide fire alarm– extinguisher system by a woman locked in
a bank vault. The autopsy findings, scene investigations, and
certifications of these deaths, as related to the mechanisms of
death, are discussed.
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Displacement or deprivation of environmental oxygen
is a common method of suicide and has been reported in
rare work-related, industrial accidents (1– 8). Occupational deaths have occurred in ship holds, the brewing
industry, silos, tunnels, sewer shafts, and poultry plants
that use dry ice (9 –16). We describe three occupational
deaths resulting from environmental derangements in
atmospheric gas concentrations in nonindustrial work
settings. One involved liquid nitrogen released during
installation of a magnetic resonance imaging system, and
two involved carbon dioxide released during dry ice
sublimation in a research laboratory and discharge of a
carbon dioxide fire alarm-extinguisher system in a closed
bank vault. For each case, the type of gas and its role in
the pathophysiology of death are discussed.
CASE REPORTS
Case 1: Displacement of oxygen by nitrogen
occurred during the installation of a magnetic
resonance imaging system.
A 25-year-old man, previously healthy, was installing
a magnetic resonance imaging device at a local hospital.
To super-cool the magnet, liquid nitrogen was infused
over several days. The machine was in a 60 ⫻ 14 foot
unventilated closed room with dozens of liquid nitrogen
cylinders, each containing approximately 230 liters of
liquid nitrogen. Several tanks had been infused during
the preceding days without incident. On the afternoon
before his death, the decedent connected six more of
these tanks to a manifold leading to the magnet housing
and then left for the day. A second worker went into the
room later that afternoon. As he entered the room he felt
dizzy and immediately exited the room. He returned to
the room after propping the door open. He subsequently
worked in the room for 2 hours without a problem, and
upon leaving that evening, closed the door. The decedent
returned to work in the magnetic resonance imaging
room the next morning. After he had not been seen by
coworkers for hours, two people went to the room to look
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FIG. 1. One of 15 cubes of dry ice found in the cold
storage room with decedent in Case 2.

for him. Seconds after entering the closed room, the two
men became lightheaded and dizzy and quickly left the
room. Minutes later, after feeling better, they opened all
the doors and subsequently found the decedent on the
floor. The fire department removed the liquid nitrogen
canisters from the room. The Occupational Safety and
Health Administration responded and investigated; there
were no oxygen monitors in the room.
At autopsy, the decedent had no gross or microscopic
evidence of disease or injury. There were no petechiae.
The results of toxicologic testing for alcohol, commonly
abused drugs, and psychiatric prescription medications
were negative. The cause of death was asphyxia resulting
from displacement of environmental oxygen by nitrogen
(decedent worked in an enclosed unventilated space with
liquid nitrogen).
Case 2: Dry ice sublimation resulted in
environmental oxygen displacement and carbon
dioxide intoxication in a walk-in refrigerator at a
medical research laboratory.
A 51-year-old man was a research scientist with a
medical history of slight cold-induced bronchial asthma.
He entered an 8 ⫻ 8 ⫻ 14 foot cold storage room that
had no working ventilation system. At least 3 hours
earlier, 15 1-L blocks (10-in cubes) of dry ice had been
placed in the room by a delivery company. Each was
wrapped in brown paper, and they were stacked two to
three blocks high. Approximately 4 hours after last being
seen alive, the man was found pulseless and apneic on
the floor of the cold storage room with a beta-agonist
inhaler in his front pocket. Some of the dry ice packages
had been opened (Fig. 1). A complete autopsy, including
toxicologic and microscopic examinations, revealed
slight coronary atherosclerosis, no evidence of acute
asthmatic bronchitis, and neither illicit nor prescription
drugs. There were no petechiae.
The cause of death was inhalation of a high concentration
of carbon dioxide and reduced oxygen (entered enclosed
unventilated space with a large quantity of dry ice).
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Case 3: Activation of a carbon dioxide fire
extinguisher system in a closed bank vault resulted
in carbon dioxide intoxication.
