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OBJECTIVE: During invasive mechanical ventilation, inspired gases must be humidified. We
previously showed that high ambient temperature greatly impaired the hygrometric performance
of heated wire-heated humidifiers. The aim of this bench and clinical study was to assess the
humidification performance of passive and active heat and moisture exchangers (HMEs) and the
impact of ambient temperature and ventilator settings. METHODS: We first tested on the bench a
device with passive and active humidification properties (Humid-Heat, Teleflex), and 2 passive
hydrophobic/hygroscopic HMEs (Hygrobac and Hygrobac S, Tyco Healthcare). The devices were
tested at 3 different ambient temperatures (from 22 to 30°C), and at 2 minute ventilation settings
(10 and 20 L/min). Inspired gas hygrometry was measured at the Y-piece with the psychrometric
method. In addition to the bench study, we measured the hygrometry of inspired gases in 2 different
clinical studies. In 15 mechanically ventilated patients, we evaluated Humid-Heat at different
settings. Additionally, we evaluated Humid-Heat and compared it with Hygrobac in a crossover
study in 10 patients. RESULTS: On the bench, with the Hygrobac and Hygrobac S the inspired
absolute humidity was �30 mg H2O/L, and with the Humid-Heat, slightly < 35 mg H2O/L. Ambient
temperature and minute ventilation did not have a clinically important difference on the perfor-
mance of the tested devices. During the clinical evaluation, Humid-Heat provided inspired humidity
in a range from 28.5 to 42.0 mg H2O/L, depending on settings, and was only weakly influenced by
the patient’s body temperature. CONCLUSIONS: In this study both passive and active HMEs had
stable humidification performance with negligible influence of ambient temperature and minute
ventilation. This contrasts with previous findings with heated wire-heated humidifiers. Although
there are no clear data demonstrating that higher humidification impacts outcomes, it is worth
noting that humidity was significantly higher with the active HME. Key words: Mechanical venti-
lation; humidification; critically ill patients; heat and moisture exchangers. [Respir Care
2014;59(5):637–643. © 2014 Daedalus Enterprises]

Introduction

Gas delivered to critically ill patients during invasive
mechanical ventilation must be warmed and humidified to

avoid complications associated with dry gases.1-3 The op-
timal humidification device to use is still not defined, andit
was recently shown that endotracheal tube resistances were
significantly increased in patients using heat and moisture
exchangers (HMEs) as well as heated humidifiers (HHs).4

Most of the time, the inspiratory gases are humidified with
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HMEs or HHs.5,6 Active humidifiers have also been pro-
posed to increase humidification performance, but the place
of these devices is not clear.7,8

With HHs and passive HMEs, it has been shown that
external conditions (ambient temperature, ventilator used,
or ventilator settings) and internal conditions (patient’s
core temperature) could interfere with humidification per-
formance.9-13 We demonstrated in a previous study10 that
high ambient temperature and turbine ventilators that gen-
erate high outlet temperature led to the dysfunction of HHs

SEE THE RELATED EDITORIAL ON PAGE 790

with heated circuits. The low humidification levels reached
in these conditions are associated with potential risk of
endotracheal tube occlusion or atelectasis.11,14-18 With the
first-generation hydrophobic HMEs, it was shown that low
ambient temperature could be responsible for reduced hu-
midification performance.13 Moreover, it has been shown
in several clinical studies that the use of a hydrophobic
HME with a minute ventilation � 10 L/min could be harm-
ful,11,19 and several guidelines recommend avoiding HMEs
in this situation.2,20 The impact of ambient temperature
and minute ventilation on the latest generation of passive
HMEs (hydrophobic and hygroscopic) and on active HMEs
is not clear. The purpose of this study was to evaluate the
impact of different levels of minute ventilation and differ-
ent ambient temperatures on humidification performance
of an active HME and of passive performing HMEs.

Methods

Bench Study

Protocol. The tested humidification systems were first
evaluated on a hygrometric bench previously used for a
large HME evaluation.21 The hygrometric bench included
a motor ventilator (T-Bird ventilator) with 2 different min-
ute ventilation levels (respiratory rate 20 breaths/min at
500 mL; tidal volume 30 breath/min at 650 mL; PEEP
5 cm H2O; and FIO2

100%). Expiratory gas was simulated
by an HH set to deliver a gas at 33°C and 35 mg H2O/L.21

Three humidification systems were compared. (1) One
active HME (dead space 54 mL; Hudson Humid-Heat,

Teleflex Medical, Research Triangle Park, North Caro-
lina) was studied. This humidification device is based on
a passive hygroscopic HME and an active component that
includes external heat and the addition of water to the
patients’ side of the HME. The minute ventilation of the
patient must be entered manually (with a maximum at 30
L/min) to determine the quantity of water and heat added
to the system.8 The aim is to increase the inspiratory hu-
midity delivered to the patient because passive HME per-
formance is limited by the amount of water contained in
the expiratory gas. This device was set according to the
tested minute ventilation (10 or 20 L/min). There were
also 2 passive hygroscopic and hydrophobic HMEs: (2)
Hygrobac (dead space 95 mL; resistances 2.1 cm H2O/L/s
at 60 L/min21; Tyco Healthcare, Raleigh, North Carolina)
and (3) Hygrobac S (dead space 45 mL; resistances 2.3 cm
H2O/L/s at 60 L/min21; Tyco Healthcare). The ambient
temperature was maintained constant at 3 different levels:
22–24°C, 24.5–25.5°C and 28–30°C.

