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It is paradoxical that in the late twentieth century, when
anesthesia machines and equipment were much simpler,
reading Anesthesia Equipment: Principles and Applications
edited by Drs. Jan Ehrenwerth and James Eisenkraft was
mandatory. At that time in most health care facilities, the
absence of on-site-trained technicians made each anes-
thesia caregiver his or her own biomedical technician.
Analogous to early aviators, anesthesia caregivers were
required to understand the mechanics of their equipment
as well as make minor repairs. Today, anesthesia worksta-
tions and equipment are complex and computer based.
Now there is an information explosion from multiple
e-media sources. Does this absolve health care providers
from possessing an intimate knowledge of the basics of
their equipment? The answer is a resounding no! If any-
thing, the second edition of Anesthesia Equipment: Princi-
ples and Applications becomes even more important, as the
clinician is continually bombarded with data on the well-
being of his or her equipment. Deciphering early clues
from a potential equipment failure and addressing them
in a timely fashion can mean the difference between an
uneventful anesthetic procedure and one with a signifi-
cant complication or adverse outcome.

For this edition, Jan Ehrenwerth and James Eisenkraft
are joined by James Berry. All are acknowledged leaders
in this field. Incorporating vital material from the first
edition, they have completely redesigned this seminal
publication. Keeping an easy-to-read and understand-
able style, they have spent a huge amount of time revis-
ing the graphics and tables. The figures are clear and
crisp, with the associated educational message easy to
understand. Indeed, the editors are so compulsive that
even the colors in graphs explaining vaporizer operation
are color coded (sevoflurane = yellow, desflurane = blue,
and isoflurane = purple). The tables are clear and not so
overloaded with data that they become unreadable. The

FOREWORD

chapters, written by experts in specific areas, follow a
template, which enhances their ability to deliver a mes-
sage clearly and rapidly and augments their educational
value. Parenthetically, two of the chapters written by the
editors are so outstanding that I recommend them to
candidates preparing for their oral board examinations
and now the recertification examination. Chapter 3,
“Anesthesia Vaporizers,” dissects the inner workings of
the modern vaporizer and, perhaps more important,
adroitly deals with the nuances of vaporizer malfunction
in a clinical setting. Chapter 31, “Electrical and Fire
Safety,” makes these topics so understandable that read-
ers may think they could be an electrical engineer or fire
marshal!

The real strength of the second edition of Anesthesia
Equipment: Principles and Applications lies in the breadth of
topics covered. This is not an anesthesia workstation
book. Rather, it addresses areas that the clinician is likely
to encounter on an everyday basis. The last part of the
book, Safety, Standards, and Quality, brings all the chapter
themes together under the larger topic of patient safety, a
core value of our specialty. It addresses such provocative
topics as risk management and the development and
impact of regulations and standards.

The editors have taken a very complex group of topics,
and by use of their skills as clinicians and educators, have
made the material meaningful to the novice as well as sea-
soned attending clinicians. In looking at the value of the
book, perhaps Albert Einstein said it best: “Everything
should be made as simple as possible, but not simpler.”

Paul Barash, MD

Professor of Anesthesiology

Yale University School of Medicine
New Haven, CT
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Anesthesia equipment and technologies have evolved sig-
nificantly since publication of the first edition of Anesthe-
sia Equipment: Principles and Applications 20 years ago. In
many areas the function of the equipment (e.g., anesthe-
sia workstation) remains the same, but the process has
changed to make the systems more accurate, more reli-
able, and compatible with electronic medical record-
keeping and data handling systems. There are many
potential benefits to be gained from these largely com-
puter-based advances, such as better ergonomics, intelli-
gent alarm systems, and unlimited potential for data
mining to help improve outcomes. This evolution has
necessitated an increasing appreciation of the more
sophisticated equipment that we use on a daily basis. In
2003, the journal Anesthesia and Analgesia added a section
on Technology, Computing, and Simulation, with Ste-
ven J. Barker, MD, PhD, serving as the first section edi-
tor. In an accompanying editorial entitled “T'oo much
technology,” Barker! cautioned against “black box com-
placency” and concluded that “Today’s problem is not
simply too much reliance on technology. Our problem is
not enough education in the basis of technology, its limi-
tations, its relationship with physiology, and its integrated
use in patient care.” His challenge to the reader was to
improve “technoeducation” for the benefit of future
anesthesiologists and the safety of our patients. This book
is intended to meet that challenge.

As in the first edition, the approach taken to describe
equipment is first to define the principles of operation,
including, where applicable, the physics and technologic
aspects. Once the principles of operation are understood,
the applications and limitations should be a logical con-
tinuation. Clinical relevance and safety aspects have been
emphasized throughout.

"This volume is organized into seven parts. Part I, Gases
and Ventilation, covers this topic as used in contemporary
anesthesia delivery systems for inhaled anesthetics.
Although we focus on systems used in the United States,
the principles should be applicable to other systems used
elsewhere. Obsolete systems have been omitted except
where they may be useful to illustrate important principles.
"This particularly applies in the case of measured flow vapor-
izing systems, such as the Copper Kettle and Verni-Trol.

Part II, Systern Monitors, discusses the basic monitors
of the anesthesia delivery system that ensure correct
functioning.

Part III, Patient Monitors, describes the additional
equipment used for basic anesthetic monitoring as defined
by the standards most recently published by the American
Society of Anesthesiologists.

PREFACE

Part IV describes Other Equipment that is not logically
categorized in other groups.

Part V covers Computers, Alarms, and Ergonomics.
These features are the basis of the distinction between
contemporary systems and their predecessors.

Part VI describes Special Conditions in which anesthesia
delivery systems may be used, as well as the principles of
closed circuit anesthesia techniques.

Part VII includes chapters related to Safety, Standards,
and Quality. Studies of critical incidents and adverse out-
comes involving anesthesia equipment continue to show
that pure failure of equipment is uncommon, whereas use
error and failure to recognize spurious data are the lead-
ing culprits.

There is extensive coverage of most anesthesia equip-
ment; omitted are ultrasound and echocardiography
equipment, as well as rapid infusion systems. There is
also no discussion of cardiopulmonary bypass or extra-
corporeal oxygenation hardware and techniques. These
devices are omitted because they are somewhat special-
ized, not exclusive to anesthesiology practice, and are
extensively covered in other texts. There is a significant
allocation of space to safety, standards, and regulatory
issues, along with quality assurance topics.

The editors wish to acknowledge the hard work of all
those who have made this second edition possible, espe-
cially the contributors, without whose expertise this book
would not exist. We would also like to thank the many
equipment manufacturers for supplying technical infor-
mation and outstanding illustrations.

We would also like to acknowledge all of those who
have taught and mentored us throughout the years.
Finally, we are grateful to the outstanding staff at Else-
vier, especially Joanie Milnes, Carrie Stetz, and William
Schmitt, who greatly facilitated the production and pub-
lication of this text.

Jan Ehrenwerth, MD
New Haven, CT

James B. Eisenkraft, MD
New York, NY

James M. Berry, MD
Nashville, TN

1. Barker SJ. Too much technology? Amesth Analg
97:938-939, 2003.
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MEDICAL (GASES: STORAGE AND SUPPLY™

S. Nini Malayaman ¢ George Mychaskiw Il ¢ Jan Ehrenwerth

CHAPTER OUTLINE

OVERVIEW

MEDICAL GAS CYLINDERS AND THEIR USE
Oxygen Tanks
Nitrous Oxide Tanks

CHARACTERISTICS OF GAS CYLINDERS
Size

Color Coding

Cylinder Markings

Pressure Relief Valves

Connectors

GAS CYLINDER SAFETY ISSUES

Prevention of Incorrect Gas Cylinder
Connections

Securing Cylinders Against Breakage

Transfilling

Cylinder Hazards

GUIDELINES FOR USE OF MEDICAL GAS
CYLINDERS

Supply

Storage

Transport and Installation

OVERVIEW

Anesthesia providers were once expected to know a great
deal about the storage and supply of medical gases. In
both large and small institutions, anesthesiologists often
had to rely on their own knowledge and skill in this area
to manage the many aspects of medical gases, from pur-
chasing to troubleshooting.

Changes in technology and institutional organization
have relieved the anesthesiologist of the majority of these
responsibilities. However, this should not excuse anesthe-
sia providers from understanding the basic facts and safety
principles associated with the use of medical gases for anes-
thesia. Invariably, other health care providers and adminis-
trators have little knowledge regarding these systems and
look to anesthesia professionals for guidance in the use and
handling of these gases in the hospital or clinic setting.

*Portions of this chapter are reproduced by permission from Eisenkraft
JB: The anesthesia delivery system, part I, vol 3. In Progress in Anes-
thesiology, San Antonio, TX, 1989, Cannemiller Memorial Education
Foundation.

MEDICAL GAS PIPELINE SYSTEMS

MEDICAL GAS CENTRAL SUPPLY SYSTEMS
Oxygen

Oxygen Concentrators

Medical Air

Nitrous Oxide

Helium

Nitric Oxide

Nitrogen

Central Vacuum Systems

MEDICAL GAS PIPELINES
Planning

Additions to Existing Systems
Installation and Testing

HAZARDS OF MEDICAL GAS DELIVERY SYSTEMS
PROCEDURES

With few exceptions, the only medical gases encoun-
tered by practicing anesthesiologists today are oxygen,
nitrous oxide, and medical air. For safety reasons, flamma-
ble agents are rarely, if ever, used in operating rooms (ORs)
today. Nitrogen is used almost exclusively to power gas-
driven equipment. Helium, carbon dioxide, and premixed
combinations of oxygen and helium or carbon dioxide are
generally no longer used. In certain uncommon clinical
situations, other gases may be used. Helium is occasionally
used as an adjunct in the ventilation of patients undergoing
laryngeal surgery because of its low density and flow-
enhancing characteristics. Carbon dioxide is infrequently
used in the management of anesthesia for repair of selected
congenital heart defects. Finally, nitric oxide is currently
available for use as a pulmonary vasodilator. Anesthesiolo-
gists who use these gases must be fully versed in their char-
acteristics and safe handling. For detailed information and
numerous references relating to the handling and use of
these and other unusual medical gases, along with a wealth
of general information about medical gas cylinders, the
reader is directed to publications from the Compressed
Gas Association.!?
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Medical gas manufacturers are subject to more strin-
gent government and industry regulations and inspections
than they have been in the past. This has helped markedly
reduce the number of accidents related to medical gases.
For these reasons, anesthesia training programs may not
emphasize instruction in the various aspects of storing and
using medical gases.

In addition, the recent increased concern regarding the
safety of anesthetized patients has helped reduce the num-
ber of gas-related injuries. Inspired oxygen monitors with
lower limit alarms provide the anesthesia practitioner with
an early warning when the oxygen supply becomes inade-
quate or is contaminated with another gas. Mixed-gas
monitoring and analysis is also becoming more common
and provides the practitioner with an important way to
quickly detect contaminants or unusual gas mixtures before
the patient is injured. If the oxygen monitor fails, pulse
oximetry can alert the anesthesiologist to problems with
patient oxygenation related to inadequate oxygen supply.

MEDICAL GAS CYLINDERS
AND THEIR USE

Medical gases are stored either in metal cylinders or in
the reservoirs of bulk gas storage and supply systems. The
cylinders are almost always attached to the anesthesia gas
machine. Bulk supply systems use pipelines and connec-
tions to transport medical gases from bulk storage to the
anesthesia machine.

Virtually all facilities in which anesthesia is adminis-
tered are equipped with central gas supply systems. Anes-
thesia practice is currently undergoing change in this
regard, and many anesthetics are administered outside the
OR, and even outside the hospital, where a central gas sup-
ply system may be unavailable. The current emphasis on
providing care away from the hospital—such as in dental
clinics, mobile lithotripsy units, and mobile magnetic res-
onance imaging facilities—will only increase the demands
on the anesthesia provider to ensure a safe and continuous
gas supply. E-cylinders are sometimes the only source of
medical gas for anesthesia machines in these settings. If an
anesthetic is being administered using only E-cylinders,
then both the anesthesiologist and related support person-
nel must first ensure that an adequate supply of reserve
cylinders is available. In addition, the amount of gas in the
cylinders being used must be continually monitored, and
the cylinders must be replaced before they are completely
emptied. The importance of this cannot be overempha-
sized. Many anesthesia practitioners today have not been
confronted with the possibility of running out of oxygen
and having to change a tank while administering an anes-
thetic—but the evolving nature of anesthesia practice away
from traditional facilities is likely to make this a more
common occurrence. If an anesthesiologist anticipates this
situation, it is imperative that the anesthesia machine be
equipped with two oxygen cylinder yokes so that oxygen
delivery can continue when the empty tank is changed.

