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Technology and Low-Flow Anesthesia Practice

by Jeffrey M. Feldman, MD, MSE; Jan Hendrickx, MD, PhD; and Ross Kennedy, MD, PhD

Technology is integral to the practice of Low-
Flow Anesthesia. The most astute practitioner,
well-schooled in the scientific foundations of
uptake and distribution as well as the intricacies
of the circle system, cannot anesthetize a single
patient without an anesthesia machine at their
side. Dr. Ralph Waters, who pioneered the intro-
duction of carbon dioxide absorbents and low-
flow anesthesia, is to be admired for his skillful
low-flow and closed-circuit anesthesia practice
despite having very limited equipment capabili-
ties by today’s standards.! Lowe and Ernst
described its theoretical foundations more than
40 years ago, including a recognition of the
environmental benefits.?

In modern anesthesia practice, we are fortu-
nate to have access to a variety of anesthesia
delivery systems that support the practice of
low-flow anesthesia. All of these systems pro-
vide the features that are essential to the prac-
tice of low-flow anesthesia namely, a circle
system and CO, absorbent. Even with these
essential tools, effective low-flow anesthesia
practice requires vigilance and engagement to
minimize fresh gas flow while avoiding the
potential complications of inadequate anes-
thetic and oxygen concentrations. Manufactur-
ers have developed a variety of different tools
to help guide low-flow anesthesia practice.
Since these tools require different underlying
technology, they are not available on all anes-
thesia delivery systems, even from the same
manufacturer.

The available features fall broadly into four
categories—1) Measurement of inspired and
expired oxygen and anesthetic concentrations,
2) Oxygen uptake measurement to guide a
minimum flow recommendation, 3) Prediction
tools indicating future trends of oxygen and
anesthetic concentrations and 4) Closed-loop
control of oxygen and anesthetic concentration.
The Table lists the tools from various manufac-
turers that fall into each of these categories.
This article will review the functionality of the
four categories of tools and highlight their
advantages and disadvantages.

OXYGEN AND ANESTHETIC
CONCENTRATION MEASUREMENT
Dr. Waters’ feats of low-flow anesthesia prac-

tice notwithstanding, a safe and effective prac-
tice in modern times requires continuous
oxygen and anesthetic concentration monitor-
ing. As fresh gas flow is reduced, the concen-
trations of oxygen and agent delivered by the
anesthesia machine will differ from the concen-
trations inspired by the patient from the inspira-
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CAN FGF BE REDUCED DURING WASH-IN?
5/6. We are at 8 minutes. FgA has now exceeded the target. AgentWasteflow is 3.1 mL/hr,
much less than 12 mL/hr in the reference wash-in.

Select “Continue” to see the trend plot relative to the reference wash-in.

Figure 1: Sample low-flow anesthesia scenario following pre-oxygenation and IV induction. Note the location in the
circuit for the three concentrations of oxygen and anesthetic—Fp, F,, Fe—and the trend values in the minitrend. A
one MAC concentration of isoflurane (1.2%) is achieved in the exhaled gas while the vaporizer is set to 6%. Progres-
sive reduction in the vaporizer setting is required to prevent anesthetic overdosage. To explore these concepts in
more detail, the APSF course on low-flow anesthesia can be found at www.apsforg/tei.

tory limb of the breathing system. This is entirely
due to mixing of exhaled gases with the deliv-
ered gases. The magnitude of the impact on
the inspired concentrations will depend upon
the degree of rebreathing and the rate of
uptake by the patient which will in turn depend
upon the phase of the anesthetic. There are
actually three different concentrations of
oxygen and anesthetic in a circle system to con-
sider when practicing low-flow anesthesia (See
Figure 1above):

» Delivered concentrations (Fp): The concen-
tration in the fresh gas. Oxygen concentra-
tion is determined by the oxygen and air or
nitrous oxide flow settings, agent concentra-
tion is determined by the vaporizer setting.

» Inspired concentrations (F;): The concentra-
tion in the inspiratory limb of the circuit.
Depending upon the degree of rebreathing
and the phase of the anesthetic, inspired
concentrations will be different from the con-
centrations delivered in the fresh gas. Set
values on the vaporizer and flowmeters will
not equal what the patient inspires during
low-flow anesthesia.

* Expired concentrations (Fg): The concentra-
tion in the expiratory limb of the circuit. For
induction and maintenance, Fg will generally
be less than F, due to uptake.