A 35-year-old woman, previously healthy, was a securities administrator at a financial service company in
New York City. In the evening, she was inadvertently
locked in a 10,000-square-foot vault while storing stock
receipts. She attempted to contact her supervisor and the
security office with an in-house telephone, but got no
response. In another bid for help, she pulled a fire alarm,
which triggered a carbon dioxide– based fire extinguishing system. The fire department responded to the alarm,
and she was found unconscious in the vault 30 minutes
later. An autopsy revealed no gross or microscopic evidence of disease or injury. There were no petechiae. The
results of toxicologic testing for alcohol, commonly
abused drugs, and psychiatric prescription medications
were negative. The cause of death was carbon dioxide
intoxication (discharge of carbon dioxide fire extinguishing system in an enclosed space).
DISCUSSION
The term asphyxia has a broad and inconsistent usage
in medicine. Asphyxia is generally defined as impaired
or absent exchange of oxygen with an associated excess
of carbon dioxide (combined hypoxia/anoxia and hypercapnia). The Greek root of asphyxia (a privative ⫹
sphyzo, to throb or ⫹ sphygmos, pulse) means pulseless.
This original definition predates our current understanding of the physiology and is obsolete. Ultimately, all
deaths are characterized by a breakdown of the body’s
oxygen cycle. A death is certified with an asphyxial
mechanism, however, only when the interruption of oxygen occurs at certain stages of the oxygen cycle and
under certain circumstances.
In general, a disruption in the body’s oxygen cycle
may occur in any of four areas.
Alveoli: oxygen does not reach the alveoli (so-called
anoxic anoxia) because of airway obstruction (e.g.
smothering, laryngeal edema), postural interference with
respiration (i.e., positional asphyxia), pulmonary pathology (e.g. cystic fibrosis), or a low oxygen environment.
Hemoglobin: the vehicle that carries oxygen may be
lacking or chemically altered (anemic anoxia) in such a
manner that it cannot carry or bind oxygen (e.g. carboxyhemoglobin, hemoglobinopathies).
Vascular system: an interruption of the vascular highway (stagnant anoxia) in such a manner that oxygenated
hemoglobin is not transported properly to tissues; this
transportation disturbance may be global (e.g. shock) or
focal (occlusive thrombus/embolus, cervical vascular
compression).
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Tissues: this area is at the cellular level (histotoxic anoxia), where tissues are unable to receive or use the oxygen
supply (e.g. cyanide or hydrogen sulfide poisoning).
Asphyxia is a commonly accepted mechanism for the
certification of deaths in the first group (alveoli) when
they result from major obstruction of the proximal airway or diffuse mechanical obstruction of distal airways
(e.g., aspiration of finely particulate foreign material).
Conversely, respiratory failure is the clinical euphemism
often used for the “asphyxial” deaths that result from
disease (e.g. epiglottitis, lung carcinoma, pneumonia).
Asphyxial deaths in the first group include those caused
by smothering (external airway occlusion), choking (internal airway occlusion), positional asphyxia, and low
environmental oxygen.
Deaths in the second group (abnormalities of oxygenhemoglobin interactions) may be natural (hemoglobinopathy) or unnatural (carbon monoxide poisoning). The
unnatural deaths are usually poisonings/intoxications. An
intoxicant, or poison, is defined as a substance that exerts
a deleterious effect by virtue of its chemical action (17).
Depending on the environment, there may be a component of asphyxia if there is also sufficient environmental
displacement of oxygen by the poisonous gas.
Deaths by neck and/or chest compression have complex mechanisms that may not be purely asphyxial. For
example, cervical arterial compression (e.g. carotid
sleeper hold) results in cerebral ischemia/hypoxia while
the rest of the body may transiently maintain near normal
oxygen and carbon dioxide concentrations as respiration
continues (18). Strangulations and hangings typically
have oxygen cycle interruptions at two levels: alveolar
(airway) and vascular. In these deaths, there may be an
asphyxial component resulting from the airway obstruction, as well as a cerebral hypoxia component caused by
cervical vascular compression.
The deaths associated with cellular respiration typically result from intoxication (e.g. cyanide, hydrogen
sulfide). These deaths, however, occur so quickly that
environmental oxygen concentration plays no role. Some
people denote these as chemical asphyxias. With cyanide, the red blood cells are fully oxygenated, but the
oxygen cannot be used by the tissues. When a gas exerts
a deleterious effect by virtue of its chemical action on the
body, the term intoxication (or poisoning) is preferred to
asphyxiation.
