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BACKGROUND: Heat and moisture exchangers (HMEs) are commonly used for humidifying
respiratory gases administered to mechanically ventilated patients. While they are also applied to
tracheostomized patients with spontaneous breathing, their performance in this role has not yet
been clarified. We carried out a bench study to investigate the effects of spontaneous breathing
parameters and oxygen flow on the humidification performance of 11 HMEs. METHODS: We
evaluated the humidification provided by 11 HMEs for tracheostomized patients, and also by a
system delivering high-flow CPAP, and an oxygen mask with nebulizer heater. Spontaneous breath-
ing was simulated with a mechanical ventilator, lung model, and servo-controlled heated humidifier
at tidal volumes of 300, 500, and 700 mL, and breathing frequencies of 10 and 20 breaths/min.
Expired gas was warmed to 37°C. The high-flow CPAP system was set to deliver 15, 30, and
45 L/min. With the 8 HMEs that were equipped with ports to deliver oxygen, and with the high-flow
CPAP system, measurements were taken when delivering 0 and 3 L/min of dry oxygen. After
stabilization we measured the absolute humidity (AH) of inspired gas with a hygrometer. RESULTS:
AH differed among HMEs applied to tracheostomized patients with spontaneous breathing. For all
the HMEs, as tidal volume increased, AH decreased. At 20 breaths/min, AH was higher than at
10 breaths/min. For all the HMEs, when oxygen was delivered, AH decreased to below 30 mg/L.
With an oxygen mask and high-flow CPAP, at all settings, AH exceeded 30 mg/L. CONCLUSIONS:
None of the HMEs provided adequate humidification when supplemental oxygen was added. In the
ICU, caution is required when applying HME to tracheostomized patients with spontaneous breath-
ing, especially when supplemental oxygen is required. Key words: heat and moisture exchanger; HME;
humidification; respiratory; mechanical ventilation; tracheostomy; spontaneous breathing; supplemental
oxygen; CPAP. [Respir Care 2013;58(9):1442–1448. © 2013 Daedalus Enterprises]

Introduction

During everyday spontaneous breathing, inspiratory
gases are normally heated and humidified in the nasal
cavity and pharynx: by the time the second bronchial bi-
furcation is reached, inspired gas temperature is 37°C and
absolute humidity (AH) is 44 mg/L.1 In mechanically ven-
tilated patients, because the anatomy that provides this

natural conditioning is bypassed by an artificial airway,
administered gases require artificial conditioning. If hu-
midification is inadequate, inspissation of airway secre-
tions, destruction of airway epithelium, and hypothermia2

may occur. The American Association for Respiratory Care
recommends that inspiratory gas temperature should be
� 30°C and AH more than 30 mg/L.3 Heat and moisture
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exchangers (HMEs) and heated humidifiers are commonly
employed to warm and humidify medical gases, and are
widely used with adult patients undergoing mechanical
ventilation.4 Their performance has been thoroughly in-
vestigated, and the results suggest that performance de-
pends on brand,5 location in the ventilator circuit, tidal
volume (VT), and minute volume.6,7

SEE THE RELATED EDITORIAL ON PAGE 1559

HMEs are also applied to tracheostomized patients who
are able to breathe spontaneously. The configuration of
HMEs for tracheostomized patients with spontaneous
breathing differs from applications for mechanically ven-
tilated patients: some of the vapor in expired gas escapes
to the atmosphere without being trapped by the HME, and
room air that has bypassed the HME is inspired. Some
HMEs have a port for delivering oxygen to hypoxemic
patients, and administration of dry, cold oxygen may fur-
ther decrease the temperature and AH of inspired gas.
While the moisturizing ability of HMEs for daily use of
active patients has been thoroughly evaluated,8,9 we found
no published results showing how well HMEs provide
humidification to patients in ICUs. Consequently, for spon-
taneously breathing tracheostomized patients we studied
the effects of spontaneous breathing parameters and oxy-
gen flow on the performance of humidifiers.

