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Abstract: This overview elucidates the physical principles essential to
anaesthesia breathing systems, connecting theory to clinical safety. It
explores fundamental gas laws, including Boyle’s, Dalton’s, and Henry’s,
explaining their role in gas uptake and delivery. The text analyzes flow
dynamics, resistance, and compliance, illustrating their impact on the work
of breathing. Furthermore, it details the classification and mechanics of
Mapleson circuits (A-F) and circle systems, addressing rebreathing, dead
space, and fresh gas flow requirements. Finally, practical applications like
the Venturi effect and CO2 absorption are discussed to optimize patient
ventilation strategies.
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hysics is deeply woven into Anesthesia—understanding it helps

explain how gases move, how machines deliver anesthetics, and

how the patient’s lungs interact with circuits. Following is a
structured overview of the physics in anesthesia.
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Gas Laws and Anesthetic Gases: -

Boyle’s Law (P x V = constant): Boyle's Law states that the pressure of a gas
is inversely proportional to its volume when temperature and the amount of
gas are kept constant. This means that if you increase the pressure on a gas,
its volume will decrease, and vice versa, as long as the temperature and
amount of gas remain unchanged. Mathematically, this relationship is
expressed as P,V, =P,V,, where P, and V, are the initial pressure and volume,
and P, and V, are the final pressure and volume.

Here's a more detailed explanation:

Used in breathing circuits and mechanical ventilation—when pressure
increases, volume decreases. For example, squeezing the reservoir bag
delivers gas into the lungs.

Charles’ Law (V « T): Charles's Law, also known as the Law of Volumes, it
states that the volume of a gas is directly proportional to its absolute
temperature (measured in Kelvin). This means that as the temperature of a
gas increases, its volume also increases proportionally, and vice versa,
provided the pressure remains constant.

Gas volume changes with temperature; important in vaporizers.

Dalton’s Law of Partial Pressures: Dalton's Law of Partial Pressures, also
known as Dalton's Law, states that the total pressure exerted by a mixture of
non-reacting gases is equal to the sum of the partial pressures of the
individual gases in the mixture.
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Total gas pressure = sum of individual gas pressures. Explains how oxygen,
nitrous oxide, and anesthetic vapors mix.

Henry’s Law: Henry's law describes the solubility of gases in liquids. It
states that the amount of gas dissolved in a liquid is directly proportional to
the partial pressure of that gas above the liquid, at a constant
temperature. This means that if you increase the pressure of a gas above a
liquid, more of that gas will dissolve in the liquid.
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Henry's Law

Gas solubility in blood is proportional to its partial pressure—basis for
uptake of volatile anesthetics.

Fick’s Law of Diffusion: Fick's law of diffusion describes how substances
move from areas of high concentration to areas of low concentration. It is
expressed as ) = -D(dC/dx), where J is the diffusion flux, D is the diffusion
coefficient, and dC/dx is the concentration gradient.

Elaboration:

Core ldea:
Substances diffuse from regions where they are more concentrated to
regions where they are less concentrated, until the concentration
evens out.

Flux:
The rate of this movement is called the diffusion flux (J), which is the
amount of substance moving through a unit area per unit time.
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Concentration Gradient:
The driving force for diffusion is the concentration gradient (d¢/dx),
which is the change in concentration (¢) over distance (x).

Mathematical Expression:
Fick's first law is often written as J =-D(d¢/dx), where D is the diffusion
coefficient, a measure of how easily a substance diffuses. The
negative sign indicates that diffusion occurs down the concentration
gradient (from high to low).

Diffusion depends on surface area, thickness, and gradient—important in
gas exchange in alveoli and across membranes (e.g., N,O diffusion into air-
filled cavities).

Flow Dynamics

Laminar vs. Turbulent Flow:
o Laminar flow: smooth, depends on viscosity (Poiseuille’s law).
o Turbulent flow: chaotic, depends on gas density.

Clinical: Heliox (helium + oxygen) reduces resistance in airway
obstruction by lowering gas density.

Resistance in Airways/Circuits (Poiseuille’s Law):
Resistance « 1/(radius®).

Small decreases in tube radius (edema, kinked ETT) massively increase
resistance.

Pressure & Ventilation

Compliance (AV/AP): In physics, compliance refers to a material's or
structure's ability to deform or change shape inresponse to an applied
force or pressure. It's essentially the inverse of stiffness, meaning that
a compliant object deforms easily, while a stiff object resists
deformation. Specifically, compliance is often defined as the change
in volume per unit change in pressure.
Stiff lungs (ARDS) = low compliance; floppy lungs = high compliance.
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Work of Breathing: Determined by compliance + resistance.
Mechanical ventilation reduces patient effort.

Positive Pressure Ventilation: Opposite to normal breathing
(negative pressure); has hemodynamic consequences.

In practice:

« Choosing tube sizes (Poiseuille’s law).

