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BACKGROUND: Practitioners often presume there is adequate humidification in the ventilator
circuit if the Y-piece is at a specified temperature, but control of Y-piece temperature may be
inadequate to ensure adequate humidification. METHODS: In an in vitro bench model we mea-
sured water-vapor delivery with several heated humidification setups and a wide range of minute
volume (V) values. The setup included a condenser, hygrometry, and thermometer. First, we
calibrated the system with a point-source humidifier and water pump. Then we tested the water-
vapor delivery during non-heated-wire humidification and during heated-wire humidification with
a temperature gradient of +3°C, 0°C, and —3°C between the humidifier and the Y-piece. We
compared the results to 2 recommended humidification values: 100% saturated (absolute humidity
44 mg H,0/L) gas at 37°C (saturated/37°C); and 75% saturated (absolute humidity 33 mg H,O/L),
which is the humidity recommended by the International Organization for Standardization (the
ISO standard). In all the experiments the setup was set to provide 35°C at the Y-piece. RESULTS:
Our method for measuring water-vapor delivery closely approximated the amount delivered by a
calibrated pump, but slightly underestimated the water-vapor delivery in all the experiments and
the whole V; range. At all V. values, water-vapor delivery during non-heated-wire humidification
matched or exceeded saturated/37°C and was significantly greater than that during heated-wire
humidification. During heated-wire humidification, water-vapor delivery varied with the temper-
ature gradient and did not reach saturated/37°C at V > 6 L/min. Water-vapor delivery with the
negative temperature gradient was below the ISO standard. CONCLUSIONS: Maintaining tem-
perature at one point in the inspiratory circuit (eg, Y-piece), does not ensure adequate water-vapor
delivery. Other factors (humidification system, V., gradient setting) are critical. At a given temperature,
humidification may be significantly higher or lower than expected. Key words: humidifier, humidification,
ventilation, airway, sputum. [Respir Care 2009;54(4):480—486. © 2009 Daedalus Enterprises]

Introduction

In the intubated, mechanically ventilated patient, heat-
ing and humidifying the inspired gas prevents drying of
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the respiratory mucosa, airway ulceration, and impaired
secretion clearance.!? Available active humidifiers oper-
ate with a feedback loop that responds to the temperature
of the humidifier chamber and the Y-piece. The heat is
supplied by either (1) the heated water vapor from the

SEE THE RELATED EDITORIAL ON PAGE 450

humidifier (non-heated-wire humidification), or (2) the
heated water vapor from the humidifier plus a heated wire
in the circuit (heated-wire humidification). In clinical use,
only the Y-piece temperature is monitored; actual water-
vapor delivery is not measured.
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The International Organization for Standardization (ISO)
has developed water-vapor delivery standards for active
humidification systems. Though the optimal levels of heat
and humidification for intubated patients is debatable,!-3-10
it seems reasonable that the inspired gas should mimic the
conditions during spontaneous ventilation. In the normal
airway, inspired air is heated and humidified by the respi-
ratory mucosa to core body temperature (37°C) and 100%
saturation with water vapor, along the isothermic satura-
tion boundary,! which is normally at the fourth-to-fifth
generation of subsegmental bronchi.! At 37°C, 100% sat-
uration corresponds to an absolute humidity of
44 mg H,O/L.

The ISO suggests a minimum absolute humidity of
33 mg H,O/L for inspired gas.!! For active humidification
the ISO standards are based on measurement of the abso-
Iute humidity at a constant flow, over the range of flows
expected during mechanical ventilation. However, the test-
ing conditions may not be representative of typical clinical
use.!! For example, in the intubated patient, gas reaches
the Y-piece at various flows and volumes— conditions very
different from the ISO testing standard of constant flow.

Potential differences between water-vapor delivery
at ISO conditions and during mechanical ventilation
have been addressed in previous studies. For instance,
water-vapor delivery has been estimated indirectly with
thermometer and hygrometer measurements at the
Y-piece.®8:12-15 Those papers suggest that humidifiers dif-
fer in function but were limited by their use of indirect
estimation of water-vapor delivery. It is uncertain whether
the temperature and/or humidity measured at the Y-piece
reflects water-vapor delivery to the patient. To estimate
water-vapor delivery with temperature and relative humid-
ity measurements, an average inspiratory-phase value is
calculated. However, the gas in the inspiratory limb is
pushed into the patient as a bolus, and the water content of
that bolus may not be adequately described by the average
temperature and humidity at the Y-piece, so there is some
uncertainty about the actual water-vapor delivery in dif-
ferent forms of humidification. We posed 5 questions:

1. Is the Y-piece temperature a suitable variable for
monitoring humidification?

2. Do different humidification systems and setups de-
liver equal amounts of water vapor with a given temper-
ature at the Y-piece?

