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Humidification of inspired gases is an essential part of modern intensive care practice, but there is wide
international variation in the application of humidification devices.' This review aims to briefly cover the reasons

why humidification is important and the main methods of humidification used, outlining their different strengths

and weaknesses.

Physics

In the range of pressures and temperatures we
commonly encounter, water exists in three phases:
solid, liquid and gas. It is useful to remind ourselves
that water vapour (gas) is invisible and when we see
clouds of white steam this is in fact an aerosol of
droplets of liquid water. As a gas containing water
vapour cools it becomes fully saturated and
condensation begins to form; this temperature is called
the dew point for that gas. Wherever there is an
interface between gas and liquid water there will be
water vapour in the gas. The equilibrium pressure of
water vapour over liquid water is related to temperature
and is termed saturated vapour pressure (SVP). As
temperature increases the SVP increases, and when
SVP is equal to or greater than the ambient pressure,
water boils.

Humidity is the term used to describe the water vapour
content of a gas. It can be expressed in several ways:

e Absolute humidity, which is the mass of water in a
given volume of gas (mg/l, kg/m?®). Absolute humidity
varies with ambient pressure; at 37°C the absolute
humidity of fully saturated gas is 44 mg/l.

e Relative humidity is the amount of water vapour
present in a gas as a percentage of the saturated
capacity. Relative humidity varies with temperature
and pressure.

e The water vapour content of a gas can be expressed
as a pressure according to Dalton’s law of partial
pressures (kPa, mmHg). At 37°C the SVP of water is
47 mmHg.

Energy is required for water to move from the liquid
phase to gas phase. This energy is called the latent
heat of vaporisation and results in cooling of the
remaining liquid water in unheated humidification
systems, limiting their efficiency.”

Physiology

The inspired gas is humidified and heated to body
temperature during normal breathing by the upper and
lower airways.® The nose is partially external to the
body and contains turbinate bones which increase
surface area. Expired gas is cooled below the body core
temperature in the nose, and some of the water vapour
it carries condenses. In humans the efficiency of this
process is only moderate; it is much more advanced in
desert mammals whose obligatory water loss is very
low indeed.

Gas exchange in the lung occurs in microscopic air
spaces in which the inspired gas has reached saturated
humidity.* The water content of the alveolar gas is
therefore determined only by the body temperature.

At some point in the airways the inspired gas reaches
body temperature and becomes fully saturated with
water vapour; this point is termed the isothermic
saturation boundary (ISB).® In quiet breathing the ISB
is thought to be just below the carina® but the
anatomical position of the ISB will move up and down
the airway depending on the heat and water content of
the inspired air, breath tidal volume, inspiratory flow
rate and body temperature. To paraphrase Burton,®
anyone who has performed vigorous exercise in very
cold conditions will have noted the discomfort caused
when the ISB is shifted distally by high inspiratory flow
of air with low heat and water content. The effect of
dry gas in the lower airway is thought to be the cause
of exercise-induced asthma and exercise cough.”®

At an epithelial level, humidification of the airway
gases is achieved by evaporation of water from the thin
layer of mucus which covers all respiratory surfaces.
Respiratory mucus exists as two interacting layers.’
The luminal gel layer contains mucin, which is
produced by mucous cells, analogous to goblet cells in
gut epithelium. The mucosal aqueous layer is
produced by serous cells.’® The mucus provides a
liquid surface for humidification and allows particulate
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filtering to occur. The mucus is moved by ciliary action
to the pharynx where it is swallowed. All parts of the
respiratory epithelium have this function, from the
paranasal sinuses to the conducting airways.

Rationale for humidification

In the past, when humidification technologies were
poorly developed, tenacious secretions caused
morbidity and mortality. Early papers describing
methods for preventing mucociliary dysfunction gave
descriptions of the severity of the problem." The
effect of ventilation with dry gas on mucociliary
transport in dogs was published by Burton in 1962.°
Ten years later, using cytology in humans, Chalon

et al.** demonstrated that ventilation with dry gas
caused time-dependent injury to respiratory epithelial
cells. These changes were seen after periods of dry gas
exposure as short as 1 hour. Early recommendations
were that when the natural airway was bypassed,
inspired gas should have 33 mg/l of water vapour to
maintain normal mucociliary function.”® With the use of
adequate humidification, complete occlusion of the
endotracheal tube by tenacious secretions is a rare
event. However, reduction in lumen diameter does
occur over time and may be minimised by using more
effective humidification systems.'**®

