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PREFACE

The Occupational Safety and Health Act of 1970 emphasizes the need 

for standards to protect the health and safety of workers exposed to an 

ever-increasing number of potential hazards at their workplace. The 

National Institute for Occupational Safety and Health has projected a 

formal system of research, with priorities determined on the basis of 

specified indices, to provide relevant data from which valid criteria for 

effective standards can be derived. Recommended standards for occupational 

exposure, which are the result of this work, are based on the health 

effects of exposure. The Secretary of Labor will weigh these 

recommendations along with other considerations such as feasibility and 

means of implementation in developing regulatory standards.

It is intended to present successive reports as research and 

epidemiologic studies are completed and as sampling and analytical methods 

are developed. Criteria and standards will be reviewed periodically to 

ensure continuing protection of the worker.

I am pleased to acknowledge the contributions to this report on 

carbon dioxide by members of my staff and the valuable constructive 

comments by the Review Consultants on Carbon Dioxide, by the ad hoc 

committees of the Society for Occupational and Environmental Health and of 

the American Occupational Medical Association, and by Robert B. O'Connor, 

M.D., NIOSH consultant in occupational medicine. The NIOSH recommendations
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for standards are not necessarily a consensus of all the consultants and 

professional societies that reviewed this criteria document on carbon 

dioxide. Lists of the NIOSH Review Committee members and of the NIOSH 

Review Consultants appear on the following pages.

John F. Finklea, M.D.
Director, National Institute for 

Occupational Safety and Health



The Division of Criteria Documentation and Standards 

Development, National Institute for Occupational Safety and 

Health, had primary responsibility for development of the 

criteria and recommended standard for carbon dioxide. The 

Division review staff for this document consisted of 

Herbert E. Christensen, D.Sc., Howard McMartin, M.D., and 

Seymour D. Silver, Ph.D.

Stanford Research Institute (SRI) developed the basic 

information for consideration by NIOSH staff and 

consultants under contract CDC-99-74-31. Irwin Baumel, 

Ph.D., had NIOSH program responsibility and served as 

criteria manager.
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I. RECOMMENDATIONS FOR A CARBON DIOXIDE STANDARD

The National Institute for Occupational Safety and Health (NIOSH) 

recommends that employee exposure to carbon dioxide in the workplace be 

controlled by adherence to the following sections. The standard is 

designed to protect the health and safety of workers for up to a 10-hour 

work shift in a 40-hour workweek over a normal working life. Compliance 

with all sections of the standard should prevent adverse effects of carbon 

dioxide on the health and safety of workers. Techniques recommended in the 

standard are valid, reproducible, and available to industry and government 

agencies. Sufficient technology exists to permit compliance with the 

recommended standard. The criteria and standard will be subject to review 

and revision as necessary.

"Occupational exposure" to carbon dioxide is defined as exposure at a 

concentration greater than the time-weighted average (TWA) environmental 

limit. "Overexposure" to carbon dioxide is defined as any exposure at a 

concentration sufficient to produce signs of respiratory difficulty or 

central nervous system effects. Exposure to carbon dioxide at or below the 

TWA environmental limit will not require adherence to the following 

sections except for Sections 1, 3, 5, 6, and the first paragraph of Section 

7. If exposure to other chemicals also occurs, provisions of any 

applicable standard for the other chemicals shall also be followed.
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Section 1 - Environmental (Workplace Air)

(a) Concentration

Employee exposure to carbon dioxide shall be controlled so that the 

environmental limit does not exceed 10,000 parts per million (ppm) parts of 

air (1%) by volume (approximately 18,000 mg/cu m of air) determined as a 

TWA concentration for up to a 10-hour work shift in a 40-hour workweek, 

with a ceiling concentration of 30,000 ppm parts of air (3%) by volume 

(approximately 54,000 mg/cu m of air) as determined by a sampling period 

not to exceed 10 minutes.

(b) Sampling, Collection, and Analysis

Procedures for the collection and analysis of environmental samples 

shall be as provided in Appendices I and II or by any method shown to be 

equivalent in accuracy, precision, and sensitivity to the methods 

specified.

Section 2 - Medical

(a) Based on the principles of good occupational health practice,

the employer should provide a preplacement medical examination, including

history, to employees who may be occupationally exposed to carbon dioxide.

(b) If circumstances of employment indicate to the responsible 

physician that periodic medical examinations are necessary, the physician 

shall determine the intervals at which they shall be made available.

(c) Proper medical management including proper first-aid care 

shall be provided for workers overexposed to carbon dioxide.

In case of overexposure to gaseous carbon dioxide, first-aid measures 

shall be taken immediately, followed by prompt medical evaluation and
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assistance. Immediate first aid shall include, removal of the worker from 

the excessive carbon dioxide atmosphere and restoration of breathing by 

trained personnel.

(d) Medical records for all workers receiving medical attention 

shall be maintained for at least 1 year after termination of employment.

(e) Pertinent medical information shall be made available to the 

designated medical representatives of the Secretary of Health, Education, 

and Welfare, of the Secretary of Labor, and of the employee or former 

employee.

Section 3 - Labeling and Posting

All labels and warning signs shall be printed both in English and in 

the predominant language of non-English-reading workers. Illiterate 

workers and workers reading languages other than those used on labels and 

posted signs shall receive information regarding hazardous areas and shall 

be informed of the instructions printed on labels and signs.

(a) Labeling

The following warning labels shall be affixed in a readily visible 

location on cylinders, tanks, or other containers of liquid carbon dioxide:

CARBON DIOXIDE

WARNING! LIQUID UNDER HIGH PRESSURE 
USE ONLY IN WELL-VENTILATED AREAS

Liberates gas which may cause suffocation.
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Wrappers enclosing, or open containers of, solid carbon dioxide (dry 

ice) shall carry a label stating:

SOLID CARBON DIOXIDE - DRY ICE 

WARNING! EXTREMELY COLD (-109 F)

Causes severe burns.
Liberates gas which may cause suffocation.
Avoid contact with skin and eyes; do not taste. 
Do not put in stoppered or closed containers. 
Use and store only in well-ventilated areas.

(b) Posting

The following warning signs shall be affixed in readily visible 

locations at or near entrances to areas where liquid carbon dioxide is in a 

refrigerated system:

CARBON DIOXIDE

WARNING! EXTREMELY COLD (-109 F)

Causes severe burns.
Liquid under pressure.
Liberates a gas which may cause suffocation.
Do not enter places where used unless adequate ventilation is 
provided.

Areas in which liquid carbon dioxide from nonrefrigerated systems or 

cylinders is used, handled, or stored shall be posted with a sign reading:
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CARBON DIOXIDE

WARNING! LIQUID UNDER PRESSURE

Liberates a gas which may cause suffocation.
Do not enter places where used unless adequate ventilation 
is provided.

Areas in which solid carbon dioxide is used, handled, stored, or 

manufactured shall be posted with a sign reading:

SOLID CARBON DIOXIDE - DRY ICE 

WARNING! EXTREMELY COLD (-109 F)

Causes severe bums.
Liberates a gas. which may cause suffocation.
Avoid contact with eyes and skin; do not taste.
Do not put in stoppered or closed containers.
Do not enter areas where used or stored unless adequate venti­
lation is provided.

Section 4 - Personal Protective Equipment and Clothing

(a) Respiratory Protection

(1) Engineering controls shall be used to maintain carbon 

dioxide concentrations below the TWA and ceiling limits. Respiratory 

protective equipment may be used:

(A) During the time necessary to install or test the 

necessary engineering controls.



(B) For operations such as maintenance or repair 

activities which may cause exposures at concentrations in excess of either 

of the environmental limits.

(C) During emergencies when air concentrations of

carbon dioxide may exceed either of the environmental limits.

(2) When a respirator is permitted by paragraph (a)(1) of

this section, it shall be selected and used pursuant to the following 

requirements:

(A) The employer shall establish and enforce a 

respiratory protection program meeting the requirements of 29 CFR 1910.134.

(B) When employees are exposed, the employer shall 

provide respirators in accordance with Table 1-1 and shall ensure that the 

employee uses the respirator provided.

(C) Respiratory protective devices provided in 

accordance with Table 1-1 shall be those approved under the provisions of 

30 CFR 11.

(D) Respirators specified for use in higher concen­

trations of carbon dioxide may be used in atmospheres of lower

concentrations.

(E) The employer shall ensure that respirators are 

adequately cleaned and maintained, and that employees are Instructed in the 

proper use and testing for leakage of respirators assigned to them.

(F) Respirators must be easily accessible, and 

employees must be Instructed in the location of such equipment.
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TABLE 1-1 

RESPIRATOR SELECTION GUIDE

Concentration of 
Carbon Dioxide Respirator Type

Less than or equal Any Type C supplied-air respirator, de­
to 100,000 ppm mand (negative pressure) mode, with 

half-mask facepiece

Less than or equal Any self-contained breathing apparatus,
to 500,000 ppm demand (negative pressure) mode, with 

full facepiece

Greater than (1) Self-contained breathing apparatus
500,000 ppm with full facepiece operated in a 

positive pressure-demand or other 
pressure-demand mode
(2) Combination supplied-air respirator, 
pressure-demand (positive pressure) mode, 
with auxiliary self-contained air supply

Emergency or Entry (1) Positive pressure self-contained
(no concentration breathing apparatus
limit, eg, con­ (2) Combination supplied-air respirator,
fined spaces) pressure-demand (positive pressure) mode, 

with full facepiece and auxiliary self- 
contained air supply

Evacuation or Escape 
(no concentration 
limit)

Any self-contained breathing apparatus

(G) Where an emergency may develop which could

result In employee exposure to carbon dioxide in excess of either of the 

environmental limits or exposure to an oxygen-deficient atmosphere, or 

both, the employer shall provide respiratory protection as listed in Table 

1-1.
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(H) When a self-contained breathing apparatus or 

combination supplied-air respirator with auxiliary air tank is used in 

atmospheres with carbon dioxide concentrations in excess of 150,000 ppm 

(15%), standby persons with suitable rescue equipment must be present.

(b) Protective Clothing

Employees shall wear appropriate protective clothing, including 

gloves, aprons, suits, boots, face shields, or other clothing resistant to 

temperatures at or lower than 109 F below zero, as needed to prevent severe 

burns from frostbite as a result of more than momentary skin contact with 

solid carbon dioxide.

Section 5 - Informing Employees of Hazards from Carbon Dioxide

(a) Each employee working in an area where exposure to carbon

dioxide is likely shall be informed of the hazards, relevant symptoms of 

overexposure, appropriate emergency procedures, and proper conditions and 

precautions to minimize exposure. The employee shall be informed again at 

least once a year or whenever there is a process change. Records of such 

training shall be kept to verify the frequency of training. Each employee 

shall be advised of the availability of such information. Information kept 

on file shall include that prescribed in paragraph (b) of this section and 

shall be accessible to the worker at each establishment or department where 

carbon dioxide is involved in unit processes or operations.

(b) Required information shall be recorded as specified in

Appendix III, "Material Safety Data Sheet," or on a similar form approved 

by the Occupational Safety and Health Administration, US Department of 

Labor.
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Section 6 - Work Practices

(a) Emergency Procedures

For all work areas in which there is a reasonable potential for 

emergencies involving carbon dioxide, the procedures specified below, as 

well as any other procedures appropriate for a specific operation or 

process, shall be formulated in advance, and employees shall be instructed 

in their implementation.

(1) Procedures shall include prearranged plans for

obtaining emergency medical care and for necessary transportation of 

injured workers. Employees shall also be trained in administering

immediate first aid and shall be prepared to render such assistance when 

necessary.

(2) Approved skin and respiratory protection as specified 

in Section 4 shall be used by personnel essential to emergency operations.

(3) Employees not essential to emergency operations shall 

be evacuated from exposure areas during emergencies. Perimeters of 

hazardous exposure areas shall be delineated, posted, and secured.

(4) All persons who may be required to shut off sources of 

carbon dioxide and to repair leaks shall be properly trained in emergency 

procedures and adequately protected against the attendant hazards from 

exposure to carbon dioxide.

(b) Confined Spaces

(1) Entry into confined spaces, such as tanks, tank cars,

barges, process vessels, and tunnels, shall be controlled by a permit 

system. Permits signed by an authorized representative of the employer

shall certify that preparation of the confined space, precautionary



measures, and personal protective equipment are adequate and that 

precautions have been taken to ensure that prescribed procedures will be 

followed.

(2) Confined spaces which previously contained carbon

dioxide shall be inspected and tested for oxygen deficiency, carbon dioxide

and other known contaminants, prior to entry.

(3) Seepage of carbon dioxide into the confined space while

work is in progress shall be prevented by disconnecting and blanking of

carbon dioxide supply lines.

(4) Confined spaces shall be ventilated while work is in 

progress to keep the concentration of carbon dioxide below the workplace 

environmental limits and to prevent oxygen deficiency. When ventilation 

cannot maintain the concentration of carbon dioxide below the environmental 

limits, respiratory protective equipment shall be used in accordance with 

the provisions of Table 1-1.

(5) Individuals entering confined spaces where the carbon 

dioxide concentration may exceed the environmental limits shall wear 

respiratory protective equipment in accordance with the provisions of Table 

1-1. Each individual shall also wear a suitable harness with lifelines 

tended outside the space by another employee who shall also be equipped 

with the necessary protective equipment, including a self-contained 

breathing apparatus which operates in the pressure-demand (positive 

pressure) mode and has a full facepiece. Communication (visual, voice, 

signal line, telephone, radio, or other suitable means) with the employee 

inside the enclosed space shall be maintained by the standby person.
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(c) Engineering Controls

Engineering controls, such as local exhaust ventilation, shall be 

used to maintain carbon dioxide concentrations below the recommended 

environmental limits. Ventilation systems shall be designed to prevent the 

accumulation of carbon dioxide in the workplace. Ventilation systems shall 

be subject to regular preventive maintenance and cleaning to ensure maximum 

effectiveness, which shall be verified by periodic airflow measurements. 

The system efficiency measurements shall also be made within 5 workdays of 

any change in production or control that might result in an increase in 

airborne concentrations of carbon dioxide. Before maintenance work on 

control equipment begins, sources of carbon dioxide shall be eliminated to 

the extent feasible. If concentrations below the environmental air limits 

cannot be assured, respiratory protective equipment as specified in Table 

1-1 shall be used during such maintenance work. The employer shall ensure 

that the required measurements are performed by technically qualified 

persons.

(d) Cylinders of liquid carbon dioxide shall be equipped with 

safety relief devices designed to release the gas if the cylinder is 

subjected to an abnormally high temperature, as in a fire. Cylinders shall 

be handled and stored in accordance with the applicable provisions of 

29 CFR 1910.252 on cylinder use, handling, and storage.

(e) Cylinders and bulk storage vessels containing liquid carbon 

dioxide are at relatively high pressure and shall never be used without 

appropriate pressure regulators in good condition.
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Section 7 - Monitoring and Recordkeeping Requirements

Workers shall not be considered to have occupational exposure to 

carbon dioxide if environmental concentrations, as determined on the basis 

of an industrial hygiene survey conducted within 6 months of the 

promulgation of this standard, do not exceed the TWA environmental limit. 

Records of these surveys, including the basis for concluding that air 

levels are at or below this limit, shall be maintained. Surveys shall be 

repeated at least once every 3 years and within 30 days after any process

change likely to result in an increase of airborne carbon dioxide

concentrations.

If it has been decided that carbon dioxide environmental 

concentrations may exceed this limit, then the following requirements 

apply:

(a) Personal Monitoring

(1) A program of personal monitoring shall be instituted to 

identify and measure, or permit calculation of, the exposure of all 

employees occupationally exposed to carbon dioxide.

(2) Routine monitoring of employee exposures shall be 

conducted at least annually.

(3) If monitoring of an employee's exposure to carbon 

dioxide reveals an exposure in excess of the recommended TWA or ceiling 

environmental limit, the exposure of that employee shall be measured at 

least every 30 days, control measures shall be initiated, and the employee 

shall be notified of the exposure and of the control measures being 

implemented. Such monitoring shall continue until two consecutive 

determinations, at least a week apart, indicate that the employee's
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exposure no longer exceeds the recommended environmental limits; routine 

monitoring may then be resumed.

(4) In all personal monitoring, samples representative of 

the exposure in the breathing zone of the employee shall be collected.

Procedures for sampling, calibration of equipment,, and analysis of carbon

dioxide samples shall be as provided in Section 1(b).

(5) For each TWA determination, a sufficient number of

samples shall be taken to characterize the employee's exposure during each 

work shift. Variations in work and production schedules as well as the 

employee's location and job functions shall be considered when samples are 

collected.

(b) Recordkeeping

Sampling records shall be maintained for at least 1 year after the

employee's termination and shall indicate the type cf personal protective 

devices, if any, in use at the time of sampling. All employees shall be 

able to obtain information on their own environmental exposures. Records 

required by this section shall be provided upon request to authorized 

representatives of the Secretary of Labor, or of the Secretary of Health, 

Education, and Welfare, or upon the request of a former employee.
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II. INTRODUCTION

This report presents the criteria and the recommended standard based 

thereon that were prepared to meet the need for preventing adverse 

symptomatology or death arising from workplace exposure to carbon dioxide. 

The criteria document fulfills the responsibility of the Secretary of 

Health, Education, and Welfare under Section 20(a)(3) of the Occupational 

Safety and Health Act of 1970 to "...develop criteria dealing with toxic 

materials and harmful physical agents and substances which will 

describe...exposure levels at which no employee will suffer impaired health 

or functional capacities or diminished life expectancy as a result of his 

work experience."

The National Institute for Occupational Safety and Health (NIOSH), 

after a review of data and consultation with others, formalized a system 

for the development of criteria on which standards can be established to 

protect the health of workers from exposure to hazardous chemical and 

physical agents. Criteria' for an environmental standard should enable 

management and labor to develop better engineering controls resulting in 

more healthful work practices and should not be used as a final goal.

These criteria for a standard for carbon dioxide are part of a 

continuing series of criteria developed by NIOSH. The recommended standard 

applies only to workplace exposure to carbon dioxide arising as a result of 

the use, handling, storage, or manufacture of the substance as applicable 

under the Occupational Safety and Health Act of 1970. The standard was not 

designed for the population-at-large, and any extrapolation beyond 

occupational exposures is not warranted. It is intended to (1) protect



against development of systemic effects and against local effects on the 

skin, (2) be measurable by techniques that are valid, reproducible, and 

available to industry and governmental agencies, and (3) be attainable with 

existing technology.

Carbon dioxide is a normal body constituent and a respiratory 

stimulant. It is also responsible for some degree of cerebral blood flow 

control and local vasodilatation. Narcosis may occur when high 

concentrations of carbon dioxide gas are inhaled and may result in 

respiratory arrest and death. This is caused by its actions as a central

nervous system (CNS) depressant. The major problem posed by carbon dioxide

in the workplace is in the control of high concentrations of the gaseous

phase. Inhalation of increasing levels of carbon dioxide may cause such 

signs and symptoms as increased respiratory rate, lassitude, somnolence, 

headache, convulsions, or narcosis, all of which could pose a risk to the 

worker.

Despite the bulk of knowledge concerning the mechanism of action and 

effects of carbon dioxide on humans, several major areas require further 

research. Additional experiments are necessary to more accurately define: 

the effects of the gas during intermittent exposures, the effects of 

chronic exposures at concentrations below 1%, the occurrence of tolerance 

or adaptation to exposure, the potential synergism of carbon dioxide with 

other gases or substances, and its effects on the reproductive system and 

fetal development. Possible teratogenic, mutagenic, and carcinogenic 

actions of the gas also need to be assessed. More efficient personal

sampling devices using solid sorbents should be developed for the 

measurement of carbon dioxide in the workplace. Additionally, it is
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necessary to correlate the observed effects with data on the concentrations 

of carbon dioxide to which workers are exposed during normal working 

conditions.

A glossary containing definitions of scientific terms used throughout 

this document is provided in Appendix IV. Any word included in the 

glossary is followed by an asterisk (*) on its first appearance in the 

text.
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III. BIOLOGIC EFFECTS OF EXPOSURE

Extent of Exposure

In gaseous form, carbon dioxide is colorless, odorless, relatively 

inactive, and nonflammable. [1] Carbon dioxide, C02, has a molecular 

weight of 44.01, has been called carbonic acid gas, and, depending on 

temperature and pressure, may exist as a solid, liquid, or gas. The solid 

phase is known as dry ice. Table XIV-1 [2] presents some physical

properties of carbon dioxide. Carbon dioxide is normally present in the 

atmosphere at a concentration of approximately 0.03% (300 ppm). [3] It is 

a normal body constituent arising from cellular respiration.

The bulk of the commercially available carbon dioxide is recovered 

from industrial processes in which it is generated as a byproduct. [4] 

Carbon dioxide occurs in natural gas wells and is a product of carbonaceous 

fuel combustion and of fermentation. [5] Industrial processes in which 

carbon dioxide gas is generated as a byproduct include synthetic ammonia 

production, lime kiln operations, and fermentation. [5] Carbon dioxide is 

a byproduct of synthesis gas (carbon monoxide and hydrogen) in the 

production of ammonia, methanol, and other chemicals. [5] Carbon dioxide 

is also generated as a byproduct during the manufacture of ethylene oxide 

and in the catalytic oxidation of benzene during production of maleic 

anhydride. [5]

Much of this byproduct carbon dioxide is vented into the atmosphere 

and not recovered. [4] Nevertheless, commercial manufacture of carbon 

dioxide in the United States rose from 299,000 short tons (short ton = 

2,000 pounds) in 1940 to 1,135,000 short tons in 1973. The 1973 figure
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includes 815,000 short tons of liquid and gas and 321,000 short tons of 

solid. The current manufacturing trend favors the production of the 

liquid. [4]

Commercial uses of solid carbon dioxide primarily concern the 

refrigeration of food. [5] Dry ice is a coolant for dairy products, meat, 

poultry, and frozen foods during transit. [5] Dry ice is also used for 

industrial applications in which low temperatures are essential, eg, the 

grinding of heat-sensitive materials, low-temperature testing, chilling of 

molded elastomer products, and chilling of various pieces of equipment in 

heavy manufacturing. [4]

Liquid carbon dioxide is used primarily in refrigeration and is 

replacing the solid phase in applications such as tumbling of rubber 

products, use in chemical reactions to control temperatures, and by direct 

injection into foodstuffs as a refrigerant. The vapor pressure of liquid 

carbon dioxide has been used as a source of power in such operations as 

remote signal devices and spray painting. Other applications include its 

use in fire extinguishers and in blasting operations in coal mining (Cardox 

method). [6]

The gaseous phase of carbon dioxide is used commercially in the 

carbonation of beverages; as an inert blanket over paints and resins; in 

shielded-arc welding operations; as a raw material in the production of 

urea, sodium carbonate, sodium bicarbonate, and sodium salicylate; as an 

aerosol propellant; as a growth factor in bacteriology; and, in solution as 

carbonic acid, as a pH-control agent. [7,8] Carbon dioxide is used in 

hydrocracking and hydrotreating of petroleum products. [4,5] It is used 

as an "acid egg" (a pocket of carbon dioxide, also known as a blowcase,
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which moves another substance by pressure) in moving raw materials and 

partially formed products within plant pipelines. [9] It has also been used 

as a coma-inducing agent in psychiatric treatment [10] and is present in 

therapeutic oxygen. Carbon dioxide in the atmosphere plays a major role in 

the photosynthetic cycle of green plants.

In specific instances, the flushing (and pressure-creating) action of 

carbon dioxide facilitates the recovery of petroleum products in oil and 

gas wells. [4] Sometimes the gas is used to immobilize animals in humane 

killing operations at commercial slaughterhouses and is also occasionally 

used in cloud-seeding operations. [11]

NIOSH estimates that approximately two million workers are 

potentially exposed to carbon dioxide in the United States. Table XIV-2 

[12] is a list of occupations with potential exposure to carbon dioxide.

Historical Reports

Reed and Comley [6] attributed the earliest recognition of carbon 

dioxide gas as a separate substance to Van Helmont (1577-1644). Van 

Helmont was reported to have identified the gas as a combustion product of 

charcoal and recognized it to be the same gas as that produced during 

natural fermentation. Cutting [13] reported that in the early 1800's 

Hickman used carbon dioxide gas as an anesthetic for animal surgery. 

Hickman completed a series of experiments in which animals were rendered 

unconscious after inhaling small quantities of the gas. [14] Surgical 

procedures were performed which, according to Hickman, were not painful to 

the animals while under the influence of the gas. [14] A century after 

Hickman's first experiments with carbon dioxide, Leake et al [15] repeated
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these tests and confirmed the anesthetic properties of the gas. This 

experimentation led to the use of carbon dioxide as a shock inducer for the 

treatment of psychiatric patients. The authors [15] also reported that 

another investigator, Meduna, had begun similar studies using carbon 

dioxide as therapy for treating psychiatric disorders.

Foregger [16] attributed the precise identification of "fixed air" 

(carbon dioxide) to Joseph Black, who published a dissertation entitled 

"Experiments on Magnesia Alba, Quicklime and other Alcaline Substances" in 

1756. Black observed that carbon dioxide was different from common air and 

that, although it remained "fixed" in air, it had specific properties of 

its own. He also noted that limewater could be used to determine the 

presence of "fixed air" in solution. In addition, Black reported that 

carbon dioxide extinguished flames and had an affinity for lime. He also 

observed that the convulsions and subsequent death of exposed animals were 

toxic effects of carbon dioxide. Black noted that animals recovered upon 

timely removal from exposure to the gas and that the gas "arises from the 

lungs of animals." [16]

In 1838, newspaper accounts [17,18] of the death of a church night 

watchman from the effects of a gas emitted by a coal stove led to a series 

of discussions between Bird and Snow. [17,18] These discussions, which were 

printed as part of the report of death, finally led to agreement that it 

was probably "carbonic acid gas" (carbon dioxide) which did, in fact, 

produce the ill effects. Foregger [19] reported Snow's observations in 

experiments on animals and on himself that carbon dioxide gas was toxic 

when inhaled. Snow then concluded that a decrease in oxygen content in the 

atmosphere resulting from an increased carbon dioxide concentration was
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dangerous to life and that the two conditions had synergistic effects. He 

showed that inhalation of carbon dioxide gas displaced oxygen thereby 

resulting in the deaths of white mice exposed to it. Snow also concluded 

that carbon dioxide had direct effects on the body distinct from those due 

to lack of oxygen.

In an 1892 report entitled "The Physiological Effects of Air Vitiated 

by Respiration," Haldane and Smith [20] commented on the results of 

extensive experiments by themselves and others on the toxicity of carbon

dioxide gas. The experiments were conducted in an enclosed chamber and the 

carbon dioxide was merely the subject’s own exhaled breath rebreathed. As 

a control, the same procedure was used, except that a pan of soda-lime 

absorbed the carbon dioxide in the chamber. The authors concluded that the 

dangers of air vitiated by respiration were due to excesses of carbon 

dioxide gas and not to oxygen deficiencies; that an excess of the gas

caused hyperpnea* at 3-4%; that 10% carbon dioxide produced extreme

respiratory distress; and that an excess of the gas induced frontal

headaches.

Physiologic Considerations

Carbon dioxide has many important functions in maintaining normal 

body activities. It is a key factor in the control of respiration and 

cerebral circulation. [21] It acts peripherally, both as a vasodilator and 

as a vasoconstrictor, and is a powerful cerebral vasodilator. [22] At high 

concentrations, it exerts a stimulating effect on the CNS (central nervous 

system), while excessive levels exert depressant effects. [22]

Since it is a gas, its concentration is often considered in terms of
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partial pressure* or tension relative to the total atmospheric pressure of 

760 mmHg. Thus, the normal partial pressure of carbon dioxide (pC02) in

air is 0.03% of 760 mmHg, or 0.2 mmHg.

During its production in the body, carbon dioxide diffuses from 

tissue cells into the surrounding capillaries and is carried by the blood 

in chemical combination with hemoglobin; in physical solution as dissolved 

carbon dioxide, carbonic acid, or bicarbonate ions; and as minor amounts of 

other carbamino compounds (carbon dioxide in combination with plasma 

proteins). [3] Carbon dioxide is produced in the body and its partial 

pressure under normal conditions in pulmonary capillary blood (46 mmHg) is 

greater than that in alveolar air (40 mmHg). [3] The gas is exchanged 

freely through the alveolar membrane and is thus released from the lungs by 

diffusion because of the concentration gradient existing between the blood 

and the air in the alveoli*. Because of the free exchange through the 

alveolar membrane, any increased carbon dioxide tension in the alveolar air 

resulting from increased pC02 in the inspired air will immediately increase 

the carbon dioxide tension of the blood.