Anesthesia practitioners should be familiar with two
sizes of gas cylinders. The cylinder most often used by
anesthesia providers is the E-cylinder, which is approxi-
mately 2 feet long and 4 inches in diameter. E-cylinders

are also routinely used as portable oxygen sources, such
as when a patient is transported between the OR and an
intensive care unit (ICU). H-cylinders are larger, approxi-
mately 4 feet long and 9 inches in diameter, and are gener-
ally used as a source of gas for small or infrequently used
pipeline systems. They may be used as an intermediate or
long-term source of gas at the patient’s bedside. Almost all
hospitals store H-cylinders of oxygen in bulk as a back-up
source in case the pipeline oxygen fails or is depleted.
H-cylinders of nitrogen are often used to power gas-driven
medical equipment. H-cylinders that contain oxygen,
nitrous oxide, or air have occasionally been used in ORs
and are connected to the anesthesia machine via special
reducing valves and hoses. Such uncommon configurations
are not only potentially hazardous, they also defeat certain
safeguards. Any practitioner who uses such a system must
become thoroughly familiar with it and must be certain it
complies with applicable regulations and guidelines.!-

Oxygen Tanks

Oxygen (O,) has a molecular weight of 32 and a boiling
point of ~183° C at an atmospheric pressure of 760 mm Hg
(14.7 pounds per square inch in absolute pressure [psia]).
The boiling point of a gas—that is, the temperature at
which it changes from liquid to gas—is related to ambient
pressure in such a way that as pressure increases, so does the
boiling point. However, a certain critical temperature is
reached, above which it boils into its gaseous form no mat-
ter how much pressure is applied in the liquid phase. The
critical temperature for oxygen is -118° C, and the aitical
pressure, which must be applied at this temperature to keep
oxygen liquid, is 737 psia. Because room temperature is usu-
ally 20° C and therefore in excess of the critical tempera-
ture, oxygen can exist only as a gas at room temperature.

E-cylinders of oxygen are filled to approximately 1900
pounds per square inch gauge pressure (psig) at room tem-
perature: 1 atmosphere (atm) is 760 mm Hg, which equals
0 psig or 14.7 psia. At high pressures, psig and psia are vir-
tually the same. When full, the cylinders contain a fixed
number of gas molecules, the so-called fixed mass of that
gas. These gas molecules obey Boyle’s law, which states
that pressure times volume equals a constant (P{V; = P, V),
provided temperature does not change. A full E-cylinder of
oxygen with an internal volume of 5 L (V1) and a pressure
of 1900 psia (P;) will therefore evolve approximately 660 L
(V) of gaseous oxygen at atmospheric pressure (P, or 14.7
psia). Thus Boyle’s law gives the approximate value:

V=P x Vi)/ P, =(1900x 5)/14.7=660 L

If the oxygen tank’s pressure gauge reads 1000 psig,
the tank is approximately 50% full (1000 + 1900) and will
evolve only 330 L (660 x 50%) of oxygen (Fig. 1-1). If
such a tank were to be used at an oxygen flow rate of 6 L/
min, it would empty in just under an hour 330 + 6 = 55
minutes). Likewise, a full (2200 psig) H-cylinder will
evolve 6900 L of oxygen at atmospheric pressure. It is
important to understand these principles when oxygen
tanks are being used to supply the machine or a ventilator
or to transport a patient. Because oxygen exists only as a
gas at room temperature, the tank’s pressure gauge can be



Volume T T T !
660 L 330 L 165 L oL
Pressure T T T 1
1900 psig 950 psig 475 psig 0 psig
~——" N—" N—" N—
Full 50% Full 25% Full Empty
FIGURE 1-1 = Oxygen remains a gas under high pressure. The

pressure falls linearly as the gas flows from the cylinder; thus, in
contrast to nitrous oxide, the pressure remaining always reflects
the amount of gas remaining in the cylinder. (Modified from Bowie
E, Huffman LM: The anesthesia machine: essentials for understand-
ing, 1985. With permission from Datex-Ohmeda, Madison, WI.)

used to determine how much gas remains in the cylinder.
Clearly, if a machine is equipped with two E-cylinders of
oxygen, only one should ever be open at any time to
ensure that both tanks are not emptied simultaneously.

Nitrous Oxide Tanks

Nitrous oxide (N;O) has a molecular weight of 44 and a
boiling point of -88° C at 760 mm Hg. Because it has a
critical temperature of 36.5° C and critical pressure of
1054 psig, nitrous oxide can exist as a liquid at room tem-
perature (20° C). E-cylinders of nitrous oxide are filled to
90% to 95% of their capacity with liquid nitrous oxide.
Above the liquid in the tank is nitrous oxide vapor, that is,
gaseous nitrous oxide. Because the liquid nitrous oxide is
in equilibrium with its vapor phase, the pressure exerted
by the nitrous oxide vapor is its saturated vapor pressure
(SVP) at the ambient temperature.

A full E-cylinder of nitrous oxide will evolve approxi-
mately 1590 L of gaseous nitrous oxide at 1 atm (14.7 psia).
As long as some liquid nitrous oxide remains in the tank
and temperature remains constant (20° C), the pressure in
the tank will be 745 psig, or the SVP of nitrous oxide at
20° C (Fig. 1-2). It should be clear that, unlike oxygen, the
content of a tank of nitrous oxide cannot be determined
from the pressure gauge. It can, however, be determined
by removing the tank, weighing it, and subtracting the
empty weight stamped on each tank (tare weight); the dif-
ference is the weight of the contained nitrous oxide. Avo-
gadro’s formula for volume states that 1 g of molecular
weight of any gas or vapor occupies 22.4 L at standard
temperature and pressure. Thus, 44 g of nitrous oxide
occupies 22.4 L at 0° C and 760 mm Hg pressure. At
20° C this volume increases to 24 L. (22.4 x 293 = 273);
thus each gram of nitrous oxide is equivalent to 0.55 L of
gas at 20° C.

Only when all the liquid nitrous oxide in the tank has
been used up and the tank contains only gaseous nitrous
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Volume ! T T !
1590 L ? ? 136 L
Pressure T T T 1
745 psig 745 psig 745 psig 400 psig
N,O gas
N,O liquid
Full

FIGURE 1-2 = At ambient temperature (20° C), nitrous oxide lique-
fies under high pressure, and the pressure of the gas above the
liquid remains constant independent of how much liquid remains
in the cylinder. Only when all the liquid has evaporated does the
pressure start to fall, and then it does so rapidly as the residual
gas flows from the cylinder. (From Bowie E, Huffman LM: The
anesthesia machine: essentials for understanding, 1985. With per-
mission from Datex-Ohmeda, Madison, WI.)

oxide, can Boyle’s law be applied. In this instance, when
the tank pressure (P) is 745 psig from gas only and the
internal volume (Vi) of the E-cylinder is approximately
5 L, the volume (V) of nitrous oxide gas that will be
evolved at atmospheric pressure (P,) is represented by the
following equation:

Vz =(P1 XV1)/P2
(745%5)/14.7=253.4 L

At this point the tank is 16% full (253 + 1590). A tank
showing a pressure of 400 psig at 20° C will evolve 136 L
[(400 + 745) x 253] of nitrous oxide gas.

While anesthesia is being administered, it is not prac-
tical to remove the nitrous oxide cylinder from the anes-
thesia machine and weigh it accurately enough to
determine how much nitrous oxide is left. When the
nitrous oxide is being used rapidly, the latent heat of
vaporization causes the cylinder itself to become cold. If
humidity is sufficient in the surrounding atmosphere,
some moisture (or even frost) may collect on the outside
surface of the cylinder over the portion that is filled with
liquid nitrous oxide. The moisture line, or frost line,
which may drop as the gas is used, can provide an indica-
tion of when the nitrous oxide will run out. A number of
tapes and devices are available to mark the cylinders for
this purpose, but their reliability has not been tested. If
nitrous oxide is to be used as an anesthetic, it is best to
begin with a full cylinder because the length of time the
cylinder will last can be calculated. For example, a full
E-cylinder of nitrous oxide used at a flow rate of 3 L/min
will last about 9 hours (3 x 60 x 9 = 1620 L)). When the
pressure in the cylinder begins to fall, approximately
250 L are left to be evolved, and the tank will soon need
to be replaced.
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CHARACTERISTICS OF GAS CYLINDERS
Size

Table 1-1 gives a list of the sizes, weights, and volumes of
the common cylinders that contain various medical gases.
As noted, the anesthesia provider will most often encoun-
ter oxygen and nitrous oxide in E-cylinders and a variety
of gases in H-cylinders. Although other gas cylinders are
found in the OR—such as those used for gas-powered
equipment, laparoscopy equipment, and lasers—these are
not likely to be in the domain of anesthesia personnel.

Color Coding

Table 1-2 lists the color markings used to identify medical
gas cylinders. Although the internationally accepted color
for oxygen is white, green is used in the United States, pri-
marily for reasons of tradition; in addition, yellow is used
to identify compressed air, which represents another
exception to international standards. Anesthesiologists
working in countries other than the United States should
be aware of these differences. Because nitric oxide (NO)
cylinders are not standardized in color and are frequently

supplied as bare aluminum, it is important to check the
label and not solely rely on color coding to identify a com-
pressed gas.

Cylinder Markings

Certain codes are stamped near the neck on all medical
gas cylinders. The U.S. Department of Transportation
(DOT), which has extensive regulations concerning the
marking and shipping of medical gas cylinders, requires
a code to indicate that the cylinder was manufactured
according to its specifications (Fig. 1-3). The service
pressure (in psig) is stamped on each cylinder and should
never be exceeded. Each cylinder is also given its own
serial number and commercial designation; the final
code stamped on the cylinder is usually the date of the
last inspection and the inspector’s mark. Medical gas
cylinders must be inspected at least once every 10 years,
at which time they should also be tested for structural
integrity; this is done by filling the cylinder to 1.66
times the normal service pressure. The date of this
inspection is often circled with a black marker to indi-
cate that the cylinder has been checked by the supplier
(Fig. 1-4).

TABLE 1-1 Typical Volume and Weight of Available Contents of Medical Gas Cylinders*
Mixtures

Cylinder Nominal of Oxygen
Style and Volume Unit of I ——_ = —
Dimensions  (in3/L) Measure Air CO, Cyclopropane He N, N,O 0, He CO,
B 87/1.43 psig 838 75 1900
3.5x13in L 370 375 200
8.89 x 33cm Ib-o0z 1-8 1-7.25 —

kg 0.68 0.66 =
D 176/2.88 psig 1900 838 75 1600 1900 745 1900 U i
4.25 x 17 in L 375 940 870 300 370 940 400 300 400
10.8 x 43 cm Ib-0z — 3-13 3-5.56 — — 3-13 — T i

kg 1.73 1.51 — — 1.73 — T i
E 293/4.80 psig 1900 838 1600 1900 745 1900 T i
4.25 x 26 in L 625 1590 500 610 1590 660 500 660
10.8 x 66 cm Ib-0z — 6-7 — — 6-7 — U i

kg 2.92 — — 2.92 — i i
M 1337/21.9 psig 1900 838 1600 2200 7.45 2200 T i
7 x43 in L 2850 7570 2260 3200 7570 3450 2260 3000
17.8 x 109 cm Ib-o0z — 30-10 — — 30-10 122 cu ft T i

kg 13.9 = = 13.9 = t t
G 2370/38.8 psig 1900 838 1600 745 U i
8.5x51in L 5050 12300 4000 13800 4000 5330
17.8 x 109 cm Ib-0z — 50-0 — 56-0 ¥ ¥

kg 22.7 - - 25.4 t t
Hor K 2660/43.6 psig 2200 2200 2200 745 2200%

L 6550 6000 6400 15800 6900

Ib-o0z — — — 64 244 cu ft

kg = = = 29.1 =

*Computed contents are based on normal cylinder volumes at 70° F (21.1° C), rounded to no greater than 1% variance.
The pressure and weight of mixed gases vary according to the composition of the mixture.

1275 cu ft/7800 L cylinders at 2490 psig are available on request.

Modified from Compressed Gas Association: Characteristics and safe handling of medical gases, publication P-2, ed 7. Arlington, VA, 1989,

Compressed Gas Association.



All medical gas cylinders should come from the supplier
accompanied by a tag with three perforated sections, each
designating a different stage of use: empty, in use, and full.
The portion of the tag marked “full” should be removed
when a cylinder is put into service. This is not usually criti-
cal, however, because it is generally obvious when a cylin-
der is in use; making use of the tag marker becomes
important when an empty cylinder is removed from the
machine. If the tag is not used correctly at the outset, the
problem is compounded with each successive stage of

TABLE 1-2 Color Marking of Compressed Gas
Containers Intended for Medical Use

Gas U.S. Color Canadian Color
Oxygen Green White*
Carbon dioxide Gray Gray
Nitrous oxide Blue Blue
Cyclopropane Orange Orange
Helium Brown Brown
Nitrogen Black Black
Air Yellow* Black and white
Mixture other than A combination of colors

oxygen and corresponding to each

nitrogen component gas

Mixture of Oxygen and Nitrogen
Oxygen 19.5%-23.5% Yellow* Black and white

All other oxygen Black and green  Pink
concentrations

*Historically, vacuum systems have been identified by white in the
United States and yellow in Canada. Therefore it is recommended
that white not be used in the United States and yellow not be
used in Canada as markings to identify containers for use with
any medical gas.

