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The most important piece of equipment that the anaesthetist uses is the anaesthesia machine. The
basic function of an anaesthesia machine is to prepare a gas mixture of precisely known, but variable
composition. The gas mixture can then be delivered to a breathing system. Anaesthesia machine
itself has evolved from a simple pneumatic device to a complex array of mechanical, electrical and
computer — controlled components. This module breaks down the essential features of the
anaesthetic machine into its parts, explaining their purpose as it goes. Modern anaesthetic machines
contain many of these same features or their electronic equivalent.



History

The continuous-flow anaesthesia machine is often credited to the British anaesthetist Henry Boyle
from St Bartholomew's Hospital in London and his became the best known early anaesthetic
machine. The machine was a modification of the American Gwathmey apparatus of 1912 but Boyle
got the credit as he was first to present his machine to the Royal Society of Medicine.

Many current anaesthetic machines have evolved from his original design and contain the same
features.

Functions
The machine performs four essential functions:

1. Provides 02,

2. Accurately mixes anaesthetic gases and vapours,

3. Enables patient ventilation and

4. Minimises anaesthesia related risks to patients and staff.

Note: there is a schematic diagram at the end that ties all the components together.

Piped gas supply

The piped oxygen supply comes either from a cylinder manifold and/or a vacuum insulated
evaporator (VIE). A VIE is a very large double walled steel thermos-like device for storing liquid
oxygen. Many large hospitals have both a VIE and a manifold, using the manifold as a standby.

When large amounts of oxygen are required, it is cheaper and more convenient to store it in a VIE as
liquid oxygen. One litre of liquid oxygen yields over 840 litres of oxygen at atmospheric pressure but
it needs to be stored at a temperature of below -150°C. The critical temperature of oxygen is -118°C.
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The VIE is cooled by the continuous use of liquid oxygen. Using oxygen uses heat (latent heat of
vaporisation) which causes the liquid O2 temperature to drop.

If not enough oxygen is used, the temperature rises and a blow-off valve opens and releasing some
oxygen, again cooling the rest of the contents (according to the gas laws, as the gas loses pressure it
also loses temperature). This is why it is not suitable for smaller hospitals with low flows, as they
would end up losing most of the oxygen to the atmosphere trying to maintain the temperature
below -150°C.

Banks of cylinders or manifold are also used to supply oxygen, nitrous oxide and air, although air is
often compressed, dried and filtered on site. Even when using a VIE a hospital will have a full bank of
oxygen cylinders as a backup. The normal size cylinder for a manifold is J size (6800 litres). They are
usually divided into two groups, with only one group being used at a time so there is always a
further reserve.

Oxygen manifold

Schrader Socket (Valve)

To prevent connection to the wrong gas pipeline, the Schrader probe or valve as it is often called has
a gas specific index collar. This collar has a unique diameter that fits only the corresponding recess
fitted to the socket for that gas i.e., an air hose cannot be connected to the oxygen outlet: it is
physically impossible.

Index collar

Locking groove

Schrader valve

Each of the four outlets in theatres are not only named but also colour-coded:

® oxygen (02) — white

® nitrous oxide (N20) — blue
ecompressed air — black

e suction — yellow.



Normally estates and/or pharmacy are responsible for medical gases up to wall sockets and medical
physics from the wall socket onwards. The specifications, installation and maintenance of the behind
the wall pipelines up to the wall sockets is tightly controlled and regulated.

Compressed medical air 4bar and 7bar

Medical air is supplied either for medical use (400kPa), such as the anaesthetic machine, or to drive
surgical equipment (700kPa), such as orthopaedic saws or tourniquets..

The terminal outlet of the two pressures have different Schrader valves, to prevent misconnection.

Flexible pipelines
Flexible pipelines connect the Schrader wall outlet to the anaesthetic machine. They are non-kink,
non-crush colour coded hoses and all connectors should be permanently attached.

NIST

Flexible pipeline

Non-Interchangeable Screw Thread (NIST)

This comprises of a nut and probe with a unique profile for each type of gas, a similar principle to the
Schrader probe. These inbuilt safety mechanisms prevent any crossover between gas flows from the
wall outlets through the flexible piping and into the anaesthetic machine, which could cause the
delivery of a hypoxic gas mixture. They include a one-way valve to ensure unidirectional flow.

Is this still an issue with all the safety precautions and gas monitoring
build into today’s medical equipment?