Dissolved carbon dioxide in the blood undergoes hydration according 

to the following reaction [3]:

C02 + H20 H2C03 H + HC03

The enzyme carbonic anhydrase*, found in the erythrocytes* and in the renal

tubular epithelium, catalyzes the initial stage of this reaction. [23] The

presence of this enzyme allows the reaction to proceed extremely rapidly. 

As a result, there is an accumulation of bicarbonate anions in the 

erythrocytes. Equilibrium is maintained by the diffusion of bicarbonate
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anions into the plasma. Since cations (eg, hydrogen ions) cannot readily 

diffuse through the erythrocyte membrane, electrical neutrality within the 

red blood cell is maintained by the diffusion of chloride anions into the 

cell from the plasma (chloride shift). [3] The hydrogen ions remaining in 

the red blood cells combine with hemoglobin, while small amounts of 

unreacted carbon dioxide in the plasma combine with plasma proteins. [3] 

The hydration of carbon dioxide also occurs in plasma although, since it is 

not catalyzed by carbonic anhydrase, it proceeds very slowly. [3,23] Iij 

terms of the body's acid-base balance, the Henderson-Hasselbalch equation

[3] shows that pH depends on the ratio of bicarbonate ions to carbon 

dioxide in the following way (see Appendix V):

pH = pK + log [HC03]
[C02]

This relationship has been demonstrated experimentally by Van Ypersele de 

Strihou et al [24] who studied data from 420 patients with chronic 

hypercapnia*. Through a combination of the above reactions, an increase in 

the partial pressure of carbon dioxide (pC02) in the blood is reflected by 

increases in both the hydrogen and the bicarbonate ions which result in 

respiratory acidosis if the capacity of the blood buffering systems is 

exceeded. This rapidly triggers respiratory elimination of carbon dioxide 

through an increased ventilation rate. While pulmonary compensation for 

respiratory acidosis is rapid, renal regulation of the acid-base balance 

requires an extended period of time and initially involves a retention of 

bicarbonate. With prolonged carbon dioxide exposure, there is increased 

bicarbonate excretion. Renal excretion of ammonium ions and titratable 

acid provides for removal of hydrogen ions in exchange for reabsorption of
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sodium ions which then form sodium bicarbonate in plasma. [23] Therefore, 

the respiratory mechanisms act to stabilize the carbon dioxide 

concentration while renal mechanisms act in stabilizing the bicarbonate ion 

concentration.

The extremely easy diffusion of carbon dioxide through tissue 

membranes accounts for the rapidity with which the gas produces respiratory 

and CNS effects. [25] Its solubility in tissue fluids is approximately 20 

times greater than that of oxygen. [25] As arterial carbon dioxide tension 

increases, various chemoreceptors in the body are affected. The central 

and peripheral chemoreceptors are sensitive to changes in carbon dioxide 

tension and are freely accessible to carbon dioxide because of its rapid 

diffusibility. These chemoreceptors include the peripheral cardiovascular 

ones in the aortic arch and in the carotid body and the central medullary 

chemoreceptors. The medullary respiratory chemoreceptors are extremely 

sensitive to changes in both the hydrogen ion and the carbon dioxide 

concentrations in the cerebrospinal fluid (CSF). [26] Because of this and 

the extreme permeability of the blood-brain and blood-CSF barriers to 

carbon dioxide, small changes in blood carbon dioxide concentration are 

readily identified by the central chemoreceptors. [26] Therefore, 

respiratory and CNS responses to changes in carbon dioxide concentrations 

are immediate and unlike responses to any other weak acid. This 

sensitivity and homeostasis are central concepts throughout the discussion 

of the effects of carbon dioxide in this document.

At very high levels, carbon dioxide induces depressed respiration and 

the CNS effects are narcotic. [27] This is evidenced by studies [22,28] 

which showed that loss of consciousness occurs at high concentrations and
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is indicative of the direct effects of carbon dioxide, rather than of a 

homeostatic mechanism in action.

Acclimatization, or development of tolerance, as a result of chronic 

exposure at elevated carbon dioxide levels has been demonstrated. In these 

situations, the body develops a tolerance, or an apparently reduced 

sensitivity, to the respiratory and cardiovascular changes which occur. 

The information provided in the following sections confirms the fact that 

this is accomplished, in part, through the activation of compensatory 

mechanisms to offset the resultant imbalance and restore the body to 

homeostasis. In general, it appears that, th greater the physiologic 

imbalance, the greater the compensation necessary to facilitate an adequate 

adjustment.

Results of the following studies are also summarized in Tables III-l 

through III-7 at the end of this chapter.

Effects on Humans

(a) Clinical Effects on the Central Nervous System 

Friedlander and Hill [28] exposed 37 young adult psychiatric patients 

to 30% carbon dioxide in oxygen. These patients had received no previous 

treatment of this type. During administration of the gas mixture by mask 

for 50-52 seconds, the average patient "lost consciousness" within 24-28 

seconds and regained it after 110 seconds.

Lambertsen [2 2] described the neurologic effects of the abrupt 

administration of high concentrations of carbon dioxide. Neurologic signs, 

including eye flickering, psychomotor excitation, and myoclonic twitches 

appeared after approximately 1.5 minutes of exposure at 10% of the gas. At
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15%, the same signs were recorded, as were increased muscle tone, 

perspiration, flushing, restlessness, dilated pupils, leg flexion, and 

torsion spasms. At concentrations of 20 and 30% carbon dioxide, the same 

signs were observed in addition to tonic and tonic-clonic seizures. 

Unconsciousness and convulsions occurred in less than 2 minutes at 30% 

carbon dioxide in oxygen. All of these signs were evident at all 

concentrations within 3 minutes after exposure to the gas began.

Studies of the level of carbon dioxide and the time necessary to 

produce unconsciousness were also performed by Spealman. The results were 

not published separately but were presented in the 1953 edition of Aviation 

Toxicology. [29] The experiments consisted of exposing three subjects, 

ages and sex unspecified, to carbon dioxide-air mixtures consisting of 

17.0% carbon dioxide and 17.3% oxygen and of 27.9% carbon dioxide and 15.0% 

oxygen. The subjects, who were administered the gas by mask, were 

requested to breathe the mixtures to the point of unconsciousness. The 

mixture containing 17% carbon dioxide was tolerated for an average of 37 

seconds (range, 20-52 seconds), while the mixture containing 27.9% carbon 

dioxide could be tolerated for only 25 seconds (range, 16-35 seconds). All 

subjects experienced throat irritation, increased respiration, dimness of 

vision, and dizziness. After the exposure, they were unable to answer 

questions or to support themselves for periods of from 17 to 52 seconds. 

The author reported the presence of muscle spasms in two of the subjects. 

These symptoms were thought to be indicative of the start of convulsions.

Other studies on the toxicity of acute carbon dioxide exposures have 

identified many overt clinical symptoms. Upon exposure at 7.6% of the gas 

in oxygen for an average of 7.A minutes, dyspnea*, dizziness, headache,
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sweating, and "fullness in head" were reported. [27] These same symptoms 

in addition to restlessness and faintness were reported during 3.8 minutes 

of exposure at 10.4% of the gas. [27] Loss of consciousness was reported 

in 1 of 42 subjects at 7.6% and in 3 of 31 at 10.4% carbon dioxide. The

majority of the headaches reported began or were accentuated after the

exposure. In a study on the effects of carbon dioxide on the CNS, Schaefer 

[30] reported headache, dizziness, restlessness, and/or dyspnea in subjects 

at 7.5% carbon dioxide for 15 minutes. The signs and symptoms reported by 

these 42 subjects are presented in Table XIV-3. Both of these studies

[27,30] concerned short-duration exposures (3.8, 7.4, and 15 minutes) and

yielded data on acute responses. Sechzer et al [31] reported severe 

symptoms of carbon dioxide inhalation, such as headache, sweating, and 

auditory and visual hallucinations which appeared in most subjects only 

when concentrations in excess of 7% were administered. Vomiting was 

present in some subjects and nearly all lost consciousness at levels above 

80 mmHg (10.5%) carbon dioxide.

While the preceding signs and symptoms were observed during acute 

exposures to carbon dioxide, the following neurologic effects have been 

reported during chronic exposures. Clinical symptoms of chronic 

hypercapnia in patients suffering from pulmonary disease included headache, 

somnolence, mental confusion, lassitude, irritability, and unconsciousness. 

[32] Other signs and symptoms associated with this syndrome were 

hyporeflexia, occasional convulsions, flaccid paralysis, tremors, engorged 

retinal veins, papilledema, and death. [32] Glatte et al [33] reported 

that a 5-day continuous exposure in a chamber at an ambient concentration 

of 3% carbon dioxide resulted in mild, frontal headaches in four of seven



subjects during the first 2 days of exposure. Intermittent exposure of one 

subject at a gradually increasing concentration of from 0.03% to 3% carbon 

dioxide in air, reaching the maximum after 12-15 hours, resulted in 

symptoms of emotional disturbance. [34] Since only one person was studied 

in this experiment, [34] the role of emotional variability unrelated to 

carbon dioxide must be considered in evaluating these results.

(b) Effects on Respiratory Function

Dripps and Comroe [27] reported the respiratory effects of carbon 

dioxide on 44 healthy males, aged 21-26 years, who were exposed to carbon 

dioxide at concentrations of 7.6 or 10.4%. The gas was supplied through a 

face mask as the subject sat on a chair or remained stationary on a 

bicycle. The average respiratory minute volume* observed at 7.6% carbon 

dioxide was 51.5 liters/minute, and at 10.4% of the gas it was 76.3 

liters/minute. For comparison, minute volume data from several 

investigators were graphed. The graph showed that respiration rises from a 

normal resting level in air (approximately 0.03% carbon dioxide) of 7 

liters/minute to averages of approximately 8 liters/minute at 1% carbon 

dioxide and 9, 11, 14, and 26 liters/minute at 2, 3, 4, and 5% carbon

dioxide, respectively. These elevated respiratory rates rapidly decreased 

after cessation of increased carbon dioxide inhalation, returning to normal 

3 minutes after gas administration was discontinued.

In a study reported by Faucett and Newman, [35] 23 healthy males were 

exposed at a constant concentration of 1.5% carbon dioxide in air (20.5% 

oxygen) for 42 days in a submarine which served as the experimental 

chamber. This experiment was known as "Operation Hideout" and has yielded 

data on which were based many subsequent publications. The exposure was
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preceded and followed by 9-day control periods at atmospheric air to assess 

baseline data. Laboratory testing was conducted for 35 days preceding and 

35 days following the control periods. Preliminary analyses of the results 

showed an 8% increase in alveolar carbon dioxide tension after 2 days of 

exposure at 1.5% carbon dioxide. The carbon dioxide tension remained 

elevated throughout the 9-day postexposure control period. Also observed 

was an 8% increase in ventilatory rate, which eventually returned to normal 

levels within 3 days after exposure. During the first 14 days of exposure, 

increased oxygen consumption was noted; the level returned to normal during 

the latter part of the experiment. Respiratory excretion of carbon dioxide 

dropped during the initial phase of exposure and subsequently increased for 

2 weeks. This was followed by another drop in the final 2 weeks of 

exposure and a return to normal when subjects again breathed normal air. 

Ventilatory sensitivity to a challenge with 5% carbon dioxide was tested 

(by measuring rate and depth of respiration) at the following intervals: 

before the experimental period, at the end of the 6-week test period, and 

again 3 weeks after the exposure. Ventilatory response to a challenge of 

5% carbon dioxide was significantly decreased at the end of the sixth week 

and did not return to pretest levels even after a 3-week recovery period. 

This decreased respiratory response indicated possible adaptation or 

tolerance to the gas on continued exposure.

In a later, more detailed analysis of the "Operation Hideout" study, 

[35] Schaefer et al [36] confirmed and expanded on the experimental 

conclusions. They reported an increase in respiratory minute volume during 

days 24-42 of the exposure to 1.5% carbon dioxide from 2.85 to 3.81 minute 

volumes/sq m. Minute volume fell on resumption of normal air breathing and
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subsequently increased slightly. During the entire exposure and for the 

first 9 days postexposure, tidal volume* was increased. The maximum was 

reached near the end of the exposure period at which time tidal volume was 

in excess of 800 ml. The increased respiratory rate seen initially 

remained elevated for about 35 days but dropped to below control levels 

near the end of the exposure, remaining low during 4 weeks of recovery on 

air. The aveolar carbon dioxide tension was significantly elevated 

throughout the 42-day exposure and remained above control levels throughout 

the 9-day recovery period. This elevated alveolar carbon dioxide tension 

indicated bodily retention of the gas. The respiratory exchange ratio (the 

ratio of carbon dioxide output to oxygen uptake) was seen to follow the 

pattern of respiratory excretion of carbon dioxide, decreasing during the 

first 3 weeks of exposure, then rising during the second phase to reach 

greater-than-control levels after the return to normal air. Based on these 

and the earlier observations, Schaefer et al [36] divided the 42-day 

exposure period into two parts. The first phase was characterized by a 

somewhat lower although still significantly increased carbon dioxide 

excretion and respiratory exchange ratio. The second phase was 

characterized by increased alveolar carbon dioxide tension, increased 

respiratory minute volume, and increased excretion of carbon dioxide. This 

phase continued through the 9-day recovery period. The first phase was 

indicative of uncompensated acidosis* which lasted during days 1-23, while 

compensated acidosis, the second phase, was observed on days 24-42. 

Alterations in blood pH also paralleled these respiratory changes and will 

be discussed in the section dealing with effects on acid-base balance.
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Schaefer et al [36] also reported a significant increase in anatomic 

dead space*. They theorized that a direct effect on smooth muscle, which 

dilated the airway, caused this increase. The buffering capacity of 

bicarbonate in the arterial blood led to limited increases of carbon

dioxide tensions in arterial and mixed venous blood; this action limited 

the respiratory response to carbon dioxide. Gude and Schaefer [37] also 

reported this phenomenon in a later study in which they also observed 60 

and 61% increases in alveolar dead space after 20 days of exposure to 0.8 

and 0.9% carbon dioxide, respectively.

Schaefer [38] reported that previous extended exposure to carbon 

dioxide apparently resulted in the development of tolerance to subsequent 

short-term exposures. His experiment involved more than 60 healthy 

subjects who were divided into high- and low-sensitivity groups according 

to their initial respiratory responses after 10- to 15-minute exposures to 

5.A and 7.5% carbon dioxide. The author neither specified how the gas was 

administered, nor did he indicate the sex of the subjects. The high-

ventilatory-response group was composed primarily of laboratory personnel. 

The low-ventilatory-response group was composed partly of young naval 

personnel and instructors at an escape training tank. The tank

instructors' daily duties involved long periods of breath-holding under

water, which resulted in an accumulation of carbon dioxide in body tissues. 

These men were slow breathers and had lower respiratory rates and higher 

tidal volumes (1.018 liters) than the high-response group (0.760 liters). 

Both groups were exposed to carbon dioxide at concentrations of 1.5, 3.3, 

5.4, and 7.5% for 15 minutes at each concentration. The low-ventilatory- 

response group consistently showed a decreased response at all levels of



increased carbon dioxide. At 1.5% carbon dioxide, this group had a higher 

tidal volume and lower respiratory rate than did the high-response group, 

while at 3.3% of the gas, the groups showed very similar responses. At 5.4 

and 7.5% carbon dioxide, the high-ventilatory-response group showed a 

markedly increased response over the low group in both tidal volume and 

respiratory rate. The low-ventilatory-response group had an initial 

alveolar carbon dioxide tension 2 mmHg higher than the high-response group 

prior to the experiment. Possibly, the low-response subjects had developed 

a tolerance to carbon dioxide as a result of their duties and the natural 

selection apparent in their chosen field of diving. This tolerance could 

also possibly be attributed to a repeated exposure for brief periods to 

elevated tissue carbon dioxide as a consequence of breath holding. This 

conclusion is supported by a decreased ventilatory response to a 5% carbon 

dioxide challenge observed in diving instructors during performance of 

their duties and an increased response to this challenge after a 3-month 

absence from their assigned duties. The results suggested that the effects 

of carbon dioxide must always be viewed in terms of the subject's normal 

respiratory pattern.

Tashkin and Simmons [39] studied the effects of carbon dioxide on 

airway conductance. Nine normal (aged 18-36 years) and eight asthmatic

(aged 19-34 years) subjects were exposed to 2.5, 5, 7.5, and 10% carbon

dioxide in air. Recorded data included airway resistance, respiratory 

frequency, specific airway conductance, thoracic gas volume (the volume of 

gas in the entire thorax, whether in communication with the airways or

not), and end-tidal carbon dioxide tension. Normal subjects showed

decreases in specific airway conductance during inhalation of 5, 7.5, or



10% carbon dioxide. Results at the 2.5% level of carbon dioxide were not 

significantly different from those observed during air exposure. Since no 

such changes were observed during 2 hours of breathing room air, 

spontaneous airway narrowing over the time of the experiment was excluded 

as an explanation for this effect. Further, the investigators taught the 

subjects to voluntarily adjust their rate and depth of respiration to 

simulate conditions of inhalation of 7.5 and 10% carbon dioxide by coaching 

them until the desired rate (in synchronization with a metronome) and depth 

(as monitored by an oscilloscopic monitor) were reached and maintained. 

Under these simulation conditions, the airway conductance did not vary; 

thus, the mechanical effect of increased ventilation was excluded as an 

explanation for the conductance decrease. The use of specific cholinergic- 

and adrenergic-blocking drugs yielded results which similarly indicated 

that hypercapnia caused airway constriction. The responses to 7.5 and 10% 

carbon dioxide after atropine administration were the same as those 

produced by hypercapnia alone. Taskin and Simmons [39] concluded that the 

constriction had not been mediated by a vagal or local parasympathetic 

reflex. In contrast, at 5% carbon dioxide, atropine had a protective 

effect against Increased airway resistance, indicating a cholinergic, 

reflex, constrictor effect at the lower carbon dioxide levels. The authors 

regarded the results indicative of a direct effect on airway constriction 

of hypercapnia induced by 7.5 and 10% carbon dioxide in the inspired air. 

The asthmatic subjects' responses were similar t:o those of normal subjects 

in degree of increased ventilation. However, at 5-10% carbon dioxide,

airway constriction was not evident. Further, cholinergic blockade did not 

affect constriction. In contrast, beta-adrenergic blockage produced by
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propranolol pretreatment caused significant airway constriction in 

asthmatics during inhalation of 5-10% carbon dioxide. The authors 

concluded that this response demonstrated protection in asthmatic subjects 

against constriction by sympathetic dilatation which the beta-adrenergic 

block appeared to unmask. Additionally, considering the results of 

propranolol studies, the authors suggested that higher concentrations of 

carbon dioxide (7.5 and 10%) had stimulated sympathetic bronchodilation 

sufficiently to offset partially the direct airway-constrictor effect of 

the gas.

The respiratory response to carbon dioxide in terms of the total 

mechanical work performed by the respiratory muscles was characterized by 

Brodovsky et al. [40] The effects of changes in arterial carbon dioxide 

tension were studied in 12 normal subjects and 10 emphysematous patients. 

The investigators observed ventilation and measured oxygen consumption and 

pC02. The total mechanical work of breathing was calculated from the 

relationship of the oxygen cost of increased ventilation to the efficiency 

of the respiratory muscles. Measurements were made at various levels of 

ventilatory response, which were created in the laboratory by interposing 

dead space between a spirometer and the subject, thereby increasing 

alveolar carbon dioxide levels. The authors concluded that incremental 

changes in total mechanical work were more sensitive measures of the 

respiratory response to carbon dioxide than were increments of ventilation 

or oxygen consumption. They also reported that the response of the 

emphysematous subjects was lower than that of normal subjects in terms of 

total mechanical work done. Since the emphysematous patients also had a 

lower normal ventilatory response to carbon dioxide, this work tends to

34



confirm previously reported findings [35,38] regarding respiratory 

adaptation, since the chronic pulmonary insufficiency of emphysematous 

patients creates a chronic hypercapnic situation.

A subsequent study by Schaefer et al [A1] reported the effects of 

intermittent exposure to carbon dioxide on respiration. One healthy man 

was exposed to carbon dioxide at an increasing concentration from 0.03 to 

3% carbon dioxide for 15 hours daily for 6 days. Resting respiratory 

minute volume, oxygen consumption, carbon dioxide excretion, alveolar 

carbon dioxide, and oxygen tensions were measured twice daily. The authors 

[41] demonstrated that, after only 3 days, the daily 9-hour return to 

normal air was not sufficient to eliminate the gas which had accumulated 

during the 15-hour test period. The authors noted an increased ventilatory 

response to a subsequent challenge with 5% carbon dioxide. Also noted was 

the doubling of respiratory minute volume at the end of 15 hours. After 

the subject spent 9 hours in room air, all values had returned to normal 

except alveolar carbon dioxide tension, which rose on days 4 and 5 to a 

peak higher than that reached during the 15-hour test periods. This was 

evidence that carbon dioxide was retained in body tissues and was not 

entirely released even during the 9-hour rest period. These responses to 

intermittent carbon dioxide are the opposite of those Faucett and Newman 

[35] and Schaefer et al [36] found after chronic exposure to the gas. 

However, this report was based on one experiment with only one subject 

which seriously limits its usefulness.

Respiratory acclimatization to 3% carbon dioxide was demonstrated by 

Chapin et al [42] in an experiment with two healthy men. The men were 

exposed continuously to the gas in 21% oxygen for 78 hours in an airtight
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environmental chamber. Ventilation volume, respiratory frequency, and 

samples of alveolar gas* were measured. Alveolar gas pC02 for both resting 

and breath holding reached a maximum between 8 and 13 hours of exposure. 

Twenty hours after the exposure, the values had returned to their original 

levels. The criteria used by the authors as being indicative of reduced 

ventilatory sensitivity were maintenance of higher-than-normal alveolar 

carbon dioxide levels during air breathing, carbon dioxide breathing, or 

breath holding, coupled with a lowered ventilatory response to carbon 

dioxide. In a subsequent portion of the experiment, the subjects were 

exposed to challenges of 5.7 and 5.9% carbon dioxide both before and after 

acclimatization. The unacclimatized (preexposure) respiratory response to 

5.7% of the gas was 43.3 liters/minute and the acclimatized (immediate 

postexposure) respiratory response to 5.9% was 32.7 liters/minute. In 

contrast, the unacclimatized reponse to 3% carbon dioxide, measured early 

during the exposure, was 15.05 liters/minute, and the acclimatized 

response, later during the exposure, was measured at 12.9 liters/minute. 

This, according to the authors, indicated a damping of ventilatory response 

due to acclimatization after a 78-hour exposure to 3% carbon dioxide.

Further evidence of respiratory acclimatization has been provided by 

Kuznetsov and Kalinichenko. [43] In a study involving seven healthy men, 

aged 20-25 years, adaptation to low carbon dioxide levels was reported. 

The subjects were exposed at carbon dioxide concentrations of 7.1-14.2 mmHg 

(0.9-1.9%) for 30 days in a pressure chamber. At normal pressure and 

exposure at 7.5-7.9 mmHg (0.99-1.04%), alveolar carbon dioxide tension 

increased from 37.9 to 42.0 mmHg, while pulmonary ventilation generally 

increased by 0.5-1 liter/minute. In some of the subjects, pulmonary
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ventilation did decrease. Although it is not clear at which carbon dioxide 

level this occurred, at a higher carbon dioxide level, 14.7-15.8 mmHg (1.9- 

2.08%), ventilation generally increased 1-2.5 liters/minute, while alveolar 

carbon dioxide tension rose to 46 nrniHg. The alveolar carbon dioxide 

tension rose steadily throughout the experiment, while ventilation reached 

a maximum early and retained that level throughout the experiment.

(c) Cardiovascular Effects

Effects of high carbon dioxide concentrations on the 

electrocardiogram (ECG) were studied by MacDonald and Simonson. [44] The 

subjects were 17 males, aged 25-48 years. All were psychiatric patients 

hospitalized at the time of the experiment, and all had normal cardiac 

functions and no evidence of hypertension prior to the study. A mixture of 

30% carbon dioxide and 70% oxygen was administered by mask for an average 

of 38 seconds. Narcosis was evident approximately 20-30 seconds after 

administration of the gas mixture was begun. In 16 of the 27 episodes 

involving 12 of the 17 patients, some abnormality of auricular or nodal 

activity was reported. Among the changes noted were extrasystoles 

(premature contractions), premature auricular and nodal beats, auricular 

tachycardia, and supraventricular tachycardia. These, the authors noted, 

were not alarming but might suggest that serious supraventricular or 

ventricular disturbances could occur, especially if any preexisting cardiac 

problems were present. Friedlander and Hill [28] also have reported 

extrasystoles in 5 of 37 patients exposed to 30% carbon dioxide and 70% 

oxygen. However, it is not possible to conclude definitely that carbon 

dioxide alone was responsible for the observed cardiac abnormalities since 

the effect of the high concentration of oxygen used in these experiments



remains unclear.

Okajima and Simonson [45] reported on the effects of 6% carbon 

dioxide, administered through face masks for 6-8 minutes, on the ECG's of 

148 healthy men. The study subjects were divided into groups of older 

(mean age 60.9 years) and younger (mean age 23.3 years) men. The authors 

observed a significant (19.08%) decrease in the amplitude of the QRS 

complex of the ECG in the older men as compared to the change of 11.63% in 

the younger men. Okajima and Simonson [45] concluded that the more 

pronounced change seen in the older men was probably due to a decreased 

tolerance to carbon dioxide which they suggested was an age-related effect. 

The authors did not state whether the observed changes were indicative of 

further serious complications.

Determinations of the various circulatory responses to carbon dioxide 

were made by Dripps and Comroe [27] in 1947. Forty-four healthy men were 

exposed to 7.6 and 10.4% carbon dioxide through an aviation-type face mask 

for respective averages of 7.4 and 3.8 minutes. General increases in 

systolic and diastolic blood pressures' were observed. The average 

increases in systolic blood pressure were 30.8 mmHg at 7.6% carbon dioxide 

and 33.4 mmHg at 10.4%. The increases in diastolic pressure were 22.2 mmHg 

at 7.6% carbon dioxide and 25.0 mmHg at 10.4%. When the subjects returned 

to normal air, the diastolic blood pressure decreased immediately to below 

the pretest level, while the systolic pressure fell only slightly from its 

elevated level. At 7.6% carbon dioxide, the average pulse rate increased 

approximately 17 beats/minute, and, at 10.4% carbon dioxide, an increase of 

approximately 16 beats/minute was noted.
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The effects of various levels of carbon dioxide concentration on 

cerebral blood flow were reported by Kety and Schmidt. [46] Twelve healthy 

men were exposed to 5 or 7% carbon dioxide in 21% oxygen with 74 or 72% 

nitrogen for 15-30 minutes. Blood oxygen, carbon dioxide, and pH values, 

as well as mean arterial blood pressures, and systolic and diastolic blood 

pressures were determined. The authors calculated cerebral oxygen 

consumption and cerebrovascular resistance from these data. The studies at 

5 and 7% carbon dioxide showed an average increase of 75% (53-93 cc/100

g/min) in cerebral blood flow as a result of exposure. Carbon dioxide 

content and hydrogen ion concentration in arterial blood also rose, 

although cerebral oxygen consumption did not. The mean cerebrovascular 

resistance was reduced by about one-third. Arterial blood pressure rose as 

expected; however, cardiac output was not changed significantly. The 

headaches reported in previous studies [27,30,31,33] probably can be 

explained in part by the cerebral blood flow increases these authors 

observed.

The previously cited report by Sechzer et al [31] also noted a small 

incidence of cardiac arrhythmias in subjects exposed to between 7 and 14% 

carbon dioxide. Eight of 12 subjects exhibited some type of rhythm 

irregularity when exposed to the gas such that the exhaled carbon dioxide 

tension was in excess of 34 mmHg (4.4%). These irregularities were minor 

except for nodal or ventricular extrasystoles noted in a few subjects. All 

subjects were at rest during the experiment. Another report of cardiac 

abnormalities appeared in the article by Sinclair et al [47] discussed in 

subsection (g), Effects on Acid-Base and Electrolyte Balance. Twelve men 

were exposed at 3.9 or 2.7% carbon dioxide for 5, 11, or 30 days. Nine
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incidents of cardiac abnormalities were reported; however, five of these 

occurred in one subject. All incidents were associated with exercise

routines, some performed in normal room air. Ectopic foci* were the 

predominant abnormality. There was no correlation between increased carbon 

dioxide levels or workload and the incidence of such occurrences.