Modified from Compressed Gas Association: Standard color marking
of compressed gas containers intended for medical use, publication
C-9, ed 3. Arlington, VA, 1988, Compressed Gas Association.

‘ . r:' :

FIGURE 1-3 = Some of the cylinder markings on an E-cylinder. DOT
indicates that the cylinder was manufactured according to the
specifications of the United States Department of Transportation
(DOT); 3AL indicates the tank is aluminum. 2075 indicates the
maximum filling pressure of the cylinder in pounds per square
inch gauge pressure (psig), the number to the right is the cylinder
serial number, and ALL GASS is the tank owner’s name.
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the cylinder’s use, and the final result is storage of an empty
cylinder as a full one. Although a discrepancy in weight
may alert a user to an incorrectly labeled cylinder, this error
may be easily overlooked in an emergency situation.

Pressure Relief Valves

All medical gas cylinders must incorporate a mechanism
to vent the cylinder’s contents before explosion from
excessive pressure.S Explosion can result from exposure to
extreme heat, such as in the event of a fire, or from acci-
dental overfilling. These mechanisms are of three basic
types—the fusible plug, frangible disk assembly, and
safety relief valve—and are incorporated into the cylinder;
as such, they cannot be inspected by the user. The fusible
plug, made of a metal alloy with a low melting point, will
melt in a fire and allow the gas to escape. With certain
gases, such as oxygen or nitrous oxide, this can aggravate
the fire because oxygen and nitrous oxide are both strong
oxidizers. The frangible disk assembly contains a metal disk
designed to break when a certain pressure is exceeded and
thereby allow the gas to escape through a discharge vent.
Finally, the safety relief valve is a spring-loaded mechanism
that closes a discharge vent. If the pressure increases, the
valve opens and remains open until the pressure decreases
below the valve’s opening threshold. Some cylinders have
combination devices that incorporate a fusible metal plug
with one of the other two mechanisms.

Connectors

Figure 1-5 illustrates the tops of typical valves for both
small (E) and large (H) cylinders. As previously men-
tioned, large cylinders have valve outlets that are coded
and are unique to the gas content of the cylinder. The
coding is based on the threads and diameter of the outlet
port orifice.* Regulators to reduce and control the pres-
sure of the gas, also specific for each type of gas, are
attached to these threaded valve ports. It is highly

FIGURE 1-4 = An E-cylinder of oxygen. The inspection date,
August 2008, has been painted white to indicate the cylinder
was checked at the time it was delivered to the facility. All cylin-
ders must be checked for leaks and structural integrity with an
overpressure test at least once every 10 years.
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unsafe to use a regulator for one type of gas on a valve
port of a cylinder of another type of gas.

Small cylinders have cylindrical ports or holes in their
valves to receive the yoke, either on an anesthesia
machine or free standing, from which the gas will flow. A
washer, usually made of Teflon, is necessary to make this
connection gas tight. Care must be taken to ensure that

On/off valve spindle

Packing nut
Conical | Outlet port

depression
Valve seating

Safety relief
device

Holes for
pin index system

A

Hand wheel

Nut

Stem

Outlet port

Safety relief
device

B

FIGURE 1-5 = Typical cylinder valves. A, A small cylinder packed
valve, such as would be found on an E-cylinder. Note that the
female-type port is not unique to the gas type. B, A large cylin-
der packed valve, such as would be seen on an H-cylinder. Note
that the male type of outlet port has a unique diameter and
threads as a safety feature intended to help ensure correct con-
nections. (Modified from Davis PD, Parbrook EO, Parbrook GD:
Basic physics and measurement in anesthesia, ed 3. Oxford, UK,
1984, Butterworth-Heinemann.)

the retaining screw that holds the cylinder in the yoke is
not placed into the safety relief device instead of in its
intended location in the conical depression opposite the
valve port (Fig. 1-5, A). The connection between cylin-
der valve and yoke is made gas specific by the pin index
safety system for small cylinder connections.

GAS CYLINDER SAFETY ISSUES

Prevention of Incorrect Gas Cylinder
Connections

In the past, cylinders containing the wrong gas—for exam-
ple, nitrous oxide instead of oxygen—were sometimes con-
nected to anesthesia gas delivery systems, with disastrous
results. This led to the development of systems designed to
help ensure use of the correct cylinder. Most of the gas
tanks used for anesthesia are E-cylinders or other small cyl-
inders, for which the pin index safety system was developed
in 1952. The pin index system* relies on two 5-mm stainless
steel pins on the cylinder yoke connector just below the fit-
ting for the valve outlet port. Seven different pin positions
are possible depending on the type of gas in the cylinder
(Fig. 1-6). The yoke connector for an oxygen cylinder, for

FIGURE 1-6 = Pin index safety system pin location is shown, look-
ing at the placement of holes in the tank. Pins are placed precisely
complementary in the tank yoke. Two pins are used to identify
each type of gas. Pin configurations are listed in Table 1-3.



example, has pins at positions 2 and 5 (Fig. 1-7). Pin posi-
tions for the various gases are listed in Table 1-3. These pins
fit exactly into the corresponding holes in the cylinder valve
(Fig. 1-8). This system provides an additional safety feature
and, along with color coding, is designed to ensure that the
correct gas is connected to its corresponding cylinder yoke.
Obviously, connectors with either damaged or missing
index pins are unsafe and should not be used under any cir-
cumstances. Because a pin can easily be lost or damaged
when a cylinder is handled roughly, the person changing
the cylinder must make certain that both pins are intact.

Securing Cylinders Against Breakage

Gas cylinders should always be secured when placed in an
upright position. If left freestanding, a cylinder can easily
fall over in such a way that it would fracture at the neck
(Fig. 1-9). The cylinder’s highly pressurized gas would be
suddenly released, and the cylinder would become an
unguided missile of tremendous force; in fact, the cylinder
could generate enough force to penetrate a cinder-block wall
several feet thick. The potential danger of such an occur-
rence is obvious. Therefore, all gas cylinders must be secured
when they are upright. If that is not possible, the cylinder can
be laid on its side. Individual E-cylinders can be placed in
a broad-based wheeled carriage for support when in use.

Transfilling

Anesthesia personnel should never attempt to refill small
cylinders from larger ones. Even if gas-tight connections
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were possible, the risk of explosion from the heat of com-
pression in the small cylinder would still be serious. In
addition, there is always the possibility that the wrong gas
would be placed in the cylinder. The practice of transfill-
ing is also forbidden. Medical gases must be obtained ony
from a reputable commercial supplier.

Cylinder Hazards

A study of 14,500 medical gas cylinders consecutively deliv-
ered from supposedly reputable suppliers found 120 (0.83 %)
with potentally dangerous irregularities.” Forty cylinders
were delivered either empty or partially filled, 3 were found
to be dangerously overfilled to near-bursting pressures, and
6 cylinders of compressed air were found to be contami-
nated with volatile hydrocarbons. Thirty cylinders were
unlabeled, and the labels of many others were illegible, hav-
ing been painted over. Another 4 cylinders were incorrectly
color coded, 5 large cylinders were fitted with incorrect
valve outlet ports (which is especially dangerous because an
oxygen valve on an air cylinder enables air to be fed into an
oxygen outlet), 14 valve assemblies were found to be loose,
and 4 valve assemblies were inoperable. On a large number
of cylinders, the current inspection date was either absent or
had been painted over so as to be illegible. Numerous exam-
ples were cited of cylinders being improperly stored or
secured. The results of this study serve to remind anesthesia
practitioners of the danger of assuming that gas supplies are
perfectly safe. All facilities should have an established sys-
tem to ensure that each cylinder of medical gas is inspected
and tested upon delivery to the facility.

- -
516, 5.1 3
o
6151651 ! 2
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FIGURE 1-7 = A, Cylinder yoke on the anesthesia machine. Note the two pins for the pin index system at the bottom of the yoke (bottom
arrow) and the hole (top arrow; not gas specific) that aligns with the outlet port of the tank. B, Oxygen yoke with the tank removed

and the N,O tank in place.

TABLE 1-3 Pin Index Safety System

Air Cyclopropane N,

Mixtures of Oxygen

Nzo 02 He COZ

Pin positions 1-5 3-6 1-4

3-5 2-5 2-4 1-6

The pin index system relies on two 5-mm stainless steel pins on the cylinder yoke connector just below the fitting for the valve outlet port.
Seven different pin positions are possible depending on the type of gas in the cylinder (the seventh pin position is for a gas not used in

the United States). See Figures 1-6 and 1-7 for pin locations.
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FIGURE 1-8 = Cylinder valve at the top of an E-cylinder shows the
two holes for the pin index system and the outlet port with an
attached washer (arrow).

GUIDELINES FOR USE OF MEDICAL GAS
CYLINDERS

Numerous rules govern the safe handling of cylinders
that contain medical gases.!” Summarized below are
practical points that anesthesia practitioners must con-
sider on a routine basis.

Supply

As noted, medical gases should be purchased only from a
reputable commercial supplier. Outside metropolitan
areas, the only supplier of any type of compressed gas
may be the local welding company. Purchasing medical
gases from such a source can be appropriate once it has
been established that this supplier meets all safety require-
ments and standards for the manufacture and supply of
medical gases. Such verification should be incorporated
into the system to promote maximum safety.

FIGURE 1-9 = A, Gas cylinders must never be left standing upright and unsecured. They are vulnerable to being knocked over easily,
such as by opening a door. Cylinders that fall directly to the floor, and especially cylinders that fall so that the top hits a wall (B),
are at great risk for breaking at the cylinder neck. This creates a dangerous “unguided missile,” in which the high-pressure gas
escapes out the narrow neck and rockets the cylinder forward with enough force to penetrate a brick wall. C, Oxygen cylinders are
now available with a maximum pressure of 300 psi and a capacity of 1000 L of oxygen. These would present an even greater haz-
ard if ruptured. D, If upright, individual cylinders should be secured in some type of holder, such as a rolling stand for E-sized

cylinders.



Storage

Specific regulations and standards govern the storage of
medical gas cylinders.”>? For example, full cylinders and
empty cylinders must be stored separately, each in its
own “tank room” if possible. Small cylinders should be
placed in nonflammable racks, and large cylinders should
be chained to a wall. At least one anesthesiologist in each
facility should be aware of these requirements and how
they are being implemented. Anesthesia caregivers should
also assume responsibility for all aspects of medical gas
supplies.

Transport and Installation

Medical gas cylinders must be handled with care. As pre-
viously mentioned, a broken cylinder can have serious
consequences, as can valve assemblies damaged by rough
handling. Cylinders should undergo a final inspection
just before they are used. If questions arise concerning
the safety or content of a cylinder, it should not be used;
instead, an investigation should be undertaken before
returning the cylinder to the supplier. Before a small
E-cylinder is installed in the hanger yoke, the plastic
wrapping surrounding the cylinder valve outlet must be
completely removed. If this is not done, the plastic wrap-
per will prevent the gas from entering the inlet in the
hanger yoke. All cylinders should be opened slightly, or
“cracked,” immediately before installation to clean any
residual oil, grease, or debris from the valve outlet port
that would otherwise be released into the anesthetizing
apparatus. Furthermore, cylinders should always be
opened slowly to prevent dramatic heating of the suddenly
pressurized piping. If an abnormal odor is detected when
the cylinder is opened, gas should be collected from the
tank and analyzed by gas chromatography to detect
hydrocarbon contamination.® Once a problem is con-
firmed, the cylinder in question should be sequestered,
not returned to the supplier, and the appropriate local
and federal authorities contacted.

Connections between gas cylinders and anesthesia
machines must be tight. Figure 1-10 illustrates the
proper method for balancing the tank when securing it
to or removing it from the yoke. Washers are necessary
for small cylinder yokes and occasionally need replace-
ment; the old washer must be removed before placing a
new washer. Having two washers in place simultane-
ously will create a leak and may defeat the pin index sys-
tem. If a hissing noise is heard when a cylinder is opened,
a leak is present. Tightness can always be checked by
dripping soapy water onto the connection and inspect-
ing it for bubbles. A connection should never be over-
tightened in an attempt to compensate for a leak; doing
so may damage or even crack the cylinder valve. As in all
aspects of anesthesia practice, brute force is almost never
appropriate.

Once a new cylinder is in place, the pressure must be
checked on the applicable gauge. Correct pressures for
full cylinders are listed in Table 1-1. Overpressurized cyl-
inders are dangerous and must be removed at once and
reported to the supplier.
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FIGURE 1-10 = Proper method for attaching an E-cylinder to the
yoke of an anesthesia machine. The tank is first supported on the
anesthesiologist’s foot while the holes on the tank are aligned
with the pins in the yoke. The tank is then slid into place on the
yoke, and the T-handle is tightened to make a gas-tight seal.