“The death of a newborn baby in an Australian hospital in July 2016, while another infant at
the same hospital was left in critical condition, highlights how easily gas pipeline errors can
remain undetected until significant injury or death occurs. The death of one infant, and
brain injury to the other, was caused by anoxia (ie, starvation of oxygen) due to a mistake in
connecting nitrous oxide to a pipeline that should have contained oxygen. Crossing gas pipes
led to the 100% nitrous oxide being delivered through the “oxygen” outlet.”

Cornwall J, Robinson B. Out of sight killers—the ongoing problem with hospital gas lines. JHD 2016;1(2):2-5.
https://doi.org/10.21853/JHD.2016.9



Anaesthetic machine cylinder gas supply
All anaesthetic machines must have at least two oxygen sources in case of the failure. The second
source is usually an E sized oxygen cylinder housed on the back of the machine. Other cylinder gases,

such as air and nitrous oxide, are also sometimes present.

Cylinders are made of thin-walled seamless molybdenum steel and are designed to withstand

considerable internal pressure.

The top end of the cylinder is called the neck, and this ends in a tapered screw thread into which the
valve is fitted. The thread is sealed with a material that melts if the cylinder is exposed to intense
heat. This allows the gas to escape so reducing the risk of an explosion.

There is a plastic disc around the neck of the cylinder which shows when the cylinder was last
examined and tested and the gas expiry date. Cylinders are colour coded for easy identification with
the new colour system being gradually introduced.
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Oxygen (02) is stored as a gas in the cylinder. Full pressure for an E size cylinder is 137 bar or 13,700
kPa and it contains 680 litres of oxygen. The pressure is proportional to the volume of gas in the
cylinder. As the cylinder empties, the pressure gauge drops in a linear fashion.

Nitrous oxide (N20) is both liquid and gas in the cylinder. As N20 is used, liquid vaporises into the
gaseous form and the pressure remains constant. Only once the liquid is used up, will the pressure
fall, and quickly. As soon as the pressure gauge decreases, be aware that the cylinder is nearly
empty. The pressures in full nitrous oxide approximately 44 bar or 4,400 kPa.

The yoke:

eSupports the cylinder.

*Provides a gas-tight seal (Bodok seal).

¢ Allows one-way flow from the cylinder (check valve) to the machine through a filter.
*Prevents the cylinder being attached to the wrong inlet (pin index system)
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The yoke contains a Bodok seal. Bodok seals (bonded disk). These are non-combustible neoprene
washers with aluminium edges placed between the cylinder head and yoke to provide a gas-tight
seal.

Under no circumstances may oil or grease be used as a seal; the pressurised gases give off heat as
they are released from the cylinder and may cause an explosion if oil is used.




Pin Index Safety System

The yoke also prevents a cylinder being attached to the wrong inlet via the Pin Index Safety System.
It is a precise configuration of pins and holes that allows the connection between a specific medical

gas cylinder and the anaesthetic machine. The pins protrude from the anaesthetic machine yoke and
fit corresponding holes in the cylinder valves, providing a mostly "fool-proof" way of connecting the
appropriate gas to the appropriate valve. Two pins are placed per cylinder (with the exception of
Entonox).
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Check valves (one-way valves)

Check valves or one-way valves are normally placed on/after the yoke, to prevent leaks during the
changing of cylinders and to prevent the filling of empty cylinders from pipelines, even if the
cylinders are inadvertently left open.

These valves are also present where the flexible pipeline enters the anaesthetic machine to prevent
backflow into the pipeline while the backup cylinder is being used. A check valve is also present
downstream of the vaporizer bank to ensure that back pressure from the circuit is not transmitted to
the vaporizers, particularly when oxygen flush is activated.

The check valves may leak; therefore if a yoke does not have a tank hanging on it, a yoke plug should
be inserted.
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Pressure gauges

Colour-coded Bourdon gauges indicate the pressures of the piped and cylinder supplies. The
Bourdon gauge consists of a tube bent into a coil or an arc. As the pressure in the tube increases, the
coil unwinds. A pointer connected to the end of the tube can be attached to a lever and a pointer
calibrated to indicate pressure.

Bourdon gauge components

Many newer machines display digital pressure values on their ventilator screens.
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. 3789

Nitrous oxide cut off:
Due to its hypoxic nature, N20 must not flow when there is no oxygen pressure. When the 02

pressure falls past a certain threshold, the nitrous oxide supply is cut off.
In many newer electronic workstations the gas mixer prevents hypoxic breathing mixtures through
electronic sensing and control of gas flow, pressure, and concentration.