(d) Behavioral Effects

Schaefer, [30] in a study designed to investigate the effects of 

carbon dioxide and electrolyte shifts on the CNS, performed experiments on 

42 healthy subjects divided into high- and low-ventilatory-response groups. 

The author did not specify the method of administration of the gas or the 

ages or sex of the subjects. Fifteen-minute exposures at carbon dioxide 

concentrations of 1.5, 3.3, 5.4, and 7.5% were described. The flicker- 

fusion and alpha-blocking times of the subjects were two of the responses 

measured. Schaefer observed that the low-ventilatory-response group showed 

no appreciable symptoms except at the 7.5% level. Measurement of flicker- 

fusion threshold showed a decrease after exposure to carbon dioxide at 3.3% 

or greater. Simultaneously, the latent time of alpha blocking after light 

stimulus increased. These results led the author to conclude that 

depression of the CNS was occurring. Because the low-ventilatory-response 

group also showed some effects indicative of autonomic nervous system 

involvement including changes in blood sugar, pulse rate, and muscle 

potential, the author speculated on the possibility that adaptation to 

increasing carbon dioxide levels had occurred in this group.

Weybrew [34] investigated the effects of carbon dioxide on 

psychologic function. In a 30-cu m recompression chamber, a 24-year-old 

man was exposed to carbon dioxide at a concentration which increased from
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0.03 to 3% over a 15-hour period. The experiment continued for 12 days and

consisted of two 3-day control periods at the beginning and end of a 6-day

test period. Tests of psychologic efficiency included: single-digit

addition, letter cancellation, and response analysis testing (RATER). In 

addition, the subject was offered a list of adjectives from which to choose 

those indicative of his mood and interests. Results of the various tests 

did not show any remarkable changes caused by the carbon dioxide exposure. 

The author concluded from the adjective-choice test that the experiment had 

produced some emotional changes in the subject. Since these tests were 

conducted in a chamber, Weybrew believed that the confinement may have 

influenced the experimental data and that no validation of results could be 

produced.

A report confirming the absence of psychomotor impairment on

inhalation of 4% carbon dioxide in six healthy volunteer airmen was

published by Storm and Giannetta. [48] The subjects were exposed 

continuously to 30 torr (4%) carbon dioxide for 2 weeks which were preceded 

and followed by 2-week baseline and recovery periods in an environmental 

chamber. Subjective psychomotor tests included the SAM complex coordinator 

and the repetitive psychometric measures (RPM). The subjects were trained 

in both procedures before the experiment. The SAM complex coordinator was 

used only during the baseline and recovery periods; the RPM was 

administered daily during the test period. The 2-week lack of work with 

the complex coordinator resulted in the loss of skill by all subjects. 

Since this was seen in the experimental group and in the six control 

subjects, the decrement was attributed to lack of practice rather than to 

the effects of the exposure. No decrement in performance with the RPM was



noticed in either group. The test series measured complex tracking 

performance, eye-hand coordination, and problem-solving ability, all of 

which were unaffected by 2 weeks of exposure to 4% carbon dioxide.

The effects of carbon dioxide on vision were reported by Weitzman et 

al [49] in 1969. In this study, one healthy 24-year-old man was exposed at 

a gradually increased concentration of from 0.03 to 3.0% carbon dioxide for 

15 hours on each of 6 days; the 6-day exposure period was preceded and 

followed by 3-day control periods in room air. The maximum concentration 

of 3% was reached within 12-15 hours. The study was performed in a large 

pressure chamber with regulated temperature, ventilation, humidity, and 

carbon dioxide concentration. The tests of visual function included visual 

acuity, color and night vision sensitivities, amplitude of accommodation, 

and monitoring acuity. All were standard optical tests. The data showed 

no evidence of changes in overall visual acuity. The authors reported that 

color threshold sensitivity was poorer during the test period although no 

measure of this diminished capacity was cited. For comparison, Weitzman et 

al included conclusions in this report of a similar experiment at 1.5% 

carbon dioxide. They reported that no decrements in sensory function were 

found during exposure to 1.5% carbon dioxide. The only diminished 

sensitivity observed occurred on exposure to 3% of the gas; and, at this 

level, only color sensitivity was affected.

A 1949 report by Schaefer [50] concerned the effects of chronic 

exposure to 3% carbon dioxide on the psyche and excitatory processes of the 

peripheral nervous system. The experiment was conducted in an 

environmental chamber with the carbon dioxide level adjusted to 3% for a 

total of 8 days. The results indicated a radical change in the subjects'
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behavior caused by the exposure. On the first day, the effect was 

stimulating, even to the extent that the subjects undertook solving complex 

mathematical problems and studying scientific texts. The author stated 

that they exhibited a degree of euphoria on this day. By the second day of 

the exposure, the subjects were exhausted, confused, inefficient, and 

inattentive; their behavior was erratic. By the third day, the confusion 

had subsided, although the author stated that the subjects still had not 

returned to normal, nor did they return to preexposure behavioral patterns 

throughout the remainder of the 8-day exposure. The subjects reported 

troubled sleep with frequent dreams and nightmares the first two nights. 

These results were evidence of an acute, excitatory phase followed by a 

chronic, depressive phase of effects of the exposure as identified by the 

author. The same phases were evident in analyses of consciousness, 

sensitivity, attentiveness, manual skills tests, and a measurement of nerve 

sensitivity or chronaxie (the shortest duration of an effective electrical 

stimulus having a strength equal to twice the minimal strength needed for 

excitation). Decreases in chronaxie are indicative of effects on nerve- 

muscle impulse transmission. In general, the excitatory effects were seen 

during the first day of exposure to 3% carbon dioxide. During continuous 

exposure at this concentration of the gas, a suppressive effect was 

observed which was accompanied by significant performance decrements in the 

subjects. However, although not referred to by the author, any behavioral 

effects resulting from prolonged confinement may also play a significant 

role in this study and cannot be divorced from the behavioral effects, if 

any, of carbon dioxide inhalation.
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The study by Glatte et al [33] cited elsewhere also included 

psychomotor tests during a 5-day exposure to 3% carbon dioxide. The tests 

used in this study were completed three times daily. These tests included 

arithmetic, vigilance, hand steadiness, memory, problem solving, and 

auditory monitoring. A statistical analysis of variance indicated no 

significant trends, decrements, or changes from the control measurements. 

The authors concluded that, by all tests, no performance changes were 

detected.

An experiment reported by Bullard and Crise [51] concerned the 

effects of carbon dioxide on the shivering response. Six healthy men (mean 

age, 24 years) were exposed to 2.5-6% carbon dioxide from a Douglas bag via 

a Douglas respiratory valve for 75-minute periods while sitting in a room 

with an ambient temperature of 5 C. During the exposure period, recordings 

of electromyographs, ECG's, mean body temperature, and shivering were made. 

The shivering response was determined from observations, by each subject's 

perception of shivering, and by measuring the mechanical motions of each 

subject. Results indicated that, although shivering was totally supressed 

on inhalation of 6% carbon dioxide in one-half of the subjects, slight 

shivering persisted in the others. After 30 minutes of 6% carbon dioxide, 

there was a breakthrough and shivering resumed in the subjects. The 

breakthrough shivering was more severe than at control levels. During the 

periods of inhalation of carbon dioxide, the subjects indicated that they 

felt warmer. These reactions are of importance because they relate to a 

worker's responses to cold stress during inhalation of carbon dioxide.

Evidence has been presented demonstrating that concentrations of up 

to 3% do not affect problem-solving ability, sequential reaction, and eye-
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hand coordination. Two of the reports centered on the results of a single 

study involving only one subject, thereby limiting interpretation of the 

results. [34,49] Since both authors reported the effects on the same 

subject and each was concerned with a different aspect of the study, 

individual variations in response must be considered in any critical 

evaluation.

(e) Effects on Renal Dynamics

Investigators have also examined the relationship of renal 

circulation and electrolyte metabolism to inhalation of increased 

concentrations of carbon dioxide. Yonezawa [52] reported on experiments 

with 19 subjects, 13 of whom had renal disease while 6 were normal 

controls. Neither the method of administration of the gas nor the sex of 

the study subjects was given. Measurements of renal vascular resistance, 

venous pressure, plasma flow, blood flow, glomerular filtration rate, and 

filtration fraction were made before and during a 30-minute exposure to 5% 

carbon dioxide. Also measured were plasma sodium, potassium, chloride, and 

bicarbonate concentrations. Increases in carbon dioxide tensions in 

arterial and venous blood were accompanied by a corresponding decrease in 

pH. No changes were noted in sodium, potassium, or chloride 

concentrations, while bicarbonate concentration increased. Subjects with 

advanced renal disease showed decreases in arterial-venous differences of 

potassium and sodium, while bicarbonate arterial-venous differences 

increased. The normal subjects showed significant increases in renal 

plasma and blood flow. Those subjects with renal disease showed only 

slight changes. The same pattern was seen in the measurements of 

glomerular filtration. Decreased renal vascular resistance was seen in all
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subjects, and increased renal venous pressure was observed in both groups. 

The author speculated that respiratory acidosis caused the vascular 

dilatation evidenced by increased renal blood flow and decreased renal 

vascular resistance.

Schaefer et al [53] investigated the acid-base and electrolyte 

responses at intermittently increased carbon dioxide concentrations. They 

reported doubling of urine excretion on the fourth and fifth days of 15 

hours of exposure to carbon dioxide at a maximum concentration of 3%. The 

concentration attained this maximum only after increasing steadily for 12- 

15 hours each day. The increase in urine volume was accompanied by 

increases in organic acids, titratable acidity, ammonia, and hydrogen ion 

excretion. This was the same, single-subject experiment reported

elsewhere. [34,49,41] The authors [53] also reported that the accumulated 

carbon dioxide was eliminated by renal mechanisms, as indicated by the

increases in titratable acidity and excreted organic acids. They

correlated this excretion with the increase in hydrogen ion excretion.

(f) Neuroendocrine Effects

The effects of carbon dioxide on neuroendocrine function were 

reported by Sechzer et al. [31] These investigators exposed 12 healthy men 

(aged 18-37 years) to 7-14% carbon dioxide for 10-20 minutes. The carbon 

dioxide in oxygen mixture was administered through a rubber mouthpiece; the 

nose was closed with a noseclip. The concentration of the test mixture of 

carbon dioxide and oxygen was determined from the end-expired carbon 

dioxide tension. When the carbon dioxide tension had reached the desired

concentration, it was maintained for 10-20 minutes and then terminated.

The total exposure period averaged 22 minutes (range 8-35 minutes).
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Measurements were made of respiratory minute volume, arterial pressure, 

heart rate, and plasma concentrations of epinephrine, norepinephrine, and 

17-OH-corticosteroids. The results indicated significant increases in 

plasma catecholamines and steroids for all levels of end-expired carbon 

dioxide greater than 50 mmHg (6%). The concentrations of epinephrine, 

norepinephrine, and 17-0H-corticosteroids were each statistically 

correlated with the increase in carbon dioxide. These increases were 

stated by the authors to be evidence of increased sympathoadrenal activity 

during exposure. The epinephrine and norepinephrine could have been

responsible for some of the increased cardiac activity noted by these and 

other investigators. In addition to these findings, the authors also

reported clinical symptoms experienced by their subjects as reported in

subsection (a).

In a study already discussed, Schaefer [30,38] also investigated 

effects on neuroendocrine function. In this experiment, 42 healthy 

subjects were exposed to carbon dioxide at concentrations of 1.5, 3.3, 5.4, 

and 7.5% for 15 minutes each. Data on stimulation of the sympathetic

nervous system were assessed; determinations included oxygen consumption, 

pulse rate, blood sugar, and eosinophil* count. Results indicated a 

decrease in the number of eosinophils and increases in blood sugar, oxygen 

consumption, and muscle potential above 3.3% carbon dioxide. Pulse rate 

was significantly increased at a 7.5% concentration of the gas. At 5.4% 

carbon dioxide, the greatest decrease in eosinophils was observed. These 

responses were less evident in the low-ventilatory-response group than In 

the high-ventilatory-response group, suggesting that the tolerance 

developed by these persons exists even with respect to autonomic response.
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(g) Effects on Acid-Base and Electrolyte Balance

Sinclair et al [47] reported a 2-year series of related experiments 

designed to determine the rate and degree of acclimatization of men at rest 

at increased carbon dioxide levels. The investigators studied three groups 

of four healthy subjects each. The age and sex of the subjects were not 

specified. All experiments were performed in a chamber with an 

artificially created atmosphere and were preceded and followed by control 

periods of 2-5 days' duration. In the first two groups, exposure to 30 

mmHg (3.9%) carbon dioxide was studied during 5- and 11-day periods, 

respectively. The third group was exposed to 21 mmHg (2.7%) carbon dioxide 

for 30 days. In all experiments, measurements of ventilation, acid-base 

indices of arterial blood, and lumbar CSF were made. Test data from the 5- 

day exposure revealed that the arterial pH reached its lowest level after 

20 hours of exposure, at which time it was depressed by 0.025 units. This 

initial decrease was followed by a slow increase until the values reached 

normal levels again on the fifth day of exposure. The pH of the CSF 

reached its lowest level after 8 hours and nearly returned to normal by the 

end of the exposure. Parallel increases in arterial and CSF bicarbonate 

were seen and reached a peak on the fifth day of exposure. The CSF pH 

remained depressed after 2 days of the control period and paralleled a 

slightly elevated CSF carbon dioxide tension. Although the 11- and 30-day 

studies were conducted at different carbon dioxide concentrations, the 

subjects in both groups showed peaks in arterial carbon dioxide after 16 

and 20 hours of exposure and after 16 and 20 hours of recovery.

The subjects generally tolerated test exposures well, apart from mild 

headaches and an awareness of increased ventilation. [47] The maximum
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compensation for decreases in arterial pH required 5 days, while the 

reduction in ventilatory response occurred during the first 24 hours of 

exposure. The authors and technicians reported awareness of their own 

increased ventilation on entering the 30-mmHg (3.9%) environments for 2-8 

hours daily; however, they experienced little difficulty in performing 

their tasks. Their awareness of increased ventilation subsided 1-2 hours 

after the exposure.

In 1961, Schaefer [54] addressed the question of what effects chronic 

exposure to carbon dioxide had on the the body's acid-base balance. He 

cited the experiment originally performed by Faucett and Newman, [35] in 

which 23 healthy subjects were confined in a submarine and exposed to 

carbon dioxide at a concentration of 1.5% for 42 days. The exposure period 

was scheduled between two 9-day control periods. In this report, Schaefer 

again based his observations on the major intervals of uncompensated and 

compensated respiratory acidosis. The 42-day exposure was divided into an 

initial 23-day uncompensated acidosis followed at days 24-42 by compensated 

acidosis. The graphic presentation of results indicated that the pH of the 

venous blood never dropped below 7.25 during uncompensated acidosis from an 

initial value of approximately 7.37 during uncompensated acidosis. The 

author concluded that the results indicated a combination of respiratory 

acidosis and metabolic alkalosis*. Schaefer identified renal compensation 

as the cause of alkalosis from the recorded pH and bicarbonate data. 

Relating the changes in basic physiologic parameters to observed pH changes 

is essential for understanding the significance of the pH difference. 

Plasma calcium was identified as a pH-dependent variable, while plasma 

inorganic phosphorus, increased tidal volume, and decreased respiratory



rate were identified as independent of pH. Subsequent experimental results 

indicated that the use of buffers to ameliorate conditions caused by the 

acidosis were not adequate since several of these physiologic adaptations 

were pH independent.

In 1963, in another report of data from the same study, [35] Schaefer 

[55] described additional pH findings. He reported that the concentrations 

of chloride in red blood cells and plasma were also identified as pH 

independent, while plasma calcium levels showed an initial decrease with a 

subsequent rise mirroring the compensation of acidosis. In yet another 

report of the same study, Schaefer et al [56] provided more data and a 

clearer basis for the previously cited conclusions. They indicated that 

the inorganic phosphorus concentration also indicated a mirroring of the pH 

changes occurring in the body. Additional corroboration of the pH 

dependence of plasma calcium was presented.

Schaefer et al, [57] in 1964, reported further findings on the acid- 

base balance and electrolyte changes caused by exposure to carbon dioxide. 

The 42-day experiment with 23 healthy subjects was again the basis of these 

findings. Acid-base studies were completed on 20 of the 23 subjects. The 

experimental procedures have been described earlier. [35,36,54] The acid- 

base and electrolyte studies identified the initial acidotic response of 

the body and the subsequent mechanisms required to achieve compensation. 

Venous blood samples were drawn from 10 of the subjects for determination 

of a total electrolyte profile in blood; similar profiles were completed on 

urine and feces samples. Also measured were electrolyte concentration and 

bicarbonate levels in plasma and red blood cells. Corrections for body 

temperature and electrolyte intake were made. The measurements indicated



the various metabolic patterns which occurred during the phases of 

uncompensated and compensated respiratory acidosis. The phase of 

uncompensated acidosis (days 1-23) was characterized by a decrease of 0.06 

units in extracellular pH, decreases in urine pH, bicarbonate excretion, 

and pulmonary carbon dioxide excretion. The pulmonary carbon dioxide

excretion data were taken from a previously cited report [33] of the same 

study. The days of compensated acidosis (days 24-42) were characterized by 

a return of blood pH to normal levels, a rise in urinary pH, and increases 

in bicarbonate and pulmonary carbon dioxide excretion. The plasma

electrolytes did not appear to follow these phases, as red blood cell 

sodium increased and cell potassium decreased throughout the exposure 

period and during the 9 days of recovery. Pulmonary carbon dioxide 

excretion peaked on the first day of recovery, while urinary excretion of 

carbon dioxide followed on the second. Another peak in pulmonary excretion 

on the ninth day was considered indicative of the equilibration of the slow 

bone-calcium store of carbon dioxide. The authors, [57] therefore, 

identified the bones as having the slowest carbon dioxide release rate. 

While the pH changes set the pattern for uncompensated and compensated 

acidosis, the carbon dioxide tension remained elevated (5 mmHg) throughout 

the experimental period and during the 9-day recovery period.

In 1967, Glatte et al [33] reported additional information on the

effects of prolonged exposure to 3% carbon dioxide. Seven healthy men were 

exposed for 5 days in a space-cabin simulator. Five control days preceded 

the study, and 5 recovery days followed it. Full medical histories were 

taken, and blood and urine chemical determinations were made. 

Additionally, tests of liver and renal functions and hematologic studies



were performed. Using these baseline data, the investigators monitored 

changes developing during and after the experiment. The subjects were 

divided into two groups; the time of administration of the carbon dioxide 

was not revealed to the subjects. Diet and exercise were controlled by the 

study design. Psychomotor testing was repeated daily. In contrast to 

previously cited studies, [35,36] these authors [33] reported no 

significant physiologic differences between the test and control groups. 

Experimental data did show a mean decrease from 7.40 to 7.37 in blood pH 

after the initial 2 days of exposure. One subject experienced a decrease 

in blood pH from 7.40 to 7.35 during this period. Results also indicated 

increased arterial carbon dioxide tension of approximately 3-4 mmHg (0.39- 

0.53%) and increased serum bicarbonate with a mean increase of 1.5 

mEq/liter. This was accompanied by a slight decrease over the test period 

in serum chloride, with a mean of approximately 3 mEq/liter. The authors 

reported no changes in renal ammonia and titratable acidity. The authors 

also reported no significant changes in serum electrolytes, blood sugar, 

BUN, serum creatinine, or liver function tests. They did report modest 

reductions in blood cell count which they attributed to the routine drawing 

of blood for test samples. Pulmonary function was normal. The authors 

concluded that, in general, the 3% carbon dioxide represented only a mild 

challenge, although four of the seven subjects reported frontal headaches 

during the first 2 days of exposure. The authors noted further that the 

study period was too short for an adequate assessment of changes in calcium 

metabolism. The results of respiratory studies indicated that the ratio of 

carbon dioxide production to oxygen consumed decreased from approximately 

0.85 to 0.74. The ratio was reported to have returned to 0.85 upon return



to normal air. The investigators recommended further research to elaborate 

on this observed change. A study of such short duration generally would 

not be expected to yield sufficient data to define the parameters of 

physiologic response at slightly increased carbon dioxide levels.

Acid-base changes due to intermittent exposures to carbon dioxide 

were reported by Schaefer et al. [53] This experiment involved one healthy 

man who was exposed at an increasing carbon dioxide concentration of from 

0.03 to 3% over a 15-hour daily period. He spent 9 hours/day in normal 

air, and the experiment continued for 6 days with 3 control days both 

before and after the study. The study was conducted in a large, pressure 

altitude chamber. Data were recorded on arterial and venous pH values, 

carbon dioxide and oxygen concentrations, magnesium, sodium, potassium, 

chloride, and calcium and phosphorus levels, as well as on blood lactate 

and pyruvate concentrations. Urine studies included volume; pH; calcium, 

magnesium, and phosphate concentrations; carbon dioxide, organic acids, 

ammonia, and titratable acidity levels. The results of this study 

indicated an immediate response to the carbon dioxide; urine volume nearly 

doubled, and excretion of organic acids, titratable acidity, and ammonia 

increased on the first day. These measurements declined on the following 2 

days. On the fourth and fifth days, carbon dioxide excretion and acid load 

increased markedly during the air-breathing period. Urine volume rose 

again to a level greater than double that in the control period; this rise 

was accompanied by increases in organic acids, titratable acidity, ammonia, 

and hydrogen ion excretion, as reported in subsection (e), Effects on Renal 

Dynamics. Blood lactate and pyruvate levels were not affected by the 

exposure. By the second day of recovery, excretion of ammonia, titratable
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acidity, and hydrogen ions decreased as elimination of bicarbonate greatly 

increased. Again, this is the same subject as previously documented, 

[34,41,49] and data from a single individual seriously limit the 

acceptability of these results.

The effects of a continuous exposure to 3% carbon dioxide were 

described by Schaefer. [58] In this study, healthy young men were exposed 

to the gas at a constant concentration of 3% for up to 8 days in an 

environmental chamber. Results indicated that after 3 days of exposure, a 

tolerance or adaptation of the respiratory center was evident. An increase 

in the respiratory threshold was observed both at rest and during exercise 

studies. Acid-base regulation was studied through measurement of blood 

bicarbonate, pH, serum and hemoglobin protein, alveolar carbon dioxide, and 

excretion of carbon dioxide and bicarbonate. Analyses of these studies 

showed that immediate responses to increased carbon dioxide were rises in 

dissolved carbon dioxide and bicarbonate in the blood. As the exposure 

period lengthened, renal acid excretion increased, alkali was retained, and 

bicarbonate content of the blood increased. This paralleled the 

compensated phase of respiratory acidosis. In the same report, the author 

cited results of a study in which a continuous exposure to carbon dioxide 

was interrupted 8 hours daily by breathing room air. In contrast to the 

continuous exposure, this intermittent study showed that the return to 

normal air was of insufficient duration to alter the developed patterns of 

compensation of the blood buffer system. The bicarbonate levels were 

unaffected by these interruptions. Data on carbon dioxide elimination 

indicated that the 8-hour return to normal air was not sufficient to rid 

the tissues of accumulated carbon dioxide, nor was it sufficient to make
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alkali available for carbon dioxide elimination. This study demonstrated 

the length of time required for compensation to increased carbon dioxide 

levels and the time required for a full return to normal. Further, it

showed that as much as 8 hours daily of breathing normal air is

insufficient for the acid-base regulatory mechanisms to alter the 

readjusted homeostatic responses. This portion of the experiment, as 

described by the author, appeared to have been begun after several days of 

continuous exposure to 3% carbon dioxide. As a result, the observed 

inability of the buffer systems to return to normal may well have been 

merely the buffer systems' slow return to normal after chronic exposure, 

rather than the true effects of an intermittent exposure.

A report by Zharov et al [59] dealt with the psychologic,

performance, and physiologic effects of continuous exposure to 1 and 2% 

carbon dioxide. The studies were performed to investigate problems of

aviation medicine where intolerable accumulations of any substance are 

critical. In two experiments, two subjects each were confined to a 7-cu m 

pressure chamber for 30 days. The first pair was exposed to 1% carbon 

dioxide, the second to 2%. Evidence collected included total carbon 

dioxide content of the blood; pH and pC02 of blood; pC02 and p02 of 

alveolar air; urinary pH, ammonia, carbonates, titratable acidity; ECG; and 

arterial blood pressure. Results of the trials indicated that there was 

respiratory acidosis as evidenced by slight drops in blood pH, from 7.41 

and 7.47 to 7.34 and 7.38, respectively, at 2% carbon dioxide. Increases 

/*: pC02 in blood and alveolar air were also recorded. Details of exercise

regimes and the subjects' performances were not reported. The authors 

indicated that efficiency and functioning were measured by
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electroencephalograph recordings (EEG's) and conditioned motor reflex 

tests. They also indicated that the subjects' efficiency in performing 

physical exercise remained high at 1%, but deteriorated after prolonged 

exposure to 2% carbon dioxide. This, the authors noted, was accompanied by 

psychologic tension. Further, the authors stated that all changes seen in 

the EEG's and conditioned motor reflexes as a result of carbon dioxide 

exposure were wholly reversible.

Messier et al [60] reported the effects on human calcium, magnesium, 

and phosphorus metabolism of continuous exposure in submarines to 0.8-1.2% 

carbon dioxide. A total of 31 men from 3 submarine patrols were studied. 

The first two patrols lasted 57 days, the third lasted only 3 weeks. 

During all patrols, the oxygen concentration was between 19 and 21%, and 

carbon monoxide was less than 25 ppm. Blood samples taken 9 months after 

the last patrol served as the controls. Mild respiratory acidosis was 

present as evidenced by decreased pH and increased pC02 and bicarbonate in 

the fourth week of the two long patrols. Additionally, decreased plasma 

chloride and increased red blood cell chloride confirmed this acidosis. By 

day 51, compensation was complete, and all of the measured indicators had 

returned to normal. Plasma electrolyte studies showed decreased potassium, 

immediately increased sodium, and decreased calcium. Plasma phosphorus 

levels were not affected, and plasma magnesium increased only on day 51. 

Red blood cell sodium and calcium increased, while potassium decreased. On 

day 51, red blood cell magnesium decreased. Renal regulation of acidosis 

was not apparent until after the third week since urinary pH was elevated 

throughout the patrol and urine calcium, phosphorus, and magnesium were 

decreased. Urine bicarbonate was generally elevated throughout the



exposures. Parathyroid regulation also was not apparent as parathyroid 

hormone and calcitonin levels did not change during the exposure. The 

decreased urinary calcium excretion did rise during the fourth and fifth 

weeks; however, it did not exceed control levels. It decreased again 

during the sixth-ninth weeks indicating a three-phased pattern of urinary 

calcium excretion. The decreased urinary calcium excretion was associated 

with decreased plasma calcium levels. The authors [60] concluded that this 

was evidence of hypocalcemia and hypocalciuria in contrast to hypercalcemia 

and hypercalciuria which are associated with exposure at higher levels of 

carbon dioxide. Also, the lowered blood bicarbonate levels during the 

first 3 weeks contrasted with increased blood bicarbonate levels found upon 

continuous exposure at 1.5% of the gas. [57] The authors suggested that 

the renal regulation of acid-base balance was responsible for increased 

blood bicarbonate at 1.5% carbon dioxide and was not active for the first 3 

weeks at the lower concentrations (0.8-1.2%) which accounts for the 

decreased blood bicarbonate observed in this study. The authors [60] 

concluded that bone buffering replaced renal regulation during the first 3 

weeks of continuous exposure at 0.8-1.2% carbon dioxide. By the fourth 

week, the bone store reached saturation and was dumped, raising pH, pC02, 

and blood bicarbonate. At this time, renal regulation became active in 

acid-base balance maintenance. The decreased urinary calcium excretion, 

blood bicarbonate concentration, and hypocalciuria of weeks 6-9 were 

associated with renewed storage of carbon dioxide in bones.