In 1996 Williams et al.'® proposed a model which related
the degree of epithelial dysfunction or injury to the
magnitude and duration of any disturbance to normal
airway humidity and temperature. The authors
suggested that there would be a pattern of worsening
dysfunction beginning with abnormal mucus viscosity,
proceeding to decreased mucus transit velocity,
followed by complete interruption of mucus transit,
cessation of cilia movement, and finally loss of normal
epithelial cell architecture. By way of validation of the
model, the authors examined the results of some 17
existing studies and produced a reasonably good fit of
the data to their model. More recent models have been
based on thermodynamic principles (the energy
requirements of humidifying and heating inspired
gases).”*® There is a lack of data concerning the effects
of partial humidification or heating of inspired gas, but
one in vitro study has demonstrated a time-dependent
loss of cilial function with one-way flow of saturated
gas at 34°C." The rate of recovery from an epithelial
injury caused by under-humidification of inspired gas is
not known.

Methods of humidification

Various methods of increasing the water content of
airway mucus have been published. These include
direct methods such as fluid instillation' and
administration of nebulised water,”#* various types of
heated humidifiers®* and passive heat and moisture
exchangers.®#

All the current humidification technologies are in
evolution. Studies that evaluate one device are only

strictly applicable to that device, and as with other
immature technologies, equipment quickly becomes
obsolete. These two factors, when taken together,
make it difficult to interpret or apply the results of
studies comparing different devices. Results from well-
conducted studies may lead to changes in products or
devices that address the problems raised by research;
this is one of the mechanisms by which humidifier
performance has improved over time. It is also
important to remember that manufacturers will always
present data derived from their devices operating under
optimal conditions. The actual performance of devices
when tested in clinical conditions may not be the same
as quoted by the manufacturer.?®#

Passive humidification

The simplest method to achieve some humidification of
the inspired gas is by using a condenser humidifier in
the airway. These devices are known as heat and
moisture exchangers (HME) and act by condensing
some of the water vapour in the expired gas which in
inspiration evaporates, humidifying the inspired gas.*
This technology emulates the heat and water
conservation of the natural airway.® HMEs are simple
devices which offer partial humidification of inspired
gas; they are portable and relatively inexpensive.

These properties make them an important part of
respiratory care for patients in whom the natural airway
is bypassed.

The humidifying efficiency of HMEs tends to decrease
with increasing tidal volume and inspiratory flow.*
Some HMEs have the condensing surface impregnated
with a hygroscopic substance, usually a metal chloride
salt, which increases the amount of water condensed in
expiration.®® Other HMEs include bacterial and viral
filtration of the expired gas.*

HMESs must be in the part of the breathing circuit that
has tidal ventilation. They contribute to the resistance
and dead space of the circuit. The resistance to flow is
usually low but can affect respiratory parameters.®*
The HME's condensation surface may become wet with
condensate, secretions, blood, oedema fluid or vomit,
potentially causing a marked increase in resistance.”*
The extra dead space may be a factor in paediatrics or
where minute ventilation is restricted.*** HMEs are
not generally considered appropriate for non-invasive
ventilation*** or for use in situations where not all the
inspired gas returns to the HME, for example
bronchopleural fistulas and tube leak at the larynx.

Initial recommendations were to change the HME daily.
Several studies have evaluated the safety of less
frequent changes and found a decrease in cost without
an increase in adverse outcomes.**

It is possible to increase the efficiency of HMEs by
combining a chemical reaction to generate heat and
improve some aspects of performance, at the cost of
increased resistance to flow and dead space.*
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Some investigators have found that the use of HME
devices incorporating a bacterial filter has reduced the
rate of ventilator-associated pneumonia (VAP)
compared with heated humidifiers.*® They postulate
that contamination of the circuit with secretions is part
of the pathogenesis of VAP. Other investigators have
found no change in rates of VAP with humidifier
type.”®* A recent meta-analysis concluded there was a
reduction in the incidence of VAP with HME;®
however, the trials included in the meta-analysis used
different brands of HME and heated humidifiers which
have not been shown to be equivalent. For this reason
the authors suggest that the conclusion should be
interpreted with caution.