Hygrometric measurements. We measured inspired gas
humidity with the psychrometric method.21,22 The temper-
atures recorded by the 2 probes (Eurotec srl, Bologna,
Italy; accuracy at 0: �0.10°C; accuracy at 100°C: �0.27°C)
were measured and displayed on a chart recorder (Yok-
ogawa, Tokyo, Japan).To ensure that we measured the
inspiratory gas humidity, the inspiratory and expiratory
gases were separated by a specific device including 2 one-
way valves to avoid gas mixing.22 We recorded maximal
temperature values obtained during steady-state measure-
ments of the dry bulb and wet bulb temperatures, as pre-
viously described for the psychometric method.21 Three
hygrometric measurements of inspired gases for each con-
dition were performed by the psychrometric method after
3 h of stability.21,22 For each measurement, a new HME
was used.
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QUICK LOOK

Current knowledge

Following tracheal intubation for invasive mechanical
ventilation, heating and humidifying inspired gas is a
standard of care. Both heated humidifiers and heat and
moisture exchangers (HMEs) are commonly used.

What this paper contributes to our knowledge

The humidification performance of passive and active
HMEs is not influenced by minute ventilation up to 30
L/min.
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Clinical Study

This part of the study was approved by an independent
review board (Comité d’Éthique de la Société de Réani-
mation de Langue Française). The patient’s family was
informed about the measurements performed. Inclusion
criteria were mainly respiratory stability (FIO2

� 80%) and
hemodynamic stability (epinephrine or norepinephrine
� 2 mg/h) and with no procedure or intrahospital transport
planned on the day of the study. The clinical evaluations
were unblinded by nature.

The first hygrometric evaluation of the Humid-Heat de-
vice with psychrometry was performed on 15 consecutive
mechanically ventilated patients. The Humid-Heat was set
according to the patient’s minute ventilation. The psychro-
metric measurements were performed 1 h after the system
had been installed.

We also performed a randomized crossover study com-
paring the humidification performance of the Humid-Heat
device with different settings and the Hygrobac device. A
psychrometric measurement was performed on 10 consec-
utive patients with the following humidification systems in
a randomized order: passive HME (Hygrobac) and active
HME (Humid-Heat) in 3 different conditions (set accord-
ing to the patient’s minute ventilation [13.2 L/min on av-
erage]; set with the active component turned off (only
passive properties evaluated); and set to the maximum
setting, which provides humidification levels suitable for
patients ventilated at levels of 30 L/min. Four patients
participated in both clinical studies.

For the clinical evaluation, hygrometric measurements
of inspiratory gases were performed after 1 h of stability
with the psychrometric method. The measurements were
performed between the flex-tube and the HME, with a
flow separator device containing 2 one-way valves in-
serted to measure only the humidity of inspiratory gases.

Statistical Analysis

Data are expressed as the mean � SD. Nonparametric
Friedman test and pairwise comparisons using Wilcoxon
or Mann-Whitney tests were performed to compare the
different humidification devices and conditions tested.
Spearman rank correlation was performed between pa-
tient’s core temperature and absolute humidity of inspired
gas for the Humid-Heat device. P values � .05 were con-
sidered significant.

Results

Bench Study

The mean � SD absolute humidity of inspired gases
with the Humid-Heat, Hygrobac, and Hygrobac S devices

were 34.5 � 0.8, 30.3 � 0.8 and 28.9 � 0.6 mg H2O/L
(P � .0001), respectively. The Humid-Heat device had
higher performance values compared with the Hygrobac
device (4.2 � 0.4 mg H2O/L, P � .0002) and the Hygro-
bac S device (5.6 � 0.5 mg H2O/L, P � .0002) (Figs. 1
and 2).

The hygrometric performance of active and passive
HMEs were not different at 10 or 20 L/min ventilation
(Fig. 1). There was a statistically significant difference but
not a clinically relevant influence of ambient temperature
on these humidification devices (Fig. 2). The maximum

Fig. 1. Bench hygrometric performance of the active HME (Humid-
Heat) and 2 passive HMEs (Hygrobac and Hygrobac S) at 2 levels
of minute ventilation (10 and 20 L/min). Data for an ambient tem-
perature of 25°C are displayed. Bars represent the mean, and
error bars represent the SD.
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Fig. 2. Bench hygrometric performance of the active HME (Humid-
Heat) and 2 passive HMEs (Hygrobac and Hygrobac S) at different
ambient temperatures (22–24, 25, and 28–30°C). Mean � SD tem-
peratures during the different study conditions for ambient tem-
perature were 22.4 � 0.4°C, 25.1 � 0.3°C, and 29.4 � 0.6°C. Data
for a minute ventilation of 10 L/min are displayed. Bars represent
the mean, and error bars represent the SD. * P � .05 comparison
between 22–24 and 25°C. † P � .05 comparison between 22–24
and 28–30°C. ‡ P � .05 comparison between 25 and 28–30°C.
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differences in inspiratory humidity between the tested am-
bient temperatures were 1.5 mg H2O/L with the Humid-
Heat, 1.7 mg H2O/L with the Hygrobac, and 0.4 mg H2O/L
with the Hygrobac S (Fig. 2).