The most noticeable effect of increased carbon dioxide on the acid- 

base balance of the body is the acidosis caused by such exposure. As 

previously discussed, the body is equipped to compensate for challenges to
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pH stability. Studies on humans have indicated that compensation for 

acidosis caused by continuous exposure to 1.5% carbon dioxide for 42 days 

will take approximately 23 days. The findings during the uncompensated 

period included a decreased physiologic pH, lowered plasma calcium and 

inorganic phosphorus, decreased pulmonary excretion of carbon dioxide, and 

decreased bicarbonate excretion. The compensated phase (days 24-42) was 

characterized by a return of the blood pH to normal, a rise in urinary pH, 

increases in pulmonary carbon dioxide and bicarbonate excretion, and 

increases in plasma calcium and inorganic phosphorus. It is also important 

that during a 5-day exposure to 3% carbon dioxide, the authors [33] stated 

that the changes were not indicative of a serious challenge. A pH drop 

accompanied by an increase in the serum bicarbonate level was observed 

within the first 2 days. Although some aspects of this study were hampered 

by its short duration, the data did indicate that the body apparently 

compensated more readily to the higher carbon dioxide level. An immediate 

bodily response to 3% carbon dioxide was also indicated in the study on 

intermittent exposure.

In contrast, continuous exposure to 0.8-1.2% carbon dioxide [60] 

indicated that renal compensation was not apparent until after the third 

week of exposure when carbon dioxide was dumped from bone stores thus 

increasing the concentration sufficiently to trigger compensatory 

mechanisms.

(h) Effects During Exercise

The effects of simultaneous exercise and hypercapnia were the object 

of experiments reported by Menn et al. [61,62] Eight healthy men (aged 18- 

21 years) were exposed to carbon dioxide at levels of 8, 15, 21, and 30
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mmHg (1, 2, 2.8, and 3.9%) for 30 minutes while performing both steady-

state and maximum exertion tests in an upright position on a bicycle 

ergometer. The subjects had undergone a 14-day training period involving 

daily increased workloads. The workload was reported in Watts (W), 1 W

being equivalent to 0.01433 kcal/minute. The beginning load was 50 W (0.72 

kcal/minute); the maximum attained was 250 W (3.58 kcal/minute)^ The study 

was performed in an environmental chamber with controlled carbon dioxide, 

temperature, and humidity. Respiratory rate, expired and inspired minute 

volume, rectal temperature, ECG, cardiac rate, blood pressure, arterial 

oxygen, and carbon dioxide tension were measured. All eight subjects 

completed all regimes at every carbon dioxide exposure level. The maximum 

exertion test was not performed at 3.9% carbon dioxide. No difficulty was 

reported at carbon dioxide levels below 21 mmHg (2.8%). At or beyond this 

level, the subjects reported respiratory symptoms during exercise performed 

at two-thirds maximum and at maximum levels. The two-thirds maximum level 

refers to that exercise level at which two-thirds of the maximum oxygen 

consumption was obtained during the pretest maximum exertion test. It was 

also equivalent to an average of 180 W (40 W is considered a moderate 

workload). Two subjects reported intercostal muscle pain from large 

ventilations at 2.8% of inspired carbon dioxide. Three others reported 

that respiratory difficulties had impaired their performance at the same 

carbon dioxide level. At the 3.9% carbon dioxide level, six subjects 

reported mild-to-moderate frontal headaches. The headaches generally 

occurred near the end of the exercise period and were not severe enough to 

interfere with the subjects' performances. Increased arterial carbon 

dioxide tension was linear and related to inspired carbon dioxide levels.
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ECG changes in four subjects showed premature auricular and ventricular 

contractions, which according to the authors [61,62] were abnormalities 

also commonly associated with exercise in room atmosphere. Five of the 

nine incidents of ectopic foci occurred in only one of the subjects. 

Further, acid-base studies showed a greater reduction in blood pH values 

during exercise than at rest at all levels of carbon dioxide exposure. The 

authors concluded that exercise combined with hypercapnia does stress the 

respiratory system. They also stated that the premature ventricular 

contractions appeared to be related to neither the level of exercise nor 

the inspired carbon dioxide levels. Because subjects were able to complete 

all phases of the study regimen, apparently humans can perform strenuous 

work for short periods without obvious stress, even at high carbon dioxide 

levels.

In an exercise study, Craig et al [63] made use of inspiratory and 

expiratory resistances and carbon dioxide exposure to measure treadmill 

exhaustion limitations. Thirteen healthy men were tested on treadmill 

grades up to 22% with combinations of inspiratory resistances from 1.5 to 

15.5 cm H20/liter/second, expiratory resistances of 2.0 and 3.9 cm 

H20/liter/second, and carbon dioxide levels of 3.1-3.9%. Both types of 

resistance and the carbon dioxide were regulated through a facepiece. 

Measurements included tidal volume, heart rate, and inspiratory flow, as 

well as expired carbon dioxide level. Exhaustion was the point at which 

the subject decided to end the routine. After 110 tests, results indicated 

that, at the minimal inspiratory and expiratory resistance levels, only 

concentrations in excess of 3% consistently resulted in reduced endurance. 

At maximum inspiratory and minimum expiratory resistance, the range of 3.1-
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3.9% arbon dioxide levels did not appreciably change the subjects' 

endurance compared with that when the subjects breathed air. However, at 

levels above 4% carbon dioxide, the inhaled gas had a greater effect than 

the same resistance combination. While data from each carbon dioxide level 

were not enumerated, the grouped carbon dioxide exposure data at minimal 

resistance indicated that exhaustion was reached after 413 seconds at the 

combined minimal resistance levels. Time to exhaustion decreased from 567 

seconds during air breathing to 413 seconds during exposure to carbon 

dioxide, while minute volume increased from 86 to 105 liters/minute, and 

tidal volume increased from 2.05 to 2.51 liters.

A study by Sinclair et al [64] focused on the physiologic response of 

the body during exercise to the inhalation of increased carbon dioxide 

concentrations. Four healthy men performed three levels of work (low, 

moderate, and heavy) in a chamber having a carbon dioxide concentration of 

21 mmHg (approximately 2.8%). No equivalence in watts or oxygen 

consumption data were given by the authors, who used heart rate as a 

measure of workload. Measurements were done in air after 1 hour of 

exposure to the carbon dioxide (acute) and during chronic (15-20 days) 

exposure to the gas. The individual exercise regimes, performed twice 

daily, were 45 minutes long, separated by 5-hour rest periods. The 

exercises were performed in a supine position on a bicycle ergometer, with 

measurements recorded between the ,12th and 15th minute of exercise. The 

authors found some changes in normal responses to exercise as a result of 

the stress-inducing increases in carbon dioxide exposures. Arterial pH was 

lowered proportionally with increasing carbon dioxide exposure and exercise 

stress. Another modified response was an increased retention of the carbon
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dioxide; this, however, was anticipated because of the body's decreased 

ability to eliminate the excess gas as the concentration of carbon dioxide 

in the inspired air was increased. Exercise compounded the problem. The 

authors suggested that the cause was insufficient compensation for the 

diminished effectiveness in carbon dioxide elimination. A lesser degree of 

metabolic acidosis, also noted as workload increased during exposure to 

carbon dioxide, reflected a decreased production of organic acids according 

to the authors. They reported little difference between the acute and the 

chronic situations, although detailed data were not presented. They 

concluded that carbon dioxide at tensions up to 21 mmHg (2.8%) could be 

tolerated by normal subjects, both at rest and during strenuous, steady- 

state exercise. The authors [64] reported the absence of cardiac 

abnormalities and contrasted their results with those of Menn et al. 

[61,62]

An exercise regimen in the previously cited paper by Glatte et al 

[33] offered similar data on the ability of six healthy subjects to 

tolerate work during exposure to 3% carbon dioxide. The 5-day exposure, as 

well as the 5-day preexposure and postexposure control periods, included a 

steady, moderate exercise program involving two routines daily. Each 

routine was a 1-hour session on a bicycle ergometer with a 100-W load or

1.43 kcal/minute, the equivalent of a heavy workload. In comparison, 105- 

130 W would be similar to maximum exertion or extremely strenuous work not 

generally encountered in industry except for very short times. The two 

exercise routines were performed so that the first was on the first day, 

representing the acute period, and the last was on the last day, 

representing the chronic phase. Results indicated that the 1-hour exercise
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session was tolerated well by the subjects. In control periods, exercise 

produced a marked increase in ventilation averaging from 12.5 to 40.6 

liters/minute while, during exposure to carbon dioxide, ventilation 

increased from an average of 18.3 to 67 liters/minute. Pulse rate 

increased to a maximum of 152 beats/minute during the chronic exposure 

exercise period from a resting mean of 73 beats/minute. The maximum 

attained during exercise in the control period was 145 beats/minute from a 

resting mean of 69 beats/minute.

In a previously cited publication, Schaefer [58] also described an 

exercise study in which healthy subjects were exposed to 3% carbon dioxide 

for up to 8 days. He found that, at the same inhaled carbon dioxide level, 

alveolar carbon dioxide tension was higher during work after adaptation 

than it was during rest. The depth of breathing was reported to have 

decreased and the rate of respiration to have increased while the subjects 

worked during chronic exposure. This results in increased oxygen intake 

and carbon dioxide excretion. Adaptation to the increased carbon dioxide 

level was apparent by decreased ventilation during work as well as during 

resting; however, the work levels never decreased to the extent that the 

resting levels did. The author offered no information on the subjects' 

ability to tolerate the work plus increased carbon dioxide atmosphere. All 

work was performed at 40 W (0.57 kcal/minute) which would be equivalent to 

a moderate work situation where frequent breaks are essential. No untoward 

effects were reported at this work level.

Clark et al [65] elucidated further the effects of a wide range of 

carbon dioxide exposures when combined with a full exercise regime. The 

regime consisted of walking or running on a treadmill on a 10% grade at
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speeds of 1.8, 3.4, 4.8, and 6.0 mph for 6 minutes at each speed and

without the treadmill stopping between speed adjustments. This 24-minute 

run of 1.6 miles was preceded and followed by resting control periods spent 

standing on the treadmill. The study was conducted in a 3,500-cu ft 

environmental chamber providing controlled temperature and carbon dioxide 

levels. The subjects were nine healthy, young Air Force members who had 

just completed basic training and who also had participated in a 12-week 

prestudy exercise conditioning program. During the experiment, the 

subjects exhaled into a valved mouthpiece connected to a spirometer for air 

analysis. They performed the exercise regime at the following inspired 

carbon dioxide levels: 10, 20, 30, and 40 mmHg (1.3, 2.6, 3.9, and 5.2%)

and a control at room air. Even at the highest level of carbon dioxide 

(equivalent to about 5.2%) there was no change in oxygen consumption. 

Significant changes were seen in ventilatory response indices. Increases 

were seen in the volume of expired gas from a mean value of 10.13 + 1.84 

liters/minute at rest with no inspired carbon dioxide to a maximum of 

169.06 + 16.68 liters/minute at a maximum treadmill speed of 6.0 mph and at 

40 mmHg of inspired gas. The measurements of acid-base balance confirmed 

the additive effects of respiratory acidosis caused by hypercapnia and of 

metabolic acidosis caused by exercise. The arterial pH, which dropped from 

about 7.41 at rest with no inspired carbon dioxide to 7.13 at a maximum 

treadmill speed and at 40 mmHg (5.2%) of inspired gas, was associated with 

a ninefold rise in arterial lactic acid. A twofold rise in blood lactic 

acid occurred between 4.8 and 6.0 mph during the experiment. The subjects 

experienced significant symptoms during the study, including the collapse 

of three subjects at maximum exercise and inspired pC02, mental confusion,
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impaired vision (both central and peripheral), and severe headache (in the 

postexercise period). Severe headache, dyspnea, and impaired central and 

peripheral vision were also reported during a special, single-subject 

portion of the study conducted at a treadmill speed of 6.5 mph and at 5.2% 

carbon dioxide for 8 minutes. The authors also observed that initial 

exposure at the highest carbon dioxide concentrations (3.9% and 5.2%) 

caused the most severe symptoms. Since all subjects were able to run at 

8.0 mph during air breathing and yet three collapsed at the highest pC02 

while running at 6.0 mph, the authors surmised that changes in the 

intensity of either stressor would cause a reciprocal change in the 

subjects' ability to tolerate the other.

Luft et al [66] investigated the effects of exposure to 15 mmHg 

(1.9%) carbon dioxide combined with exercise. The study was divided into 

two parts. The first concerned exercise tolerance by 12 healthy men (mean 

age 26.5 years). The subjects exercised on a bicycle ergometer at 50 rpm 

with an initial brakeload of 300 kpm/minute (equivalent to 49 W) and 

subsequent brakeload increases of 75 kpm/minute (12.2 W) until the 

subjects could no longer maintain the pedaling rhythm. The initial 

resistance was maintained for 3 minutes with increases applied each minute 

thereafter. The exercise regimes were repeated in air and at an inspired 

carbon dioxide tension of 15 ± 2 mmHg (1.9%). Consequently, each subject 

was his own control. At each submaximal work load, the mean heart rate and 

systolic blood pressure were slightly higher during exposure to carbon 

dioxide; however, the increase was not significant. The heart rate was 

lower than control at the end point. The ventilatory measurements 

indicated that increased carbon dioxide resulted in significantly increased
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ventilation at submaximal exercise levels. The increases were 40-50% above 

controls at all brakeloads except maximum, where the increase was only 2%. 

Other measurements included mean oxygen consumption and carbon dioxide

elimination. The oxygen consumption was higher (though not significantly)

at submaximal exercise and at increased carbon dioxide, and significantly 

lower (-13%) at maximum exercise with carbon dioxide. In contrast, carbon 

dioxide elimination was lower during carbon dioxide exposure than during 

the control period.

In the second part of the study, [66] 10 healthy men completed the 

same exercise routine and the carbon dioxide exposure level was maintained. 

In this series, however, respiratory measurements were made prior to

exercise, during maximum exercising, and during recovery. These

observations showed lower oxygen consumption during the last 2 minutes of 

exercise and during the first minute of recovery than during carbon dioxide 

exposure. The effects on acid-base balance were evident in decreased 

arterial pC02 during control exercising. This decrease lasted through the 

fourth minute of recovery. In contrast, during carbon dioxide exposure, 

the arterial pC02 rose during the final minute of exercise and dropped only 

slightly during the first minute of recovery. Bicarbonate which also fell 

during the control exercise, was correlated by the authors with the buildup 

of blood acid metabolites. Blood electrolyte levels generally increased, 

peaking the last minute of exercise. The increases in potassium and 

phosphorus were nearly 60%. The authors concluded that the carbon dioxide 

concentration of 1.9% was sufficient to affect an individual's exercise 

capacity by altering the physiologic elimination of carbon dioxide. The 

metabolic acidosis caused by maximum exercise was not reduced by



ventilation in the presence of 1.9% carbon dioxide which was already 

burdening the ventilatory process.

(i) Case Reports

An article [67] in Industrial Medicine and Surgery reported on

characteristics of deaths in silos during each harvest season. The 

article, which appeared in 1953, remarked on the "unnecessary, inexcusable" 

deaths of farmers overcome by high carbon dioxide concentrations while 

stamping down silage. It stated that it was not unusual for the 

concentration of carbon dioxide to reach 38%. The gas is evolved as 

carbohydrates in the stored crops undergo atmospheric oxidation. The 

author reported that, although the carbon dioxide concentration was 

extremely high, the rapid deaths were caused by the displacement of oxygen, 

and therefore, death was due to asphyxiation. This article established 

that deaths of this nature had been reported since 1914.

Troisi [68] cited three deaths from carbon dioxide poisoning. Two 

youths, aged 18 and 12, collapsed after descending into a silo filled with

green forage beans, barley, and oats to remove silage. A 61-year-old man

who went to their rescue later succumbed. All three received artificial 

respiration; the youths were pronounced dead at the scene and the man was 

hospitalized. The man was reportedly "in extremis," the only vital signs 

being occasional cardiac contractions. Although his respiration was 

restored about an hour after administration of cardiac and respiratory 

stimulants, the patient died on the fifth day without having regained 

consciousness. The clinical picture was that of asphyxia, although 

observed toxic effects on the thermoregulatory center were reportedly due 

to carbon dioxide. The man had exhibited a progressive rise in temperature
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which could not be attributed to any inflammatory condition. Although no 

measurements were made, the carbon dioxide concentration must have been 

high. In addition, other noxious gases such as nitrogen dioxide were 

probably present.

In an incident described by Williams, [69] two deaths were attributed 

to carbon dioxide poisoning aboard a ship carrying onions and crude brown 

sugar. Eight persons, including the ship’s doctor, entered the hold in 

single order to assist the persons entering immediately before. Of the 

total, two died immediately; two had major symptoms; and four had only 

minor symptoms. The time each had spent in the hold varied from 5 to 15 

minutes. The doctor and the first man to enter the hold had pulse rates of 

100 and 156, respectively; they did not show signs of cyanosis but did show 

evidence of congested conjunctivae. The two who died were not autopsied. 

External examinations revealed no outward signs of injury, but both men had 

markedly congested conjunctivae and cyanosis of the buccal mucosa as well 

as of the toe and fingernail beds. The deaths were attributed to carbon 

dioxide poisoning. Although no estimation of the concentration of carbon 

dioxide in the hold was obtained, the authors surmised that it had reached 

25-30%. The observed signs and symptoms, such as headache, giddiness, 

tinnitus, and loss of muscular power, were consistent with other 

descriptions of carbon dioxide poisoning. The authors offered a twofold 

explanation for the action of the gas: first, that of oxygen displacement, 

in which case carbon dioxide acts as a simple asphyxiant; secondly, as a 

respiratory stimulant and a narcotic.

Another account of deaths and poisonings occurring in ships' holds 

was reported by Dalgaard et al. [70] These authors described three deaths
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and four cases of nonfatal poisonings arising as a result of working in 

ships’ holds filled with fresh or putrefying trash fish or both. Each of 

the deaths was attributed to hypoxia* alone or to hypoxia compounded by 

carbon dioxide and alcohol. In one case, air samples were taken; the 

carbon dioxide concentrations were 20 and 22% at the middle and bottom of 

the hold, respectively. Signs and symptoms among the survivors included 

unconsciousness, cyanosis, sluggish reflexes, rattling respiration, and 

excessive motor unrest. In these cases, carbon dioxide was produced from 

the putrefaction of fish in sufficient quantity to have displaced oxygen, 

causing the hypoxia. However, at carbon dioxide concentrations as high as 

20%, the direct toxic effects of this gas undoubtedly had some impact on 

the resultant signs and symptoms.

Nuttall [71,72] wrote a brief account of the toxic effects of carbon 

dioxide. The author identified two instances of near collapse of aircrew 

members on different flights from inhalation of carbon dioxide gas which 

had vaporized from dry ice during transport of frozen foods. The author 

further stated that one of the hazards of the gas was the rapidity of the 

onset of its effects and cautioned that the gas was more than a simple 

asphyxiant. He presented no environmental sampling data, although he did 

report that the aircraft were transporting 12,000 and 7,400 pounds of dry 

ice, respectively.

The cerebro-ocular effects of carbon dioxide poisoning were detailed 

in two reports [73,74] involving seven workers in deep artesian wells.

Freedman and Sevel [73] reported that three of four men who entered a well

died immediately; the fourth was found in a comatose state by a rescue

party 10 minutes after he had entered. The authors gave no account of the
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autopsy findings nor of the cited cause of death for the first three 

victims. The man found in a coma was hospitalized and remained comatose 

and completely unresponsive until his death 11 months later. An EEG 

recorded 6 months after hospital admission had shown arrhythmic activity of 

very low voltage, which was unchanged either when the patient's eyes were 

held closed or when he was challenged with painful stimuli. The autopsy 

report was limited to findings on the brain and eye. Major retinal 

abnormalities included the absence of ganglion cells, atrophy of the 

nuclear layer, and absence of endothelial cells in the retinal digest. The

brain showed severe atrophy, especially in the posterior two-thirds of the

hemispheres. The nonselective, widespread damage and the severity of the 

individual lesions of the brain contrasted with the expected findings from 

death caused by anoxia. For these reasons, the authors concluded that 

these lesions were due to the histotoxic effects of carbon dioxide. The 

effects on the eye were considered similar to those caused by anoxia. The 

death of this victim was reportedly due to asphyxiation by carbon dioxide.

The second incident, described by Sevel and Freedman, [74] involved

three men, one of whom died immediately upon entering the well. The

symptoms and clinical findings of the other two men were presented. Both 

patients experienced throbbing headaches, attacks of vertigo, poor memory, 

poor ability to concentrate, photophobia, difficulty sleeping, tinnitus, 

and diplopia (double vision). The patient exposed for the longest time 

also underwent a marked personality change and suffered from loss of eye 

movement as well as from visual field defects, enlargement of blind spots, 

and deficient dark adaptation. Both patients were diagnosed as suffering 

from carbon dioxide asphyxiation. Neither report gave any indication of



the level of carbon dioxide in the wells.

Duchrow [75] reported an incident of mass carbon dioxide poisoning in

a potassium mine where a particularly large carbon dioxide gas bubble

erupted. It occurred at a time when 90 miners were potentially exposed to

the gas; 12 lost consciousness and 6 of these died as a result. The author 

neither estimated the concentration of the gas in the mine, nor described 

the signs and symptoms of the poisoned miners.

In 1973, a report [76] was published about 50 firefighters who were 

overcome by carbon dioxide while fighting a blaze. The report indicated 

that the combustion of plastics and acrylics produced high concentrations 

of carbon dioxide. No further details were given.

Epidemiologic Study

One epidemiologic study [77] with brewery workers has been reported. 

The exposed group was composed of 19 men (average age 38) who worked in the 

brewery cellars (fermentation rooms); 20 men (average age 50) in the 

control group worked in the bottling department and thus were presumed not 

exposed to carbon dioxide greater than ambient since, measurements of 

carbon dioxide levels were not made in this area. The effect of carbon 

dioxide exposure was monitored by determination of the blood standard 

bicarbonate level. Bicarbonate determinations for both groups were done 

before and after work on a Monday and after work on a Friday. There was no 

appreciable difference between the two groups in standard bicarbonate 

levels. The test and control groups both averaged 24.1 mEq/liter on 

Monday; after work on Friday, the bicarbonate levels were 22.8 mEq/liter 

and 22.2 mEq/liter, respectively. The authors gave neither an explanation



for the decrease in average bicarbonate levels nor data about the previous 

exposure histories of either group.

Ambient carbon dioxide concentrations in the brewery [77] were 

measured for all work shifts on an infrared spectrophotometer which ran 

continuously. A total of 3 shifts/day for 5 days were monitored. The 

collection hose was placed within the worker's breathing zone. The mean 

TWA concentration for all 15 shifts was 3.08% carbon dioxide with 

excursions up to 8% for 3 minutes, the highest TWA concentration during any 

shift was 1.95% and the lowest was 0.5% carbon dioxide. The authors 

concluded that there was no appreciable physiologic effect of chronic 

intermittent exposures at these levels. Since this is the only 

epidemiologic study found, these results cannot be effectively correlated 

with experimental studies which have reported other acid-base, electrolyte, 

cardiovascular, and behavioral changes.

Animal Toxicity

The following animal experiments have been selected to minimize 

duplicate reporting of results similar to those obtained from human 

studies. Included in this section are those studies which offer additional 

evidence as to the mechanism of action of carbon dioxide on the organism, 

or include chemical manipulations as indicators of mechanistic actions not 

possible to demonstrate in man.

(a) Effects on the Central Nervous System

An investigation into the effects of carbon dioxide on the cortical 

and subcortical areas of the brain in monkeys was reported by Schaefer.
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[30] Eight monkeys (Macaca mulatta) were implanted with multilead 

electrodes in the cortical (cortex to hypothalamus) and subcortical 

(reticular formation) areas; two of the eight also had electrodes implanted 

on the surfaces of the anterior and posterior lobes. The monkeys were 

exposed to carbon dioxide at concentrations of from 0 to 30%, during which 

time electrical activity was recorded. A 10-minute exposure at 30% of the 

gas showed stimulation of the cortex. A more consistent finding was 

increased activity in the hypothalamus, which appeared in the first 5 

minutes and was maintained for the entire 30-minute exposure. Upon 

exposure to air, this excitation disappeared rapidly; however, subcortical 

activity was still present. As the carbon dioxide concentration was

increased, a depressant effect of carbon dioxide developed, as seen by 

increasing thresholds to electrical stimulation in the motor cortex. A 

dissociation of effects was noted since the posterior hypothalamus 

exhibited decreased thresholds indicative of increased excitability in this 

area.

The effects of carbon dioxide on CSF pressure were studied by Small 

et al. [78] They exposed five adult mongrel dogs to 5, 10, and 15% carbon 

dioxide in oxygen. During measurements of CSF pressure, they recorded 

central venous and arterial blood pressures. They found that CSF pressure 

rose with the increasing concentration of carbon dioxide, yet no 

relationship was observed between changes in the central venous and 

arterial blood pressures and the rise in CSF pressure. Further, the 

effects on cerebral vasculature were greater than the effects produced in 

cardiovascular and respiratory functions. The authors concluded that 

chronic hypercapnia might be accompanied by increased intracranial
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pressure. The authors noted that normal pressures were regained 

immediately when carbon dioxide exposure was stopped.

(b) Effects on Respiratory Function

Niemoeller and Schaefer [79] studied the effects of chronic 

respiratory acidoses on the development of hyaline membranes and 

atelectases in male Hartley-strain guinea pigs and male albino Harvard 

Biological Laboratories colony rats exposed at different concentrations of 

carbon dioxide during prolonged continuous exposures. Hyaline membrane 

formation was associated with a loss of surfactant, which lessened surface 

tension* and led to decreased lung stability. The hyaline material is 

associated with respiratory distress diseases. The exposure time was 

divided into periods of uncompensated and compensated respiratory acidosis. 

The uncompensated period was seen to last 23-28 days with 1.5% carbon 

dioxide, 4-5 days with exposure at 3%, and only 2 days with 15% of the gas.

Microscopic examination indicated that guinea pigs exposed to 3 and 15%

carbon dioxide developed hyaline membranes, while those exposed at 1.5% did 

not. The greatest incidence was observed during uncompensated acidosis. 

The incidence of hyaline membranes was 100% in guinea pigs during 

uncompensated acidosis and declined to 0% during the compensated phase 

(days 14-93) in guinea pigs exposed to 15% carbon dioxide. Atelectasis was

concomitantly observed in guinea pigs. However, it also developed upon

exposure to 1.5% carbon dioxide during compensated and uncompensated 

respiratory acidosis. The authors noted that the hyaline membranes and 

atelectases were both located in the subpleural areas. In contrast, rats 

exposed to 1.5 and 3% carbon dioxide did not show evidence of hyaline 

membrane formation. Decreases in both occurrences were observed in guinea
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pigs during compensated acidosis. Even when the blood carbon dioxide

tension was twice the initial values during the compensated phase, the

pulmonary changes declined to 0% from 100% during the uncompensated phase. 

The authors, therefore, concluded that the pulmonary changes were due to 

nonspecific effects of acidosis rather than to direct effects of carbon 

dioxide. They suggested that the absence of such pathologic findings in 

rats was indicative of species differences. Rats did exhibit edema on 

exposure to 3% carbon dioxide for 3 weeks, and the edema was extreme when 

the rats were exposed at 30 and 50% of the gas for 5 hours and 1 hour, 

respectively, but dissipated after 7 days of recovery in room air. The 

authors attributed these pulmonary abnormalities to stimulation of the 

adrenal glands and suggested that such effects of adrenal cortical activity 

were not uncommon.

In a followup study, Schaefer et al [80] exposed adult male guinea

pigs of the Hartley strain to carbon dioxide in a plastic chamber. Data

were gathered from electron microscope studies, surface tension 

measurements of lung tissue, and additional histochemical studies. These 

authors also identified four phases of pulmonary changes caused by 15% 

carbon dioxide. The initial phase (6 hours) was marked by uncompensated 

respiratory acidosis accompanied by pulmonary effusion and changes in the 

lamellar bodies of the granular pneumocytes. (The lamellar bodies are 

intracellular stores of surfactant, a material which lowers surface tension 

and tends to stabilize alveolar diameter.) This period is not associated 

with hyaline membrane formation. The second phase (6-24 hours) was 

associated with hyaline membrane formation. During the third phase (days 

2-7), the surface tension returned to normal, the pulmonary edema



diminished, and hyaline membranes disappeared. The final phase was one of 

recovery, although the pC02 remained elevated. Cellular structure and 

function returned to normal. The authors concluded that the granular 

pneumocytes were the cells responsible for changes in the observed lung 

tissue surface tension.