Note: the hypoxic link is a separate device described later although in some machines integrate the
two together.
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Primary pressure regulator (for the cylinders)
Pressure regulators not only reduce the pressure of

gases from the cylinders, but provide them at constant

pressure of 4 bar or 400 kPa to the flow meters. As the

contents of a cylinder are used, the pressure within the
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cylinder falls. If there is no regulator to maintain a
constant reduced pressure, continual adjustment would
have to be made at the rotameters in order to maintain
the desired flow rate.

Note: Some manufacturers adjust the cylinder regulators
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Secondary pressure regulator (for pipeline gases)
Most modern machines have a second stage regulator which reduces pipeline pressure (4 bar) down

to the machine working pressure (around 1 bar) as pipeline pressures may vary by up to 20%, for

example during periods of peak hospital demand.

If there are no secondary regulators in the pipeline supply, this role can be performed by either a

flow restrictor or the flow control valve of the flowmeter but this means adjustment of the

flowmeter controls is necessary whenever there is change in pipeline pressure.

O:failure alarm

The 02 failure alarm was originally introduced to prevent the unobserved emptying of oxygen

cylinders before piped gases were in common use. An alarm must sound for 7 s duration when the

pressure in the oxygen supply falls below 200 kPa.

Originally, this alarm was a mechanical device called a Ritchie whistle but modern anaesthetic

machines employ electronic alarms.
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Flowmeter:

Gases pass through an adjustable needle valve into flowmeters to accurately measure gas flow. The
conventional form of a flowmeter on an anaesthetic machine is called a Rotameter. Increasingly
many modern anaesthetic machines do not have rotameters. They deliver fresh gas of a desired flow
rate and oxygen concentration by the use of electronic solenoid valves.
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Flowmeters measure consist of: .

1. A flow control valve or needle valve Tapered tube 5

Bobbin
2. A tapered transparent tube

3. A lightweight rotating bobbin or ball

Colour coded knob
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1. Flow control valves

Flow control or ‘needle’ valves allow manual adjustment of the flow through rotameters. There is
one brass valve situated at the base of each pair of rotameter tubes that is adjusted by means of a
labelled, colour-coded knob. When the knob is turned anticlockwise the screw thread moves the end
of the needle outwards, which opens up the valve allowing increased flow through the rotameter.

The knob controlling the oxygen is larger than for other gases, with grooves cut into the side. This is
a safety feature that allows quick identification of the 02 even in the dark. Another means of quick
identification is the UK convention that always places the 02 knob and rotameter to the left of other
gases (Boyle’s left-handed influence).

Basal flow rate:

A minimal basal flow of 100-300mls/min is always flowing if the anaesthetic machine is on to
prevent hypoxia if a patient is connected with no flow.

Modern electronic anaesthetic machines sense if there is a patient attached via the flow sensors and
alarm accordingly. This replaces the basal flow.



2. A tapered tube

The actual flow is measured by clear tubes with varying internal diameters. Gas enters the tube
when the valve is open. The higher the gas flow the further the bobbin or ball will move up the tube.

If you look at a rotameter tube you can see that the interval between each level is not equal, the
graduations get closer together higher up the tube due to it widening towards the top.

Some anaesthetic machines have two rotameter tubes for each gas that are controlled by a single
flow control needle valve. The first tube measures flows up to 1 L/minute, allowing accurate
adjustment at very low flows, while the second measures flows up to 15 L/minute.

The 02 rotameter and control knob are always on the left but 02 is actually the last gas to join the
back bar at the top right- hand side of the rotameter unit. This is to preserve the 02 supply in the
event a leak or damage to any of the other rotameter tubes (see below).

To ensure different the colour coded and calibrated tubes are not mixed up each tube has a slightly
different length and diameter, and many have a pin-index type mounting system at each end.

They have an anti-static coating on the inside to prevent the bobbin sticking and are accurate to

within 2.5%.
Gas flow through damaged rotameter
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3. A bobbin or ball

The bobbin (most common) or ball floats within the tube as the gas flow passes around giving a
measure of the flow rate. The higher the flow, the higher the bobbin rises. It is important to check
that the bobbin is freely rotating and for this purpose each bobbin is marked with a clearly visible
dot.