3. Are the ISO standards predictive of water-vapor de-
livery during mechanical ventilation?

4. Is water-vapor delivery during mechanical ventila-
tion maintained at the physiologic levels?

5. What level of water-vapor delivery is necessary for
preserving airway integrity and functioning in the inten-
sive care unit?

That last question is the most important, but to address
it we must be able to quantitate water-vapor delivery in
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any given clinical situation. Therefore, before designing
clinical studies to assess the effects of humidification on
airway function, we designed the present study to answer
the above questions. First we designed and validated an
in vitro method to quantify water-vapor delivery during
mechanical ventilation. Then we used that method to eval-
uate non-heated-wire and heated-wire humidification over
a wide range of minute volume (V). We compared our
findings to the ISO standards, to the findings of previous
investigators, and to our present understanding of the
“ideal” physiologic conditions in the ventilated airway.

Methods

Principles

The water content of a gas can be calculated if the
temperature and relative humidity are known. As the bolus
of gas traverses the inspiratory limb, changes in tempera-
ture and relative humidity cannot be described at each
point. The ISO standard suggests measuring the humidi-
fier’s change in weight during carefully controlled steady
flow,!! but during ventilation the gas in the inspiratory
limb is under dynamic conditions. In preliminary experi-
ments we found that temperature and relative humidity
varied, depending on the type of heater, the distance from
the humidifier, and the phase of respiration. We concluded
that to reliably determine the water vapor content during
mechanical ventilation we had to measure the water
vapor in all the gas delivered to the patient. We designed
an experimental setup (Fig. 1) that combined (1) measure-
ment of water condensed out of the gas, and (2) tem-
perature and relative-humidity measurement at one point
in the circuit, from which we estimated the water content
that remained in the gas after the condenser. As shown in
Figure 1, we added a condenser to a standard ventilator
circuit, distal to the Y-piece. During ventilation, as gas
passed through the condenser, some of the water vapor
condensed into liquid and was collected. The remaining
water vapor in the gas was calculated based on tempera-
ture and relative humidity measurements at the distal end
of the condenser. The sum of the condensate and the
calculated water vapor provides the total water vapor in
the gas.

We conducted 2 sets of experiments. First, we tested our
setup with a calibrated water pump, to test the accuracy of
our method for measuring water-vapor delivery. Second,
we measured water-vapor delivery with non-heated-wire
humidification and heated-wire humidification, over a wide
range of Vy.

Determination of Water Vapor Delivery

Our bench model of a ventilator circuit included a ven-
tilator (7200, Puritan Bennett, Pleasanton, California), in-
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Fig. 1. Experimental set-up for measuring water-vapor delivery.
During inspiration, dry inspiratory gas from the ventilator is heated
and humidified by either non-heated-wire or heated-wire humidi-
fication. The humidified gas passes through the Y-piece into the
condenser. Some water vapor is condensed, drained, and mea-
sured; the remaining water vapor in the gas is calculated from the
temperature and relative humidity measured distal to the condenser.

spiratory and expiratory tubing, a Y-piece, and a test lung
(VentAid Training Test Lung, Michigan Instruments,
Grand Rapids, Michigan). Compressed air and oxygen
tanks provided inspiratory gas with the fraction of inspired
oxygen set at 21%. In all the experiments the ventilator
was run with an inspiratory flow of 70 L/min, no bias
flow, and a ramp waveform. The inspiratory/expiratory
ratio was not fixed, but varied depending on the respira-
tory rate.