Stinson and Mattsson [81] investigated the effects of carbon dioxide 

on cardiac rate and rhythm in six healthy rhesus monkeys, and reported 

findings pertinent to respiratory rate. They found that the respiratory 

rate increased twofold until a 10% carbon dioxide concentration was reached 

and thereafter decreased until the animals died. The authors concluded 

that depression of respiration overcomes stimulation at concentrations 

greater than 10% carbon dioxide. Similar plateauing at about 10% carbon 

dioxide has been shown in man. [27] They also reported that, in all cases, 

death ensued at concentrations greater than 60%. The authors also reported 

that survival at this concentration was possible if the concentration was 

attained at an elevation rate of 7.5-30%/hour (0.12-0.5%/minute) and the 

decrease was at a rate of 1-2%/minute.

The animal studies described in this section have indicated that 

carbon dioxide-induced respiratory acidosis may lead to hyaline membrane 

formation and atelectasis* in guinea pigs and can cause edema in rat lungs. 

However, hyaline membranes, which appeared only in guinea pigs, were 

attributed by the authors [79,80] to the absence of a specific enzyme 

system in the lungs of this species. The pulmonary edema* observed in rats 

was reversible upon return to room atmosphere.

(c) Cardiovascular Effects

The effects of carbon dioxide on cardiac rate and rhythm were 

investigated in rhesus monkeys by Stinson and Mattsson. [81] Six healthy
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animals were placed in an environmental chamber for exposure at gradually 

increasing carbon dioxide concentrations at rates of 7.5, 15, or 30%/hour 

while oxygen was held constant at 20-21%. Electrocardiogram, respiratory 

rate, and body temperature were recorded. One animal was killed after 

initial exposure; the others were killed when, in response to elevated 

carbon dioxide concentration, respiration and electrical heart and brain 

activities ceased. These occurred during the fourth exposure to carbon 

dioxide. The authors reported no differences in effects caused by the rate 

of increase of carbon dioxide. The overall changes recorded included an 

increased heart rate at concentrations up to 10% of the gas and a 

subsequent decrease with higher concentrations until 35-40% was reached.

Stinson and Mattsson [82] reported comparable findings for three 

chimpanzees (Pan troglodytes) in a study of similar design and objectives. 

The same kinds of data were collected as in the previous study [81] and 

results of both were compared. Data from this study [82] demonstrated that 

chimpanzees, like rhesus monkeys, can survive carbon dioxide concentrations 

as high as 390 mmHg (51.3%). The authors suggested that humans could also 

survive such levels if the concentrations were raised and lowered
-*V

gradually.

Stein et al [83] reported results in contrast to those previously 

described by other investigators. [30,35] In this experiment, 20 healthy 

male rhesus monkeys (Macaca mulatta) were selected and randomly divided 

into test and control groups of 10 monkeys each. The 10 test animals were 

exposed to 3% carbon dioxide in air for 93 days in a sealed chamber. A 

preparation period before the experiment allowed for baseline data 

gathering. Following the 93-day test, a recovery period was scheduled.



Dietary habits, weights, subjective estimates of respiratory rate, water 

intakes, complete blood chemistry determinations, and general activity were 

recorded for each monkey. Measurements and observations were made 

throughout the exposure period. The experiment revealed no statistically 

significant changes in any of the measured parameters. One monkey died of 

shigellosis on day 62. In addition to the routine analyses, five animals 

killed at random at the conclusion of the test were microscopically 

examined. The remaining four animals were killed 28, 35, 40, or 46 days 

after the test for similar studies. The autopsy reports were routinely 

negative. The authors concluded that there was no evidence of a biphasic 

reaction to carbon dioxide. No periods of uncompensated or compensated 

acidosis and no evidence of adrenal impairment were noted. The results of 

this study vary markedly from those of other animal studies.

Brown and Miller [84] studied the occurrence of ventricular 

fibrillation (an arrhythmia consisting of irregular and rapid ventricular 

excitation not followed by a propulsive ventricular contraction resulting 

in output of cardiac blood) after a fall in alveolar carbon dioxide. The 

investigators exposed 17 mongrel dogs, anesthetized with sodium thiopental, 

to a mixture of 30% carbon dioxide and 70% oxygen for 2 hours, at which 

time the concentration was raised to 40% carbon dioxide for 2 hours. The 

gas mixtures were administered from a spirometer through a tracheotomy 

tube. At the end of this exposure, 15 dogs were suddenly changed to 

breathing normal air and mechanically hyperventilated, and 2 dogs were 

slowly restored to breathing air. All dogs were ECG-monitored before 

introduction of the gas, at selected intervals during exposure to carbon 

dioxide, and during the transition to air. Blood pH, plasma carbon dioxide
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concentration, and blood pressure also were determined during the 

experiment. All dogs suddenly exposed to air showed cardiac arrhythmias 

within 0.5-6 minutes; eleven of them developed ventricular fibrillation and 

died within 2.5-10 minutes after the sudden change. In contrast, the two 

dogs which were returned gradually to air breathing survived, and neither 

showed any signs of cardiac dysfunction. Average pH values fell from an 

initial 7.36 to 6.67 after 4 hours of carbon dioxide administration. The 

pH measurements were made on five dogs. The plasma carbon dioxide tension 

rose from 43.2 to 295 mmHg (5.7-38.8%). The authors also reported that the 

pH rise observed after a slow return to air breathing was exceedingly 

rapid: a pH of 7.3 was attained within 3-4 minutes. Although these

results are obviously significant, the concentrations used were extremely 

high. A similar study in rats [85] revealed cardiac arrhythmias during

exposure to 50 and 70% carbon dioxide mixed with 22% oxygen, with an

increased incidence of arrhythmias noted upon rapid withdrawal.

(d) Neuroendocrine Effects

The effects of narcotic levels of carbon dioxide on adrenal cortical 

activity were reported by Schaefer et al. [86] Male rats of the Wistar- 

Hisaw strain and male guinea pigs of the Connaught strain were exposed to

30% carbon dioxide in air or a mixture of 30% carbon dioxide and 70% oxygen

for 10 minutes or 1 hour. The animals were killed either immediately or 1 

hour after exposure. Blood samples were drawn for determination of pH, 

whole blood carbon dioxide content, oxygen content, hematocrit, and blood 

counts including absolute eosinophils. Also determined were adrenal 

cholesterol levels, blood sugar, liver and muscle glycogen, blood lactic 

acid, plasma potassium and sodium, and adrenal weights. The guinea pigs



had a mortality rate of approximately 50% under both gas mixtures. Adrenal 

cholesterol decreased significantly after exposure to 30% carbon dioxide in 

air. The 10-minute exposure resulted in a drop from a normal level of 5.04 

to 3.44 mg%. After 60 minutes of exposure, the level was 4.04 mg%. 

Absolute lymphocytes decreased slightly from a control count of 5,882 

cells/cu mm to 4,122 and 5,507 cells/cu mm after 10 and 60 minutes, 

respectively. At the same time, the eosinophil counts increased from a 

control of 87 cells/cu mm to 206 and 257 cells/cu mm, after 10- and 60- 

minute exposures, respectively. A 1-hour exposure to 30% carbon dioxide in 

air resulted in increased adrenal weights which had not returned to normal 

after 1 hour of recovery. A 1-hour exposure to the mixture of 30% carbon 

dioxide and 70% oxygen resulted in changes in adrenal cholesterol and 

hematologic parameters; however, these changes were not as marked as those 

observed during exposure to carbon dioxide in air. The recovery period 

after both gas mixture exposures resulted in adrenal cortical stimulation, 

as evidenced by decreased adrenal cholesterol, lymphocytes, and 

eosinophils, although total leukocytes remained unchanged. The authors 

concluded from these results that the narcotic levels of carbon dioxide 

alone did not stimulate the adrenal cortex. When the gas exposure was 

complicated by hyperoxia (70% oxygen), increased adrenal cortical activity 

was observed. The authors also reported that changes noted in adrenal 

cholesterol and in lymphocytes reflected a stronger adrenal cortical 

stimulation after 10 minutes than after 60 minutes of carbon dioxide 

exposure.

In a study with four dogs exposed to a. mixture of 30% carbon dioxide 

and 70% oxygen, Harrison and Seaton [87] demonstrated marked increases in
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the secretions of the adrenal medulla. This gas mixture resulted in a pH 

drop from a preexposure level of 7.3 to 7.0 during mechanically controlled 

respiration and to 6.4 during spontaneous respiration. This change 

corresponded to increases in secretion of adrenalin and noradrenalin.

Another group of four dogs exposed to the same gas mixture retained a pH 

level of 7.2 with administration of trihydroxyaminomethane (THAM) buffer. 

In this buffered state, secretion of adrenalin and noradrenalin remained 

normal. This study suggests a pH dependence on the sympathoadrenal 

activity and subsequent alterations induced by carbon dioxide.

Schaefer et al [88] reported on a series of studies in which six 

healthy guinea pigs were continuously exposed to carbon dioxide at a 

concentration of 15% for 7 days. The experiments were designed to identify 

the specific mechanism of the sympathoadrenal response to carbon dioxide. 

Before killing the animals, the investigators drew blood samples for 

measurements of blood pH and blood corticosteroids. At necropsy, the

epinephrine content of the adrenals, nonesterified-free-fatty-acid levels, 

adrenal cholesterol concentration, and organ weights were determined. The 

experiments included 4 control days before administration of the carbon 

dioxide and 11 recovery days. Within 2 days after exposure to the gas, the

test animals showed a 10% weight loss. During the remaining days of

exposure, the animals gained weight and reached their initial body weights 

within 5-7 days. Animals killed after 1 day of exposure showed 

significantly increased adrenal weights. These remained high for 7 days. 

Spleens had decreased weights on the first day of exposure only, while the 

weights of the thymus and para-arterial nodes remained low throughout the 

exposure period. Studies of pH showed an initial drop during the first
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hour of exposure with a consistent rise of 0.1 pH unit daily for the 

following 2 days. By the third day, the respiratory acidosis was nearly 

compensated. The first 3 days of exposure were accompanied by a dramatic 

rise in blood corticosteroids and fall in adrenal epinephrine 

concentrations. This 3-day period of uncompensated respiratory acidosis 

was accompanied by a rise in free fatty acids in the arterial blood. The 

phase was analogous to that reported in humans. [30,36] The adrenal 

cortical stimulation during this phase was also indicated by an observed 

lymphopenia and decreased adrenal cholesterol level in the animals.

In contrast, when guinea pigs were intermittently exposed to the same 

concentrations of carbon dioxide for 8 hours daily for 7 days, 

significantly different results were seen. [88] These animals experienced 

no compensation of the respiratory acidosis and no decline of 

sympathoadrenal responses. In addition to the blood pH studies repeated 

for all animals, tissue carbon dioxide and intracellular pH were measured 

in this group. The findings indicated that changes in intracellular pH

values followed the carbon dioxide-induced extracellular pH fall after a
\

few hours' lag. The intracellular pH rose to normal levels within 3 days 

of exposure; this rise corresponded with the identified extracellular pH 

pattern. From these observations, the authors concluded that the stress 

response in chronic hypercapnia depends on extracellular and related 

intracellular pH changes and is representative of a nonspecific pH- 

dependent effect. The interaction of adrenal cortical and adrenal 

medullary responses was demonstrated in this study as an increase in blood 

corticosteroids and a concomitant decrease in adrenal epinephrine. The 

epinephrine level was seen to increase after 6 hours. The authors



correlated this rise with the compensation of the respiratory acidosis 

phase. Further, they concluded that this was another demonstration of the 

pH dependence of the sympathoadrenal stimulation caused by chronic 

hypercapnia.

(e) Effects on Acid-Base and Electrolyte Balance and on Calcium 

Metabolism

Animal studies [89,90] have indicated acid-base changes similar to 

those already discussed in humans. Compensated and uncompensated acidoses 

are evident from the data reported in these papers and parallel these 

phases in human exposures. Data from these studies are presented in Table 

III-6 at the end of this chapter. Further data may be obtained from the 

references [89,90] as listed in Chapter VIII. The following study [91] 

offers information on calcium metabolism, an area not yet thoroughly 

investigated in humans.

In a 1961 study, Schaefer et al [91] reported on the calcium and 

phosphorus metabolic changes caused by prolonged exposure to 15% carbon 

dioxide. Male Hartley guinea pigs were exposed to the gas for periods of 

up to 73 days. Measurements were made of blood pH, hematocrit, plasma 

calcium, blood and urine inorganic phosphorus, plasma protein, and albumin- 

globulin ratio. Plasma calcium rose 0.4 mg% after 1 day while inorganic 

phosphorus declined by 0.2 mg%. By the second and third days, these 

changes became significant. Even after 20 days of exposure, the higher 

calcium and lower phosphorus levels were maintained. The authors suggested 

that these changes were indicative of parathyroid stimulation. This theory 

was substantiated by a corresponding increase in urinary phosphorus 

excretion. A statement included in the report indicated renal
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calcification after 48 hours of exposure although no further data were 

offered. This effect was also reported to be associated with parathyroid 

stimulation.

(f) Effects on the Reproductive System

In a study by Mukherjee and Singh, [92] morphologic changes in 

spermatozoa and reduced fertility were found In mice exposed to 

approximately 35% carbon dioxide. Twenty male Swiss-strain mice, 10 

controls and 10 test animals, were studied for changes in spermatozoa. The 

mice were repeatedly exposed to the gas for periods of 1 or 2 hours for a 

total of 6 hours in an environmental chamber. The exposures were divided 

so that single exposures were either for 1 or 2 hours. After 6 hours of 

exposure, the mice were killed and slides of the contents of the vas 

deferens were prepared. Measurements of spermatozoa after the males were 

exposed to carbon dioxide showed that sperm maturation had been affected. 

Measurements of sperm head area, head breadth, midpiece area, and midpiece 

breadth indicated statistically significant decreases. For the fertility 

studies, male and female mice were allotted to test and control groups of 

equal numbers (a maximum of five in each group). The experiment involved 

exposing males on day 1 for 4 hours and subsequently for 4.5 hours on each 

of the next 5 days. After the first exposure, the mice were paired with 

unexposed virgin females on each of the subsequent five nights. This 

experiment was repeated with new animals 11 times. Delayed effects of 

carbon dioxide exposure were studied in males from six of these trials. 

They were mated with new virgin females for 6 days, beginning 15 days after 

the end of the last carbon dioxide exposure. In the tests of fertility, 

the mean litter size ranged from 5.75 to 10.00 in the control group and
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from 3.33 to 9.33 in the test group. The differences after the delayed 

fertility test were 6.75 to 8.00 in the control group and 5.00 to 9.25 in 

the test group. The number of males siring a litter varied from three to 

five in the control group and from one to four in the exposed group. 

Although the authors concluded that carbon dioxide exposure affected the 

conception rate of the mice, the variability in litter sizes of the test 

and control groups in the early fertility test, the minor differences in 

number of males siring litters, and the small group size preclude any 

reliable statistical evaluation of the results. Therefore, no definite 

correlation may be made between carbon dioxide exposure and effects on 

fertility of male mice. There was no significant difference in the test of 

delayed action of carbon dioxide.

The effects of carbon dioxide on the testes of rats were studied by 

VanDemark et al. [93] Forty mature male Wistar rats were exposed to 2.5, 

5.0, or 10% carbon dioxide in 20% oxygen made up to 100% with nitrogen for 

1, 2, 4, or 8 hours in an experimental chamber. The rats were killed 

immediately after exposure, and microscopic examination of the testes and 

seminal vesicles revealed that degenerative changes in the testes 

paralleled the concentration of carbon dioxide and duration of exposure. 

Eight-hour exposures did not produce changes significantly different from 

those effected by 4-hour exposures. Major histologic effects of the carbon 

dioxide exposure included tubular disturbances such as sloughing, as well 

as loss of luminal definition. The authors did not describe results after 

treatment with 2.5% carbon dioxide for 1 and 2 hours; however, exposure to 

the same concentration for 4 hours reportedly resulted in a typical 

intratubular disruption. Sloughing of tubular compartments and lack of



luminal definition were evident after 4 hours of exposure to 5% carbon

dioxide. Four hours of exposure to 10% carbon dioxide also caused

degenerative changes such as streaking and vacuolization. These changes 

appeared to be reversible, as testes microscopically examined 36 hours

after exposure (concentration unstated) were normal. Further specific 

correlations of dose and response were not presented by the authors.

(g) Carcinogenic, Mutagenic, and Teratogenic Effects 

The potential teratogenic effects of carbon dioxide were investigated 

by Haring. [94] The author exposed pregnant Sprague-Dawley rats to an

atmosphere of 6% carbon dioxide containing 20% oxygen and 74% nitrogen in a

plastic chamber in pairs for a single 24-hour period between days 5 and 21 

of pregnancy. The number of chambers of rats exposed on each day of 

gestation varied from two to seven. Control animals were exposed to room 

atmosphere. Conditions of the pups at birth, method of delivery, uterine 

abnormalities, implantation sites, and body weight of the dams were

recorded. The newborn pups were killed immediately after birth, and their 

chest organs were fixed for histologic examination. Seventy-one test dams 

produced 530 newborn, while 21 control dams produced 159 infant rats. The 

control dams yielded 80 (50.3%) males and 79 (49.7%) females; in the test 

group, 238 (44.9%) were males and 292 (55.1%) were females. The average

litter sizes were 7.57 rats/litter in the control group and 7.47 in the 

treated group. Five (3.1%) of the 159 rat pups in the control group and 41 

(7.7%) of the 531 test group pups were stillborn or died soon after birth.

The test dams weighed more than the control rats. Cardiac malformations

were reported in 106 (24.3%) of the test animals and in only 7 (6.8%) of

the control group. Malformations were of five major types: (1) high
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interventricular septal defects (7 cases); (2) low interventricular septal

defects (8 cases); (3) riding aorta (in 24 cases, the aorta emerged from 

both ventricles and the pulmonary artery arose solely from the right 

ventricle); (4) partial transposition (24 cases); and (5) pulmonic or 

aortic stenosis with intact interventricular septum and myocardial 

hypertrophy (47 cases). Malformations of only the first type were found in 

7 (6.8%) of 102 control young. The greatest incidence of malformations was 

in animals whose dams were exposed to carbon dioxide on the 10th day of 

gestation. While many aspects of the mechanism of action remain unsolved, 

the teratogenic effects of carbon dioxide identified by this author appear 

to be significant. Further, the author indicated that localized tissue 

overgrowth was present in the lungs, thymus, and heart and suggested that 

in some way, this accelerated growth may be related to the cardiac 

malformations described. In addition to these results, the incidence of 

skeletal malformations was 10.9% in the test series and 0.6% in the control 

group. The use of only one high concentration (6%) of carbon dioxide in 

this study precludes any evaluation of dose-effect relationships. 

Moreover, since this study involved exposure of the rat, an animal with a 

relatively short (21-day) gestation period, to a relatively high 

concentration of carbon dioxide, application of these results to higher 

species with longer gestation periods is not possible. This study [94] was 

listed in the Registry of Toxic Effects of Chemical Substances [95] as 

showing teratogenic effects.

A report by Grote [96] described possible teratogenic effects in 

rabbits exposed to high concentrations of carbon dioxide. Three mongrel 

rabbits were exposed to 10-13% carbon dioxide for 4-10 hours on 2 or 3
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days between days 7 and 12 of pregnancy. Three control animals were kept 

under conditions similar to those of the test group, except in a normal 

atmosphere. Of the 67 pups from 11 litters yielded by dams that had been 

exposed to carbon dioxide, 16 had congenital malformations in the cervical, 

thoracic, or lumbar vertebral column. The one animal exposed only on the 

seventh and eighth days to 13% carbon dioxide for 10 hours had a litter in 

which no malformations were seen. The distribution of malformations 

observed in 16 pups (11 males and 5 females) showed a threefold greater 

susceptibility of males. The control group of 30 animals showed only one 

malformation (dysplasia of the third and fourth sternal segment). The 

author stated that perhaps 13% was not the tolerance limit in these studies 

and that future experiments at higher concentrations might offer additional 

information. The most common malformations observed in treated animals 

were hypoplasias of the entire vertebral structure or of individual 

vertebral parts. Malformations of the sternum and ribs occurred to a 

lesser extent and usually were associated with malformations of the 

vertebrae. The use of only three rabbits in the carbon dioxide portion of 

the study diminishes the value of these results. The predictive value of 

this study for humans is limited by the high concentrations (10-13%) at 

which the rabbits were exposed and the long exposure time relative to the 

short (30 days) gestation period. Exposures at these concentrations for 

this length of time would not be tolerated in humans. This study [96] was 

also listed in the Registry of Toxic Effects of Chemical Substances [95] as 

showing teratogenic effects.

A single article has been identified which ascribes significance to 

carbon dioxide snow (or carbonic acid) as a cancer-producing agent when
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used as a chronic irritant. Mansens [97] used the snow solely as a cold- 

producing agent, administering it as a chronic irritant to the backs of 

mice that had had their hair removed with either sodium or barium sulfide. 

The strain, age, and sex of the mice were not specified. The snow was 

packed into a wooden rod, and the tip of the protruding snow was applied to 

the test animals. The animals were divided into three groups of 100, 30,

and 30 mice; Group I was treated twice weekly; Group II was treated every 

other day; and Group III was treated daily. Each 1-second application 

resulted in momentary freezing of the skin site. Within 24 days, seven 

mice in Group I showed evidence of skin thickening at the treatment sites. 

By the following month, these areas were not evident, although new ones 

appeared in other mice. The investigator was unable to follow the progress 

of these mice further. In Group II mice, a local irritation reaction was 

evident after 7 days of treatment. After 3 weeks, the author described the 

foci as papilloma-like lesions. Some of these disappeared and some

recurred at the same site. However, the numbers of such sites were not 

reported. The author did state that, in some cases, distinct carcinomas 

(type unspecified) developed. One history of carcinoma development was 

cited. It showed that in an animal whose carbon dioxide treatment was 

begun in mid-July, by August of the following year, a carcinoma was 

evident, and the mouse died in October of that year. No cause of death nor 

autopsy finding was stated. After 490 days of treatment, only one mouse 

was still alive from Group II. This mouse had a papilloma. Again, no 

causes of death nor autopsy reports were given. Of the 30 animals in Group 

III, 26 developed papillomas and 2 with carcinomas died. After 390 days, 

of six still alive in Group III, one had a carcinoma. The author concluded
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that chronic application of a nonspecified cold irritant for at least 240 

days resulted in carcinoma development in mice. The author described no 

other specific effects of carbon dioxide.

Correlation of Exposure and Effect

The most immediate and significant effects of acute exposure at a 

high carbon dioxide concentration are those on the CNS. Experiments with 

humans have shown that concentrations of 20-30% carbon dioxide in oxygen 

result in unconsciousness and convulsions within 1 minute of exposure. 

[22,28,44] Further, monkeys exposed to 30% carbon dioxide for 10 minutes 

have demonstrated excitation of the cortical and subcortical regions 

followed by depressant effects, as evidenced by a rise in brain excitation 

thresholds in these animals. [30] In humans, unconsciousness has occurred 

at a concentration of 17% after 37 seconds and after only 25 seconds of 

exposure at 27.9% carbon dioxide. [29] It has also been reported [22] that 

human subjects became unconscious at concentrations of 11-13% carbon 

dioxide after 8-23 minutes of exposure; neurologic symptoms including 

psychomotor excitation, myoclonic twitches, and eye flickering appeared 

after 1.5 minutes of exposure at 10-15% of the gas. [22] Other symptoms, 

such as headache, sweating, dizziness, mental clouding, faintness, and 

restlessness, were reported in humans after approximately 4 minutes of 

exposure to 10.4% carbon dioxide. [27] Headache, restlessness, and 

dizziness were also noted after 7-15 minutes of exposure at approximately 

7.5% of the gas. [27,30] The recurrent complaint of headache during acute 

exposure may be caused, in part, by the observed increases in cerebral 

blood flow and in CSF pressure, which are also attributable to carbon
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dioxide exposure. [46,78]

The effects of lower concentrations of carbon dioxide on respiratory 

function in humans have also been demonstrated to be immediate and 

significant. Graded increases in respiratory minute volume and ventilatory 

rate accompanying increased carbon dioxide in the inspired air have been 

reported. [27,35,36,41] One investigator found that the volume of expired 

air was more than 16 times the control volume on exposure at 5.2% of the 

gas during maximum exertion exercising. [65] Respiratory minute volume 

gradually increased from an average resting level of 7 liters/minute at 

0.03% carbon dioxide to 8 liters/minute at 1%, 9 liters/minute at 2%, 11 

liters/minute at 3%, and 26 liters/minute at 5% carbon dioxide. At 10.4% 

carbon dioxide, the highest concentration tested, the average respiratory 

minute volume was 76.8 liters/minute. Tidal volume also increased from a 

control level of 440 ml to 2,500 ml during exposure to 10.4% carbon 

dioxide. [27] Airway conductance has been shown to decrease upon exposure 

to 5-10% carbon dioxide, [39] and increases in anatomical dead space have 

been reported in response to 0.8 and 0.9% concentrations of the gas. 

[36,37] The dyspnea often experienced by study subjects [27,30,61,62] may 

be correlated with a combination of these respiratory effects and is 

reported to occur at respiratory minute volumes ranging from 62.7 to 86.8 

liters/minute.

Cardiovascular changes during carbon dioxide exposure at rest have 

been reported. Inhalation of 6% carbon dioxide while at rest resulted in a 

decreased amplitude of the QRS complex of the ECG in 6-8 minutes. [45] 

Older subjects appeared more sensitive to this change. [45] The authors 

did not discuss whether these changes suggest that chronic cardiac
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dysfunction could occur with continued exposure. In another experiment, 

[28] exposure to 30% carbon dioxide in 70% oxygen resulted in extrasystoles 

in a small percentage of patients. Similarly, MacDonald and Simonson [44] 

noted supraventricular arrhythmias and premature auricular and ventricular 

systoles on inhalation of 30% carbon dioxide and 70% oxygen. However, 

because high concentrations of both carbon dioxide and oxygen were used, it 

is difficult to evaluate these studies in terms of exposure to low 

concentrations of carbon dioxide in air. The cardiovascular effects of 

exposure to 1-3.9% carbon dioxide during exercise were observed by Menn et 

al [61,62] and consisted mainly of premature ventricular contractions. The 

authors stated that these changes are the most common ECG arrhythmias and 

are a frequent finding in normal men breathing air during exercise. 

Exercise performed during inhalation of 2.8% carbon dioxide [63,64] did not 

result in any cardiac changes. The majority of cardiac effects have been 

observed at high concentrations of both oxygen and carbon dioxide, while no 

cardiac changes or only minor alterations which cannot be definitely 

attributed to carbon dioxide exposure have followed inhalation at lower 

concentrations, even during exercise.

Investigations into the behavioral effects of exposure to increased 

carbon dioxide in humans have shown some increases in alpha-blocking 

latency indicative of CNS depression at 7.5% after 15 minutes of exposure. 

[30] During a 30-minute exposure to 6.1% carbon dioxide at 5 C, a 

significant suppression of shivering was evident. [51] Studies of 

intermittent exposure to 3% carbon dioxide (15 hours in carbon dioxide, 9 

hours in room air) demonstrated no decrements in psychologic function in 

tests of single-digit addition and of letter cancellation. [34] No
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decrements in the performance of subjective psychomotor tests were observed 

during chronic exposure to 4% carbon dioxide. [48] Minimally diminished 

color sensitivity after intermittent exposure to 3% carbon dioxide was 

reported as were optical aberrations after a similar intermittent exposure 

at 1.5% of the gas. [49] A single study involving chronic exposure to 3% 

carbon dioxide [50] indicated biphasic behavioral patterns. The first 

phase, lasting for only 1 day, was one of stimulation, as evidenced by 

increased mental awareness and activity; the second, beginning on day 2, 

was indicative of behavioral depression and mental exhaustion in the 

subjects. These mental alterations subsided by the third day, yet behavior 

never returned to normal throughout the 8-day exposure.

The most far-reaching actions of carbon dioxide in the body involved 

acid-base and electrolyte changes. Increased carbon dioxide levels 

resulted in respiratory acidosis in humans and in animals. 