Always read the gas flow rate from:

*The TOP of the bobbin (not the dot)
*The MIDDLE of the ball (if a spherical ball is used in place of a bobbin)

0 <+——Read here —— n I I H v
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Hypoxic link

In modern machines nitrous oxide is always connected to its flow meter through a hypoxic guard
device. This prevents inadvertent delivery of a hypoxic inspired gas mixture, as the ratio of oxygen to
nitrous oxide concentration never decreases below 0.25.

This can be achieved by a mechanical, pneumatic or electronic mechanism.
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Note: 02 is shown as green in the USA and some other no commonwealth countries.
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Back bar:

The back bar is a structure that supports and connects the flow meters and the gas pathways. It is
where all the gases finally meet. Most machines use a system that allows the user to add or remove
specific vaporizers quickly and easily while maintaining a gas-tight system. Some machines have
space for a single vaporizer; others allow the attachment of two or more vaporizers. However, only
one vaporizer can be turned on at any given time system due to an interlock. This is to prevent the
transfer of upstream agents to the downstream vaporiser and simultaneous delivery of two agents.

Once a vaporizer is attached and turned on, gas flow is diverted from the back bar into the vaporizer
to provide the required concentration of anaesthetic vapour.

Vaporiser

Vaporisers convert volatile anaesthetic liquid into measured vapour and allow inhalational
anaesthesia. The vapour is added after the flowmeters. All modern vaporizers are precise and agent
specific. Colour-coded and individual keyed filling systems are used to ensure the vaporizers cannot
be filled with the wrong agent.

Modern vaporizers (e.g. Tec 5, 6 and 7) have several safety advantages over their predecessors:
e aninterlock to isolate vaporizers not in use;
e aclear indication of liquid level;
e anon-spill reservoir with up to 180 of allowable tilt;
o a keyed-filler or pour-fill systems prevent filling with an incorrect volatile agent and minimize
leaks;
e anincreased wick capacity.
e accurate to within 2.5%

Note: A specific module on how vaporisers work is available on the perioperativeCPD.com website.



GE has replaced conventional vaporizers with Aladin cassettes in some anaesthetic machines. The
cassettes are lighter (2—3 kg), are virtually service-free and have no restrictions for tilting. Integrated
real-time electronic fresh gas flow measurement of gas mixtures enables the unit to dispense more
accurately dialled concentrations, compared with traditional vaporizers.

Draeger has the DIVA (Direct Injection of Volatile Anaesthetics) in some of its newer machines that
use injectors. They inject the volatile directly into the fresh gas flow allowing rapid increases in
concentration even with minimal flows, which normal vaporisers and Aladdin units cannot do.
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Draeger DIVA system

Pressure-relief and non-return valves

Downstream from the vaporizer there is a pressure-relief and non-return valve. This stops any surges
in pressure being transmitted to the back bar, which can damage vital parts of the machine and to
ensure fresh gas flow does not return back into the system contaminating the vaporisers. The relief
valve is set to 30-40 kPa. This protects the machine, not the patients.
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Common gas outlet or auxiliary common gas outlet (ACGO)
The gases from the backbar are transported to the common gas outlet (CGO), so it contains volatile
anaesthetic if any is dialled up.

The modern CGO can be switched between the circle system and the auxiliary common gas outlet
(ACGO). The ACGO bypasses the ventilator including the APL and reservoir bag and is most
commonly used to anaesthetise very young children/babies via a Mapleson F circuit or Ayres T-
piece. In many modern anaesthetic machines a separate ACGO is an optional extra.

All CGOs have a standard 22-mm male/15-mm female conically tapered pipe connection and are a

potential source of disconnection, so it is essential to check the security of this connection prior to
use.

Auxiliary common gas outlet

Older machines only had the single CGO so whatever circuit was used had to be attached to it.

Wall mounted anaesthetic machine with Bains circuit

Warning: The mis-selection of the ACGO also called the “switch of death” or "hypoxia switch" on
commonly used anaesthetic machines causes oxygen to be diverted away, unnoticed, from the
ventilated patient during surgery. Without adequate oxygen the patient becomes blue within
minutes and if the cause is not recognised and rectified immediately - the patient will die.

There is pressure on the MHRA in the UK to investigate the safety of this switch and for
manufacturers to increase the alarms/warning when it is activated.
see: https://chfg.org/chris-frerk-discusses-design-and-patient-safety/



https://chfg.org/chris-frerk-discusses-design-and-patient-safety/

O2flush

This supplies 02 in an emergency directly from the high pressure circuit (bypassing the flowmeters
and vaporiser). This is 100% oxygen at 35-75 L/min and does not contain anaesthetic agent.