MEDICAL GAS PIPELINE SYSTEMS

Medical gas pipeline systems consist of three main com-
ponents: 1) a central supply of gas, 2) pipelines to trans-
port gases to points of use, and 3) connectors at these
points that connect to the equipment that delivers the
medical gas. Anesthesia caregivers are primarily concerned
with piped oxygen and nitrous oxide; however, ORs may
have two other medical gas supply pipelines: one for com-
pressed air and another for nitrogen to power gas-driven
equipment.

Detailed standards and guidelines exist for the use
of medical gas delivery systems. In North America,
these are published by the American National Stan-
dards Institute (ANSI), the American Society of
Mechanical Engineers (ASME), the Compressed Gas
Association (CGA), the National Fire Protection Asso-
ciation (NFPA), the Canadian Standards Association
(CSA), and the American Hospital Association (AHA).”
In the United States, a hospital must meet the NFPA
standards to be accredited by The Joint Commission
(TJC) and often to obtain insurance coverage. The
construction of a medical facility is governed by stan-
dards, and the procedures required for operating a
medical gas system must be followed by the plant engi-
neering and maintenance departments. Problems in
the construction of gas pipelines have led to anesthesia
deaths; anesthesia providers should therefore be aware
of these standards and the gas delivery system at their
facility.10

MEDICAL GAS CENTRAL SUPPLY
SYSTEMS

The central supply (bulk storage) system is the source of
medical gases distributed throughout the pipeline system.
For oxygen, the central supply can be a series of standard
cylinders connected by a manifold system or, for larger
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supply. (From CSA Standard Z305.1-1975, Nonflammable medical-gas piping systems. Toronto, 1975, Canadian Standards Association.)

installations, pressure vessels of liquid oxygen with accom-
panying vaporizers. For medical air, the supply can be cyl-
inders of compressed air, cylinders of oxygen and nitrogen
with the gases mixed by a regulator, or air compressors. In
general, for nitrous oxide or nitrogen, a series of cylinders,
or liquid Dewar tanks, with a manifold system is used.

Oxygen

Central supply systems that carry oxygen are both the
most common and the most important supply systems; as
such, they have received considerable attention. Stan-
dards for bulk systems that involve the storage of oxygen
as a liquid are contained in NFPA Publication 55.11 Oxy-
gen systems are extensively covered in NFPA Publication
9912 and in the CSA Standard Z305.1.13

Very small systems have a total storage capacity of less
than 2000 cubic feet (cu ft) of gas (a single H-cylinder of
oxygen contains 244 cu ft, or 6900 L) and have additional
standards when based in nonhospital facilities. Systems in
very small hospitals may store oxygen in a series of standard

H-cylinders connected by a manifold or high-pressure
header system. These systems typically do not have
reserve supplies. In Figures 1-11 and 1-12, note that there
are two banks of cylinders; all central supply systems for
medical gases must be present in duplicate, with two
identical sources able to provide the needed medical gas
interchangeably. These are often referred to as the pri-
mary and secondary supplies (not to be confused with the
entirely separate reserve system).

The larger the oxygen demand of the facility, the more
complex the supply system. Most hospitals store their bulk
oxygen in liquid form (Fig. 1-13), which enables the hos-
pital to maintain a large reservoir of oxygen in a relatively
small space. One cubic foot of oxygen stored at a tempera-
ture of -297° F (~183° C) expands to 860 cu ft of oxygen
at 70° F (21° C).'* Because 1 cu ft is equal to 28.3 L, this
amount of liquid oxygen provides 24,338 L at room tem-
perature and pressure, the equivalent of 3.5 H-cylinders
of oxygen.

Liquid oxygen is stored in a special container and kept
under pressure. This container has an inner and outer
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FIGURE 1-12 = A simplified version of Figure 1-11. The oxygen is supplied in H-cylinders from both a primary and a secondary supply.
The tanks are connected by a manifold; when the tanks are full, the pressure is 2200 psig. A changeover valve automatically switches
to the secondary supply once the primary supply has been exhausted. A reducing valve decreases the pressure to 50 psig before the
oxygen enters the hospital pipeline. (Modified from Davis PD, Parbrook EO, Parbrook GD: Basic physics and measurement in anesthesia,

ed 3. Oxford, UK, 1984, Butterworth Heinemann.)

FIGURE 1-13 = A typical bulk-storage vessel for liquid oxygen.

layer separated by layers of insulation and a near vacuum.
This construction is similar to that of a thermos bottle
and keeps the liquid oxygen cold by inhibiting the entry
of external heat (Fig. 1-14).

Liquid oxygen systems must be in constant use to be
cost effective. If the system goes unused for a period of
time, the pressure increases as some of the liquid oxygen
boils. The oxygen is then vented to the atmosphere. The
liquid oxygen system contains vaporizers that heat the

liquid and convert it to a gas before it is piped into the
hospital. Environmental and mechanical heat sources can
be used to aid in vaporization.

Liquid oxygen can be extremely hazardous, and fires
are an ever-present danger. In addition, personnel can
receive severe burns if they come in contact with liquid
oxygen or an uninsulated pipe carrying liquid oxygen.

Small hospitals typically require central supply systems
that store oxygen in replaceable liquid oxygen cylinders
and a reserve of oxygen stored in high-pressure H-cylinders.
The reserve system is automatically activated when the
main supply, with its component primary and secondary
storage, fails or is depleted (Fig. 1-15). Hospitals of aver-
age size may store liquid oxygen in bulk pressure vessels
rather than in liquid oxygen cylinders. The storage vessel
is filled from a liquid oxygen supply truck through a cryo-
genic hose designed to function at extremely low temper-
atures. In such a system, the size of the reserve system
depends on the rate of oxygen use because the reserve
must constitute at least an average supply for 1 day, but
preferably 2 to 3 days. This supply may be stored in a
series of high-pressure H-cylinders. However, large hos-
pitals are required to have a second liquid oxygen storage
vessel as the reserve system because of the impracticality
of storing and connecting enough cylinders to provide an
average day’s reserve supply of oxygen (Fig. 1-16).

Built into all these central supply systems for oxygen
are a variety of mandatory safety devices. Pressure relief
valves are designed to open if pressure in the system
exceeds the normal level by 50%. This prevents the rup-
ture of vessels or pipes from the excessive pressure gener-
ated by a frozen valve or a malfunctioning pressure
regulator. Alarm systems indicate when the supply in the
main storage vessel is low and when the reserve supply has
been accessed. An oxygen alarm should activate a rehearsed
protocol within the hospital that results in contact with the
oxygen supplier and subsequent verification that an oxy-
gen delivery is on the way.!> Pressure alarms built into the
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FIGURE 1-14 = Diagram of a liquid oxygen supply system. The vessel resembles a giant vacuum bottle. The liquid oxygen is at approxi-
mately —256° F (-160° C). Pressure inside the vessel is maintained at approximately 85 psig. When oxygen is used from the top of the
vessel, it first passes through a superheater and then through the pressure regulator to keep the pipeline pressure at 50 psig. During
times of rapid use, the temperature in the tank may fall, along with the vapor pressure. The control valve causes liquid oxygen to pass
through the vaporizer, which adds heat and thus maintains the pressure in the tank. (Modified from Davis PD, Parbrook EO, Parbrook
GD: Basic physics and measurement in anesthesia, ed 3. Oxford, UK, 1984, Butterworth-Heinemann.)
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To hospital

FIGURE 1-16 = Typical bulk supply system for oxygen, as would be seen in a large hospital. Very large hospitals may require more than
one system of this magnitude. A, Main liquid oxygen reservoir. B, Reserve liquid oxygen reservoir. 7, Connection to supply vehicle; 2,
top and bottom fill lines; 3, reservoir pressure relief valves; 4, “economizer” circuit; 5, gas regulator in pressure-building circuit; 6,
pressure-building vaporizer; 7, liquid regulator in pressure-building circuit; 8, cryogenic liquid-control valves; 9, liquid vaporizers; 70,
downstream valves for isolation of vaporizers; 71, primary line pressure regulator; 77a, secondary line pressure regulator; 71b, valves
to isolate regulators for repair; 72, pressure relief valve for main pipeline; 13, reserve system liquid vaporizer; 14, reserve system line
pressure regulator; 15, gas flow check valves; 16, reserve system “economizer” line; 17, reserve system fill line; 18, valve controlling
flow to reserve system from main cylinder; 19, low liquid level alarm; 20, reserve in use alarm; 27, main line pressure alarm; 22, main
shut-off valve and T-fitting; 23, liquid level indicators; 24, vapor or “head” pressure gauges. In normal operation, liquid oxygen flows
from the lower left of the main vessel (A) via a cryogenic pipe through valves (8) and to the vaporizer (9), where the liquid becomes
gaseous oxygen. It then flows through pressure regulators (77) and hence into the supply pipeline to the hospital. (From Bancroft ML,
du Moulin GC, Hedley-Whyte J: Hazards of bulk oxygen delivery systems. Anesthesiology 1980;52:504-510.)

main supply line sound when the line pressure varies by All these alarm systems must sound in two different
20% in either direction from the normal operating pres-  locations: the hospital maintenance or plant engineering
sure of approximately 55 psig. Pressure alarms should also  department and an area occupied 24 hours a day, such as
be located in various areas in the pipeline to detect oxygen  the telephone switchboard. These alarms should be peri-
supply problems beyond the main connection (Fig. 1-17).  odically tested as part of a regular maintenance program



16 PART I GASES AND VENTILATION

FIGURE 1-17 = A, Bank of pressure gauges that monitor the gases in one zone of the operating room. These gauges are for oxygen, air,
and vacuum. Note that the rooms being monitored are identified on the top of the panel. B, A second gas monitoring panel for N,0,
nitrogen, CO,, and waste gases. Note that colored lights indicate whether the line pressures are in the normal range; alarms are trig-

gered for high or low pressures.

because failure of such alarms has led to crisis situations.
Testing the various alarms can be difficult but is possible
if the system is properly designed.

Another critical safety feature is the T-fitting located
at the point where the central supply system joins the
hospital piping system. This fitting allows delivery of an
emergency supply of oxygen from a mobile source in the
event of extended failure, extensive repair, or modifica-
tion of the hospital’s central supply.

The location and housing of oxygen central supply
systems are governed by strict standards.!! A bulk oxygen
storage unit should be located away from public areas and
flammable materials.

Oxygen Concentrators

The use of oxygen concentrators to deliver oxygen to the
anesthesia circuit has gained attention recently. Oxygen is
generated by the selective adsorption of the components of
air with molecular sieve technology. These sieves consist
of rigid structures of silica and aluminum, with additional
calcium or sodium as cations.!¢ Air is forced through the
sieves under pressure, and oxygen and nitrogen are gener-
ated. The oxygen is then used clinically, and the nitrogen
is vented to the atmosphere. The maximum oxygen con-
centration produced by concentrators is approximately
90% to 96%, with the balance made up mostly of argon.!7:18
Oxygen concentrators are commonly used in remote
locations and developing countries, but in some cases they
have been configured to supplement a hospital’s existing
liquid oxygen system as a reserve or a secondary supply.!”
Oxygen concentration may vary with gas flow, and concen-
trators are most effective at delivering oxygen at flows of
less than 4 L/min to anesthesia machines.!® Accumulation
of argon may occur, however, in low-flow conditions, so
the use of an oxygen monitor is essential.!” As the current
emphasis on cost cutting in medical care continues, along
with cost increases of supplied liquid and gaseous oxygen,
oxygen concentrators are likely to come into wider use.

Medical Air

The central supply of medical air can come from three
sources: 1) cylinders of compressed air that have been
cleaned to medical quality by filtration distillation; 2) a
proportioning system (relatively uncommon) that receives
oxygen and nitrogen from central sources, mixes them in
a proportion of 21% oxygen to 79% nitrogen, and deliv-
ers this mixture to the medical air pipeline (these systems
usually have compressed air cylinders or an air compres-
sor as a reserve system); and 3) air compressors (Fig. 1-18),
the most common source of medical air in hospitals. The
compressor works by compressing ambient air and then
delivering the pressurized air to a reservoir or holding
tank.!* The medical air is then fed to the pressure regula-
tor and travels from there to the hospital piping system.
Air compressor systems are subject to rigorous stan-
dards.’>13 As with other systems (i.e., vacuum or elec-
trical generators), redundancy is important. Duplicate
compressors are necessary, each with the capacity to
meet the entire hospital’s medical air needs if the other
fails. The system must be used only for the medical air
pipeline and not for the purpose of powering equip-
ment. If air is to be used for powering equipment, a
separate instrument air system must be installed. (The
requirements for this system are specified in NFPA-
99.) The compression pumps must not add contami-
nants to the gas, and the air intake must be located away
from any street or other exhaust. It is particularly
important that the pumps be located away from the
hospital’s vacuum system exhaust. The air must first be
thoroughly dried to remove water vapor and then fil-
tered to remove dirt, oil, and other contaminants. The
condensed water is then properly disposed of to elimi-
nate potential breeding grounds for bacteria, such as
those that cause Legionnaire’s disease. Valves, pressure
regulators, and alarms analogous to those in oxygen
supply systems are needed. In addition, the piping
should not be exposed to subfreezing temperatures.
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FIGURE 1-18 = A typical duplex medical air compressor system. Compressors (lower left) draw in ambient air and send high-pressure
air to a holding tank. It is critical that these air intakes not be located near any source of air pollution, such as a garage or the exhaust
from the facility’s vacuum system. The air from the holding tank is dried and filtered on its way to pressure regulators, which deliver
gas at about 55 psig into the pipeline system. *Where required. (From Standard Z305.1-92, Nonflammable medical gas piping systems.