[24,33,47,53,54,57,89,90] This acidosis developed more rapidly upon 

exposure to high concentrations and was compensated for by homeostatic 

mechanisms more quickly than after exposure at low concentrations. [54,58] 

In humans, blood pH values decreased after 2 days of a 5-day exposure to 3% 

carbon dioxide. [33] Other studies in humans have shown that continuous 

exposure to 1.5% carbon dioxide results in uncompensated respiratory 

acidosis for the first 23 days of a 42-day exposure. This acidosis was 

adequately compensated during days 24-42 by homeostatic mechanisms 

including blood buffers, ventilatory changes, and renal compensation.

[54,57] The extent of this acidosis in response to a 1.5% continuous 

exposure, although measurable, was minor. The 0.12-unit drop in pH value 

was not correlated with any clinical symptoms. [54]
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Neuroendocrine studies have documented responses to increased carbon 

dioxide that indicate increased adrenal activity. Increased outputs of 

norepinephrine, epinephrine, 17-OH-corticosteroids, and plasma

catecholamines in response to inhalation of carbon dioxide at 

concentrations in excess of 6% have evidenced this sympathoadrenal 

response. [31] In animals, only 10 minutes of exposure to 30% carbon 

dioxide in air resulted in initial decreases in adrenal cholesterol and in 

lymphocytes, while the eosinophil count increased. [86] In humans, a 15- 

minute exposure to 3.3% carbon dioxide resulted in increased blood sugar, 

oxygen consumption, and muscle potential, while the number of eosinophils 

initially decreased. This was correlated with a decrease in pH and may 

have been indicative of the pH dependence of the mechanism. The eosinophil 

decrease was most pronounced at 5%, and the increase in pulse rate was 

significant at 7.5% carbon dioxide. It is probable that the observed 

increases in pulse rate, blood pressure, and eosinophils also were related 

in part to this adrenal response.

Acclimatization, or the development of tolerance to carbon dioxide, 

has been shown consistently. [35,38,42,57,58] Diminished respiratory 

response to a subsequent challenge of 5% carbon dioxide has been 

demonstrated after short or prolonged exposures at increased carbon dioxide 

concentrations of 7.5 and 1.5-3% carbon dioxide, respectively. [36,38,41] 

The increased ventilatory response produced by chronic carbon dioxide 

exposures returns to normal after 2-3 days of exposure at 1.5 and 3%.

[35,58] This finding is generally associated with an increased ventilatory 

depth, [35,58] as well as with increased anatomical dead space [35,37] in 

the presence of increased alveolar carbon dioxide tension. [35,41,42] The



overall effect is an increased respiratory efficiency evidenced by improved 

oxygen intake and carbon dioxide excretion. Tolerance may be related to 

elevated carbon dioxide tissue levels as was especially apparent in groups 

of people who, in training, were subjected to periodic carbon dioxide 

retention through voluntary breath holding. [38] Adaptation appears to be 

related to symptoms experienced by subjects on exposure to 3% carbon 

dioxide. Headaches were experienced during chronic exposures and were 

present only for the first 2 days, [33] after which time adaptation seemed 

to overcome this symptom. Adaptation also appears to be characterized by 

cardiovascular acclimatization, evidenced by a leveling of pulse rate after 

an initial increase, with continued exposure to 3% carbon dioxide for 5 

days. [33]

Intermittent exposures to carbon dioxide may result in effects unlike

those resulting from chronic or from acute exposures. In studies in which

only one subject was exposed to carbon dioxide for 15 hours and returned to

room air for the following 9 hours, pulmonary and renal compensatory

mechanisms were sufficient to return all systems to normal preexposure 

levels by the fourth day of exposure. [41,53] This is in contrast to the 

investigation in which attainment of compensation at a higher-than-normal 

pC02 level was demonstrated. [38] Intermittent exposure was characterized 

also by unexpectedly increased ventilatory response to challenges with 

higher concentrations of carbon dioxide, [41] which contrasts with the 

depressed ventilatory response evident after chronic exposures. [38] 

However, factors which must be considered in the interpretation of these 

findings include individual variation and other problems inherent in 

single-subject experiments. It is possible, however, that intermittent
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exposures do result in a form of tolerance which is not as clearly 

demonstrated as that occurring during chronic exposure. No information 

which adequately supports this hypothesis has been found.

Human exercise studies, which have confirmed the additive stress 

effects of increased carbon dioxide concentration and exercise, are 

important because of their applicability to occupational exposures. 

Exercise studies which simulate strenuous labor are more relevant than 

laboratory experiments in which subjects undergo test exposures at rest. 

At carbon dioxide levels below 2.8%, physically fit subjects tolerated

strenuous-exertion-exercise programs (at 180 W, 2.58 kcal/minute) without

detectable stress. [47,61,62,64] At or above this concentration, the

subjects did begin to experience some benign ECG abnormalities while 

exercising even during air breathing, [47] as well as respiratory 

exhaustion and headaches. At 2.8 and 3.9% concentrations of carbon

dioxide, intercostal-muscle pain, respiratory difficulty, and mild 

headaches were reported at workloads at or above 180 W, an extreme-stress 

situation. At 5.2% carbon dioxide, strenuous exercise (running at 6 mph on 

a treadmill at a 10% grade) resulted in mental confusion, impaired vision, 

and collapse (symptoms not reported at this concentration in the absence of 

exercise), thereby confirming the additive stress effects of carbon dioxide 

and exertion. [65] It has been suggested by Sinclair et al [64] that no 

appreciable differences in respiratory response were evident between acute 

and chronic exposures to the gas during exercise, although Schaefer has 

noted that the respiratory response to carbon dioxide was attenuated with 

exercise during chronic exposure. [58]
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Carcinogenicity, Mutagenicity, and Effects on Reproduction

A single study [97] has suggested carcinogenic effects of dry ice. 

However, as previously stated, because the dry ice was used only for its 

cryogenic properties, the results were not sufficient justification for 

evaluation of the possible carcinogenicity of carbon dioxide.

No studies have been found in which the possibility of mutagenic or 

carcinogenic effects from inhalation of carbon dioxide was investigated.

Animal studies have suggested that carbon dioxide exposure may cause 

changes in the reproductive system. [92,94,96] Male mice briefly exposed to 

35% carbon dioxide had structural alterations in sperm cells with possible 

subsequent effects on the conception rates of their mates. However, the 

variability of the data provided on litter size and the minor difference 

between numbers of treated and control males siring litters precluded a 

statistical analysis; therefore, no definite conclusion can be made on the 

effect of carbon dioxide on the fertility of male mice. [92] The relative 

value of this study as it pertains to human exposure is questionable 

because exposure to 35% carbon dioxide for more than a few minutes causes 

death. [44] Studies on rats [93] indicated that degenerative changes in 

testicular tissue occurred as a result of exposure to between 2.5 and 10% 

carbon dioxide for 4 or 8 hours. These changes were reversible, since 

testicular tissue appeared normal 36 hours after exposure.

Teratogenic effects produced by carbon dioxide in rats and rabbits 

also have been reported. These effects have included congenital spinal 

malformations in the young of pregnant rabbits exposed to 10-13% carbon 

dioxide for 4-10 hours/day for up to 3 days and cardiac abnormalities in 

rats exposed to 6% carbon dioxide for 24 hours. [94,96] Interpretation of

97



these results in terms of the human reproductive system is limited because 

only species with short gestation periods were tested and the 

concentrations of carbon dioxide used would not be well tolerated by 

humans. No reports have been found which attributed similar effects either 

to lower carbon dioxide concentrations or to exposure of other species.

Summary Tables of Exposure and Effects

The effects of acute, intermittent, and chronic exposures to carbon 

dioxide in humans which were presented in detail in Chapter III are 

summarized in Tables III-l, III-3, and III-5, respectively; those of 

exposure to carbon dioxide in animals are shown in Tables III-2, III-4, and 

III-6. The human exercise data are summarized in Table III-7. Throughout 

the tables, the symbol^ means increased and ^  means decreased.
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TABLE III-l

EFFECTS OF ACUTE EXPOSURES TO CARBON DIOXIDE ON HUMANS

Exposure 
Concentration 
and Duration

Exposure
Method

Number
Subjects* Effects Reference

30%
38 sec

Face mask 17 M Narcosis, ECG abnormalities in 16 of 27 episodes 
experienced by 25- to 48-yr-old subjects

44

50
30%

- 52 sec
11 37 Unconsciousness in 24-28 sec; abnormal EEG's; 

cardiac irritability
28

30%,
20%
1 min

“ 8 Unconsciousness and convulsions within 1 min 22

16

20

27.9%
- 35 sec, 

17%
- 52 sec

Face mask 3 Throat irritation; f  respiration; dimness of 
vision; dizziness; unconsciousness

29

7
10

- 14%
- 20 min

Rubber
mouthpiece

12 M ^plasma catecholamines and steroids, ̂  sympatho­
adrenal activity; loss of consciousness above 10%; 
headache, sweating, etc, above 7%

31

15%,
10%
1.5 min

- 8 Neurologic signs: eye flickering, myoclonic 
twitches, dilated pupils, restlessness

22

10.4%
3.8 min, 
7.6%
7.4 min

Face mask 44 M ^systolic and diastolic BP, ̂  pulse rate; ^  re­
spiratory minute volume; headache, dizziness, 
faintness, etc

27

15

7.5%, 
5.4%, 
3.3%, 
1.5% 

min at each

42 total eosinophils; ^  blood sugar, muscle poten­
tial, and 02 consumption indicative of ANS res­
ponse; ^  flicker fusion frequency, ^  alpha 
blocking latency; 7.5% threshold for symptoms; 
depression of CNS activity

30

15

7.5%, 
5.4%, 
3.3%, 
1.5% 

min at each

60 ^initial alveolar pC02,^ response to 5% C02 
challenge in low-ventilatory-response subjects; 
lesser effects in high-ventilatory-response sub­
jects

38

15

7%,
5%

- 30 min

- 12 M ^(75%) cerebral blood flow; ̂  C02 and H+ in 
arterial blood

46

6
6%
8 min

Face mask 148 M More decided ECG alterations in older group 
(mean age 60.9 yr) than in young group (mean 
age 23.3 yr)

45

5%
30 min

- 19 ^vascular resistance, all subjects; ^  renal 
blood flow, 6 normal subjects; constriction of 
renal vasculature, 13 renal disease subjects

52

2.,5 - 6%
75 min

Douglas
bag

6 M Total suppression of shivering response in 3 of 
6 healthy young (mean age 24) subjects in a cold 
(5 C) room; breakthrough shivering after 30 min

51

*Where reported, M * men
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TABLE III-2

EFFECTS OF ACUTE EXPOSURES TO CARBON DIOXIDE ON ANIMALS

Exposure 
Concentration 
and Duration Species

Number
Animals* Effects Reference

5 - 70%
20 min

Rats - Arrhythmias in 10-55 sec after sudden with­
drawal of C02 above 40%

85

Up to 51% Chimpanzees 3 Survival if concentration ̂  and ̂  slowly 82

40%
2 hr plus 

30%
2 hr

Dogs 17 ^plasma C02, ^  pH; 15 deaths on sudden reex­
posure to air

84

35%
6 hr total

Mice 10 T, 
10 C

4rarea and breadth of sperm head and midpiece; 
smaller litters by test males

92

30%
30 min

Rhesus
monkeys

8 f  cortical and hypothalamic activities; C02 
tolerance after exposure

30

10 -
30%
60 min

Rats, 
guinea pigs

- ^radrenal cholesterol after 10 min; ^  lym­
phocytes; ^eosinophils; ^  adrenal weights

86

30% Dogs 8 Buffer-counteracted ̂  pH and ̂  adrenal 
medullary secretions

85

15%,
10%,
5%

M 5 ^CSF pressure with ̂  C02 concentration 78

7.5-
30%/hr

Rhesus
monkeys

6 ^heart rate; f  respiratory rate at up to 10% 
C02, then ̂  with ̂  C02 until death

81

10 - 13%
A - 10 hr/d 

x 2 or 3 d

Rabbits 3 T, 
3 C

Exposure during gestation d 7-12: 2 does,
3 litters each; 1 doe, 2 litters; vertebral 
hypoplasias in 16 of 67 young

96

10%,
5.0%,
2.5%
1 hr,
2 hr, 
4 hr, 
8 hr

Rats 40 Reversible degenerative changes in testes 93

6%
24 hr

m 71 T, 
21 C

Congenital cardiac and skeletal malformations 
possibly due to tissue overgrowth

94

*Where spec i fled, T - test, C “ control
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TABLE III-3

EFFECTS OF INTERMITTENT EXPOSURES TO CARBON DIOXIDE ON A MAN

Exposure 
Concentration 
and Duration

Exposure
Method

Number
Subjects* Ef fects Reference

0 - 3%
15 hr/d 

x 6 d

Chamber 1 Impairment of scotopic and color sensitiv­
ities; no changes in visual acuity or depth 
of perception

49

0 - 3 %
15 hr/d 

x 6 d

I T 1 No alterations in vigilance, eye-hand coor­
dination, sequential reaction, or problem­
solving ability; emotional change apparent 
in subject during study

34

0 - 3 %
15 hr/d 

x 6 d

M 1 ^ventilatory response to 5% C02 challenge; 
^slope of C02 tolerance curve

41

0 - 3%
15 hr/d 

x 6 d

1 ^■pH and pC02 in capillary blood; C02 elim­
ination through renal mechanism; blood lac­
tate and pyruvate unaffected; urine volume 
doubled; organic acids and titratable acid­
ity, d 1; ^C02 excretion and acid load, 
d 4-5

53

*A healthy 24-year-•old man for all four studies [34,41,49,53]

TABLE III-4

EFFECTS OF INTERMITTENT EXPOSURES TO CARBON DIOXIDE ON ANIMALS

Exposure 
Concentration 
and Duration Species

Number
Animals* Effects Ref erenee

15%
8 hr/d 

x 7 d

Guinea
pigs

6 Initially ̂  pH, no acidotic compensation, no 
decline in sympathoadrenal response

88

Dry ice 
applications;
up to 490 d

Mice 160 Cold-irritation-induced papillomas after 
minimum of 240 d of application

97
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TABLE III-5

EFFECTS OF CHRONIC EXPOSURES TO CARBON DIOXIDE ON HUMANS

Exposure
Concentration Exposure Number
and Duration Method Subjects* Effects Reference

4% Environ- 6 M No psychomotor impairment; no decrement in 48
2 wk mental complex-task performance by healthy young

chamber subjects

3.9% Chamber 12 ^arterial and CSF bicarbonate; ̂  CSF pH;
5 d, some cardiac abnormalities; headaches

47

11 d;
2.7%
30 d

3% Environ- - M Tolerance after 3 d;| respiratory threshold; 58
8 d mental ^  C02 and HC03 in blood of healthy subjects

chamber

3% M - Excitatory, d 1: mental stimulation, euphoria; 50
8 d suppressive, d 2-8: exhaustion and confusion on

d 2 abating but present throughout

3% " 2 M On acclimatization, ̂  response to C02 challenges 42
78 hr

3% Space cabin 7 No changes in ammonia or titratable acidity; 33
5 d simulator no changes in serum electrolytes, blood sugar,

BUN, serum creatinine, or liver function; 
no significant changes in exercise or psycho­
motor studies

1.5% Submarine 23 M** Original "Operation Hideout" report: ^  alveo- 35
42 d lar C02; ^ventilatory rate; ^  02 consumption;

initiallyt * then ̂  respiratory C02 excretion

1.5% " 23 M** Inorganic phosphorus changes parallel to pH 56
42 d changes in other "Operation Hideout" reports,

plasma calcium pH-dependent

1.5% " 23 M** Uncompensated phase (d 1-23): ^  plasma pH,^ 54,
42 d calcium, ^  inorganic phosphorus, ^  urine pH, 55,

^bicarbonate excretion, ^  pulmonary C02 excre- 57
tion; compensated phase (d 24-42): ^  plasma
calcium, ^  pH, ^  bicarbonate excretion,
^urinary pH

1.5% " 23 M** ^minute volume, ^  respiratory rate, ̂  anatom- 36
42 d ical dead space, ^  tidal volume; ^  C02 excre­

tion, uncompensated phase; ̂  02 consumption, 
compensated phase

1.5% " 23 M** ^alveolar C02; ^ventilation; initially ̂  02 28
42 d consumption; initially^, then ̂  C02 excretion;

^sensitivity to 5% C02 challenge

0.8 - 1.2% " 31 M Compensated and uncompensated acidoses in 60
21 - 57 d long patrols; compensation by d 51; bone

storage of C02 1st 4 wk, then excretion 
from bone with calcium
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TABLE III-5 (CONTINUED)

EFFECTS OF CHRONIC EXPOSURES TO CARBON DIOXIDE ON HUMANS

Exposure 
Concentration 
and Duration

E xposure 
Method

Number
Subjects* Effects Reference

1%, 
27. 
30 d

Pressure
chamber

4
(2/level)

^blood pH; ^  pC02 of blood and alveolar 
air; ability to perform strenuous exercise 
after prolonged C02 exposure

59

0.9 - 1.9*
30 d

11 7 M ^alveolar C02; ^pulmonary ventilation 43

0.9*, 
0.8* 

20 d

Submarine 10 ^physiologic dead space of 61 and 60%, re­
spectively, during 29 routine patrols

37

10%,
7.5*,
5.0%,
2.5%

Spirometer 17 Subjects 9 normal, 8 asthmatic: evidence of 
^  airway constriction

39

*** *** 420 All patients with chronic pulmonary insuffi­
ciency: plasma bicarbonate rise curvilinear 
to pC02; blood pH rise linear to pC02

24

AAA Spirometer 22 Subjects 12 normal, 10 emphysematous: chronic 
pulmonary insufficiency similar to chronic 
hypercapnia; lowered respiratory sensitivity

40

*Where reported, M - men
**Participants in "Operation Hideout" reported by several authors [28,35,36,54-57] 
***Data not applicable
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TABLE III-6

EFFECTS OF CHRONIC EXPOSURES TO CARBON DIOXIDE ON ANIMALS

Exposure 
Concentration 
and Duration Species

Number
Animals* Effects Reference

20%
30 hr

Rats - Mortality 100% 89

15%, 
3%, 
1.5% 

Up to 93 d

Rats, 
guinea pigs

Hyaline membranes at 15 and 3% in guinea 
pigs, at 15% in rats; atelectases all levels 
in guinea pigs

79

15% 
73 d

Guinea pigs - ^plasma calcium; ̂  inorganic phosphorus; 
renal calcification after 48 hr oi; exposure

91

15% 
11 d

Rats - ^ammonia excretion; ^  titratable acids; 
40% mortality

89

15%
7 d

Guinea pigs — Uncompensated respiratory acidosis, 6 hr; 
hyaline membranes, 6-24 hr; membrane dis­
appearance, d 2-7

80

15%
7 d

I I 6 Initially^, then ̂  pH; acidotic compensation 
by d 3;^ blood corticosteroids, d 1-3; 
^adrenal epinephrine

88

15%, 
3.0%, 
1.5%, 
1.0% 

Up to 93 d

Rats, 
guinea pigs

279 Greater responses overall in guinea pigs; longer 
acidotic compensation time at lower exposures, 
serum enzyme activity pH-dependent

90

15% 
and 10% for 
alternate 

2-d periods

Rats ^ammonia excretion; ^  titratable acids 89

10% 
14 d

II - ^ammonia excretion; ^  titratable acids; 
5% mortality

89

3% 
93 d

Rhesus 
monkeys

10 T, 
10 C

No adrenal impairment; no biphasic acid-base 
reaction

83

*Where specified, T - test, C » control
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TABLE III-7

EFFECTS ON HUMANS OF EXPOSURES TO CARBON DIOXIDE DURING EXERCISE

Exposure 
Concentration 
and Duration

Exposure
Method

Number 
of Men Exercise Conditions and Observations Reference

5.2%, 
3.9%, 
2.6%, 
1.3% 

24 min 
at each %

Environ­
mental
chamber

9 Treadmill, 10% grade, subjects running at 1 .8, 3.4, 
4.8, and 6.0 mph; ^  volume expired gas, ^  acidosis 
from ^  C02 on exercise, ^  blood pH

65

3.1- 3.9% 
Until subjects 

exhausted

Facepiece 13 Treadmill, up to 22% grade, subjects breathing with 
inspiratory and expiratory resistances; ^  minute and 
tidal volumes, ^  time to exhaustion

63

3.9%, 
2.8%, 
2.0%, 
1.0% 

30 min 
at each ^

Environ­
mental
chamber

8 Steady-state and maximum-exertion exercises; respi­
ratory symptoms at and above 2.8%, headaches at 3.9X

61,
62

2.8% 
15 -20 d

Chamber 4 Exercises at 3 graduated levels; ^  blood pH with A  
C02 on exercise, ^  C02 retention

64

1.9% * 12 Ergometer-equipped bicycle at various brake loads; 
^ventilation, ^  02 consumption, ^  C02 elimination

66

1.9% * 10 Ergometer-equipped bicycle at various brake loads; 
^blood pC02, ^potassium and phosphorus, metabolic 
acidosis

66

*Data not applicable
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IV. ENVIRONMENTAL DATA

Sampling and Analysis

Many sampling methods have been adapted specifically for measurement 

of carbon dioxide. However, most of these are not suited to an accurate 

assessment of hazards in the workplace because of limitations of their 

applicable ranges.

A procedure for plastic bag sampling was described by Apol et al. 

[98] The authors evaluated the collection procedure using known 

concentrations of trichloroethylene. They found that concentrations within 

the bag remained constant for 20 hours and diminished by 10% after 90 

hours. The maximum difference between the known, introduced concentration 

and that analyzed by gas chromatography was 3 ppm. The authors stated that 

the percentage of error at the 95% confidence level was within expected 

precision, although they did not state the exact amount. They concluded 

that the use of bags was practical, easy, and precise enough to be of 

value, even for calibration of the sampling apparatus.

Collection of carbon dioxide in bags has also been reported favorably 

(W Carlson, written communication, August 1975). Five-liter plastic bags 

made of Saranex were tested with a carbon dioxide concentration of 4.2%. 

After 26 hours, 98.6% of the gas remained. Bag sampling methods have also 

been reported by Smith and Pierce, [99] VanderKolk and VanFarowe, [100] and 

by Conner and Nader. [101] Curtis and Hendricks [102] reported on a method 

using a self-filling gas-sampling bag for use in industrial plants. 

Although carbon dioxide was not sampled by these methods, the gases sampled 

included sulfur dioxide, nitrogen dioxide, ozone, auto exhaust
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hydrocarbons, benzene, methyl alcohol, dichloromethane, and methyl lsobutyl 

ketone. All of these authors [100-102] reported favorably on the use of 

bags for air sampling. Appendix I describes the recommended air sampling 

method using collection bags of this type.

Continuous carbon dioxide monitoring techniques are used in critical 

environments such as submarines and spacecraft. [103,104] Respiratory gas 

levels in hospital patients are monitored by other continuous analytical 

methods. [105-109] Examples of the devices prescribed for use in medical 

surveillance of respiratory gases are described by Scholander [105] and 

Andersen and Jorgensen. [109] Future development of these types of 

devices may make such equipment useful for field applications. The method 

of Andersen and Jorgensen [109] is a modification of the Orsat (or Hempel) 

principle, in which the concentration of the carbon dioxide is determined 

by the volume absorbed in a sodium hydroxide solution. The Scholander 

method [105] is useful for measuring respiratory gases in very small 

samples (about 0.5 ml). This analytical method is also based on the 

absorption properties of carbon dioxide and is used extensively for source 

monitoring in combustion operations. However, the complexity and size of 

the equipment used in this method make its application in the field 

difficult and impractical.

Lodge et al [110] described an atmospheric carbon dioxide analyzer 

based on the pH of the sampling solution. The apparatus consisted of a 

diaphragm pump to draw in an atmospheric sample and a suspension of marble 

chips in distilled water. The pH of this suspension was measured by an 

electrode attached to a standard pH meter. In field trials, the analyzer 

was tested against a nondisperslve infrared (NDIR) analyzer. The authors
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reported that, in paired trials, their apparatus yielded concentration 

values of carbon dioxide essentially equivalent to the NDIR. While this 

method appears to be simple and fairly accurate, the equipment is not 

immediately suited to workplace applications. Further, the trials reported 

were responsive only in the range of 200-800 ppm; the authors did not 

indicate the performance of the equipment in the range of the proposed 

standard.

An apparatus described by Joyce and Woods [111] was reported to 

measure carbon dioxide concentrations at a pressure of 50 atm. Designed 

primarily for use in diving and other underseas operations, the apparatus 

was based on fluerics, the technology of no-moving-parts devices. It 

consisted of a capillary and orifice device (passive resistor bridge) to 

measure the carbon dioxide concentration by gas viscometry; an amplifying 

apparatus; a readout device; and an aspirator to move the gas sample 

through the system. The report offered experimental data in the range of 

2-10% carbon dioxide. No information was presented on the usefulness of 

the apparatus at 1 atm. This device may become useful with further 

modifications, but at present its applicability to industrial sampling has 

not been appraised.

One of the most practical industrial analytical methods appears to be 

the use of detector tubes. A 1973 report by the Working Party of the 

Technology Committee of the British Occupational Hygiene Society [112] 

described the Draeger detector tubes for carbon dioxide. In this report, 

the tubes were classed as having met the Committee's major criteria for 

performance. The reported accuracy of the tubes was + 30%, -20% at 5,000 

ppm with a 95% confidence limit. The current performance criteria, as
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stated in 42 CFR 84.20 (e), are + 25% at 1, 2, and 5 times the test

standard, and + 35% of the actual value at one-half the standard. The

Draeger detector tubes were also rated at +50%, -20% at 10,000 ppm and

2,500 ppm. The required apparatus included a standard sampling pump which 

drew a monitored volume of air through the tube. The principle of the 

carbon dioxide tube involves the length of stain, according to the 

reaction:

Carbon dioxide + hydrazine------------►carbonic acid monohydrazide.

The indicative color is a bluish violet. Tubes are available in the ranges 

0.01-0.3%, 0.01-1.2%, 0.5-6%, 0.5-10%, 1-20%, and 5-60% for carbon dioxide 

in air. No interfering gases have been reported in the reaction. [113] 

At present, five types of detector tubes have met the NIOSH performance 

criteria: Bacharach 19-0359, MSA 85976, Kitagawa 126A and 126SA, Gas Tec

C02 2L, and Draeger C02 CH23501. [114,115] As reported by Kusnetz et al, 

[116] the acceptability of detector tubes is limited by their semi- 

quantitative nature, variability, storage and calibration problems, the 

subjectivity in the reading of the tubes, and the problem of pump 

calibration. These limitations seriously detract from the usefulness of 

detector tubes for precise workplace monitoring. Detector tubes do appear 

to be adequate devices for screening or preliminary determinations and for 

immediate determinations in emergency situations, but industrial 

applications should be based on more quantitative determinations. Further, 

detector tubes are not suited to the calculation of TWA concentrations.
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Other methods easily adapted to use in the workplace are the direct- 

reading devices based on thermoconductivity [117-119] and 

spectrophotometers, both dispersive and nondispersive infrared. [120] 

Several manufacturers market devices which detect carbon dioxide

concentrations on these bases. Any of these methods which are equivalent 

in accuracy, precision, and sensitivity to the method recommended may be 

used for determination of the environmental limits.

Perhaps the most accurate analytical method for determining carbon 

dioxide concentrations in industrial applications is gas chromatographic 

analysis. With this technique, it is possible to analyze the carbon 

dioxide concentration directly in an air sample without further

manipulation; before analysis, however, adequate representative samples 

must be collected.

The problems encountered in the use of an analytical gas 

chromatographic method center on the separation of carbon dioxide from 

other atmospheric gases. Several column types have been described which 

seek to overcome this problem: molecular sieves; liquid-coated Teflon and

liquid-coated Chromosorb [10A]; a 17-column system [103]; a single Porapak 

Q column with cryogenic temperature modifications [121]; a Carbosieve-B 

column [122]; a 2-column molecular sieve [123]; and a 3-column

chromatographic method. [124] A simple silica gel column has also been 

reported which is [125] less complex and less expensive than those 

previously listed. This column was reported to have resulted in a maximum 

sensitivity of 13 ppm carbon dioxide with the standard deviation in peak 

height of + 2% and in peak area of + 5% when running at a 500-ppm maximum 

peak height. The column is reliable, inexpensive, and commonly available;
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therefore, an analytical method using the silica-gel packed gas 

chromatography column is recommended. The method is described in Appendix

II.