The basis of the calculation is the water vapor deliv-
ered at a given Vy over one hour. A condenser tube
(Corning, Corning, New York) was incorporated verti-
cally in the circuit, at the Y-piece, and cooled with tap
water at 18°C. A water trap at the distal end of the
condenser measured the condensate. We measured the
temperature and relative humidity (Traceable, Fisher
Scientific, Pittsburgh, Pennsylvania) at the distal end of
the condenser, and calculated the water-vapor content
of the gas that exited the condenser. We calculated'# the
absolute humidity at saturation (100% relative humid-
ity) for the measured temperature as:

Absolute humidity at saturation = 16.41563 — (0.731 X T)

+ (0.03987 X T?)

in which T is temperature. Absolute humidity was calcu-
lated with the measured relative humidity of the gas at the
distal end of the condenser:
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Fig. 2. Calibration setup to validate our water-vapor-delivery mea-
surement technique. The conventional humidifier shown in Fig-
ure 1 was replaced with a point-source humidifier that vaporizes
all water presented to it by the calibrated water pump. The water
vapor at the Y-piece is measured by adding the condensate value
to the remaining-vapor value, which is calculated from the tem-
perature and relative humidity measured at the distal end of the
condenser.

Absolute humidity = absolute humidity at saturation

X relative humidity

The volume of gas in the system is the Vg, so the
amount of water vapor inspired over one hour is:

Water-vapor delivery (mL H,O/h)
= measured condensate (mL H,O/h)
+ [absolute humidity (mg H,O/L)
X Vg (L/min)] X (60 min/h)

in which we assume that 1,000 mg H,O = 1 g H,O0 =1
mL H,0.

Validation of the Bench Model

We tested our bench model for measuring water-vapor
delivery with a point-source humidifier (Pari Respiratory
Equipment, Midlothian, Virginia), which delivered aknown
quantity of water vapor to the Y-piece (Fig. 2). A cali-
brated pump delivered a fixed water flow to a heated plate
that vaporized the water, which entered the inspiratory gas
at 35°C. We quantified water delivery from the pump by
multiplying the number of minutes in the experiment
(60 min) by the pump rate (g H,O/min), and the bench
model measured the water vapor supplied by the pump.
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Table 1.  Breathing Patterns During Measurement of Water Vapor

Delivery”

Minute Volume (L/min)

Respiratory Rate

(breaths/min) At Vi At Vi At Vq At Vi
400 mL 500 mL 600 mL 750 mL
10 4.00 5.00 6.00 7.50
15 6.00 7.50 9.00 11.25
20 8.00 10.00 12.00 15.00
25 10.00 12.50 15.00 18.75

* Additional settings were inspiratory flow 70 L/min, no bias flow, and ramp waveform. The
inspiratory-expiratory ratio was not fixed, but varied depending on the respiratory rate.
V1 = tidal volume

Humidification Setups

We tested 2 types of humidification that have for years
been used at our hospital: heated-wire and non-heated-
wire. The humidifier was a Concha IV (Hudson RCI, Te-
mecula, California), which can serve as a heated-wire or
non-heated-wire humidifier (ie, the heating wire is either
connected or not). In all the experiments the humidifier
was set to deliver gas at 35°C to the Y-piece. We chose
35°C based on the American Association for Respiratory
Care guidelines, which recommend setting the heated hu-
midifier to deliver gas at 33 *= 2°C.3 For heated-wire
humidification, the temperature gradient between the Y-
piece and the humidifier was set at either 0°C, +3°C, or
—3°C (ie, column temperatures of 35°C, 38°C, and 33°C,
respectively). We use column temperatures to specify the
gradient, because the humidifier’s “gradient” settings can
be confusing. In non-heated-wire humidification, no tem-
perature gradient can be set.

We measured water-vapor delivery with various
breathing patterns and a clinically realistic Vi range for
adults (Table 1). After the Y-piece temperature stabi-
lized at 35.0 = 0.2°C, we ran each breathing pattern for
60 min and measured/calculated the water-vapor deliv-
ery. Each run was performed at least twice. We plotted
water-vapor delivery versus Vi to determine humidifier
performance at clinically relevant V values. To com-
pare physiologic variables, we calculated water-vapor
delivery at 100% saturation and 37°C (saturated/37°C)
and plotted it against the humidifier data, which repre-
sents the amount of water vapor that a humidifier would
need to supply to the patient with an absolute humidity
of 44 mg H,O/L at a given V. That value represents
fully saturated gas under alveolar conditions (37°C and
100% relative humidity). We also calculated the ISO
minimum of 75% saturation (33 mg H,O/L) over the
range of Vg (ISO standard).
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Fig. 3. Data from the setup described in Figure 2. Total water
vapor (ie, measured condensed water plus calculated water vapor
that exited the condenser) versus water supplied by the water
pump. The measured data closely approximate the line of identity,
but the data points indicate a small bias toward underestimation of
water vapor. We attribute that underestimation to condensation in
the expiratory limb of the circuit.