Asphyxia is a diagnosis based on the circumstances
surrounding a death and the exclusion of other causes of
death. There are no pathognomonic autopsy findings in
asphyxial deaths. The so-called general signs of asphyxia
are nonspecific (17,19,20). They include congestion, cyanosis, petechiae, right-sided cardiac dilatation, and persistent fluidity of blood, and they remain, as Adelson
(17) described them, the “obsolete diagnostic quintet.”
He continued, “the coexistence of these findings, in
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themselves, does not prove that death resulted from
mechanical asphyxia. Inasmuch as they are observed
frequently in deaths arising from unquestioned natural
disease...” (17). The absence or presence of cephalic
petechiae, a purely mechanical phenomenon, has been
previously expounded (20).
The role of carbon dioxide in asphyxia also merits
discussion. Typical room air consists of 20.9% oxygen,
79% nitrogen, and 0.1% carbon dioxide, water vapor,
and other inert gases (21). The concentration of carbon
dioxide in alveolar air is 5%. Carbon dioxide formed by
cellular respiration is removed by pulmonary ventilation.
If the concentration of the inspired carbon dioxide is
increased, it will alter the normal diffusion gradients of
the alveolar blood (22,23). An increase in alveolar carbon dioxide will result in hypercarbia and systemic acidosis. Unconsciousness and death can occur as the concentration of atmospheric carbon dioxide reaches 10%
(21,24).
Studies have examined the effects of increasing the
environmental concentration of carbon dioxide to 80%
while maintaining normal atmospheric oxygen concentration. Despite the presence of 20% oxygen, deaths
occurred in minutes (25). These findings demonstrate
that death caused by sufficiently increased environmental carbon dioxide results from its deleterious chemical
effects on the body (i.e., intoxication). Displacement of
environmental oxygen by carbon dioxide (i.e., asphyxiation) also may contribute to the death, but it is not
required.
Further support of the intoxicating effect of carbon
dioxide is the lack of such an effect by the nitrogen found
in normal room air. An 80% concentration of nitrogen
combined with the normal 20% oxygen concentration of
room air does not cause death because at this concentration, nitrogen, unlike carbon dioxide, does not have a
deleterious chemical effect on the body. Nitrogen, propane, and methane are “simple asphyxiants”, gases that
in and of themselves are nontoxic and result in injury or
death only if they sufficiently displace environmental
oxygen to cause asphyxia. Conversely, toxic gases, such
as carbon dioxide, hydrogen sulfide, carbon monoxide,
and potassium cyanide, may displace oxygen as well, but
they can be fatal because of their chemical effects alone,
even with a normal atmospheric oxygen concentration.
Deaths resulting from intoxication may have diagnostic
autopsy and/or toxicologic findings (26 –29).
In Case 1, nitrogen, a simple asphyxiant, by itself did
not have an adverse effect on the body; instead, it displaced and decreased the environmental and alveolar
oxygen concentrations. In SCUBA diving, nitrogen can
cause physical disability at high pressures. It progressively dissolves into the tissues and may reduce neural
excitability, resulting in so-called nitrogen narcosis. In
addition, rapid changes in external pressure can result in
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FIG. 2. Cold storage room (8 ⫻ 8 ⫻ 14 feet) from Case 2.

physiologic alterations in gas solubility with resultant
barotrauma (decompression sickness).
Carbon dioxide–related deaths are more complex. The
initial signs and symptoms may include headache,
twitching, and lightheadedness, thus allowing an individual time for recognition of danger and possible escape.
At higher concentrations, however, ensuing signs range
from profound and precipitous central nervous and respiratory system depression to cardiac dysrhythmias
from catecholamine release (22,25). Atmospheric concentrations of 30% produce loss of consciousness in
seconds to minutes. This interval is further shortened if
the atmospheric oxygen concentration is concomitantly
decreased. The duration of the carbon dioxide exposure
is also important. Most subjects regain consciousness
spontaneously once a brief exposure is terminated. However, if the exposure is prolonged and nervous system
and/or cardiac events ensue, most individuals will not
spontaneously recover once removed from the toxic environment. Therefore, an individual who becomes rapidly unconscious in a highly toxic environment is at a
high risk of death or irreversible neurologic injury resulting from prolonged exposure (30).