Toronto, 1992, Canadian Standards Association.)

Nitrous Oxide

Specific standards exist for nitrous oxide systems, and
certain portions of the more general standards of the
NFPA and CSA are applicable as well.? A nitrous oxide
central supply system may be warranted, depending on
the expected daily use of the gas. If demand is sufficient,
such a system could be cost effective compared with
attaching small cylinders to each anesthesia machine.
Even though anesthesiologists are the only people
who use the nitrous oxide system, they must delegate
the responsibility for the operation and maintenance of
the central nitrous oxide system to other hospital
personnel.

Nitrous oxide central supply systems are usually of the
cylinder-manifold type, as shown in Figure 1-11. Again,
it is necessary to have two separate banks of cylinders
with an automatic crossover; however, large institutions
may need a bulk liquid storage system similar to the one
used for oxygen, shown in Figure 1-16. In this case, the
storage of liquid nitrous oxide requires an insulated con-
tainer similar to that used for liquid oxygen.

Helium

Helium is commonly supplied in an E-size cylinder with
a flowmeter that delivers it into the fresh-gas flow, but
H-size cylinders are also used. Anesthesia machines are
available that incorporate a helium flowmeter on the
manifold, usually in place of medical air (see Fig. 1-18,
A). Although this design incorporates some of the anes-
thesia machine’s safety features, care must be taken to
avoid delivering hypoxic gas mixtures. On new machines,
helium tanks are supplied premixed with oxygen as a 3:1
He/O, mixture. This prevents the risk of hypoxia that
occurs when 100% helium tanks are used on the machine.

Nitric Oxide

Inhaled nitric oxide is approved and regulated by the U.S.
Food and Drug Administration as a pharmaceutical prod-
uct, not as a medical gas. It is provided as 800 ppm nitric
oxide diluted in nitrogen and available in D cylinders
(353 L at 2000 psig) or the larger 88 cylinders (1963 L at
2000 psig). The selected concentration of inhaled nitric
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oxide is delivered into the inspiratory limb of the breath-
ing system. A monitoring device to measure the concen-
trations of oxygen, nitric oxide, and nitrogen dioxide (a
toxic byproduct) is placed downstream of the nitric oxide
inlet. Tkaria, Inc. (Hampton, NJ) produces the INOmax
DS delivery system, which electronically controls the
amount of nitric oxide injected into the circuit, monitors
delivered concentrations, and adjusts nitric oxide to
maintain a constant concentration despite variations in
fresh gas flow (Fig. 1-19).

Nitrogen

Even though a nitrogen central supply system is designed
to supply gas only for powering OR equipment, it is still
subject to the same standards outlined above. Nitrogen
supply systems are frequently smaller than those for
nitrous oxide but are of essentially the same design, in
which a series of H-cylinders are connected by a mani-
fold (pressure header) system that feeds a pressure regu-
lator. A typical nitrogen control panel is illustrated in
Figure 1-20. Again, because this system services the OR,
it is important to delegate responsibility for mainte-
nance. Although relatively uncommon, some systems
are designed to mix central nitrogen with oxygen to cre-
ate medical air. It is also possible to store nitrogen as a
liquid for a centrally supplied system.

Central Vacuum Systems

Although not a source of medical gas, the central vacuum
system is no less important and demands the same atten-
tion to detail as a medical gas system. Inadequate or failed
suction can be disastrous in the face of a surgical or anes-
thetic crisis.

Certain standards exist for the central vacuum source
and vacuum piping system; the Canadian standards are
considered the most complete and current.!® Larger ORs
must have enough suction to remove 99 L/min of air.
Factors such as normal wall suction (-7 psig), total flow of
the system, and the length of the longest run of pipe must
be considered to maintain adequate suction. Two inde-
pendent vacuum pumps must be present, each one capa-
ble of handling the peak load alone. An automatic
switching device distributes the load under normal condi-
tions and automatically shifts if one unit fails. Emergency
power connections are essential, and the pumps must be
located away from oxygen and nitrous oxide storage.
There must be traps to collect and safely dispose of any
solid or liquid contaminants introduced into the system,
and the system piping must not be exposed to low tem-
peratures to prevent condensation. The type and location
of the vacuum system exhaust is specified and must not be
near the intake for the medical air compressor.

MEDICAL GAS PIPELINES

Medical gas must travel through a pipeline to reach its
designated point of use. The potential for serious injury
to a patient from a medical gas pipeline mishap has led to
the development of detailed standards.!?:13

FIGURE 1-19 = Ikaria INOmax DS delivery system delivers a con-
stant, operator-determined concentration of nitric oxide with
sensors to detect oxygen, nitric oxide, and nitrogen dioxide.
(Courtesy lkaria, Hampton, NJ.)
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FIGURE 1-20 = An operating room control panel for nitrogen. The
outlet pressure of nitrogen can be controlled by the variable
pressure regulator. In this manner, the exact pressure can be set
to meet the demands of the piece of equipment being powered.

Planning

In any new construction, physicians must provide archi-
tects and engineers with the number and desired loca-
tions of any gas outlets. Anesthesiologists need to decide
whether they want one or two sets of outlets for anesthe-
sia gases in each OR and whether they want wall and/or
ceiling-mounted distribution of the gases. Representa-
tives from all the departments that will use the system
should be involved in planning the location of the outlets.
A basic layout for a portion of a piping system is illus-
trated in Figure 1-21. Extensive planning is necessary for
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Note: Single service valves are shown, but multiple zones can branch off a single service valve.
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A representative portion of the pipeline system for oxygen in a hospital. Note that separate similar designs are needed

for the other medical gases. The schematic is representational, demonstrating a possible arrangement of required components. It
is not intended to imply a method, materials of construction, or more than one of many possible and equally compliant arrange-
ments. Alternative arrangements are permitted. *Area alarms are required in critical care locations (e.g., intensive care units, coro-
nary care units, angiography laboratories, cardiac catheterization laboratories, postanesthesia recovery rooms, and emergency
rooms) and anesthetizing locations (e.g., operating rooms and delivery rooms). tLocations for switches/sensors are not affected by
the presence of service or inline valves. (From NFPA 99-2012. Health care facilities. Copyright 2011, National Fire Protection Association.

Quincy, MA, 02269.)
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FIGURE 1-22 = Typical shut-off valves for the gases supplied in
operating rooms (ORs). Each gas must have its own shut-off
valve, and a separate set of valves must be present for each OR.

each separate medical gas pipeline, and anesthesiologists
must be aware of all appropriate requirements. For exam-
ple, each anesthetizing location must have a separate
shut-off valve (Fig. 1-22), and other areas such as the
postanesthesia care unit (PACU) require zone shut-off
valves.

Detailed standards must be followed with respect to the
specific type of pipe used, typically seamless copper tubing,
as well as the cleaning, soldering, and supporting of the
pipe within the walls.%1%.13 In addition, pipelines must be
protected, such as by enclosure in conduits, especially when
they run underground. Pipes located inside risers and walls
must be labeled in a specific way and at given intervals.

Once drafted, the plans must be examined to verify
that all standards have been met. Given the fact that the
construction of medical gas pipelines is relatively uncom-
mon, it is possible that a given engineering, architec-
tural, or building firm has never constructed one before.
Any changes made in the plans should be recorded in the
as-built drawings to enable hospital personnel to discern
the exact location of the pipes if problems arise.

Additions to Existing Systems

Even more difficult than planning a new medical gas pipe-
line system is adding to an existing system. In addition to
all the planning outlined above, the interaction between
the old facility and the new one must be considered. The
central supply system may need to be expanded to include
new pipeline systems, which may necessitate the difficult
task of shutting down the existing pipeline system.
Extreme precision is required for such an operation, and
procedural standards exist both for modifying or adding
to existing systems.!?
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Installation and Testing

Installation of a pipeline should be overseen by a represen-
tative from the medical facility, and the testing should
actively involve several individuals who will use the sys-
tem. Prior to installation, the copper tubing used for the
medical gas pipeline must be clean and free of contamina-
tion. The lengths of pipe must be stored with both ends
sealed with rubber or plastic caps to prevent contamina-
tion. After the pipelines have been installed, but before the
outlet valves are installed at each gas outlet location, high-
pressure gas must be used to blow the pipeline free of any
particulate matter.

The pipeline system involves pressure regulators that
function to maintain normal outlet pressure (e.g., 55 psig
for oxygen). Also, there must be pressure relief devices
that automatically vent the gas if the pressure increases by
50% above the normal operating pressure. High- and
low-pressure alarms and shut-off valves are required at
various locations throughout the system. The locations of
all these should be marked on a map of the institution.

The pipeline terminates at various locations within the
hospital. A connector is installed at these termination
points to allow the interface of various pieces of medical
equipment, such as the anesthesia machine or ventilator.
The connectors installed at each outlet of the pipeline are
subject to detailed requirements.!?!> Two basic types of
connectors are used: one is the quick coupler, which is
made by several manufacturers and allows rapid connec-
tion and disconnection of fittings and hoses (Figs. 1-23
and 1-24). The other is a noninterchangeable thread sys-
tem called the diameter index safety system (Fig. 1-25).
Both systems have gas-specific fittings to prevent incor-
rect connections. Improper use of a gas outlet or use of an
incorrect fitting essentially defeats the purpose of the
built-in safeguards of the system. Accordingly, the station
outlets must have back-up automatic shut-off valves in
case the quick coupler is damaged or removed. All out-
lets, hoses, and quick couplers should be properly labeled
and color coded.

Gas outlets in the OR may be located in either the wall
or the ceiling. If the gas hoses are run along the floor, they
must be made of noncompressible materials to prevent
obstruction in case the hose is run over by a piece of heavy
equipment. Outlets may be suspended from the ceiling in
columns or as freestanding hose drops (Fig. 1-26), or they
may be integrated into a multiservice gas boom (Fig. 1-27).
These gas booms can be configured with all the anesthetic
gases as well as vacuum systems, electrical outlets, monitor
connections, and even data and telephone lines. They can
be rotated to several different positions and can be raised
or lowered as necessary.

Testing of the pipeline begins after the couplers have
been installed. Before the walls are closed, the pipeline is
subjected to 150 psig, and each joint is examined for leaks.
The system then undergoes a 24-hour standing pressure
test, in which the system is filled with gas to at least 150
psig, disconnected from the gas source, and closed. If the
pressure is the same after 24 hours, no leaks are present.
Cross-connection testing involves pressurizing each
pipeline system separately with test gas and verifying that
only the outlets of that particular system—for example,

FIGURE 1-23 = Common types of quick couplers used in hospitals.
Note that each has a specific pin configuration for the individual
gas. The quick coupler and the attached hose should be color
coded for the specific gas.

FIGURE 1-24 = Wall connections for oxygen, air, and nitrous oxide
in a safety-keyed quick-connect system. The GE Healthcare
(Waukesha, WI) quick-connect system is shown, in which each
gas is assigned two specific pins with corresponding inlet holes
within the circumference of the circle. In this manner, the con-
nection is made gas specific.

compressed air—are pressurized. This is particularly
important when additions or modifications are made to
existing pipeline systems.

After the correct connections have been verified,
each pipeline is connected to its own central supply of
gas, and the pipelines are purged with their own gases.
The content of gas from every station outlet must then
be analyzed. An oxygen analyzer can be used for the
oxygen (100%) and medical air (21%) outlets. The con-
centrations of nitrous oxide and nitrogen must be 100%
according to chromatography or other appropriate
analysis.

All the gas systems must be properly verified. Accord-
ing to NFPA-99, “testing shall be conducted by a party
technically competent and experienced in the field of
medical gas and vacuum pipeline testing and meeting the
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FIGURE 1-25 = A, Examples of hoses with the diameter index safety system (DISS). These are threaded connections in which the diam-
eters of the threads are specific for each of the gases. B and C, Connections made to DISS fittings on the anesthesia machine.
D, DISS fittings on an anesthesia machine.