Methods

We tested 11 models of HME, all commercially avail-
able in Japan, intended for use with spontaneously breath-
ing tracheostomized patients. In addition we tested 2 other
systems: an oxygen mask (Tracheomask, Intermed Japan,
Tokyo, Japan) with a nebulizer heater (Aquatherm III,
Hudson RCI, Durham, North Carolina), and a high-flow
CPAP system (Airvo, Fisher & Paykel, Auckland, New
Zealand) for tracheostomized patients (Table 1). Using a
mechanical ventilator (Puritan-Bennett 840, Covidien,
Carlsbad, California), a lung model (TTL 1601, Michigan
Instruments, Grand Rapids, Michigan), and a heated hu-
midifier (MR730, Fisher & Paykel, Auckland, New Zea-
land), we simulated real-life spontaneous breathing (Fig. 1).
To simulate spontaneous breathing, the muscle and lung
compartments of the lung model were connected, then the
muscle compartment was inflated by the Puritan-Bennett
840 and the lung compartment inspired ambient air
through an HME. Expired gas from the lung compartment
went through a servo-controlled heated humidifier, and
was warmed and humidified to 37°C and 100% relative
humidity (RH). One-way valves prevented mixing of in-
spired and expired gases. Our model was similar to that

of Lellouche et al.5 The compliance of the lung com-
partment was set at 0.05 L/cm H2O, and the ventilator was
set in continuous mandatory ventilation mode with breath-
ing frequencies of 10 and 20 breaths/min; VT of 300, 500,
and 700 mL; inspiratory time of 1.0 s; and PEEP of
3 cm H2O. A ventilator self-test was performed before the
study. Since the ventilator has compression volume cor-
rection, we did not measure the VT of the lung compart-
ment. For testing, the oxygen mask with nebulizer
heater was set at FIO2

of 0.33 and 0.98, and the high-flow
CPAP system was set at 15, 30, and 45 L/min. The high-
flow CPAP system had a port to deliver oxygen, as did 8
of the 11 HMEs: for each of these 9 systems, oxygen was
delivered at 0 and 3 L/min (temperature 24 � 0.2°C and
RH 0%).

We measured AH, RH, and temperature using a capac-
itance-type moisture sensor (Moiscope, Senko Medical,
Tokyo, Japan, response time 3 s in the range 40–100%)
that was 2-point calibrated by a cooler/heater water
source (HHC-51, Senkoika, Tokyo, Japan). After chang-
ing experimental settings, we waited for at least 1 hour.
Because condensation on sensor surfaces compromises
sensor performance, we did not insert sensors in the circuit
during waiting. Usually we measured RH and tempera-
ture for 10 min, and, after confirming stabilization of RH
and temperature, we recorded AH, RH, and temperature
for the last 5 min. All experiments were performed in an
air-conditioned room in which the ambient temperature
was set at 24°C. The ambient temperature and humidity
were monitored with the same sensor. All signals from
the hygrometer were led to an analog/digital converter
and recorded at 50 Hz/channel with data-acquisition

QUICK LOOK

Current knowledge

Humidification of inspired gases following tracheos-
tomy can be accomplished with heated humidification
or a heat and moisture exchanger designed for trache-
ostomy. The performance of these heat and moisture
exchangers is variable and can be altered by air leaks or
the addition of oxygen.

What this paper contributes to our knowledge

In a model of spontaneous breathing, increasing the
tidal volume and adding supplemental oxygen reduced
the delivered humidity. At an oxygen flow of 3 L/min
the humidity fell below the minimum of 30 mg H2O/L
recommended by the American Association for Respi-
ratory Care.
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software (Windaq, Dataq Instruments, Akron, Ohio). For
each experimental setting we measured temperature and
AH for 5 breaths. The results are expressed as mean � SD.

Analysis of variance and the Bonferroni test for multi-
ple comparisons were used for overall comparisons be-

tween with and without supplemental oxygen, and among
300, 500, and 700 mL of VT. All statistical analysis was
performed with statistical software (SPSS 11.01, SPSS,
Chicago, Illinois) and P values of � .05 were considered
statistically significant.

Table 1. Tested Humidifying Devices

Absolute
Humidity*

(mg/L)

Water Loss*
(mg H2O/L)

Recommended
VT Range

(mL)

Dead
Space
(mL)

Type of
Humidifier

Oxygen
Port

Trach-Vent� 27.0 8.4 � 50 10 Passive Yes

Trach-Vent 27.0 8.4 � 50 10 Passive No

Tracheolife II 28.5 11.0 100–1,000 29 Passive Yes

Aqua� T 24.0 13.6 75–1,000 15 Passive Yes

Hydro-Trach II 26.0 ND � 1,500 19 Passive Yes

Thermovent T2 25.0 15.6 � 70 11 Passive Yes

Thermovent T 25.0 15.6 � 70 9 Passive No

Trachgard-HC 24.0 20.0 75–1,000 18 Passive Yes

Aqua� TS 24.0 13.6 75–1,000 15 Passive Yes

Trach Phone 20.5 ND 50–1,000 9.5 Passive Yes

Pharma Trach Basic 26.0 18.0 150–1,500 12 Passive No

Airvo NA NA NA NA Active Yes

Tracheomask NA NA NA NA Active NA

* Manufacturer’s data.
ND � no data available
NA � not applicable
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Results