Statistical Analysis

We plotted water vapor recovered by the bench model
against water vapor supplied by the calibrated pump (Fig. 3)
and used the Bland-Altman method to compare those 2
measurements, with an analysis of the differences between
the measurements, the bias, the mean difference, the stan-
dard deviation around that mean, and the relationship of
the difference in measurements over the range of the mag-
nitude of water-vapor delivery.!'®

Our statistical analysis (SPSS 15.0, SPSS, Chicago, II-
linois) included univariate analysis, analysis of covariance,
and tests for unequal slopes of regression lines for water-
vapor delivery on V with non-heated-wire humidification
and heated-wire at the 3 temperature gradients.

Results

There was a close correlation (r2 = 0.95, see Fig. 3)
between the water supplied by the calibrated water pump
and the water vapor measured/calculated with our bench
model. The data closely approximate the line of identity,
but our bench model slightly underestimated the water
supplied by the water pump. The mean * SD measure-
ment bias was 3.38 = 1.49 mL/h (95% confidence interval
—2.5 to —4.2), and the underestimate was over the whole
range of tests. Per the Bland and Altman method (mean of
differences = 1.96 X SD of the mean of differences), the
95% limits of agreement range was —0.47 to —6.29 mL/h.

Figure 4 shows water-vapor delivery versus Vg (range
4-18.75 L/min). With the model set to heat the gas to
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Fig. 4. Water-vapor delivery versus minute volume during non-heated-wire humidification and during heated-wire humidification with a
temperature gradient of +3°C, 0°C, and —3°C between the humidifier and the Y-piece. In all the experiments the Y-piece temperature was
set to 35°C. The solid line represents water-saturated gas at 37°C (saturated/37°C). The dashed line represents the temperature and
humidification recommended by the International Organization for Standardization (ISO standard). Water-vapor delivery with non-heated-
wire humidification was significantly different from that during all the heated-wire humidification tests. Non-heated-wire humidification
provided as much or more water-vapor delivery than that expected at the saturated/37°C conditions. Water-vapor delivery during heated-
wire humidification was significantly less than at saturated/37°C and less than the ISO standard when the temperature gradient was —3°C.

35°C at the Y-piece, non-heated-wire humidification pro-
vided significantly more water vapor than heated-wire hu-
midification at the higher V settings. Analysis of covari-
ance indicated that all 3 heated-wire-humidification column
conditions were significantly different from the non-heat-
ed-wire data. The non-heated-wire water-vapor delivery
often exceeded the physiologic target values (saturated/
37°C). Heated-wire humidification did not increase water-
vapor delivery, compared to non-heated-wire humidifica-
tion, and with increasing V the water-vapor delivery was
often far below the physiologic target values. Heated-wire
humidification with the —3°C gradient did not meet even
the less stringent ISO requirements at Vg > 8 L/min.

Discussion

With the Y-piece temperature set at 35°C, there were
significant differences between non-heated-wire and heat-
ed-wire humidification. The validation experiment indi-
cated that our model slightly underestimated the actual
water-vapor delivery. However, even if that underestima-
tion is taken into account, the water-vapor delivery with
the different humidification setups differed in the same
direction and magnitude. The small systematic water-
vapor loss may be due to escape of water from the con-
denser in exhaled gas. We did observe trace condensation
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in the expiratory tubing, but not enough to collect and
measure. An additional source of error could be the water
pump, but it was calibrated to deliver a fixed water flow
prior to the study.

To our knowledge, this is the first study to measure
water-vapor delivery that did not rely on monitoring the
temperature or humidity at only one point in the inspira-
tory limb. Our model is an independent method to evaluate
humidifier performance under clinically relevant condi-
tions.