. / /

FIGURE 1-26 = Freestanding ceiling hose drops in an operating
room. Note the proximal ends of the hoses (nearest to the ceil-
ing) have diameter index safety system connections. The distal
ends (nearest to the anesthesia machine) have quick-coupler
connections (see Fig. 1-23).

requirements of ASSE 6030, Professional Qualifications
Standard for Medical Gas Systems Verifiers.” Once the
testing has been completed, the facility can accept respon-
sibility for the gas system from the contractor. Anesthesi-
ologists should certainly be involved in verifying the
correctness of the gas supplies. Major problems with new
systems have been identified by anesthesiologists after the
system was “certified” safe for use.?! Australia has a rigor-
ous “permit to work” system modeled after a similar sys-
tem in the United Kingdom, with specific steps that must
be followed before gas supplies can be used.???3

Contamination of medical gas pipelines has become a
concern,® and rigorous standards have been developed to
prevent contamination. Gas samples should be taken at the
same time from both the source of the system and the most
distant station outlet. If analysis by gas chromatography
demonstrates contaminants present above the maximum
allowable level, the system should be purged and retested.
If purging the system fails to solve the problem, extensive
troubleshooting may be necessary. Detailed records of all
testing must be maintained and should be available for
inspection by TJC. Once the testing has been satisfactorily
completed, the system is ready for use.



22 PART I GASES AND VENTILATION

FIGURE 1-27 = A to C, The distribution head for an articulating
multiservice gas boom. Compressed gases, vacuum, waste
anesthesia gas, computer/Internet, and electrical connections
can all be integrated at one location. The articulated arm can be
raised, lowered, or rotated in a wide arc.

HAZARDS OF MEDICAL GAS DELIVERY
SYSTEMS

A number of deaths have occurred as a result of incorrect
installation or malfunction of medical gas delivery sys-
tems. The exact number is not known, however, because

the medical literature contains few publications on medi-
cal gas delivery systems. Physicians and administrators
may be reluctant to discuss or publish details of accidents
that occur at their facilities. Often, only personnel within
the medical facility are aware of an accident. If the acci-
dent is either serious or results in litigation, it may be
reported in the media. However, it is likely that many, if
not most, accidents that involve medical gas delivery sys-
tems are not reported, which may prevent the dissemina-
tion of valuable information that could help prevent
future accidents. One attempt was made to learn about
problems with bulk gas delivery systems by conducting a
survey of hospitals with anesthesia residency training
programs.’* One third of the hospitals responding
reported problems, three of which were deaths. In this
survey, 76 malfunctions in medical gas delivery systems
were reported by 59 institutions. Half of these involved
insufficient oxygen pressure, crossed pipelines, depletion
of central supply gas, failure of alarms, pipeline leaks,
and freezing of gas regulators. Insufficient oxygen pres-
sure was most frequently reported from pipelines dam-
aged during unrelated hospital construction projects,
such as resurfacing a parking lot above a buried pipeline.
Another frequent problem was debris or other material
in pipelines, which could be eliminated by adhering to
the prescribed procedures for testing newly installed gas
piping systems.

Between 1964 and 1973 in the United Kingdom, 29
deaths or permanent complications were reported to the
Medical Defense Union, a malpractice insurance com-
pany. These resulted from problems in the gas supply or
anesthetic apparatus.’’ Three cases were the result of
either an error or failure in piped oxygen supplies, and
two were caused by contaminated nitrous oxide. More
recently, 45 deaths resulted from 26 pipeline incidents in
the United States from 1972 through 1993.2¢ A substan-
tially higher number of “near misses” also occurred dur-
ing this period, and patient death was prevented by
prompt discovery of improper oxygen supply and treat-
ment of exposed patients.?®

Errors on the part of commercial suppliers when fill-
ing liquid oxygen bulk reservoirs have endangered
patients and, in at least one instance, have harmed a
patient. A suppher succeeded in ﬁlhng a liquid oxygen
reservoir with liquid nitrogen by bypassing the indexed,
noninterchangeable safety valve connection designed to
prevent such an occurrence.?’” A hypoxic gas mixture was
thus delivered to anesthetized patients. Fortunately, how-
ever, the ensuing problems were quickly recognized and
catastrophe averted by a switch to tank oxygen supply. In
another more recent episode, two patients received a
hypoxic gas mixture that led to the death of one of the
patients.’® In this case a 100-L container of “liquid oxy-
gen” was delivered and connected to the hospital’s gas
pipeline approximately 1 hour before patients were anes-
thetized. This container actually contained almost pure
nitrogen. It is interesting to note that no inspired oxygen
analyzer was in use at the time of the accident.

Several other problems with bulk oxygen delivery sys-
tems have been reported. In one case, the delivery of a
large volume of liquid oxygen caused a sudden drop in the
temperature of the system, which resulted in a regulator



freezing in a low-pressure mode.?’ Insufficient oxygen
pressure resulted, and attempts to correct the problem
quickly revealed that a low-pressure alarm had been dis-
connected during a recent modification of the system. In
an attempt to restore regulator function, several maneu-
vers were performed that worsened the situation by
allowing excessive pressure (100 psig) into the hospital
pipeline. This caused reducing valves on anesthesia
machines to rupture. In this case, injury to patients was
avoided by the quick thinking of the anesthesiologists in
the OR. A more tragic incident involved a child who sus-
tained cardiac arrest and subsequent brain damage when
an oxygen pipeline valve was simply turned off.>* Another
case of a hypoxic mixture coming from oxygen outlets
involved a problem with the regulator in the oxygen
pipeline; the regulator failed, causing a decreased oxygen
pressure that allowed high-pressure compressed air to
enter the oxygen system through an air-oxygen blender
connected to both outlets in the neonatal intensive
care unit.’!

Accidental cross-connecting of pipelines represents a
clearly recognized threat to patients.’?-3* Exposure of
patients to incorrect gases proves the inadequacy of the
testing of that pipeline. An additional source of error may
arise when the pipeline is connected to the anesthesia
machine. According to one report, several deaths were
caused by the connection of a nitrous oxide pipeline to
the oxygen inlet on the anesthesia machine with the cor-
responding connection of the oxygen pipeline to the
nitrous oxide inlet.** In other instances, repair of the
hoses that run from the outlet to the machine led to
the interchange of the oxygen and nitrous oxide quick
coupler female adapters. As a result, the nitrous oxide
pipeline was connected to the oxygen inlet, causing the
death of one patient, among other catastrophes.3¢37

One published report of contamination of gas pipeline
systems involved a newly constructed hospital building.?
During cross-connection testing of the gas pipelines, a dis-
tinct “organic chemical” odor was detected. Gas chroma-
tography revealed the presence of a volatile hydrocarbon
at a concentration of 10 ppm. Four days of purging
reduced this contaminant to 0.1 ppm in the oxygen pipe-
line and 0.4 ppm in the medical air pipelines. The original
outlet tests also showed a fine, black powder being expelled
from gas outlets. Subsequent investigation revealed that
during installation, the ends of the pipe segment were
color coded with spray paint. Later, when the pipe ends
were being prepared for soldering, they were sanded
down, and the paint particles settled inside the pipeline.
This particulate contamination was eliminated by the
purging process.

Contamination of a hospital oxygen pipeline system by
other chemicals was also reported when the solution used
to clean the oxygen supply tubing between the supply
tank and the hospital pipeline had not been flushed out.?®
In this case, all the hospital outlets had to be shut down,
and patients were switched to tank supplies while the
problem was identified and the pipeline system flushed
with fresh oxygen.

A commercial firm that conducts tests of new hospital
gas pipelines conducted a study of 10 hospitals in which a
total of 1668 gas outlets were examined. At seven hospitals,
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all outlets failed the gas purity tests. Of the 1668 outlets,
331 (20%) failed for a variety of reasons, such as unaccept-
ably high moisture, volatile hydrocarbons, halogenated
hydrocarbon solvents, unidentified odors, and particulate
matter such as solder flux. Contamination of new medical
gas pipelines appears to be a common problem that merits
close attention. A report in the 2012 fall newsletter of the
Anesthesia Patient Safety Foundation further emphasizes
this problem. During a construction project, a new oxygen
line was built and was leak tested with nitrogen. Subse-
quently, the nitrogen was not fully purged from the line
and entered the main hospital oxygen supply. The inspired
oxygen concentration decreased to 2% to 3% in 8 to 9
operating rooms.?’

Another frequently reported cause of mishaps in oxy-
gen supply is a problem with oxygen blending devices,
such as those found on ventilators to decrease the inspired
oxygen percentage.*0* These devices are subjected to
heavy use and are exposed to multiple mechanical stresses
as ventilators are moved about. Again, the importance of
monitoring the delivered oxygen concentration cannot
be overemphasized.

Although the potential hazards of using medical gas
delivery systems are many, such mishaps are largely pre-
ventable with close attention to the applicable standards.

PROCEDURES

When a new medical gas delivery system is constructed,
both the medical staff and the plant engineering depart-
ment must be involved in all stages of the process to pre-
vent building inadequacies or inconveniences into the
system that might otherwise limit its value or even create
a hazard. The medical facility must clearly designate the
lines of responsibility for the medical gas delivery system
among the hospital staff members. One suggestion is for
institutions to have four departments—plant engineer-
ing, maintenance, anesthesia, and respiratory therapy—
delegate responsibility for the gas delivery systems to one
or more members of each department. Each member of
the group should possess a thorough understanding of
the institution’s systems, and each person must be able to
manage any problem that might occur. Consideration
should be given to use of an outside contractor who spe-
cializes in the construction of new and refurbished medi-
cal pipeline systems.

Excellent communication must be established with the
company that supplies the bulk gas. The gas supplier
should supply the hospital with a list of emergency con-
tacts and should notify the institution whenever a bulk
gas delivery is scheduled. In this way, the delivery can be
overseen by the appropriate committee member. Had
this been done in certain situations, several of the prob-
lems cited above could have been avoided.

Communication between the supplier and the hospi-
tal’s representatives is important when the gas delivery
system undergoes any work. In addition, representatives
from both the institution and the supplier should be
aware of any construction that might affect the gas sys-
tem. In one case, such precautions could have prevented
crushing of the underground pipes of an oxygen bulk
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supply system during the resurfacing of a hospital park-
ing lot.?* Hospitals need to develop protocols and desig-
nate a responsible person to respond to medical gas
alarms, including a complete failure of the oxygen sys-
tem. The necessity of such plans is illustrated by a situa-
tion in which a tornado destroyed a hospital’s central
bulk oxygen supply.*?

Interdepartmental communication is also critical. All
affected departments must be notified when the gas sup-
ply system is to be shut off for repair or periodic mainte-
nance. A near-crisis situation arose when an engineering
department shut down piped oxygen supplies during the
operating schedule without notifying anyone else in the
hospital.”* Although this incident occurred many years
ago, such incidents still occur but often go unreported,
especially if no patients are injured. After repair or main-
tenance, a qualified person should inspect the system
before it is put back into service. The patient death that
resulted from the interchanged quick couplers could
have been prevented had this procedure been followed.

Anesthesia providers are often complacent about their
gas supply until either a problem or a catastrophe occurs.
Almost all injuries to patients and problems related to
medical gases are preventable, even those caused by natu-
ral disasters. Building and maintaining a safe medical gas
system requires a great deal of effort on the part of many
individuals but is vital to the integrity of health care
facilities.
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ANESTHESIA GAS DELIVERY SYSTEM

The modern anesthesia gas delivery system is composed
of the anesthesia machine, anesthesia vaporizer(s), venti-
lator, breathing circuit, and waste gas scavenging system.
The basic arrangement of these elements is the same in
all contemporary anesthesia gas delivery systems (Fig.
2-1). The anesthesia machine receives gases under pres-
sure from their sources of storage (see Chapter 1), creates
a gas mixture of known composition and flow rate, and
delivers it to a concentration-calibrated vaporizer, which
adds a controlled concentration of potent, inhaled, vola-
tile anesthetic agent. The resulting mixture of oxygen—
with or without a second gas such as nitrous oxide, air, or
helium (heliox)—is delivered to the machine’s common
gas outlet (CGO). This gas mixture flows continuously
from the CGO into the patient breathing circuit. The

breathing circuit represents a microenvironment in which
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the patient’s lungs effect gas exchange, so that by control-
ling the fresh gas mixure’s composition, flow rate, and
ventilatory parameters, the patient’s arterial partial pres-
sures of oxygen, nitrous oxide, anesthetic agent, and car-
bon dioxide can be controlled. Fresh gas flows
continuously into the breathing system, most commonly
a circle breathing system. Gas must therefore be able to
leave the circuit, otherwise the pressure would increase
and possibly lead to barotrauma—unless a completely
closed system is used. If ventilation is spontaneous or
assisted, excess gas leaves the circuit via the adjustable
pressure-limiting (APL) valve. If the lungs are mechani-
cally ventilated, the ventilator bellows or piston acts as a
counterlung, exchanging its volume with the patient’s
lungs via the breathing circuit. In this case, excess gas
exits the breathing circuit at end expiration via the venti-
lator pressure relief valve. The gas that exits the circuit is
waste gas that enters the waste gas scavenging system to
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FIGURE 2-1

be discharged outside the facility. An understanding of
the structure and function of the gas delivery system is
essential to the safe practice of anesthesia.