« Adjusting ventilator settings (compliance, resistance).

« Preventing hypoxia (Dalton’s law).

« Avoiding complications like N,O expansion (Fick’s law, diffusion).
Physics of Anesthesia Circuits and Their Practical Applications

The anesthesia breathing circuit is an essential component of modern
anesthetic practice. It serves to deliver oxygen and anesthetic gases, remove
carbon dioxide, and permit controlled or spontaneous ventilation while
minimizing work of breathing. A clear understanding of the physics governing
anesthesia circuits is necessary for safe and effective patient management.

Principles of Gas Flow
Gas flow within circuits may be laminar or turbulent.

« Laminar flow follows Poiseuille’s Law:Flow is proportional to
the fourth power of the radius and inversely proportional to
viscosity and length.

« Turbulentflow occurs at high flow rates, sharp bends, or narrow
connectors, and is governed by gas density rather than viscosity.

Application: In pediatric circuits, wide and short tubes minimize resistance.
In conditions of airway obstruction, heliox (a low-density gas mixture)
reduces turbulent resistance.

Resistance in Circuits
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Resistance is defined as the pressure difference required to generate a given
flow. It increases with smaller radius, greater length, moisture, and
additional connectors.

Application: Narrow endotracheal tubes increase resistance, especially in
children. Filters and heat-moisture exchangers add resistance and may
cause CO,retention in neonates. Thus, circuit design must prioritize smooth
walls and low resistance.

Compliance of Circuit Tubing

Compliance is the volume change per unit pressure. Highly compliant tubing
can lead to volume loss before gas reaches the patient.

Application: In adult patients, compliance losses are negligible relative to
tidal volume. However, in neonates with small tidal volumes, even minimal
compliance can cause significant hypoventilation. Modern circuits use low-
compliance tubing to prevent this problem.

Dead Space

Dead space is the portion of ventilation that does not participate in gas
exchange. It can be anatomical (airway structures) or apparatus-related
(circuit components).

Application: Additional connectors, long tubes, or bulky masks increase
apparatus dead space, which is especially hazardous in neonates and
infants. Circle systems limit dead space to the segment between the Y-piece
and the patient.

Rebreathing and Fresh Gas Flow

Rebreathing depends on circuit design, fresh gas flow (FGF), and the
presence of a CO, absorber.

Venturi Effect and Bernoulli’s Principle

According to the Venturi effect, gas passing through a narrow orifice
increases velocity, decreases pressure, and entrains ambient air.
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Application: Venturi masks deliver a fixed FiO, independent of patient
effort. Nebulizers use the same principle for drug delivery, and injector
devices in anesthesia machines apply Bernoulli’s principle for gas mixing.

Work of Breathing

The work of breathing is determined by resistance and compliance of the
circuit. Increase in either parameter raises patient effort.

Application: Spontaneously breathing patients, especially children or those
with respiratory disease, require low-resistance, lightweight circuits. The
circle system with modern low-resistance valves is safe even in pediatric
practice.

Mapleson circuits

History of the Mapleson Circuit Systems

1954 — Mapleson’s landmark paper classified anaesthetic breathing circuits
and gave rise to the nomenclature of Mapleson circuits A, B, C, D and E. This
classic paperwas initially regarded as a minor theoretical study by Mapleson
who was awaiting volunteers for another neuromuscular relaxant study.

1975- Willis, Pender and Mapleson described the Mapleson F, a
modification of Mapleson E using the Jackson Rees modification of Ayres T-
Piece during spontaneous respiration.

< ey,

Mapleson F circuit. Jackson Rees modification of Ayres T-Piece. BrJ Anaesth. 1975
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MAPLESON A (also Magill system)

Fresh gas flow enters near the reservoir bag at the machine end and
the expiratory valve is positioned at the patient end

The patientinhales fresh gas and the valve is closed during inspiration

When the patient exhales, expired gas flows through the tubing and
into the reservoir bag until the bag fills and the resultant pressure
causes the expiratory valve to open

The expired air is vented into the atmosphere which is further ‘pushed’
by the continuous fresh gas flow during the expiratory pause

This minimises rebreathing of expired air

This circuit functions best when the fresh gas flow equals the minute
ventilation and dead space gas (free of CO, as does not take part in
gas exchange) is allowed to be rebreathed

It is the best circuit for the spontaneous breathing patient because of
minimal rebreathing

Main disadvantages include the proximity of the valve to the patient
which makes it largely inaccessible during surgery and its constant
evacuation of gases into the theatre environment

Lacks modification added an expiratory limb which facilitated the
scavenging of gas to prevent theatre pollution
EXP

r—WJ

FGF —»

MAPLESON B and C

These are similar circuits with the fresh gas flow and expiratory valve
located at the patient end and the reservoir bag at the machine end

The corrugated tubing is absent in Mapleson C; it is a ‘shortened’
version of Mapleson B
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Fresh gas flows and fills the reservoir bag and tubing.