A safe and effective low-flow practice
requires that the anesthesia professional
increase the delivered concentrations of oxygen

and anesthetic, in some cases well above the
desired inspired values, and make adjustments
as the rate of uptake changes. For example,
during induction when uptake of anesthetic is
high, the vaporizer setting will need to be well
above the desired MAC value if FGF is reduced
to minimize waste and pollution. (See Figure 1
above) Having a real-time measurement of the
oxygen and anesthetic concentrations in the
inspired and expired gases is essential to a safe
and effective practice.

Fortunately, all modern anesthesia
machines are required to be equipped with an
inspired oxygen monitor. Analysis of inspired
and expired oxygen and anesthetic concentra-
tions is sometimes a feature of the anesthesia
machine and sometimes an external device.
Unfortunately, anesthetic concentration moni-
toring is not required by standards for
machines and therefore may be lacking when
itis not a built-in feature. The ability to monitor
both inspired and expired concentrations of
oxygen AND volatile anesthetic is HIGHLY
RECOMMENDED, if not essential, to the safe
practice of low-flow anesthesia.

OXYGEN UPTAKE MEASUREMENT

Tools based upon oxygen uptake measure-
ment are the simplest to implement and are
designed to indicate to the clinician a safe
target for reducing fresh gas flow. These tools
require a monitor of inspired and expired

See “Technology,” Next Page
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oxygen concentration and a flow sensor to
measure tidal volume and respiratory rate to
derive minute ventilation. The difference
between inspired and expired oxygen concen-
trations multiplied by the minute ventilation is
an estimate of the patient’s oxygen consump-
tion. This estimate, adjusted for any other losses
from the circuit, is used to make a minimum flow
recommendation to which the actual flow set-
ting is compared. Additional losses include gas
sampled for analysis by a sidestream gas ana-
lyzer if the sampled gases are not returned to
the circuit, as well as any leaks. Specific algo-
rithms for the uptake based tools may differ
between manufacturers but the basic method is
the same. All of these tools are approved by the
FDA and available in the US.

Tools that fall into this category can be
useful as a guide to reducing fresh gas flow,
but have very significant limitations since the
concentrations of anesthetic and oxygen are
not incorporated into all of these tools. Further,
there is no accompanying guidance for the
vaporizer or flowmeter setting required to
achieve a desired clinical endpoint. Inade-
quate oxygen and anesthetic delivery is pos-
sible when using these tools.

During induction, when anesthetic uptake is
high, uptake tools will recommend a FGF set-
ting that will, in general, not be sufficient to
ensure adequate anesthetic depth, even if the
vaporizer is set well above the desired MAC
value. Oxygen requirements may not be satis-
fied since the provider can use any gas in the
fresh gas flow to satisfy the minimum flow rec-
ommendation when as much as 100% oxygen
in the delivered gas may be needed to maintain
an adequate inspired oxygen concentration.
Furthermore, if concentrations in the circuit
need to change quickly, fresh gas flow will need
to be increased well above the minimum rec-
ommendation.

In general, these tools can be useful during
maintenance to guide reducing fresh gas flow
when anesthetic and other gas concentrations
are relatively stable and do not need to change
quickly. They are not particularly useful for guid-
ing FGF during induction, and do not obviate
the need for meticulous attention to monitored
concentrations of oxygen and anesthetic when
setting the fresh gas mixture and the vaporizer.

PREDICTION TOOLS
Tools that predict future oxygen and volatile
anesthetic concentrations are a useful type of
decision support. They allow the user to set
fresh gas flow rates and the vaporizer by
seeing, in real time, the future effects of the
chosen settings. Such systems allow more

accurate and rapid adjustment of oxygen and
agent delivery and also provide an important
safety device in that the display of future con-
centrations gives an early, visual warning if O,
and anesthetic concentrations are heading out
of the desired range.

At a basic level these tools are similar to the
various tools that predict concentrations of iv
agents using well described drug models such
as StanPump®.2 Modeling inhalational agents is
more complex than for intravenous medications,
especially during low-flow anesthesia, since the
interactions of total fresh gas flow and vaporizer
settings, rebreathing and patient uptake all must
be considered. However, in contrast to predic-
tive models of iv agents, the end-tidal concentra-
tion of volatile anesthetics is measured and used
to refine the predictions in realtime.

There is significant clinical experience docu-
menting the utility of prediction tools. Kennedy
and French developed and evaluated a proto-
type prediction system that was used for some
years in their hospital with the Datex ADU. This
system made it easy to set a desired fresh gas
flow and then, by observing the predictions,
adjust the vaporizer dial to achieve the desired
end-tidal (and effect-site) vapor concentra-
tions.*® Similar tools are now commercially
available on anesthesia delivery systems from
several manufacturers although they are not
available in the US. (See Table below).