Non-heated-wire humidification delivered significantly
more water vapor than heated-wire humidification over a
wide Vg, range. Heated-wire humidification provided sig-
nificantly less water vapor than the saturated/37°C and
ISO standard conditions. This indicates that heated-
wire humidification with the 0°C and —3°C gradients does
not adequately humidify the gas at Vg > 6 L/min. Main-
taining the Y-piece at 35°C does not result in equivalent
water-vapor delivery with heated-wire and non-heated-
wire humidification, nor consistently achieve the ISO-
recommended or physiologic humidification target. If the
Y-piece temperature determined humidification, we would
have found equal water-vapor delivery in all the test con-
ditions, but it was greater with non-heated-wire than with
heated-wire humidification. Thus, the answers to the first
4 questions posed in the introduction are all “no.”
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Our results do not imply superiority of any of the tested
humidification methods or setups. For example, non-
heated-wire humidification delivered more water vapor at
35°C than “physiologically necessary at 37°C,” whereas
heated-wire humidification delivered less. With each
breath, a bolus of gas is delivered to the Y-piece, and the
gas temperature may be unsteady and its water vapor con-
tent may be greater or less than would be expected at
35°C.

Our results agree with those of previous investigators.
Lellouche et al and Pelosi et al used the dry/wet bulb
technique to measure absolute humidity at the Y-piece.!>!7
Nishida et al and Gilmour et al measured temperature and
relative humidity at the Y-piece, and then calculated ab-
solute humidity.®'® With the absolute humidity data from
those studies, and equation 3 from our methods, we cal-
culated water-vapor delivery and found agreement between
our data and theirs for the few points that had similar
Y-piece temperature and V.

We developed our water-vapor-measurement technique
to determine if the average temperature and humidity at
one point in the inspiratory circuit accurately indicate the
water vapor content of the inspiratory gas bolus. We found
that Y-piece temperature with a given humidification sys-
tem/setup did not reflect device performance, and the con-
clusions from the above-referenced papers appear to agree
with our findings. We also found a fairly wide range of
water-vapor delivery in a wide range of clinically relevant
Ve

Our water-vapor delivery findings might be specific to
the Concha IV humidifier, which we have used at our
institution for many years. However, our and others’ data
indicate that water-vapor delivery (particularly with heat-
ed-wire humidification) is sensitive to several factors, in-
cluding the humidifier, the Vg, the type of ventilator, the
ventilation mode, the gas source, and the environmental
conditions. For this initial study we chose 2 representative
conditions typical in intensive care units: dry gas with
zero-bias flow. We expect that setups with bias flow and/or
room-air compressors will perform differently, and they
are the subject of ongoing studies.

Are the measured differences between humidifiers clin-
ically important? Studies have linked different forms of
humidification to clinical or surrogate end points, such as,
endotracheal tube narrowing or occlusion, and secretion
clearance.'®-?* In a meta-analysis by Williams et al, reduc-
tion in inspiratory gas temperature or relative humidity
was associated with an increase in mucociliary dysfunc-
tion score.? Similarly, in sheep, Kilgour et al?® found that
reducing the inspiratory gas temperature from 37°C to
34°C and 30°C (at 100% relative humidity) decreased the
ciliary beat frequency and mucus-transport velocity and
was associated with abnormal epithelial cell histology and
total mucociliary failure over a 6-hour observation period.
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In humans, Beydon et al found that, during mechanical
ventilation, secretion viscosity and endotracheal-suction-
catheter adherence increased as absolute humidity output
from a heat-and-moisture exchanger decreased.!® In addi-
tion, Konrad et al found that impaired secretion-clearance
increases the risk of ventilator-associated pneumonia.?!
Both human clinical studies and animal studies of patho-
physiology indicate that reducing the temperature or hu-
midity below physiologic conditions can have adverse ef-
fects. Our data suggest that, under certain circumstances,
heated-wire humidification can be inadequate for main-
taining the integrity of the airway mucosa.

We could not study heat-and-moisture exchangers with
our setup in this study, because with a heat-and-moisture
exchanger water vapor is not delivered from a humidifier
(active humidification); instead, the patient’s exhaled wa-
ter vapor is captured and returned on the subsequent in-
spiration.

Our bench setup was not designed to measure water-
vapor delivery in vivo. Our interest was to quantify hu-
midifier performance prior to designing in vivo studies of
variables affected by water-vapor delivery, such as aerosol
delivery and airway functioning. Also, we did not use an
independent pneumotachograph to monitor V.

Conclusions

Clinical trials are needed to study the airways effects of
various humidification systems and setups. Our data indi-
cate that, to assess the effects of water-vapor delivery in
future clinical trials, it is important to quantify water-vapor
delivery beforehand, under clinically relevant conditions.
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