Environmental Levels

Very little information is available on actual levels of carbon 

dioxide found in common industrial settings. Most of these data are from 

submarines, aircraft, silos, and similar closed environments.

A careful study of gas concentrations in silos was reported by 

Commins et al. [126] They undertook an investigation to identify the 

concentrations of toxic gas evolved from natural fermentation in silos and 

to evaluate the hazard to workers under these conditions. Daily

measurements were made 1 and 5 feet above the surface of the silage. 

Carbon dioxide concentrations were determined with an Orsat apparatus after 

collection of the gas in rubber bags. Results indicated that, on the sixth 

day after filling, a maximum concentration of 78% carbon dioxide was

detected 1 foot above the surface of the silage. At 5 feet above the

surface, the level was as low as 3% on the same day. The difference at the

levels measured was due to the weight of carbon dioxide and its tendency to 

fall to surface level. Subsequent measurements made during operation of a 

powerful air blower (air stream rate of 5,000 cu ft/min) showed a decrease 

from 78 to 17% carbon dioxide 1 foot above the silage after 13 minutes with 

the air blower working.

Another study of gas concentrations in silos was reported by Chrostek 

and Baier. [127] The danger of toxic gas evolution in silos is caused by 

the natural fermentation of the forage stored. As fermentation occurs,
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oxygen is consumed, and carbon dioxide and oxides of nitrogen are 

generated. Measurements indicated that within 2 days after filling of the 

silo, the carbon dioxide concentration ranged from 30 to 40%.

As a result of the fatalities and serious illnesses described by 

Dalgaard et al, [70] the same authors also inquired into the levels of 

carbon dioxide and other gases present in the holds of ships carrying 

trash fish. They collected air samples in glass pipets and analyzed them 

by gas chromatography. The measurements were made immediately upon opening 

the hatches when the ships were in port. Analyses on 13 industrial fishing 

vessels indicated carbon dioxide levels of from 1 to 40%.

A survey of theaters and cinemas by Clark [128] indicated that carbon 

dioxide concentrations ranged from 320 ppm (0.032%) to a maximum of 2,500 

ppm (0.25%) in a full theater while the exhaust fan was operating.

A June 1976 study [77] on carbon dioxide exposure levels at a beer 

brewery disclosed a mean 8-hour TWA concentration of 1.08% carbon dioxide 

in samples from breathing zones of cellar workers analyzed by infrared 

spectrophotometry. This TWA was the mean for 15 shifts representing 5 days 

(3 shifts/day) of monitoring. The highest 8-hour shift TWA was 1.95% 

carbon dioxide with excursions as high as 8% for 3 minutes and 6.5% for 6 

minutes. This is the only report found which specified environmental 

levels in a typical high-potential-exposure occupational setting and 

therefore reflects extremely pertinent worker exposure data.
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Engineering Controls

The objective of engineering control of carbon dioxide should be to 

minimize concentrations of the gas in workplace air. Respiratory 

protective equipment is not an acceptable substitute for proper engineering 

controls, although such equipment should be available for use in 

emergencies and during maintenance and repair procedures.

Since operations using the liquid phase of carbon dioxide must be 

pressurized and therefore closed, control of the liquid should present no 

problem under normal working conditions. Where the gaseous phase is 

introduced into the atmosphere, adequate exhaust ventilation must be 

provided. Pertinent information on both general dilution and local exhaust 

ventilation can be found in Industrial Ventilation— A Manual of Recommended 

Practice, [129] ANSI Z9.2-1971, [130] and the American Society of Heating, 

Refrigerating, and Air Conditioning Engineers Handbook and Product 

Directory. [131] The most recent edition of each should be consulted. 

Since carbon dioxide gas is about 1.5 times heavier than air, local exhaust 

ventilation should be applied as close as possible to the source of 

generation.
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V. DEVELOPMENT OF STANDARD

Basis for Previous Standards

In 1931, Flury and Zernick [132] summarized the toxic effects of 

carbon dioxide and reported that at concentrations of up to 2.5% it 

produced no harmful effects in 1-hour inhalations. They also reported that 

effects on respiration appeared only after 3% carbon dioxide was reached 

and these included increases in the rate and depth of respiration. Based 

on the information provided by Lehmann-Hess, Flury and Zernick [132] 

identified a level of 5,550 ppm (0.55%) as causing no real symptoms after 6 

hours. Further, they quoted Lehmann-Hess as reporting that exposure to 

carbon dioxide at 33,500-39,000 ppm (3.35-3.9%) for 1/2-1 hour had no 

immediate or delayed effects.

In 1943, the USPHS listed 5,000 ppm (0.5%) as the Maximum Allowable 

Concentration (MAC) for carbon dioxide. [133] A compilation of MAC's 

prepared by Cook [134] in 1945 also recorded 5,000 ppm (0.5%) as the limit 

established by California, New York, and Oregon. At the same time, Utah 

set a limit of 5,550 ppm (0.5%). In 1950, Elkins [135] also proposed 5,000 

ppm (0.5%) as the MAC for carbon dioxide. His recommendation was based 

primarily on the asphyxiation hazards of the gas, although he cautioned 

that carbon dioxide could not be considered physiologically inert. As late 

as 1956, Smyth [136] reported (in his summarization of "Hygienic Standards 

for Daily Inhalation") that asphyxia was the most important effect of 

carbon dioxide. He further stated that the 5,000-ppm (0.5%) level was low 

enough to cause no noticeable effects.

In 1946, the American Conference of Governmental Industrial
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Hygienists (ACGIH) recommended a Threshold Limit Value (TLV) of 5,000 ppm 

(0.5%) for carbon dioxide although the basis for this level was not 

offered. [137] The 1971 Documentation of the Threshold Limit Values [138] 

listed the same 5,000 -ppm (0.5%) value and this was based on Schaefer’s 

report [139] that 3% carbon dioxide produced little or no effect on 

submariners, even throughout continuous exposure, so long as the oxygen 

content was maintained at normal concentrations. The TLV was also 

supported by Schulte [140] who stated that exposure to carbon dioxide at a 

concentration of 2% resulted in headache and dyspnea on mild exertion after 

several hours. This review article offered no experimental data, nor did 

it specify a source of data to support this statement. Also cited in the 

ACGIH Documentation of TLV's [138] was the previously reported study by 

Borum et al [141] and a review by Schaefer. [142] Schaefer [142] reviewed 

much of his previously reported work on acid-base and electrolyte balance 

as affected by carbon dioxide in relation to space-cabin confinement. The 

findings were the same as those reported earlier. [53,54,57,58] Although 

the Documentation of TLV’s attributed a report of acidosis and adrenal 

cortical exhaustion to a study by Borum et al, [141] there is no such 

mention in the article. The study was another report of the "Operation 

Hideout" experiment originally presented by Faucett and Newman. [35] In 

1947, Consolazio et al [143] reported that the US Naval Medical Research 

Institute had set a level of 3% (30,000 ppm) in 17% oxygen as an MAC in the 

American Submarine Service.

The 1969 Documentation of MAC in Czechoslovakia [144] listed levels 

adopted in several countries. In East and West Germany and in the United 

States, the recommended level was listed at 5,000 ppm (0.5%). In Great
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Britain and Yugoslavia, a level of 5,086 ppm (0.5%) was recorded. A peak 

level of 20,000 ppm (2%) also was listed for the United States, but source 

documentation was not provided.

A listing of suggested Soviet spacecraft air standards [145] gave

0.2-0.3% (2,000-3,000 ppm) as the carbon dioxide standard for continuous 

exposures of greater than 4 months' duration. No supporting data were 

listed.

In 1974, the ACGIH offered an addendum to the Documentation of TLV's 

[138] which recommended a level of 15,000 ppm (1.5%) for healthy people 

engaged in special environments including submarines, spacecraft, and 

breweries. Also recommended was a specific medical classification for 

workers permitted to be exposed at this concentration. Additional 

information on which the standard was based included the report by Ebersole 

[146] on "Operation Hideout," the submarine study which has been reported 

many times in the literature. [30,35,36,54,55] While this level (15,000 

ppm, 1.5%) has not yet been incorporated into the TLV Documentation, the 

ACGIH reported it as the most recent standard recommendation and 

represented it as a safe, practicable limit which would provide an adequate 

margin of safety for the worker.

The present federal standard (29 CFR 1910.1000) for carbon dioxide is 

an 8-hour TWA level of 5,000 ppm based on the ACGIH TLV for 1968.

Basis for the Recommended Standard

Inhalation of carbon dioxide at concentrations greater than 17% is 

life threatening and the effects appear rapidly. Loss of consciousness has 

been reported in less than 50 seconds during inhalation of between 17 and
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30% carbon dioxide in all subjects exposed. [28,29,44] At concentrations 

of 10.4% for 3.8 minutes and 7.6% for 7.4 minutes, loss of consciousness 

was observed in 3 of 31 and in 1 of 42 test subjects, respectively. [27] 

Symptoms reported at 10% carbon dioxide included eye flickering, 

psychomotor excitation, myoclonic twitching, headache, dizziness, dyspnea, 

sweating, restlessness, and "fullness in head." [22,27] Schaefer [30] 

noted similar symptoms in humans exposed to the gas at 7.5% for 15 minutes. 

The information provided by the aforementioned investigators [22,27,30] 

indicated that dyspnea, dizziness, and headache were the predominant 

symptoms at or above 7.5% carbon dioxide. The only reported effect of 

brief exposure at lower concentrations was that of respiratory stimulation. 

[27] A subjective awareness of increased ventilation with slight-to- 

moderate dyspnea on acute exposure to carbon dioxide has been reported at 

an average maximal respiratory minute volume of 62.7 liters/minute (range 

29-110 liters/minute) with marked dyspnea reported at 86.8 liters/minute 

(range 50-130 liters/minute). [27] Subjects reporting no dyspnea had 

maximal minute volumes ranging from 24-114 liters/minute (average 60 

liters/minute). [27] Upon inhalation at 7.6%, respiratory minute volumes 

averaged 51.5 liters/minute (range 24-102 liters/minute); at 5% carbon 

dioxide, the average minute volume was 26 liters/minute, at 4% it was 14 

liters/minute, and at 3% it was only 11 liters/minute. Although the

reported data indicated a broad range of sensitivity to the respiratory

stimulant effects of carbon dioxide, the 3% level appears to be well below 

the lower limit of sensitivity and would provide adequate protection 

against possible respiratory discomfort for even the most susceptible

individuals. NIOSH therefore recommends a ceiling limit of 3% (30,000 ppm)



for up to 10 minutes. This ceiling value is regarded as necessary to 

safeguard the working population potentially exposed to briefly elevated 

concentrations of carbon dioxide and to provide an adequate margin of 

protection against the effects of acute exposures to the gas.

Animal studies have suggested that reproductive abnormalities 

including antifertility effects occurred at concentrations ranging from 2.5 

to 35% carbon dioxide. [92,93] One report [93] indicated that the 

degenerative changes in rat testicular tissue as a result of exposure at 

from 2.5 to 10% carbon dioxide were limited to reversible structural 

abnormalities. A single study [92] with mice exposed to 35% carbon dioxide 

suggested the possibility of antifertility effects. However, the extremely 

high concentration of carbon dioxide used limits the relevance of these 

data to possible effects in humans. The teratogenic effects suggested by 

rat and rabbit studies [94,96] involved cardiac and spinal abnormalities in 

the offspring of dams exposed to carbon dioxide. Pregnant rats were 

exposed at a concentration of 6% for one 24-hour period between days 5 and 

21 of gestation [94]; rabbits were exposed at a concentration of 10-13% for 

4-10 hours on each of 2 or 3 days between days 7 and 12 of gestation. [96] 

The value of these results in predicting the effects of carbon dioxide on 

human fetal development is limited by the short gestation periods (21 days 

for rats, 30 days for rabbits) in the species exposed. Furthermore, 

comparable exposures of humans at these concentrations would result in 

rapid and pronounced respiratory and central nervous system effects and 

would not be tolerated.

One investigator [97] alluded to the carcinogenic properties of solid 

carbon dioxide; however, dry ice was used for these studies solely because
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it is a cold irritant. It would be expected that any cryogenic substance 

that destroys tissue would have similar dermal effects if it were applied 

over a comparable time period. No reports of carcinogenicity due to 

inhalation of gaseous carbon dioxide have been found in the literature.

A few investigators have indicated that cardiac abnormalities were 

observed during and after exposure to carbon dioxide. [28,44,47,61,62] The 

irregularities were minor and not necessarily predictive of the development 

of more serious complications. None of these abnormalities in cardiac 

function have been causally related to the carbon dioxide exposures.

No significant behavioral changes have been demonstrated during 

continuous exposure at concentrations below 4% carbon dioxide, [48] 

although a single report [50] concerning chronic exposure to 3% carbon 

dioxide described stimulatory and depressant behavioral effects on the 

first 2 days of exposure at this concentration. These results are 

contradictory to the more recently published studies [33,34,48] which gave 

no similar indications of behavioral alterations at the same concentration.

Numerous studies [33,47,54,55,57-59] have shown that continuous 

exposures to 1.5-3% carbon dioxide do not result in serious challenges to 

body function. An early Schaefer [139] article, cited as a basis for the 

present ACGIH standard, also indicated no significant symptomatic effects 

of 3% carbon dioxide, although physiologic alterations, such as changes in 

pH and bicarbonate ion concentration, were apparent from chronic exposure. 

However, the decreased pH, increased bicarbonate ion concentration, and 

changes in other electrolyte levels represented evidence of normal 

physiologic response mechanisms. The same conclusions may be drawn from 

the studies on respiratory function. Experiments conducted at carbon
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dioxide concentrations of 1.5% for 42 days [35,36,38] have demonstrated a 

propensity for tolerance, physiologic adaptation, and an absence of adverse 

effects. Respiration appears to be the first mechanism to respond to an 

increased carbon dioxide exposure, and increased ventilatory rates are a 

direct result of increased carbon dioxide concentrations. Respiratory 

stimulation is indicative of a sensitive response mechanism and is apparent 

at all levels of carbon dioxide tension above 1%. The adaptation to the 

respiration-stimulating effects of carbon dioxide during continuous 

exposure is dramatically represented by a decreased response to a 

subsequent challenge with the gas at a higher concentration. This apparent 

tolerance has been reported often. [35,38,41] The respiratory adaptation 

upon prolonged exposure to carbon dioxide is also characterized by improved 

oxygen utilization, more efficient carbon dioxide elimination, and an 

increased alkali reserve. These adjustments are related to similar changes 

in alveolar pC02 and to blood buffering activity. Evidence obtained in 

some studies suggests, although indirectly, that as homeostatic mechanisms 

achieve stability, the signs and symptoms of bodily reactions, such as 

pulse rate and headache, begin to fade. [33] These adaptive changes 

indicate that there is no irreparable damage or extreme challenge to the 

body. Continuous exposure at concentrations of 1.5-3% carbon dioxide can 

be tolerated by healthy workers even for prolonged periods without untoward 

effects.

In the industrial setting, a worker might be required to perform at 

several levels of work intensity (eg, muscular exertion) throughout the 

day. These levels might cover a range between 0.5 kcal/minute and 6.0 

kcal/minute (during exceedingly strenuous or exhausting exercise for very

120



short time periods). The effects of carbon dioxide on metabolism and 

ventilatory responses, although enhanced in these cases, begin to manifest 

themselves subjectively only when a concentration of at least 2.8% carbon 

dioxide is reached. [61,62] Several studies [33,48,63,64] have indicated 

that all grades of exercise, including exhaustive stress (250 W, 3.58 

kcal/minute), can be tolerated for at least 30 minutes at carbon dioxide 

concentrations of up to 4%. During inhalation of carbon dioxide at 

concentrations ranging from 2.8 to 5.2% at maximum exercise levels (180-250 

W, 2.58-3.58 kcal/minute, attained on a bicycle ergometer or at treadmill 

speeds of 6 mph), healthy, trained subjects experienced respiratory 

difficulty, impaired vision, severe headache, and mental confusion; three 

subjects collapsed. [65] At or below 2.8% carbon dioxide concomitant with 

lower, but still strenuous, levels of exercise (130-180 W, 1.86-2.58 

kcal/minute), no ill effects other than awareness of increased ventilation 

(no dyspnea reported) were experienced by the subjects. [61,62] Prolonged 

exposure at elevated concentrations of the gas could result in attenuation 

of the effects enhanced by both exercise and simultaneous exposure to 

carbon dioxide, [58] although even an individual previously unexposed to 

carbon dioxide can normally tolerate simultaneous 2.8% carbon dioxide 

inhalation and heavy exercise stress. In fact, it has been observed that 

training (as in the case of divers) or continuous exposure results in a 

lessened severity of signs and symptoms during both normal activity and 

moderate exercise. [38]

All the studies dealing with the effects of prolonged exposure to 

carbon dioxide have utilized continuous exposures. The occupational 

situation, however, represents an intermittent exposure with the nonwork
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phase being a normal-air-breathing period. The results of a study based on 

the responses of one subject suggested that an intermittent exposure of 15 

hours in carbon dioxide and 9 hours in normal air does not approximate a 

chronic exposure situation in terms of ventilatory, acid-base, or other 

major physiologic response mechanisms. [41,53] One study in brewery 

workers [77] tends to support these observations but no additional 

information has been found. The studies showing a decreased ventilatory 

response to carbon dioxide upon rechallenge after continuous exposure would 

suggest that intermittent exposure which may, in fact, represent a periodic 

rechallenge situation, could result in a progressive diminution of response 

with each repeated daily exposure. However, evidence to support this 

hypothesis is lacking.

Evidence regarding the effects of chronic exposure to carbon dioxide 

at concentrations below 1% has been limited. The effects discussed include 

increases in alveolar dead space at concentrations of 0.8 and 0.9% carbon 

dioxide [37] and cyclic calcium tides corresponding to alternate bone 

storage and release of carbon dioxide during exposure to 0.8-1.2% carbon 

dioxide. [60] The significance, if any, of these changes remains to be 

determined. The majority of the available human data deals with continuous 

exposures at levels of 1.5 and 3%, at both of which it has been adequately 

demonstrated that observed changes are limited to normal renal and 

respiratory compensatory mechanisms without any apparent adverse symptoms. 

Adaptive mechanisms involving reduced responses to the respiratory, and 

possibly to the cardiovascular, effects of carbon dioxide provide an 

additional safety index during prolonged exposure. Although the absence of 

specific data relating to intermittent exposures may limit the reliability



of the data obtained from continuous-exposure studies, the available 

evidence indicates that even a prolonged continuous exposure to 3% carbon 

dioxide presents no apparent problem during normal activity in specially 

conditioned and physically fit subjects. However, it is important to 

consider that the entire range of workload demands maintained in the 

exercise studies previously described is similarly and repeatedly 

encountered for varying time periods throughout the average workday. 

Furthermore, the worker population encompasses a broad spectrum of physical 

well-being and susceptibility to the respiratory and metabolic effects of 

carbon dioxide. Therefore, since work-related exercise could exaggerate 

these effects, and mindful of the need to protect all workers, NIOSH 

recommends a TWA concentration of 1% (10,000 ppm) for a 10-hour work shift 

and a 40-hour workweek.

The recommended standard provides for safeguarding employees from the 

hazards of carbon dioxide by the incorporation of a TWA concentration of 1% 

(10,000 ppm) carbon dioxide, a ceiling limit of 3% (30,000 ppm) carbon 

dioxide for up to 10 minutes, and other requirements prescribed to maintain 

the health and safety of potentially exposed persons. However, respiratory 

stimulation due to inhalation of carbon dioxide resulting in an increased 

intake of other airborne chemicals must be considered when carbon dioxide 

exposure is complicated by the presence of other chemicals. It is felt 

that exposure at or below the recommended TWA concentration of 1% carbon 

dioxide will produce an insufficient alteration in respiratory rate (from a 

normal of 7 liters/minute to 9 liters/minute or less) to appreciably 

increase the intake of other chemicals. Other requirements in the 

recommended standard include appropriate labeling of carbon dioxide
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containers and posting of exposure work areas, recordkeeping, emergency

procedures, and precautions for entry into confined spaces. In addition, 

environmental sampling and analytical methods are recommended with a 

sampling schedule designed to assure compliance with the prescribed limits. 

There are also requirements for personal protective equipment, including

clothing to protect against skin contact with dry ice and respirators for 

protection against the acute symptoms of carbon dioxide inhalation. 

Compliance with the recommended standard also requires that employees be 

informed of the hazards to which they may be exposed in the work area.

Compatibility with Other Standards

Whenever people are confined in sealed environments, exhaled carbon 

dioxide accumulates and, if uncontrolled, will reach a concentration level 

in excess of acceptable tolerance. Persons concerned with sealed

environments, such as spacecraft and submarines, are particularly cautious 

about the concentration of carbon dioxide in these spaces and about methods

of preventing the buildup from becoming excessive. A recent publication

[145] listed the National Aeronautics and Space Administration (NASA) 

limits (which were published in 1972) for manned spacecraft air 

contaminants for several lengths of exposure. The highest allowable level 

of carbon dioxide was 40,000 ppm (4%) carbon dioxide for a 10-minute

exposure. Also listed were 30,000 ppm (3%) for 60 minutes, and 10,000 ppm

(1%) for both 90-day and 6-month exposures. NASA, in its Skylab Flight

Mission Rules (published in 1973), [147] specified the maximum sustained 

carbon dioxide partial pressure for mission continuation as 7.6 mmHg (1%), 

and the maximum emergency excursion allowable for a maximum of 3 hours as
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15 mrnHg (1.9%). These limits were based in part on experiments of 

continuous exposure [33] and on some of the previously cited submarine 

studies, [35,36] as well as on a compendium [148] of many such related 

studies. [20,24,27,33,35,36,42,50,51,56,57,83,149,150] The level was 

specified for continuous exposure in what must be considered a critical 

situation. It was also ascertained to be a level that would not cause 

significant deterioration of mental or psychomotor activity, as this would 

be most serious in manned space flight situations.

Schaefer's review [149] of literature on human tolerance to chronic 

exposure to carbon dioxide suggests a triple tolerance approach. The 

author based his conclusions partly on previous submarine experiments 

[35,36] in which responses to various concentrations of carbon dioxide were 

identified. The resultant triple tolerance limit indicated that, at a 

level of 0.5-0.8% carbon dioxide, no significant physiologic, psychologic, 

or adaptive changes occurred. No data were offered to indicate that there 

were effects over this range. At a 1.5% exposure, performance and 

psychologic functioning were not adversely affected, although acid-base and 

electrolyte adaptation occurred as a result of continuous exposure. At 

levels above 3% carbon dioxide, deterioration in performance may be 

expected, as may alterations in basic physiologic functions, such as blood 

pressure, pulse rate, and metabolism. Schaefer [149] further stated that, 

although early regulations held that a level of 3% carbon dioxide was 

permissible for submarine exposures, physiologic alterations identified at 

a 1.5% concentration led the US Navy to propose an allowable level "in the 

neighborhood of 1% and preferably below 1% carbon dioxide for conditions of 

continuous prolonged exposure." More recent (1975) Navy standards for
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nuclear submarines [145] offered three exposure-level limits. The 1-hour 

emergency level was 19 mmHg (2.5%), the 24-hour continuous exposure level 

was 7.6 mmHg (1%), and that for a 90-day continuous exposure was 3.8 mmHg 

(0.5%).
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VI. WORK PRACTICES

Work practices for handling carbon dioxide are limited to the 

handling of dry ice, entry into confined spaces, and cylinder handling. 

Generally, engineering controls as described in Chapter IV should be used 

to control exposure to the gaseous phase of carbon dioxide. The liquid 

will present no problem since it exists only under high pressure and 

therefore is confined to completely enclosed systems.

Prolonged skin contact with dry ice can result in frostbite. 

Therefore, suitable protective clothing, such as gloves and aprons which 

are resistant to temperatures lower than -109 F, should be worn.

Vaporizing dry ice and the presence of gaseous carbon dioxide in 

confined spaces can lead to excessive exposure to the gas. To avoid 

hazardous human exposures, confined spaces should be adequately ventilated 

and cleaned before employees are allowed to enter such areas. If entry is 

essential, suitable respiratory equipment shall be worn in accordance with 

the provisions of Table 1-1. In addition, employees entering areas where 

respirator failure would result in overexposure to carbon dioxide shall be 

observed by at least one other person. Effective communication shall be 

maintained among all involved persons.

Cylinders of carbon dioxide should be handled in accordance with the 

recognized procedures described in 29 CFR 1910.166 and .168, and with the 

appropriate portions of 29 CFR 1910.252. The cylinders should be equipped 

with appropriate safety relief devices and pressure regulators.

Good engineering controls shall be employed to keep the concentration 

of gas within the prescribed environmental limits. The potential for
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carbon dioxide to cause respiratory and CNS disorders and to cause 

unconsciousness at high concentrations requires that all reasonable safety 

precautions and work practices be employed to avoid the possibility of such 

human exposures.
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VII. RESEARCH NEEDS

The preponderance of information on effects from the inhalation of 

increased carbon dioxide has been derived from studies of acute and chronic 

exposures. Although very few studies on the effects of intermittent 

exposures have been reported, the results suggest that the effects from 

intermittent exposures differ from those of both acute and chronic 

exposures. Justification for an occupational exposure limit should be 

based on intermittent exposures at low concentrations. Further, only one 

epidemiologic report has been found to date. There is a definite need to 

investigate these areas further.

The significance of carbon dioxide storage in bone and of its cardiac 

effects also needs to be considered. Other areas needing additional 

research are those relating to teratogenicity and possible reproductive 

problems attributable to carbon dioxide. The effects of exposure to carbon 

dioxide at concentrations below 1% (10,000 ppm) should be investigated.

Lack of relevant data has also limited the selection of sampling and 

analytical methods available for use in carbon dioxide monitoring. 

Scientific knowledge is available to design more efficient methods to 

determine the extent of worker exposure to carbon dioxide. The use of 

solid sorbents in personal sampling devices should be studied. In the 

past, the need for this information was not sufficient to merit 

exploration. This is definitely another area for immediate investigation 

to ensure effective compliance with the recommended standard.
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IX. APPENDIX I

SAMPLING METHOD FOR CARBON DIOXIDE

General Requirements

Samples representative of the air within the worker's breathing zone 

shall be collected. At the time of sample collection, the following shall 

be recorded:

(a) Sampling location and conditions at the time of sample 

collection.

(b) Time and date of sample collection.

(c) Equipment used and rates of sampling.

(d) Type of bag used for collection.

(e) Any other information pertinent to the sample collection.

Air Sampling Equipment

(a) Diaphragm pump: a battery-operated pump capable of inflating

plastic bags at a constant flowrate. The pump should have a clip or other

suitable device to attach the pump to the worker's belt.

(b) Plastic bags: material with minimum bag loss and interference

properties such as Tedlar, Mylar, Saranex. The bags must be properly

cleaned and evacuated to minimize background interference.
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X. APPENDIX II

The analytical method is adapted from that described by Murray and 

Doe. [125] Any other method which is equivalent in accuracy, precision, 

and sensitivity to that described may be used. Such other methods may 

involve more sophisticated gas chromatographic techniques including 

Carbosieve-B columns or the use of infrared or nondispersive infrared 

spectrophotometers.

Principle of the Method

The analysis is based on the chromatographic separation of carbon 

dioxide from oxygen and nitrogen on a precut column of silica gel after the 

removal of water vapor by passage of the sample through Drierite. The 

sample is then passed through a second silica gel column (analytical 

column) and is quantified by a hot-wire thermal conductivity detector. A 

compensation column is included in the setup for a reference chromatogram. 

The compensation column is used to eliminate variations in detector 

response as a result of factors other than those inherent in the analytical 

sample.

Range and Sensitivity

The reported range of detection of the recommended analytical method 

is from 13 to 500 ppm with a minimum detection level of 13 ppm for a 95-ml

ANALYTICAL METHOD FOR CARBON DIOXIDE
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gas sample. For a 26-ml gas sample, the detectable range is from 20 to 500 

ppm. The method may be used to detect concentrations of carbon dioxide at 

the recommended TWA environmental and ceiling limits by taking 

proportionately smaller aliquots (1.3 ml for 10,000 ppm, 3.9 ml for 30,000 

ppm) of the air sampled.