While prediction tools have been proven to
be both useful and reliable, they have limita-
tions. Continuous information about total fresh
gas flow and mixture as well as agent delivery is
required to make accurate predictions. As a
result, these systems will typically require an

anesthesia machine with electronic flowmeters
or electronic measurement of flow settings. In
addition, an electronically controlled vaporizer,
or one that is modified to electronically record
the dial setting is mandatory. Furthermore,
while all of these systems reliably predict future
anesthetic agent concentrations, they do not all
predict oxygen concentrations.

While useful to show the anesthesia profes-
sional the implications of the current FGF set-
tings for future anesthetic and oxygen
concentrations, prediction tools still require
ongoing vigilance and interaction. They do not
automate the anesthesia delivery process in
any way.

CLOSED LOOP CONTROL

These tools are the most sophisticated, and
designed to reduce the burden on the provider
by automating oxygen and anesthetic delivery
while minimizing fresh gas flow. Once the anes-
thesia professional selects the target concentra-
tions for in- or expired oxygen and end-expired
anesthetic agent, the algorithms can continu-
ously seek to minimize waste while simultane-
ously ensuring the target concentrations are
attained in a timely and accurate manner.

While these algorithms differ among manu-
facturers, all maintain selected targets within a
narrow range, reduce waste to closed circuit or
near closed circuit conditions and help to
reduce the provider workload.®°

At the same time, the risk of inadequate
oxygen or anesthetic delivery is managed auto-
matically. The clinician no longer has to continu-

See “Technology,” Next Page

Table 1: Tools to Support Low-Flow Anesthesia Listed by Manufacturer

Tools are only available on certain models from each manufacturer. Contact the manufacturer
for information on which models support the tools and the technology options required for each.

Manufacturer  Uptake Based Tools Prediction Tools Closed-Loop Control
Vapor View®*
Low Flow Wizard® Smart PilotView
Draeger us * *
Medical (US) (SPV) AutoMode—(Zeus IE only)
Econometer Integrated SPV
(Zeus IE only)*
Navigator End-tidal Control® (EtC)—
GE ecoFlow® Application Suite (Aisys CS2 only)
(no longer offered) Yy Y
. Automated Gas Automated Gas Control®
Getinge N/A Control (AGC)* (AGC)*
) . . Automatic Controlled
® *
Mindray Optimizer Prediction Anesthesia—ACA (A9 only)*

*Indicates not available in the US.
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ally adjust FGF and vaporizer settings, freeing
up time to devote to other tasks, especially
during the busy induction period. Additional
features help the clinician to titrate down agent
delivery in anticipation of emergence while
maintaining low-flow conditions.

While tools for closed-loop control of oxygen
and anesthetic delivery are clinically proven to
be reliable, they are completely dependent
upon a sophisticated, and costly, anesthesia
workstation. Without continuous real-time mea-
surement of inspired and expired oxygen and
agent concentrations and computer control of
flowmeters and vaporizers, closed-loop control
is not possible. All of these machines have fail-
ure modes that return to manual control if any of
the sensors fail. Only one closed-loop control
solution is available in the US.

CONCLUSIONS

The technique of low-flow inhaled anesthetic
delivery became possible almost 100 years ago
with the introduction of carbon dioxide absorp-
tion. For quite some time, all anesthesia work-
stations have been designed to use a circle
breathing system with CO, absorbent. How-
ever, the technique of low-flow anesthesia has
yet to be universally adopted. Admittedly, the

cognitive burden of continuously monitoring
oxygen and anesthetic concentrations as fresh
gas flow is reduced, along with the mental
models required to understand the complex
real time interactions of rebreathing and
uptake, remain barriers to adoption. Fortu-
nately, tools for helping the clinician are avail-
able and understanding and adopting these
tools will make it easier to pursue a low-flow
anesthesia practice.”® Hopefully this primer is
helpful for understanding the benefits and limi-
tations of these tools.

Many anesthesia workstations configured
with electronic vaporizers will indicate the anes-
thetic agent usage. This information is very
useful as you embark upon the practice of low-
flow anesthesia. The ultimate goal of the low-
flow practice is to learn how to achieve the
same clinical results while using less anesthetic
agent. If the anesthetic agent usage is available,
it becomes a convenient metric for measuring
the impact of reducing fresh gas flow.

Technology notwithstanding, understanding
the principles of low-flow anesthesia and the
importance of continuous oxygen and anes-
thetic monitoring remains essential. For more
information the APSF has developed a MOCA
Safety CME accredited course on low-flow anes-
thesia which is available at www.apsf.org/tei.
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