Active humidification

Active humidifiers use an external heat source to
vaporise water in the circuit. They exist in three main
types: pass-over water bath humidifiers, bubble-
through type humidifiers, and those which use porous
surfaces to humidify gas. Active humidifiers can
deliver gas with absolute humidity close to that of
alveolar gas, and some studies have demonstrated
advantages of active humidification devices over
HMEg.**

The gas temperature in the circuit must be maintained
above its dew point to prevent condensation.
Manufacturers and users of active humidifiers have
been finding ways to prevent or control condensation
since they were first described. These solutions have
become gradually more and more effective. Most
circuits use heated wire elements to prevent cooling of
the inspired gas. The design and arrangement of these
wires has evolved from simple wire loops to spiral wire
coils manufactured with the circuit to provide even
heating. These wires must be designed in such a way
that they cannot overheat and burn the patient,
damage the circuit, or be a fire risk in the oxygen-rich
environment of the breathing circuit.**** The
temperature of the gas can be controlled by
temperature sensors in the breathing circuit. The
advent of turbine compressors has allowed ventilator
manufacturers to produce devices that create fresh gas
from oxygen and compressed room air. This fresh gas
may be significantly warmer than ambient temperature,
further increasing the complexity of active
humidification.®®

Expiratory limb condensation can be problematic for
two reasons. Firstly, because water must be collected
in traps, emptying these may add to nursing workload.
Secondly, modern ventilators may malfunction if
condensation forms in the expiratory mechanism where
flow sensors are often positioned. Some modern
breathing circuits have an expiratory limb created from
material that is permeable to water vapour and are able
to reduce the humidity of the expiratory gas before it
enters the ventilator without significant condensation.

Pass-over humidifiers

Pass-over humidifiers rely on an element that heats
water in a vapourising chamber. The humidifier raises
the water content and temperature of fresh gas as it
passes through the chamber, which is situated in the
inspiratory limb of the breathing circuit. If
condensation in the circuit can be controlled the pass-
over humidifier has many desirable features. The bulky
heater and controller are away from the patient, it has
low resistance to flow,” and it does not contribute to
dead space.”® The volume of the humidification will
form part of the compressible volume of the circuit.
Under commonly experienced conditions inspired gas
can be delivered to the patient with an absolute
humidity close to that of alveolar gas.*® The fresh gas is
humidified before delivery to the patient, so these
humidifiers can be used to humidify gas in breathing
systems without to-and-fro ventilation such as mask
continuous positive airway pressure (CPAP) devices
and nasal cannulas.

Bubble-through humidifiers

Bubble-through humidifiers have a system that passes
inspired gas through the water in the humidification
chamber, thus providing a large gas/liquid surface for
evaporation. One undesired effect of bubble-through
systems is the possible production of an aerosol of
water from the chamber, providing a means for bacteria
to leave the chamber should it become colonised.®
This mechanism of humidification results in increased
resistance to flow in the inspiratory limb of the
breathing circuit.®

Other heated humidifiers

New methods of humidification have recently been
marketed. One system uses a heated porous chamber.
This system has been designed for the humidification
of gases in one-way circuits, for example nasal
cannulas.®® Another device incorporating features of
the HME with active heating and water addition has
been described and seems to be effective in
preliminary tests.®¢

Conclusion

The critically ill patient often has many interventions
before admission to the intensive care unit (ICU).
Provision of adequate humidification may not be seen
as an important priority in this pre-ICU period.
However, it is reasonable to conclude that some such
patients will already have sustained injury to their
respiratory tract epithelium. The rate at which
epithelial function improves after such an injury is not
known. The most practical solution in non-critical care
environments will usually be passive humidification,
because it is cheap and portable.

After admission to the ICU, maintenance of patients’
respiratory function requires adequate humidification.



The minimum humidification requirements to maintain
normal function have not yet been clearly delineated.
The method of humidification chosen will depend on
the philosophy of care and the funding of the ICU.

Some units will choose to provide humidification
simply and economically, keeping in mind that there
are data suggesting that outcomes are not altered by
humidification method.®*® We lack solid evidence of
the optimal level of humidification; however, under-
humidification is known to cause time-dependent
dysfunction and injury. Many intensive care
practitioners choose to provide the best possible
humidification to eliminate any possibility that under-
humidification could prolong length of stay or worsen
outcome.'®*
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