Interferences

The column type specified had no reported interferences.

Precision and Accuracy

On 26-ml samples, the standard deviation for eight samples in both 

the average peak height and average peak area was +2%. On 95-ml samples, 

the standard deviation for nine samples in average peak height was ± 2%, 

while the deviation in average peak area was + 5%.

Apparatus

(a) Dual-column gas chromatograph equipped with a hot-wire thermal 

conductivity detector.

(b) A mechanical or electronic integrator or a recorder and some

method for determining peak area.

(c) A gas-sampling valve with a sample loop or loops of known

volume.

(d) A four-way gas chromatograph selector valve located between

the precut column and the analytical column.

(e) A sample drying apparatus (Drierite). The sample is dried
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before introduction into the gas chromatograph.

(f) A precut column made of 1/4-inch OD copper tubing, 3.5 feet,

with 30-60 mesh silica gel. The precut column is located between the gas- 

sampling valve and the four-way selector valve. This column separates 

nitrogen and oxygen from the carbon dioxide so that these gases can be 

vented to the atmosphere before passing through the analytical column.

(g) Analytical and compensation columns of 1/4-inch OD copper 

tubing, 2.5 feet, with 30-60 mesh silica gel.

Reagents

(a) Carbon dioxide, at known concentrations for controls.

(b) Helium, equivalent to Bureau of Mines Grade A.

Analysis of Samples

(a) Preparation: Withdraw air from the bag into a gas-tight

syringe and return to the bag several times to ensure that the air 

contained by the valve stem is the same as in the bag. Withdraw a measured 

volume of air for analysis by gas chromatography.

(b) Typical gas chromatographic operating conditions:

(1) Set the four-way valve so that the nitrogen and oxygen 

are vented to the atmosphere as the analytical column is purged with the 

helium carrier gas. The "vent time" depends on the carrier gas flowrate 

and is determined by the retention times of air and carbon dioxide in the 

precut column. Determine the retention times of air and carbon dioxide in 

the precut column indirectly by measuring the difference between their
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retention times in the analytical column alone and in the entire precut and 

analytical column system. Using these calculated retention times for the 

precut column, choose a vent time intermediate between the retention time 

for the precut column and that for carbon dioxide.

(2) Maintain the precut column temperature at 60 C with 

asbestos insulation and electrical heating tape and the analytical and 

compensation columns at 40 C. Maintain the detector and injector 

temperatures higher than those of the columns, though not so high that 

condensation can occur.

(3) Set the helium gas flowrate either at 50 ml/minute in 

the analytical column and 70 ml/minute in the compensation column or 

according to individual instrument specifications.

(c) Dry the air samples by passage over Drierite and inject them

through loops of appropriate volume.

(d) Measurement of area: Measure the areas of the sample peaks

with an electronic integrator or some other suitable method of area 

measurement and read preliminary sample results from a standard curve.

(e) Calculation: Read the weight of carbon dioxide in mg,

corresponding to the total peak area, from a standard curve. Express the 

concentration of carbon dioxide in the air sampled in mg/cu m (which is 

numerically equal to pg/liter of air). This is given by the quotient of 

the amount of carbon dioxide in the sample, in jug, divided by the volume of

the sample injected, in liters:
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concentration (pg/liter) = amount (pg)
volume (liters)

Another method of expressing concentration is ppm:

concentration (ppm) = concentration (Mg) x 24.45 x 760 x (T + 273)
44 P 298

where:

24.45 = molar volume (liter/mole) at 25 C and 760 torr

44 = molecular weight of carbon dioxide

760 = standard pressure

P = pressure (torr) of air sampled

T = temperature (degrees C) of air sampled

298 = standard temperature (degrees K)

concentration (ppm) = concentration (¿ig) x 1.416 (T + 273)
P
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XI. APPENDIX III 

MATERIAL SAFETY DATA SHEET

The following items of information which are applicable to a specific 

product or material shall be provided in the appropriate block of the 

Material Safety Data Sheet (MSDS).

The product designation is inserted in the block in the upper left 

corner of the first page to facilitate filing and retrieval. Print in 

upper case letters as large as possible. It should be printed to read

upright with the sheet turned sideways. The product designation is that 

name or code designation which appears on the label, or by which the 

product is sold or known by employees. The relative numerical hazard 

ratings and key statements are those determined by the rules in Chapter V, 

Part B, of the NIOSH publication, An Identification System for 

Occupationally Hazardous Materials. The company identification may be 

printed in the upper right corner if desired.

(a) Section I. Product Identification

The manufacturer's name, address, and regular and emergency telephone 

numbers (including area code) are inserted in the appropriate blocks of

Section I. The company listed should be a source of detailed backup

information on the hazards of the material(s) covered by the MSDS. The 

listing of suppliers or wholesale distributors is discouraged. The trade 

name should be the product designation or common name associated with the 

material. The synonyms are those commonly used for the product, especially 

formal chemical nomenclature. Every known chemical designation or
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competitor's trade name need not be listed.

(b) Section II. Hazardous Ingredients

The "materials" listed in Section II shall be those substances which 

are part of the hazardous product covered by the MSDS and individually meet 

any of the criteria defining a hazardous material. Thus, one component of 

a multicomponent product might be listed because of its toxicity, another 

component because of its flammability, while a third component could be 

included both for its toxicity and its reactivity. Note that a MSDS for a 

single component product must have the name of the material repeated in 

this section to avoid giving the impression that there are no hazardous 

ingredients.

Chemical substances should be listed according to their complete name 

derived from a recognized system of nomenclature. Where possible, avoid 

using common names and general class names, such as "aromatic amine,” 

"safety solvent," or "aliphatic hydrocarbon," when the specific name is 

known.

The "%" may be the approximate percentage by weight or volume 

(indicate basis) which each hazardous ingredient of the mixture bears to 

the whole mixture. This may be indicated as a range or maximum amount, ie, 

"10-40% vol" or "10% max wt" to avoid disclosure of trade secrets.

Toxic hazard data shall be stated in terms of concentration, mode of 

exposure or test, and animal used, ie, "100 ppm LC-rat," "25 mg/kg LD50- 

skin-rabbit," "75 ppm LC man," or "permissible exposure from 29 CFR

1910.1000," or if not available, from other sources of publications such as 

the American Conference of Governmental Industrial Hygienists or the 

American National Standards Institute Inc. Flashpoint, shock sensitivity
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or similar descriptive data may be used to indicate flammability 

reactivity, or similar hazardous properties of the material.

(c) Section III. Physical Data

The data in Section III should be for the total mixture and should 

include the boiling point and melting point in degrees Fahrenheit (Celsius 

in parentheses); vapor pressure, in conventional millimeters of mercury

(mmHg); vapor density of gas or vapor (air = 1); solubility in water, in

parts/hundred parts of water by weight; specific gravity (water = 1);

percent volatiles (indicated if by weight or volume) at 70 degrees 

Fahrenheit (21.1 degrees Celsius); evaporation rate for liquids or 

sublimable solids, relative to butyl acetate; and appearance and odor. 

These data are useful for the control of toxic substances. Boiling point, 

vapor density, percent volatiles, vapor pressure, and evaporation are

useful for designing proper ventilation equipment. This information is 

also useful for design and deployment of adequate fire and spill 

containment equipment. The appearance and odor may facilitate

identification of substances stored in improperly marked containers, or 

when spilled.

(d) Section IV. Fire and Explosion Data

Section TV should contain complete fire and explosion data for the

product, including flashpoint and autoignition temperature in degrees 

Fahrenheit (Celsius in parentheses); flammable limits, in percent by volume 

in air; suitable extinguishing media or materials; special firefighting

procedures; and unusual fire and explosion hazard information. If the 

product presents no fire hazard, insert "NO FIRE HAZARD" on the line 

labeled "Extinguishing Media."
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(e) Section V. Health Hazard Information

The "Health Hazard Data" should be a combined estimate of the hazard 

of the total product. This can be expressed as a TWA concentration, as a 

permissible exposure, or by some other indication of an acceptable 

standard. Other data are acceptable, such as lowest LD50 if multiple 

components are involved.

Under "Routes of Exposure," comments in each category should reflect

the potential hazard from absorption by the route in question. Comments

should indicate the severity of the effect and the basis for the statement

if possible. The basis might be animal studies, analogy with similar 

products, or human experiences. Comments such as "yes" or "possible" are 

not helpful. Typical comments might be:

Skin Contact— single short contact, no adverse effects likely;
prolonged or repeated contact, possibly mild irritation.

Eye Contact— some pain and mild transient irritation; no corneal
scarring.

"Emergency and First Aid Procedures" should be written in lay 

language and should primarily represent first-aid treatment that could be 

provided by paramedical personnel or individuals trained in first aid.

Information in the "Notes to Physician" section should include any 

special medical information which would be of assistance to an attending 

physician including required or recommended preplacement and periodic 

medical examinations, diagnostic procedures, and medical management of 

overexposed employees.
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(f) Section VI. Reactivity Data

The comments in Section VI relate to safe storage and handling of 

hazardous, unstable substances. It is particularly important to highlight 

instability or incompatibility to common substances or circumstances, such 

as water, direct sunlight, steel or copper piping, acids, alkalies, etc. 

"Hazardous Decomposition Products" shall include those products released 

under fire conditions. It must also include dangerous products produced by 

aging, such as peroxides in the case of some ethers. Where applicable, 

shelf life should also be indicated.

(g) Section VII. Spill or Leak Procedures

Detailed procedures for cleanup and disposal should be listed with 

emphasis on precautions to be taken to protect employees assigned to 

cleanup detail. Specific neutralizing chemicals or procedures should be 

described in detail. Disposal methods should be explicit including proper 

labeling of containers holding residues and ultimate disposal methods such 

as "sanitary landfill," or "incineration." Warnings such as "comply with 

local, state, and federal antipollution ordinances" are proper but not 

sufficient. Specific procedures shall be identified.

(h) Section VIII. Special Protection Information ..

Section VIII requires specific information. Statements such as 

"Yes," "No," or "If necessary" are not informative. Ventilation 

requirements should be specific as to type and preferred methods. 

Respirators shall be specified as to type and NIOSH or Mining Enforcement 

and Safety Administration (formerly, US Bureau of Mines) approval class, 

ie, "Supplied air," "Organic vapor canister," etc. Protective equipment 

must be specified as to type and materials of construction.
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(i) Section IX. Special Precautions

"Precautionary Statements" shall consist of the label statements 

selected for use on the container or placard. Additional information on 

any aspect of safety or health not covered in other sections should be 

inserted in Section IX. The lower block can contain references to 

published guides or in-house procedures for handling and storage. 

Department of Transportation markings and classifications and other 

freight, handling, or storage requirements and environmental controls can 

be noted.

(j) Signature and Filing

Finally, the name and address of the responsible person who completed 

the MSDS and the date of completion are entered. This will facilitate 

correction of errors and identify a source of additional information.

The MSDS shall be filed in a location readily accessible to employees 

exposed to the hazardous material. The MSDS can be used as a training aid 

and basis for discussion during safety meetings and training of new 

employees. It should assist management by directing attention to the need 

for specific control engineering, work practices, and protective measures 

to ensure safe handling and use of the material. It will aid the safety 

and health staff in planning a safe and healthful work environment and in 

suggesting appropriate emergency procedures and sources of help in the 

event of harmful exposure of employees.
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MATERIAL SAFETY DATA SHEET
1 PRODUCT IDENTIFICATION

M A N U F A C T U R E R  S  n a m e
R E G U L A R  T E L E P H O N E  N O  
E M E R G E N C Y  T E L E P H O N E  N O

A O O R E S S

TRADE NAME

SYNONYMS

II HAZARDOUS INGREDIENTS

M A T E R I A L  O R  C O M P O N E N T % H A Z A R D  D A T A

III PHYSICAL DATA

B O I L I N G  PO INT ,  760 M M  H C M E L T I N G  P O IN T

S P E C I F I C  G R A V I T Y  i H j O M I V A P O R  P R E S S U R E

V A P O R  D E N S I T Y  ( A I R - 1 ) S O L U B I L I T Y  IN  H jO.  %  B Y  WT

%  V O L A T I L E S  B Y  V O L E V A P O R A T I O N  R A T E  (B U T Y L  A C E T A T E -1)

A P P E A R A N C E  A N D  O D O R
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IV FIRE AND EXPLOSION DATA
f l a s h  p o i n t  

(T EST  M E T H O D !
A U T O I G N I T I O N
T E M P E R A T U R E

F L A M M A B L E  L IM I T S  IN  A IR ,  %  B Y  V O L . LOWER

E X T I N G U I S H I N G
M E D I A

S P E C I A L  F IR E

F IG H T IN G

P R O C E D U R E S

U N U S U A L  F IR E  
A N D  E X P L O S IO N  

H A Z A R D

V HEALTH HAZARD INFORMATION
H E A L T H  H A Z A R D  O A T A

R O U T E S  OF E X P O S U R E  

I N H A L A T I O N

S K I N  C O N T A C T

S K I N  A B S O R P T I O N

t Y E  C O N T A C T

IN G E S T IO N

E F F E C T S  OF  O V E R E X P O S U R E  
A C U T E  O V E R E X P O S U R E

C H R O N I C  O V E R E X P O S U R E

E M E R G E N C Y  A N D  F IR S T  A I D  P R O C E D U R E S  

E Y E S

S K I N

I N H A L A T I O N

tNGfcST lON

N O T E S  TO P H Y S I C I A N
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VI REACTIVITY DÀTA

CO N D IT IO N S CO N TR IBU T IN G  TO  IN ST A B IL IT Y

INCOMPA1 iB IL IT Y

H A ZA R D O U S DECOM POSIT ION  PRODUCTS

CO N D IT IO N S CO NTR IBU T ING  TO H A ZA R D O U S PO LY M ER IZA T IO N

VII SPILL OR LEAK PROCEDURES

STEPS TO BE TA KEN  IF M A T E R IA L  IS RE I.EASEO  OR SP ILLED  

N EU T R A L IZ IN G  C H EM ICA LS

WASTE D ISPO SAL METHOD

VIII SPECIAL PROTECTION INFORMATION

V EN T ILA T IO N  REQ U IR EM EN TS

SPECIF IC  PERSO NAL PROTECT IVE EQU IPM ENT  

R E SP IRA TO RY  (SPECIFY IN OETAIL)

EYE

G LO V ES

OTHER CLOTH ING  A N D  EQU IPM ENT
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IX SPECIAL PRECAUTIONS
PRECAU TIONARY

STATEM ENTS

OTHER H ANDLING  AND  
STORAG E REQ U IREM ENTS

PREPARED  BY

AD D R ESS

DATE
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XII. APPENDIX IV

GLOSSARY*

ACIDOSIS - A disturbance of acid-base balance resulting from an 

increase in acidic chemical substances (proton donors) or loss of alkaline 

chemical substances (proton acceptors). If the accumulating substance is 

C02 (which reacts with water to form carbonic acid), the condition is 

termed respiratory acidosis. If the accumulating acidic substance is other 

than C02 or if alkaline substances are lost, the condition is termed 

metabolic acidosis. Homeostatic body mechanisms that attempt to correct an 

acidosis result in pH compensation. Such compensation may be complete (pH 

within normal limits) or only partial (pH remaining low). Acidosis is 

sometimes termed acidemia.

ALKALOSIS - A disturbance of acid-base balance resulting from an 

increase of alkaline chemical substances (proton acceptors) or loss of 

acidic chemical substances (proton donors). If the lost substance is C02 

(which reacts with water to form carbonic acid), the condition is termed 

respiratory alkalosis. If the lost acidic substance is other than C02 or 

if alkaline substances increase, the condition is termed metabolic 

alkalosis. Homeostatic body mechanisms that attempt to correct an 

alkalosis result in pH compensation. Such compensation may be complete (pH 

within normal limits) or only partial (pH remaining high). Alkalosis is 

sometimes termed alkalemia.
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ALVEOLAR GAS - The gas mixture present within the lungs reflecting 

the effects of respiratory gas exchange, as distinguished from dead space 

gas. The definition of alveolar gas composition is complicated by the 

discontinuous nature of lung ventilation, by lung perfusion, and by the 

nonuniform matching of these aspects of lung function. Alveolar gas is 

assumed to be saturated with water vapor at 37 C.

ALVEOLI, PULMONARY - Small outpocketings of the alveolar sacs, 

through the walls of which the gaseous exchange takes place.

APNEA - Cessation of breathing movements.

ATELECTASIS - Failure of the lungs to expand normally at birth, or 

collapse of an expanded lung as gas is absorbed following injury or 

obstruction of an airway.

CARBONIC ANHYDRASE - An enzyme present in various tissues, 

especially red blood cells and in the kidneys, which catalyzes the 

reaction: C02 + H20 = H2C03. Important in C02 transfer from tissues to

systemic capillary blood and from pulmonary capillary blood to alveolar 

gas.

DEAD SPACE - Anatomic dead space is the total volume of all nongas- 

exchanging airway passages. It consists of the upper airway and bronchial 

tree as far as the respiratory bronchioles. Physiologic dead space is a 

calculated, not a topographic, volume. By comparison with the anatomic 

dead space, it expresses the nonuniformity of ventilatory perfusion in the 

lung.
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DIFFUSING CAPACITY - The rate of gas transfer through a unit area 

of a permeable membrane in relation to the gas pressure difference across 

it. Pulmonary diffusing capacity is usually measured with 02 or CO and is 

expressed as ml of gas transferred/mmHg pressure difference/minute.

DYSPNEA - The uncomfortable awareness or consciousness of the need 

for increased breathing. It may be referred to as air hunger or labored 

breathing. Dyspnea is subjective by definition; it is a symptom, not a 

sign, usually related to decreased ventilatory capacity and increased work 

of breathing.

ECTOPIC FOCUS - The point at which an abnormal impulse is generated 

between normal impulses resulting in a premature contraction of the heart.

EOSINOPHIL - A granulocyte of the peripheral blood and bone marrow 

having a staining characteristic or an affinity for the red dye, eosin. 

Generally, eosinophils comprise only 2-4% of the total number of white 

cells. They are active in detoxification and in the disintegration and 

removal of protein from the body. Eosinophils have bilobed nuclei.

ERYTHROCYTE - A red blood cell. Human erythrocytes are biconcave, 

hemoglobin-containing disks about 1 (x thick and about 7.7 ju in diameter. 

There are normally about 5 million in each cubic millimeter of blood. The 

average lifespan is about 120 days. Erythrocytes are important in both 02 

and C02 transport. Circulating erythrocytes of mammals have no nuclei.

HYPERCAPNIA - A greater than normal amount of carbon dioxide in the

blood.
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HYPERPNEA - Increased rate or depth (or both) of breathing. 

Example: hyperpnea of exercise.

HYPERVENTILATION - Generally, an increased pulmonary ventilation 

rate beyond the actual requirement for adequate respiratory gas exchange. 

It may result from increased rate or depth of breathing, or a combination 

of these. Usually, hyperventilation is best expressed in terms of alveolar 

ventilation rate. It results in increased alveolar and arterial blood 02 

tension and in decreased alveolar and arterial blood C02 tension. 

Hyperventilation may produce dizziness, numbness, tingling, and significant 

psychomotor impairment if continued and is a cause of respiratory 

alkalosis.

HYPOVENTILATION - Generally, a reduced pulmonary ventilation rate 

below that actually required for adequate respiratory gas exchange. It may 

result from decreased rate or depth of breathing, or a combination of 

these. Usually, hypoventilation is best expressed in terms of alveolar 

ventilation rate. It results in decreased alveolar and arterial blood 02 

tension, and increased alveolar and arterial blood C02 tension. If 

continued, hypoventilation produces hypoxemia, hypercapnia, C02 retention, 

and respiratory acidosis. Chronic alveolar hypoventilation is an important 

clinical syndrome. The combination of hypoxemia with respiratory acidosis 

constricts the pulmonary vascular bed to produce pulmonary arterial 

hypertension.

HYPOXEMIA - Low blood 02 tension or oxyhemoglobin saturation.
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HYPOXIA - Low or reduced 02 concentration or tension at any 

specified point in the transfer system from inspired gas to the 

metabolizing tissues. Also, insufficient 02 tension or insufficient 

concentration of free 02 molecules to meet the requirements of aerobic 

metabolism. Histohypoxia: reduced or insufficient P02 at the tissue or

cellular level. Hypoxidation: a state or condition of reduced aerobic

metabolism in association with the reduced energy requirements of 

hypothermia hibernation, hypothyroidism, or the effect of certain drugs. 

Hypoxidosis: a state or condition of impaired aerobic metabolism in

hypoxia, enzyme deficiency or dysfunction, substrate lack, or excessive 

accumulation of metabolites. Paradoxically, hypoxidosis may result from 

hyperbaric oxygenation.

MINUTE VOLUME OF BREATHING - The volume of gas inspired or 

expired/minute under any given conditions. Usually, expiratory minute 

volume is expressed as expired gas vol/min. Note that expired gas usually 

differs from inspired gas with regard to temperature and to water vapor, 

C02, and 02 contents.

PARTIAL PRESSURE - The pressure or tension exerted by any 

constituent gas in a mixture; the most significant measurement with respect 

to the physicochemical and physiologic behavior of a gas. As described by 

Dalton's law, the total pressure of a gas mixture is the arithmetic sum of 

all the individual partial pressures of the constituent gases.

PULMONARY EDEMA - A clinical term referring to a transudate of body 

fluids within the alveolar spaces of the lung. Usually, it is the result 

of increased pulmonary intravascular pressure, or it may be due to chemical
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injury to the alveolar membrane. Such fluid may interfere greatly with

respiratory gas exchange. Compare: pulmonary interstitial edema, which

usually occurs earlier and is an accumulation of transudate fluid within

the pulmonary tissues.

SURFACE TENSION - A property of liquids that is due to 

intermolecular attractive forces, or cohesion, and to the specific 

orientation of molecules at the boundary of a liquid. A force exerted in 

the plane of the interface that acts to preserve the integrity of the 

surface of separation and to resist rupture of the surface film. The 

tension upon the surface of a liquid in contact with another fluid with 

which it does not mix. An exposed liquid surface tends to contract to the 

smallest possible area, forming spheroidal drops (one surface) or bubbles 

(two surfaces). Laplace's law relates surface tension and radius to 

pressure. Surface tension is expressed as dynes/cm or as ergs/sq cm.

TIDAL VOLUME - The volume of gas added to, and then removed from,

functional residual capacity with each breath; it is usually about 500 ml.

Tidal volume comprises the volume entering the alveoli (300 to 400 ml) plus 

the volume remaining in the airway (150 to 200 ml) for each breath. It 

increases with metabolic rate (02 consumption and C02 production) as, for

example, in exercise. Tidal volume multiplied by respiratory frequency

gives the rate of total pulmonary ventilation, a value that is usually

expressed in liters/min. During mild-to-moderate exercise, tidal volume 

increases largely by increase of the volume of gas in the lungs at the end 

of inspiration (at the expense of inspiratory reserve volume). During 

heavy exercise, tidal volume increases proportionately more by decrease of
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the volume of gas in the lungs at the end of expiration (at the expense of 

expiratory reserve volume).

*Adapted from Slonim and Hamilton [150]
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XIII. APPENDIX V

CALCULATION OF pH USING THE HENDERSON-HASSELBALCH EQUATION*

The dissociation constant of carbonic acid is expressed as

KA - [H] [HC03]
[H2C03]

The Henderson-Hasselbalch équation shows the relationship of this 

dissociation in terms of pH. It substitutes the concentration of carbon 

dioxide for carbonic acid in the denominator because the equilibrium is 

such that only minimal amounts of the acid exist relative to the amount of 

dissolved gas. At equilibrium, dissolved carbon dioxide exceeds carbonic 

acid by 809 times. [26] The equation also illustrates that the 

relationship between bicarbonate and carbon dioxide determines the blood 

pH. It also illustrates that, as long as this ratio remains constant, the 

pH will not change. In normal individuals, the ratio is 20:1 and the blood 

pH is normally 7.40 as shown by the following calculations:

pH - pK + log [HC03]
[C02]

where, in arterial blood of healthy persons,

[HC03] - 56.8 vol% C02 

[C02] - 2.84 vol% C02 

pK - 6.10

therefore

pH - 6.1 + log 20
- 6.1 + 1.30
- 7.40
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The sequence of bicarbonate and carbon dioxide concentration changes 

during respiratory acidosis and the subsequent compensation for this 

acidosis may be calculated as follows:

Condition [HC03] pH = 6.1 + log
[C02 ]

Control 24.0 = 2 0  7.40
1.2

Respiratory 27.2 = 17 7.34
acidosis 1.6

Partial com- 28.8 = 18 7.36
pensation 1.6

Chronic acido- 32.0 = 2 0  7.40
sis, compen- 1.6
sated

*Adapted from Comroe et al [151] and Comroe [26]

[HC03]
[C02]
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XIV. TABLES

TABLE XIV-1 

PHYSICAL CONSTANTS OF CARBON DIOXIDE

Molecular formula 

Molecular weight 

Triple point

Sublimation temperature 
at 1 atm***

Critical temperature

Critical pressure

Latent heat of sublimation 
at -109.3 F (-78.5 C) and 1 atm

Latent heat of vaporization
at 2 F (-16.7 C) and 302 psig (2,080 kPa)

Specific gravity of gas
at 32 F (0 C) and 1 atm (air =1 )

Vapor density at 32 F (0 C) and 1 atm

Liquid density at 2 F (-16.7 C)

Liquid density at 70 F (21.1 C)

Conversion factors 
(760 mmHg and 25 C)

*pounds per square inch gage
**0.0101971 kg/sq cm
***760 mmHg = 14.70 pounds per square inch 

Adapted from [2]
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C02

44.01

-69.9 F (-56.6 C) and
60.4 psig* (416.5 kPa**)

-109.3 F (-78.5 C)

87.9 F (31.1 C)

1.055.9 psig (7,281 kPa)

246.3 BTU/lb (590.3 kJ/kg)

119.0 BTU/lb (276.8 kj/kg)

1.5240

0.12341 Ib/cu ft (1.977 kg/cu m)

63.3 lb/cu ft (1,010 kg/cu m)

47.5 lb/cu ft (761 kg/cu m)

1 ppm * 1.8 mg/cu'm 
1 mg/cu m = 0.556 ppm 
7.6 mmHg = 1 torr



TABLE XIV-2

OCCUPATIONS WITH POTENTIAL EXPOSURES TO CARBON DIOXIDE

Aerosol packagers 
Alkali salt makers 
Bakers
Baking powder makers 
Beverage carbonators 
Blast furnace workers 
Boiler room workers 
Brass founders 
Brewers 
Brick burners 
Bronze founders 
Caisson workers 
Canners
Carbonated water makers
Carbon dioxide makers
Carbon dioxide workers
Carbonic acid makers
Cave explorers
Charcoal burners
Cupola workers
Dairy farmers
Disinfectant makers
Distillers
Divers
Dockworkers
Drug makers
Dry ice workers
Drying room workers
Dyemakers
Ensilage diggers
Explosive makers
Fertilizer workers
Fire extinguisher makers
Firefighters
Foundry workers

Furnace workers 
Gluemakers
Grain alcohol workers 
Grain elevator workers 
Ice cream makers 
Insecticide makers 
Lime kiln workers 
Linseed oil boilers 
Mineral water bottlers 
Miners
Natural carbon dioxide workers
Pottery workers
Refrigerating car workers
Refrigerating plant workers
Salicylic acid makers
Sewer workers
Ships' hold workers
Silo workers
Soda makers
Starch makers
Submariners
Sugar refiners
Tannery pit workers
Tobacco moisteners, storehouse
Tunnel workers
Urea makers
Vat workers
Vault workers
Vinegar makers
Vintners
Vulcanizers
Welders, inert atmosphere 
Well cleaners 
White lead makers 
Yeast makers

Adapted from Gafafer [12]
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Table XIV-3

SIGNS AND SYMPTOMS OBSERVED IN 42 PERSONS 
EXPOSED TO CARBON DIOXIDE AT 7.5%

Signs & Symptoms Number of Persons Affected

Dyspnea 24

Headache 15

Increased motor activity 10

Restlessness 10

Visual, color distortions 8

Loss of balance 7

Vertigo 6

Sweating 6

Numbness 5

Loss of limb control 4

Irritation 4

Mental disorientation 2

Modified from Schaefer [30]
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