The question in the two carbon dioxide–related deaths
is, did the individuals die of: (1) displacement of oxygen
by increased environmental carbon dioxide, (2) the physiologic effects of breathing an elevated concentration of
carbon dioxide, (3) something else (e.g. hypothermia), or
(4) a combination of effects? Unfortunately, carbon dioxide concentrations are uniformly elevated postmortem
and are therefore not interpretable. Consequently, the
performance of scene simulations may be the only alternative to accurately answer these and other questions.
In Case 2, such a simulation of dry ice storage was
conducted in the same cold storage room (Fig. 2) to
confirm the cause and mechanism(s) of death. An identical quantity of wrapped dry ice was similarly stacked in
the room. At 4-minute intervals during several hours, a
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Draeger tube and carbon dioxide meter were used to
measure the atmospheric carbon dioxide percentages 9
inches above the floor, the level of the decedent’s head
once he had become unconscious (Fig. 3). The tube was
calibrated and checked against two known concentrations of carbon dioxide and was capable of measuring up
to 100% carbon dioxide. The initial atmospheric oxygen
concentration in the room was 20.5%. Within the first 20
minutes, the carbon dioxide concentration rose and the
oxygen concentration precipitously fell. A peak carbon
dioxide concentration of 27.6% (normal atmospheric
concentration, 0.03%– 0.10%) and nadir oxygen concentration of 13.6% were reached at approximately 3 hours,
at which time the temperature of the room also had
reached its nadir of ⫺15°C (the room was normally
maintained at 5°C). These concentrations indicate that
the sublimation of dry ice decreased the environmental
oxygen while increasing the carbon dioxide concentration. The concentration disparity between these two
gases was greatest near the floor, because carbon dioxide
is heavier than oxygen. Therefore, asphyxia (caused by
decreased environmental oxygen) and carbon dioxide
intoxication (exogenous/environmentally-induced hypercapnia) caused his death.
Normally, dry ice is used in much smaller quantities in
a research setting than the amount involved in Case 2.
This situation occurred because the decedent had ordered
a very large amount of dry ice in preparation for moving
research samples. In addition, it was delivered to a 5°C
cold room/refrigerator, not a freezer, despite a written
warning on its wrapping (Fig. 4). This allowed rapid
sublimation, unimpeded by the paper wrapping, in a
small, unventilated space.
In Case 3, a scene simulation was not performed. The
cause of death was attributed to acute carbon dioxide
intoxication, although displacement of oxygen by carbon

FIG. 3. Scene simulation in Case 2: the carbon dioxide
detector placed 9 inches above the floor was the approximate height of the decedent’s face once he was unconscious.
Am J Forensic Med Pathol, Vol. 23, No. 1, March 2002
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FIG. 4. Paper wrapping of dry ice with label warning: “Do
not enter confined areas where used or stored until adequately ventilated, solid carbon dioxide liberates heavy
CO2 vapor which may cause suffocation.”

dioxide, and therefore asphyxia, was also a possible
contributory mechanism.
All three deaths described here demonstrate avoidable
occupational hazards, the recognition of which could
help prevent future fatalities. Deaths resulting from
work-related environmental gas displacement are not
limited to industrial settings. Such knowledge must increase workers’ vigilance when they handle potentially
lethal gases in otherwise “safe” office-based and academic laboratory environments. Like carbon monoxide,
the gases involved in these deaths are odorless and colorless, underscoring the need for workplace precautions.
Oxygen detectors must be used by workers using large
quantities of liquid nitrogen. Dry ice in a research setting
should be kept in small quantities, in an insulated “cold
box”/freezer that should be maintained at ⫺70°C, in an
open, ventilated laboratory. Employee education and
prominent signs posted near fire alarms describing the
risks associated with carbon dioxide antifire systems also
are needed. Alternative antifire systems that do not pose
a threat of asphyxiation in closed unventilated spaces
also should be considered. For the purposes of accurate
death certification and worker safety, scene simulations
should be performed when feasible. The investigation of
work-related deaths in the United States is complemented by the Occupational Safety and Health Administration, and the benefits from their involvement and
assistance are numerous.
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