Inappropriate use of the 02 flush valve has been associated with both barotrauma and
intraoperative awareness. Barotrauma can occur because the flush valve allows fresh
gas to enter the breathing circuit at a rate of approximately 1 L/s. Awareness as the 02 flush
can flush a large percentage of volatile agent out of the circle system.

An 02 flush next to an ACGO

Adjustable pressure limiting (APL) valve

APL valves are used in most types of breathing circuits including the circle system. It allows excess
gas to escape (via the scavenging) when a preset pressure is exceeded during spontaneous breathing
or manual ventilation, thus minimizing the risk of barotrauma to the patient. When fully open they
provide almost no resistance to expiratory flow.

Modern valves, even when screwed down fully, open at a pressure of 60 cmH,0. Newer machines
may have an electronically adjustable and calibrated APL valve.




Scavenging
Nitrous oxide and volatile anaesthetic agents are hazardous substances, and international law now
requires their effective removal from the operating theatre.

The scavenging system connects to the circuit via 30 mm
connectors (19m in some older systems). The use of a larger-
calibre prevents accidental connection with the fresh gas supply
and the inspiratory limb of the circuit. Scavenging is either
connected to the circle system or directly to the exhaust port of
the APL valve.

Active scavenging (AGSS) incorporates a fan or pump to generate a
vacuum and drive waste expiratory gases through the system to a
reservoir, and dissipate them to the environment. This reservoir is
used to prevent the generation of excess positive or negative
pressure on the patient.

Note Nitrous Oxide, desflurane and sevoflurane are also potent greenhouse gases.

Suction

Suction is an essential piece of equipment needed for the care of anaesthetised or critically ill
patients. There is surprisingly little information about what constitutes adequate suction. The ISO
standard requires a minimum air flow of 20 litres per minute at the point of suction. This is
practically impossible to measure in practice and may not guarantee that there will be adequate
negative pressure and flow to remove thick mucus secretions through the comparatively high
resistance of the Yankauer tip and the suction tubing.

Many publications recommend suction reaches -500mmHg with 10 seconds although traditionally, in
the anaesthesia environment, suction is assessed by hanging a full length of clean suction tubing (1.8
metres) to the palm or thumb of the hand. If the suction tubing remains attached to the palm or the

thumb without assistance it is assumed to be adequate.




Breathing circuits

Most modern machines use a circle breathing system, which improves the efficiency of anaesthesia
by recycling vapour and gases, absorbing carbon dioxide and allowing low gas flow rates with
consequent reduction of expensive volatile agents and atmospheric pollution. However, an
alternative means of ventilation such as a self-inflating BVM must be immediately available for use in
the event of machine or circuit malfunction.

Circle systems and other circuits are covered in detail in other modules.

Power supply

Modern anaesthetic machines are connected to an electrical supply to power the ventilator, control
systems and integrated monitors. In the event of power failure there is a back-up battery power
source. The battery backup will normally last between 30 - 120 minutes although this would only be
needed if the backup generators or UPS failed.

The system requires appropriate monitoring for safe functioning:

e An oxygen sensor to measure the inspired concentration of oxygen, this should be in the
inspiratory limb, near to the patient end.

e An appropriate gauge to measure circuit pressure with alarms to warn of high pressure
(barotrauma risk) or circuit disconnection.

e End-tidal carbon dioxide monitoring, gas is sampled from the expiratory limb of the
breathing circuit. The measurement guides patient ventilation and ensures the absorber is
functioning correctly.

e End-tidal anaesthetic agent is measured at the same time the CO2 and it is used to prevent
accumulation of the vapour and assess adequate depth of anaesthesia.

Devices to prevent a hypoxic mixture being delivered
e Colour-coded Schrader valves, specific for each gas
e Colour-coded, non-kink tubing with specific Schrader probe endings
e Non-interchangeable screw thread connections
e  Two oxygen supplies
e Colour-coded and labelled cylinders
e Pin-index system
e Oxygen pressure gauge and oxygen analyser
e Colour-coded flowmeters
e Uniquely-shaped, protruding oxygen control knob
e Oxygen control knob always placed on left (in the UK)
e Oxygen is the last gas to be added to the fresh gas flow (in case of leaks in other
(rotameters)
e Hypoxic guard (e.g. chain linkage) to prevent hypoxic nitrous oxide delivery
e Oxygen failure alarm and N20O cut-off in case of oxygen failure.
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