Anesthesia Machine and Workstation

Gas delivery systems continue to evolve as advances in
technology and safety are incorporated into current
designs. The recent evolution can be traced through the
voluntary consensus standards that have been developed
with input from manufacturers, users, and other inter-
ested agencies. The current voluntary consensus standard
that describes the features of a contemporary system is
published by the American Society for Testing and Mate-
rials (ASTM).! This document, standard F1850-00, pub-
lished in March 2000 and reapproved in 2005, is entitled
Standard Specification for Particular Requirements for Anes-
thesia Workstations and Their Components. It introduces the
term “workstation” in distinction to “anesthesia (or gas)
machine.” The anesthesia workstation is defined as a sys-
tem for the administration of anesthesia to patients con-
sistsing of the anesthesia gas supply device (i.e., the
machine), ventilator, and monitoring and protection
devices. This standard supersedes anesthesia machine
standard F1161-88, published in 1989 by the ASTM.?
Standard F1161-88 had superseded the original anesthe-
sia machine standard (279.8-1979) published in 1979 by
the American National Standards Institute (ANSI).? Like
its predecessors, ASTM standard F1850-00 has been vol-
untarily adopted by anesthesia machine manufacturers.
The standard is not mandated, but it is highly unlikely
that a new manufacturer would build, or would a pur-
chaser be likely to purchase, a workstation that did not
comply with the current standards.

The evolution of the anesthesia workstation and
advances in technology have led to many changes in
design. Although basic operations remain the same, the
components are more technologically advanced. For
example, in many new models—such as the Driger
Apollo (Fig. 2-2) and the GE Aisys (Fig. 2-3)—the

Organization of the anesthesia delivery system. APL, adjustable pressure-limiting; PRV, pressure relief valve.

FIGURE 2-2 = Apollo anesthesia workstation.
Medical, Telford, PA.)

(Courtesy Dréager

familiar rotameter tubes are replaced by virtual flowme-
ters displayed on a computer screen. The gas flow-
control needle valves may be replaced by electronically
controlled gas-mixing devices. This chapter describes
the basic components and functions of a traditional
anesthesia machine (i.e.,, the gas delivery device
described in standard F1850-00) to enable the reader to
appreciate some of the changes that have been made in
the most recent models.

In the United States, the two largest manufacturers of
gas delivery systems—machines, ventilators, vaporizers,
and scavenging systems—are Draeger Medical Inc. (Tel-
ford, PA) and GE Healthcare (Waukesha, WI). This chap-
ter reviews the features of a basic anesthesia delivery
system, making reference to Driger and GE (Datex-
Ohmeda brand) products when appropriate. The flow of
compressed gases from the point of entry into the machine,
through the various components, and to the exit at the



FIGURE 2-3 = Datex-Ohmeda Aisys Carestation. (Courtesy GE
Healthcare, Waukesha, WI.)

CGO is described. The function of each component is dis-
cussed so that the effects of failure of that component, as
well as the rationale for the various machine checkout pro-
cedures, can be appreciated. This approach provides a
framework from which to diagnose problems that arise
with the machine. Of note, the individual machine or
workstation manufacturer’s operator and service manuals
represent the most comprehensive reference for any spe-
cific model of machine, and the reader is strongly encour-
aged to review the relevant manuals. The manufacturers
also produce excellent educational materials,*¢ and a num-
ber of simulations are also available on the Internet.”-

Basic Anesthesia Machine

Although older anesthesia machines were completely
pneumatic and required only a supply of gas under pres-
sure, contemporary machines are electronic and pneu-
matic and therefore must be connected to an electrical
outlet for normal, uninterrupted operation. When the
main ON/OFF switch is turned on, both the pneumatic
and the electronic functions are enabled.

In the OFF position, most of the electronic functions
of the workstation are disabled, with the exception of the
battery charger that charges the backup battery and the
convenience electrical outlets on the back of the worksta-
tion, which are used to supply power to additional moni-
tors (e.g., bispectral index) or a heated, pressurized
desflurane vaporizer. The pneumatic functions main-
tained are the oxygen supply to the oxygen flush system
and, in most machines, the auxiliary oxygen flowmeter.

When the ON/OFF switch is turned to ON, the
workstation electronics go through a powering-up proto-
col that may include an automated checkout procedure
that lasts several minutes. In case of an emergency, the
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automated checkout can be bypassed, but a record of this
is maintained in the workstation’s computer. In the ON
position, the pneumatic functions permit delivery of an
anesthetic gas mixture from the flowmeters and the
concentration-calibrated vaporizer.

Pneumatic Systems

The gas flow arrangements of a basic two-gas anesthesia
machine are shown in Figure 2-4. The machine receives
each of the two basic gases, oxygen (O,) and nitrous
oxide (N,0), from two supply sources: a tank or cylinder
source and a pipeline source. The storage and supply of
these gases to the operating room (OR) is described in
Chapter 1.

The basic functions of any anesthesia machine are to
receive compressed gases from their supplies and to cre-
ate a gas mixture of known composition and flow rate at
the CGO. The relation between pressure and flow is
stated in Ohm’s law:

Pressure
Flow = ———
Resistance

Controlling the flow of gases from high-pressure
sources through the machine to exit the CGO at pres-
sures approximating atmospheric pressure requires
changes in pressure and/or resistance. Modern anesthesia
machines also incorporate certain safety features designed
to prevent the delivery of a hypoxic mixture to the patient
circuit. These features include the oxygen supply pres-
sure failure alarm, pressure sensor shut-off (“fail-safe”)
system, and gas flow proportioning systems.

The anesthesia machine gas pathways have been con-
veniently divided by some authors into three systems!?:

1. A high-pressure system that includes parts upstream

of the first-stage regulator, where oxygen pressures
are between 45 and 2200 psig
2. An intermediate pressure system that includes parts
between the pipeline gas inlet/downstream outlet
of the first-stage pressure regulator and the gas flow
control valves, where oxygen pressures are between
55 and 16 psig

3. A low-pressure system that includes all parts down-
stream of the gas flow control valves, where pres-
sures are normally slightly greater than atmospheric
pressure

Other authors consider the high-pressure system to be
simply all parts upstream of the gas flow control valves and
the low-pressure system to be all parts downstream of the gas
flow control valves. Indeed, this is in agreement with the
system descriptions in the U.S. Food and Drug Administra-
ton 1993 preuse checkout recommendations.!! Either way,
the most important definition is that of the low-pressure
system, the one to which most preuse checkouts refer.

Oxygen Supply Sources: Pipelines
and Cylinders

Pipeline oxygen is supplied to the wall outlets in the OR at
a pressure of 50 to 55 psig. Guuge pressure is pressure above
ambient atmospheric pressure. Ambient atmospheric
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pressure at sea level is usually considered to be equivalent
to 760 mm Hg, or 14.7 psia. The wall outlet connectors are
gas specific, but only within each manufacturer’s connector
system. Thus an Ohmeda oxygen hose connector will not
fit into an Ohmeda nitrous oxide wall outlet, but neither
will it fit into an oxygen wall outlet in a Chemtron system.
Thus the medical gas wall outlets and connectors are not
interchangeable among the various gases or with the vac-
uum (Fig. 2-5). A color-coded hose conducts the pipeline
oxygen from the wall outlet to the anesthesia machine’s
oxygen inlet. At the machine end of the hose, the connec-
tors are gas specific by a national standard (Fig. 2-6) known

N,O pipeline
supply

@ “Fail-safe”
valve

©

Pressure
regulator

Second-stage

as the diameter index safety system (DISS) that ensures that
the correct gas enters the correct part of the anesthesia
machine.!? To standardize connections, many institutions
are replacing the manufacturer’s gas-specific wall outlets
with DISS connectors (Fig. 2-7).

The machine’s oxygen pipeline inlet incorporates a
check valve that prevents leakage of oxygen from the
machine if the pipeline is not connected and oxygen tanks
are in use (Fig. 2-8). Failure of this valve would cause oxy-
gen to leak from the machine. Upstream of the pipeline
inlet in the machine is a pressure gauge that displays the
pipeline gas supply pressure (see Fig. 2-4).
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FIGURE 2-4 » Schematic of flow arrangements of a generic contemporary anesthesia machine. A, The fail-safe valve in older GE Health-
care Datex-Ohmeda machines is termed a pressure-sensor shut-off valve; in more recent models, this valve has been replaced by a
balance regulator. In Draeger Medical Inc., machines, the fail-safe valve is the oxygen failure protection device (OFPD). B, A second-
stage oxygen pressure regulator is used in Datex-Ohmeda machines but not in Draeger Narkomed models. C, A second-stage nitrous
oxide pressure regulator is used in Datex-Ohmeda Modulus machines that have the Link-25 Proportion Limiting System but not in
Draeger machines. D, A pressure relief valve used in certain Datex-Ohmeda machines but not in Draeger machines. E, The outlet
check valve used in Datex-Ohmeda machines, except Modulus Il Plus and Modulus CD models, is not used in Draeger machines. The
oxygen connection for the anesthesia ventilator driving gas circuit is downstream of the main ON/OFF switch in Draeger machines,
as shown here. In Datex-Ohmeda machines, the takeoff is upstream of the main ON/OFF switch. DISS, diameter index safety system.
(Modified from Checkout: a guide for preoperative inspection of an anesthesia machine. Park Ridge, IL, 1987, American Society of Anesthe-
siologists. Reproduced by permission of the American Society of Anesthesiologists, 520 N. Northwest Highway, Park Ridge, IL.)
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FIGURE 2-5 = Medical gas-specific wall outlet connectors. (Cour-
tesy GE Healthcare, Waukesha, WI.)

/

FIGURE 2-6 = Diameter index safety system hose connections to
workstation pipeline supply connections.

FIGURE 2-7 = Diameter index safety system wall connectors. Blue is
nitrous oxide, green is oxygen, yellow is room air, white is the hos-
pital vacuum, and purple is the waste gas scavenging vacuum.
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Tank oxygen is supplied to the machine from the
back-up E-cylinders attached via the oxygen hanger yokes
(Fig. 2-9). The medical gas pin index safety system ensures
that only an oxygen tank fits correctly into an oxygen
hanger yoke (see Chapter 1).13 Although manipulation is
possible, a medical gas cylinder should never be forced to
fit into a hanger yoke.

The pressure in a full oxygen tank is normally between
1900 and 2200 psig. Oxygen enters the hanger yoke at
this pressure and then passes through a strainer nipple
(Fig. 2-10) designed to prevent dirt or other particles
from entering the machine. The oxygen then flows pasta
hanger yoke (“floating”) check valve to enter the anesthe-

sia machine at high pressure.
# [g

-

—— To machine

Check valve

Valve seat

DISS fitting

From wall supply

FIGURE 2-8 = Machine pipeline inlet check valve. The flow of oxy-
gen from the wall supply opens the pipeline inlet valve. If the
wall supply hose were disconnected with the tank oxygen in
use, the pressure of oxygen in the machine would force the
check valve to its seated position, preventing loss of oxygen via
this connector. DISS, diameter index safety system. (From Bowie
E, Huffman LM: The anesthesia machine: essentials for understand-
ing. Madison, WI, 1985, GE Datex-Ohmeda.)
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FIGURE 2-9 = Hanger yoke for an oxygen tank showing the pin-
indexed safety system. (From Bowie E, Huffman LM: The anesthe-
sia machine: essentials for understanding. Madison, WI, 1985, GE
Datex-Ohmeda.)

Check valve retainer

Valve seat

Several considerations apply before a tank is hung in a
yoke. First, the plastic wrapper that surrounds the tank
valve must be removed. Then the valve is opened slowly,
or “cracked,” to allow gas to exit the tank and blow out
any particles of dirt that may be lodged in the outlet. The
tank is then hung in the yoke. The gas outlet hole is
aligned with the strainer nipple, and the two yoke pins are
aligned with the corresponding holes in the tank. The
tank should never be turned through 180 degrees and
then hung in the yoke because a tightened T-handle
screw might damage the tank valve-stem pressure relief
mechanism (see Chapter 1). Although changing the oxy-
gen tank on an anesthesia machine may seem straightfor-
ward, one study showed that a significant number of
senior residents in a simulator could not perform this task
satisfactorily, possibly because it is generally performed
by technical staff.!* Checking to see that a backup tank
contains sufficient oxygen is an important part of the
preuse checkout and also ensures that a tank wrench is
available for opening and closing the tank valve.l>

Oxygen is also available in freestanding E-size tanks
pressurized to 3000 psig (1000 L gaseous oxygen) that
incorporate a regulator that delivers oxygen at 50 psig to
a DISS connector. Thus, if the pipeline fails, the machine’s

Strainer nipple
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To anesthesia
machine

Floating check valve

Pin index configuration

/
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/1| =

T-handle

FIGURE 2-10 = Cross-section of hanger yoke showing flow of oxygen from the tank through the strainer nipple into the machine. (From
Bowie E, Huffman LM: The anesthesia machine: essentials for understanding. Madison, WI, 1985, GE Datex-Ohmeda.)



oxygen hose could be connected to this tank outlet if
the wall end of the hose has a DISS fitting (Figs. 2-11
and 2-12).