Room temperature was 23.7 � 0.3°C, and the ambient
RH was 57.2 � 4.0%. The AH of the simulated expired
gas was 34.7 � 1.4 mg/L (RH 100% at 32.5 � 0.8°C).
Among the tested HMEs, AH ranged from 25.3 to
30.7 mg/L. With high-flow CPAP, AH was 37.7 �
2.8 mg/L, and with the oxygen mask with nebulizer
heater AH was 31.9 � 2.2 mg/L (Table 2). When the
FIO2

of the oxygen mask with nebulizer heater was
changed from 0.33 to 0.99, AH changed from 30.9 �
2.2 mg/L to 32.9 � 2.7 mg/L. Adding oxygen at 3 L/min
decreased the AH, and none of the HMEs continued
to maintain AH above 30 mg/L. In the high-flow CPAP
system, with 3 L/min oxygen (Fig. 2), AH was 37.8 �
2.5 mg/L.

As VT increased, AH significantly (P � .01) decreased
in all the HMEs and in the system delivering high-flow
CPAP via oxygen mask and nebulizer heater (Fig. 3). For
all tested devices, as breathing frequency increased, AH
increased: the percentage difference between breathing fre-
quencies of 10 and 20 breaths/min was around 5%.

Discussion

Taking into account the effects of supplemental dry
oxygen, as well as of variations in VT and breathing fre-
quency, we assessed the humidifying capabilities of 11
HMEs for tracheostomized patients with spontaneous
breathing, of a system delivering high-flow CPAP, and of
an oxygen mask with nebulizer. While AH was not evi-
dently related to breathing frequency, it was profoundly
affected by VT and oxygen supplementation. In each in-
stance, when 3 L/min of oxygen was supplied through
HMEs equipped with oxygen ports, AH declined to below
30 mg/L. Meanwhile, with all devices, as VT increased,
AH decreased.

With 48 commercially available HMEs for mechani-
cally ventilated patients, Lellouche et al found that only
one in 3 devices maintained AH at � 30 mg/L.5 HMEs for
mechanically ventilated patients are configured differently
than those for tracheostomized spontaneously breathing
patients. All the HMEs we tested have a suction port through
which the patient inspires ambient air. When VT increases,
more ambient air is present in the inspired mixture. At VT

of 300 mL, 8 of the 11 HMEs maintained AH at � 30 mg/L.

Fig. 1. Experimental setup. When the ventilator sends gas to the lung model’s muscle compartment, the lung compartment attached to the
muscle compartment starts inspiration. During simulated inspiration, ambient air is drawn into the lung compartment through the heat and
moisture exchanger (HME) and hygrometer. When gas from the muscle compartment is sent to the ventilator, gas in the lung compartment
is sent though the HME and expired into the ambient air. The expiratory circuit incorporated a heated humidifier, a limb with a heating wire,
and a one-way valve, and the expiratory gas that passes through them is warmed to 36°C at the outlet of the heated humidifier, and to 37°C
at the end of the limb. Expiratory absolute humidity was measured just before the one-way valve.
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At VT of 700 mL, only one of the HMEs maintained
30 mg/L. VT greatly affected the performance of the tested
HMEs for spontaneously breathing patients.

Assessing HMEs for mechanically ventilated patients,
Lucato et al found that HMEs are more efficient with
low-VT ventilation.7 HMEs for spontaneously breathing
tracheostomized patients are applied differently than are

those for mechanically ventilated patients. The use of a
suction port causes the escape of some expiratory gas that
does not pass through the HME, resulting in the loss of the
vapor contained in that expired gas. HME performance is
impaired by the volume loss to the atmosphere.10 These
results are not directly comparable to the results we ob-
tained for HMEs for mechanically ventilated patients.

Fig. 2. Effect on absolute humidity of adding 3 L/min dry oxygen. Absolute humidity fell below 30 mg/L with all the tested heat and moisture
exchangers. The Airvo high-flow CPAP system was not affected by oxygen supplementation.

Fig. 3. Effect of tidal volume (without supplemental oxygen) on absolute humidity.
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With no supplemental oxygen, AH differed among the
investigated HMEs. These findings are in line with those
in the Lellouche study.5 One of the great advantages of a
bench study is that it enables investigation and comparison
of medical devices under the same conditions. Even so, it
was not possible to maintain all environmental and simu-
lated spontaneous breathing conditions. Ambient temper-
ature and humidity, and the temperature and AH of the gas
expired from the lung model differed between the tested
HMEs. Since these values are important determinants of
HME performance, care is required when using these re-
sults to compare the performance of HMEs.