The patient inhales the fresh gas and expires into the reservoir tubing.
During the expiratory pause, the fresh gas flow continues to fill the bag
which now also contains the expired gas and as the pressure within
the bagrises, the expiratory valve opens and these are vented into the
atmosphere

When the patient takes the next breath, it is both of mixed and fresh
gas

Fresh gas flow must be equal to peak inspiratory flow rate to prevent
rebreathing as such, both these circuits require high gas flow and
produce high theatre pollution

FGF
T AR

MAPLESON D

Fresh gas flows from the machine end and connects to an Ayre T-
piece at the patient end

The T-piece has an extra limb of corrugated tubing which connects to
the reservoir bag and the expiratory valve

Patient inhales gas from the tubing and fresh gas flow

Expired gas fills the tubing and fresh gas flow pushes this expired gas
into the bag inflating it

When the bag is sufficiently distended, the pressure causes the APL
valve to open and the gas is vented into the atmosphere

FGF needs to be 2-3 times the minute volume to prevent rebreathing
The Bain modification of this circuit includes a ‘tube within a tube’

Fresh gas flows in a tube that runs coaxially inside the corrugated
tubing to the patient
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« When the patient exhales, the expired air flows back into the
corrugated tubing and into the reservoir bag

« When the bag is full, the valve opens and excess gas is vented into the
atmosphere

« During the expiratory pause, fresh gas flow continues and fills the
proximal portion of the corrugated tube. This “pushes” the expired gas
up the tube and into the bag

« On the next breath, the patient breaths fresh gas and the mixed gas in
the corrugated tube

« Ifthe fresh gasflowrate is high (1.5-2x minute volume) then the patient
will inspire only fresh gas from the corrugated tube

« This is the most efficient system for controlled ventilation

Mapleson D _
(—"“\_\'—'I_. _.\.\:L_
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MAPLESON E

o Derived from the Ayre T-piece used in Mapleson D circuit and
functions on the same principle as Mapleson D

« The primary difference is in the length of the tubing that is increased
to be greater than the patient’s tidal volume

« For spontaneous ventilation, the expiratory limb is open to the
atmosphere

« It has no valves so there is no resistance to airflow nor points for
possible mechanical failure
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Rebreathing is dependent on the fresh gas flow, patients minute
volume and capacity of the expiratory limb

Its main use is in pediatric patients

MAPLESON F

Jackson Rees modification of the Mapleson E system

A 500ml bagis attached to the expiratory limb. A hole in the tailcan be
occluded by a finger to direct gas flow to the patients’ lungs and
provide pressure in controlled ventilation. The elasticity of the bag
provides a ‘pressure buffering effect’ and prevents barotrauma; a
problem often seen in Mapleson E due to overinflation

The bag can also be fitted with a PEEP valve and converts the valveless
system into one with a valve

Observation of the bag during spontaneous ventilation helps in
assessing and monitoring respiration.

The system functions similar to a Mapleson E albeit with the added
bag on the expiratory limb

Fresh gas and expired gas mix in the bag during expiration

FGF pushes the expired gas down the limb and into the bag during
expiratory pause

During the next inspiration, fresh gas is inhaled both from the FGF and
from the expiratory limb of the circuit (now replaced with fresh gas)

High fresh gas flows are required to prevent rebreathing (2.5-3x minute
volume)

Gases are vented into the atmosphere; scavenging is not possible
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- FOF

o Mapleson A is most efficient for spontaneous breathing.

o Mapleson D and Bain’s modification are well suited for
controlled ventilation.

Circle system

Uses unidirectional valves and soda lime absorber to allow low-flow
anesthesia, conserving gases and heat.

Application: During patient transport, Mapleson circuits are preferred
due to simplicity. For long surgeries, circle systems permit
economical, low-flow anesthesia with reduced operating room
pollution.

CO, Absorption

In circle systems, soda lime or calcium hydroxide lime absorbs CO.,,.
The reaction is exothermic, generating heat and water. Exhausted
absorbent leads to rebreathing and hypercapnia.

Application: Clinicians must monitor for signs of exhausted absorbent
such as increasing end-tidal CO,, warm or color-changed canisters,
and inadequate CO, elimination despite high FGF.

Conclusion

The function of anesthesia breathing circuits is grounded in basic physics
principles, particularly gas flow dynamics, resistance, compliance, dead
space, and rebreathing. These principles directly influence clinical practice:
selection of circuits (Maplesonvs. circle), adjustment of fresh gas flows, and
vigilance for potential hazards such as hypercapnia or increased work of
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breathing. A sound grasp of circuit physics enables the anesthesiologists to
optimize patient safety, conserve resources, and tailor ventilation strategies
to the specific needs of each patient.
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