Some anesthesia machines have two hanger yokes for
oxygen. Once oxygen has passed through the check valve,
the two hanger yokes are connected by high-pressure
tubing, to which an oxygen pressure gauge is also con-
nected (see Fig. 2-16). This gauge measures the pressure
of the oxygen cylinder supply connected via hanger yokes.
On many machines, both yokes may share one pressure
gauge. In this case, to measure the tank pressure, the
pipeline supply is first disconnected from the machine
and both tanks are turned off. Next, the oxygen flush but-
ton is depressed to drain all oxygen from the machine,
and the tank and pipeline gauge readings should both fall
to zero. One tank is then turned on, and its pressure is
noted on the gauge. The tank is then turned off, the oxy-
gen flush button is again depressed, and the tank gauge
pressure falls to zero. The second tank is then opened and
its pressure noted. The second tank is then closed, and
the oxygen flush button is depressed. The pipeline con-
nector is then reattached to the wall oxygen outlet.

As previously noted, a check valve in each oxygen
hanger yoke is designed to prevent oxygen from flowing
out of the machine through the strainer nipple. This
valve prevents loss of gas via the hanger yoke when no
oxygen tank is hanging in one yoke, but an oxygen tank in
the other yoke is being used to supply the machine (see
Fig. 2-16). These valves also prevent transfilling of one
oxygen tank to the other, if two tanks are hanging on the
machine and both are on. In other words, without a check
valve, oxygen would tend to flow from the full tank to the
empty one if both were open. If the check valve were not
present, the transfilling and sudden compression of oxy-
gen into the empty cylinder could cause a rapid tempera-
ture rise in the pipes, gauge, and tank with an associated
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risk of fire. This is known as an adiabatic change, in which
the state of a gas is altered without the gas being permit-
ted to exchange heat energy with its surroundings.’

If there are two hanger yokes for oxygen but only one
tank is hanging, a yoke plug should be inserted and tight-
ened in the empty yoke. Thus, if an oxygen check valve
leaks, loss of oxygen from the empty hanger yoke is pre-
vented by the yoke plug (Fig. 2-13).

The pressure gauges used in the traditional machine
to measure pipeline supply pressure or tank supply pres-
sure (Fig. 2-14) are of the Bourdon tube design. In prin-
ciple, the Bourdon tube is a coiled metal tube sealed at its
inner end and open to the gas pressure at its outer end
(see Chapter 9). As gas pressure rises, the coiled tube
tends to straighten. A pointer attached to the inner-sealed
end thereby moves across a scale calibrated in units of
pressure. If the Bourdon tube were to burst, the inside of
the gauge could be exposed to high pressure. The gauge
is therefore constructed with a special heavy glass win-
dow and a mechanism designed to act as a pressure fuse
so that gas is released from the back of the casing if the
pressure suddenly rises. The cylinder and pipeline pres-
sure gauges for the gases supplied to the machine are
generally situated in a panel on the front of the anesthesia
machine (see Fig. 2-14). In some workstations, pressure is
sensed by a pressure transducer and is displayed on a
screen (Fig. 2-15).

Cylinder Pressure Regulator

A pressure regulator is a device that converts a variable,
high-input gas pressure to a constant, lower output pres-
sure. As previously mentioned, tank oxygen enters the
machine at pressures of up to 2200 psig depending on
how full the tank is. These variable, high-input pressures
are reduced to a constant, lower output pressure of 45

FIGURE 2-11 = Left, Oxygen tank pressurized to 3000 psig when filled. Right, The tank valve incorporates a regulator with a diameter
index safety system (DISS) oxygen connector that supplies oxygen at 50 psig. The anesthesia machine oxygen hose is shown con-

nected to a DISS wall outlet for oxygen.
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If the wall oxygen supply fails, the machine’s oxy-
gen hose can be disconnected from the wall and reconnected to
the 50 psig diameter index safety system connector on the oxy-
gen tank shown in Figure 2-11.

FIGURE 2-12

FIGURE 2-13 = Yoke plugs in unused tank hanger yokes.

psig by the oxygen cylinder pressure regulator, some-
times termed the first-stage regulator (see Fig. 2-4). As
noted in Figure 2-16, the tank oxygen from both yokes
flows to a common pathway leading to the inlet of the
regulator. One regulator serves the two oxygen hanger
yokes and is located under the machine’s work surface.
The principles of action of the regulator are shown in
Figure 2-17.1617 This is described as a direct-acting regula-
tor because the high-pressure gas tends to open the valve.
In an indirect-acting regulator, the high-pressure gas tends
to close the valve. In essence, the regulator works by bal-
ancing the force of a spring against the forces that result
from gas pressures acting on a diaphragm. Oxygen at tank
pressure enters the high-pressure inlet and is applied over
a small area to the valve seat (see Fig. 2-17), and the valve

FIGURE 2-14 = Gas supply pressure gauges on the front panel of
an anesthesia workstation. The three on the left display pipeline
supply pressures; those on the right display cylinder supply
pressures (note cylinder symbols).

FIGURE 2-15 = Pipeline and cylinder gas supply pressures in this
workstation are measured by pressure transducers and are dis-
played digitally on the workstation screen during checkout.

opening is opposed by a return spring. The valve seat is
connected by a thrust pin to a diaphragm in the low-pres-
sure chamber of the regulator. Upward movement of the
diaphragm is opposed by a spring that exerts a pressure of
45 psig on the diaphragm. The adjustment of this spring
is such that oxygen may flow from the high-pressure inlet
across the valve seat and into the low-pressure chamber.
If pressure in the low-pressure chamber exceeds 45 psig,
the diaphragm moves upward and closes the valve open-
ing, halting the flow of oxygen from high- to low-pres-
sure chambers, until the gas pressure exerted on the
diaphragm falls below 45 psig. The pressure in the low-
pressure chamber and the low-pressure piping of the
machine when supplied by the tanks is thereby kept at a
constant 45 psig. A cessation of flow from the low-pressure
chamber, such as would occur if the oxygen flow control
valve meter were closed, causes pressure to build up here,
closing the regulator valve and halting the flow of gas
from the cylinder into the regulator.

Failure of the pressure reduction function of a regula-
tor can transmit excessively high pressure (up to 2200
psig) to the machine’s low-pressure system (see Fig. 2-17).
To protect against such occurrences, the regulator incor-
porates a pressure relief valve in the low-pressure
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FIGURE 2-16 = Double-hanger yoke assembly with oxygen tank hanging in yoke A. Gas flows into the machine via the floating check
valve. Gas cannot escape via yoke B because the oxygen pressure closes the check valve. If gas should leak past the check valve, its
flow is prevented by the yoke plug, which has been tightened into yoke B, occluding the yoke nipple. (From Bowie E, Huffman LM: The
anesthesia machine: essentials for understanding. Madison, WI, 1985, GE Datex-Ohmeda.)

chamber in which excess pressures are vented to the
atmosphere. If the diaphragm were to rupture or develop
a hole, the regulator would fail and gas would escape
around the adjustment screw and spring. The high flow of
escaping oxygen makes a loud sound, alerting the anes-
thesiologist to the possibility of a regulator failure. Such a
hole represents a significant leak in the high-pressure
system or intermediate-pressure system through which
oxygen would be lost. Figure 2-4 shows that even if the
tanks were turned off and the pipeline supply were in use,

a ruptured diaphragm in the regulator would cause loss of
oxygen from the machine’s high-pressure system or inter-
mediate-pressure system and a possible failure of oxygen
supply to the flowmeters. Such a machine should be with-
drawn from service until the problem has been corrected
by an authorized service technician. Meanwhile, oxygen
may be supplied to the patient by a self-inflating (Ambu)
bag connected to a portable supply of oxygen, such as a
transport oxygen cylinder with its own pressure-reducing
valve and flowmeter.
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FIGURE 2-17 » A, Schematic of a direct-acting oxygen pressure regulator.

OXYGEN SUPPLY TO THE
INTERMEDIATE-PRESSURE SYSTEM

Oxygen is typically supplied to the machine’s pipeline
connector inlet at pressures of 50 to 55 psig, whereas the
tank oxygen supply is regulated to enter at 40 to 45 psig.
This difference in supply pressures is deliberate; if the
pipeline is connected and the oxygen tanks are open, oxy-
gen is preferentially drawn from the pipeline supply. This
is because the higher pressure (50 to 55 psig) from the
pipeline supply closes the valve in the first-stage oxygen
regulator, thereby preventing the flow of oxygen from the
tank. However, at times, such as during heavy oxygen use,
the pipeline pressure may fall below 45 psig. In this case,
oxygen would be drawn from the tanks if they were open.
Thus, once the tank supply has been checked, it should be
turned off to prevent loss of the backup oxygen supply.
Also, if the tank is left open, oxygen might leak around the
plastic washer between the tank and the yoke.

An awareness of the differential in supply pressures of
oxygen to the machine is essential.!* If a pipeline cross-
over is suspected, such as when a hypoxic gas is flowing
through the oxygen pipeline to the piping in the machine,
the machine must be disconnected from the pipeline supply
if the backup oxygen supply is to be used. For example, if
a hypoxic gas (e.g., nitrous oxide) is accidentally used to
supply the oxygen pipeline at a supply pressure of greater
than 45 psig, the anesthesiologist cannot deliver the true
oxygen from the backup tanks because the pressure from
the wall supply is greater than that from the first-stage
oxygen regulator.

FLOW PATHWAYS FOR OXYGEN IN THE
INTERMEDIATE-PRESSURE SYSTEM

Having entered the machine intermediate-pressure sys-
tem at 50 to 55 psig (pipeline) or 40 to 45 psig (tank
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FIGURE 2-17, cont'd = B, An inside look at the regulator as oxygen pressure is reduced. In principle, the regulator functions by balancing
forces acting on the diaphragm. Gas under high pressure (P) enters the regulator and is applied to the valve over the area of the seat
(a). Because Force = Pressure x Area, the force resulting from high-pressure gas is P x a. Valve opening is initially opposed by the
force of the return spring, Frs. Because of the small area of the valve orifice, gas flowing through it enters the next chamber at a lower
pressure (p). This lower pressure is applied over the large area of the diaphragm (A) at a force of p x A. Upward movement of the
diaphragm is opposed by the force of the adjustment spring, Fas. The valve and diaphragm are connected by a thrust pin and move
as one unit according to the forces applied in either direction. In equilibrium, the forces acting on the diaphragm are equal: (P x a) +
Fas = (p x A) + Frs. The reduced pressure p = [(Fas — Frs) + (P x a)l/A. The regulator is designed such that p is fairly constant despite
changes in P. (From Bowie E, Huffman LM: The anesthesia machine: essentials for understanding. Madison, WI, 1985, GE Datex-Ohmeda.)

first-stage regulator), oxygen can flow or pressurize in
several directions.

Oxygen Flush

As soon as any oxygen supply is connected to the
machine, pressing the oxygen flush button results in a
flow of oxygen to the machine CGO at 35 to 75 L/min.!
Figure 2-18 shows that this pathway bypasses the main
pneumatic and electronic ON/OFF switches and that
the pressure at the CGO could increase the supply

pressure to the machine unless some pressure relief
mechanism is present. To avoid barotrauma in a patient,
extreme caution is therefore necessary when oxygen
flush is used. Contemporary machines incorporate a
pressure-limiting device to prevent such potentially
harmful pressures, particularly if the flush is activated
during the inspiratory phase of positive-pressure ventila-
tion (see Chapter 6).

The workstation standard requires that the oxygen
flush valve be self-closing and designed to minimize
unintended operation by equipment or personnel.! A
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modern design for an oxygen flush button is shown in
Figure 2-19; note that the button is recessed in a housing
to prevent accidental depression and that the valve is
self-closing.

Auxiliary Oxygen Flowmeter

Most contemporary machines incorporate an auxiliary
oxygen flowmeter that delivers oxygen, usually via a pres-
sure-reducing regulator, to an accessible nipple at flows
typically up to 10 L/min (Fig. 2-20). This is the source
used to connect devices that deliver supplemental oxygen

Flowmeters with flow control valves

Hanger yokes (pin-
indexed for N,O) with
N,O cylinder supply gauge

to a nasal cannula, face mask, or self-inflating reservoir
bag, such as an Ambu bag. Similar to the oxygen flush,
this flowmeter is active when the machine’s main ON/
OFF switch is off.

Auxiliary Diameter Index Safety System
Oxygen Source

Many workstations provide an auxiliary source of oxygen
at pipeline pressure (50 to 55 psig