When 3 L/min of oxygen was added, none of the HMEs
with an oxygen port maintained AH at � 30 mg/L. As far
as we know, this is the first study to evaluate the ability of
HMEs to return vapor to spontaneously breathing trache-
ostomized patients. Supplemental oxygen also significantly
(P � .01) affected AH (see Fig. 3). ICU patients have
diverse individual needs, but, after liberation from me-
chanical ventilation, supplemental oxygen is often required.
Moreover, VT also differs between patients. To avoid com-
plications from insufficient humidification, our findings
suggest that it is prudent to consider use of a Tracheomask
or a high-flow CPAP system, rather than an HME, in
patients who require supplemental oxygen or who have
spontaneous breathing with high VT.

To accurately measure the AH of inspired gas, we in-
serted one-way valves to prevent overestimation owing to
admixture, in the ventilator tubing, of water vapor from
expired gases. As evaluated thoroughly in Zuur et al’s
study, when measuring the AH of breathing gas, it is im-
portant to control the durations of the inspiratory and ex-
piratory phases.9 In our protocol the inspiratory time was
1 s and the expiratory time was either 5 s (at 10 breaths/

min) or 3 s (at 20 breaths/min). If we had measured AH at
the beginning of inspiration, we might have underesti-
mated the actual values. We traced raw data and measured
the highest value to evaluate HME performance. We can-
not discount the possibility of underestimation, but, ac-
cording to Zuur et al’s study, any differences are likely to
have been small. We suspect that the previously published
higher AH (34 � 2.6 mg/L) readings for the tested HMEs
probably reflect contamination with fully humidified ex-
piratory gas. On the other hand, using a servo-controlled
heated humidifier to simulate physiological effects, our model
maintained the expired gas temperature at 37°C, resulting in
slightly higher than previously reported AH of expired gas.5

Our study has several limitations. Obviously, with a
lung-model simulation the findings do not directly corre-
spond to clinical situations. Moreover, because our obser-
vation period was relatively short, our findings offer no
evidence that HMEs can be used reliably and safely for
prolonged periods in spontaneously breathing patients.
Also, it was not possible to keep the ambient temperature
and humidity precisely constant, which may have influ-
enced our data.

Conclusions

In conclusion, with supplemental oxygen, humidifica-
tion decreased below the American Association for Respi-
ratory Care recommended value. When supplemental ox-
ygen is required, humidification is insufficient with HME
for spontaneously breathing tracheostomized patients with
in the ICU.
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5. Lellouche F, Taillé S, Lefrançois F, Deye N, Maggiore SM, Jouvet
P, et al; Groupe de Travail sur les Respirateurs de l’AP-HP. Humid-
ification performance of 48 passive airway humidifiers: comparison
with manufacturer data. Chest 2009;135(2):276-286.

6. Inui D, Oto J, Nishimura M. Effect of heat and moisture exchanger
(HME) positioning on inspiratory gas humidification. BMC Pulm
Med 2006;6:19.

7. Lucato JJ, Adams AB, Souza R, Torquato JA, Carvalho CR, Marini
JJ. Evaluating humidity recovery efficiency of currently available
heat and moisture exchangers: a respiratory system model study.
Clinics (São Paulo) 2009;64(6):585-590.

8. Scheenstra RJ, Muller SH, Vincent A, Sinaasappel M, Zuur JK,
Hilger FJM. Endotracheal temperature and humidity measurements
in laryngectomized patients: intra- and inter-patient variability. Med
Biol Eng Comput 2009;47(7):773-782.

9. Zuur JK, Muller SH, Vincent A, Sinaasappel M, de Jongh FH,
Hilgers FJ. The influence of a heat and moisture exchanger on
tracheal climate in a cold environment. Med Eng Phys 2009;31(7):
852-857.

10. Chikata Y, Sumida C, Oto J, Imanaka H, Nishimura M. Humid-
ification performance of heat and moisture exchangers for pediatric
use. Crit Care Res Pract 2012;2012:439267.

This article is approved for Continuing Respiratory Care Education
credit. For information and to obtain your CRCE

(free to AARC members) visit
www.rcjournal.com

HUMIDIFICATION PERFORMANCE OF HUMIDIFYING DEVICES FOR TRACHEOSTOMIZED PATIENTS

1448 RESPIRATORY CARE • SEPTEMBER 2013 VOL 58 NO 9