Clinical Study

The initial evaluation of the Humid-Heat device was
conducted in 15 consecutive stable patients. Eight of the
patients received ventilation with pressure support, and 7
in continuous mandatory ventilation. The humidification
performance was slightly above those found in the bench
study (37.5 � 3.1 vs 34.5 � 0.8, P � .0004). Patients’
mean core temperature was 37.7 � 0.9°C (range 35.6–
38.9°C), and the mean ambient temperature was
25.3 � 1.6°C. The mean minute ventilation was
12.4 � 3.7 L/min. There was no correlation between the
patient’s core temperature and the water content of in-
spired gases (Fig. 3).

The randomized crossover study was performed on 10
patients with a mean minute ventilation of 13.2 � 4.8 L/
min; 6 patients received ventilation with pressure support,
and 4 received continuous mandatory ventilation. The mean
ambient temperature was 24.2°C, and the patient’s mean
temperature was 37.6 � 0.8°C. Humidification perfor-
mance values under the different conditions are presented
in Figure 4.

The humidification performance values of the Humid-
Heat device (1) were significantly higher than those of the
tested HME (38.0 � 2.6 vs 30.9 � 2.0 mg H2O/L, P � .001)
when the Humid Heat was set according to the manufac-
turer’s recommendations; (2) were slightly below the rec-

ommended threshold (28.5 � 2.2 mg H2O/L) when the
heated component of the Humid Heat was turned off (ab-
sence of heating and external water supply), which corre-
sponds to a passive humidification (it must be noted that
the lowest absolute humidity values were �25 mg H2O/L
in this condition); and (3) were very high (42.0 � 1.4 mg
H2O/L) when minute ventilation was set to the maximum
level (30 L/min).

In the bench study as well as in the clinical study the
inspired gas temperatures were between 30 and 32°C with
HMEs and between 34 and 37°C with the Humid-Heat
device.

Discussion

In this study, we have demonstrated on a hygrometric
bench that ambient temperature and minute ventilation had
negligible influence on the humidification performance of
2 passive hygroscopic and hydrophobic HMEs (Hygrobac
and Hygrobac S) and one active HME (Humid-Heat). The
active HME provided water content in the inspiratory gas
from 4.2 to 5.6 mg H2O/L higher than in the tested HMEs,
depending on the conditions. In mechanically ventilated
patients, the active HME provided high levels of humidity
(from 38 to 42 mg H2O/L). Even when tested with the
active component turned off, the active HME still pro-
vided satisfactory water content to most of the patients.

It was previously shown that heated wire HH perfor-
mance could be strongly influenced by ambient tempera-
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Fig. 3. Spearman rank correlation between absolute humidity and
the patient’s core temperature with the Humid-Heat device. There
is no correlation for these parameters with the Humid-Heat device
(R � 0.37, P � .17) because core temperature, correlated with the
humidity of gas during exhalation, is not the only explanation of
the humidification performance with the active HME.
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Fig. 4. Clinical measurements of inspiratory humidity of a passive
HME (Hygrobac) and an active HME with different settings: HH
turned off; Humid-Heat device set with patient’s minute ventila-
tion; and HH set at 30 L/min. Individual data of 10 mechanically
ventilated patients and the mean value (black dotted line) are dis-
played. All 6 comparisons were statistically significant with Wil-
coxon pairwise comparison (all P values � .05). The patients’ core
temperatures were 37.8 � 0.8, 37.6 � 0.8, 37.4 � 1.1, and
37.8 � 0.4°C (P value � .80).
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ture. Due to their working principles, in the case of high
ambient temperatures, water content of inspired humidity
fell �20 mg H2O/L with heated wire HH, well below the
manufacturer’s stated specifications, but with a partial cor-
rection when the compensation algorithm was activated.10

However, it must be noted that this compensation algo-
rithm was not available in North America until very re-
cently. In the present study we demonstrated that ambient
temperature had minimal influence on 2 hydrophobic-hy-
groscopic HMEs and one active HME. With the tested
devices, we have observed a slight increase in absolute
humidity delivered when measured at the highest ambient
temperature (28 –30°C). However, the psychrometic
method may be slightly influenced by ambient tempera-
ture, which could in part explain these results.13 The dif-
ferences between high and low ambient temperatures was
� 2 mg H2O/L for all the tested devices, which may not be
clinically relevant. Overall, the performance of passive
and active HMEs remained stable whatever the tested con-
ditions. We measured humidity in the inspiratory gases
near 30 mg H2O/L (Hygrobac S) or slightly above (Hy-
grobac), which is close to the values found in the litera-
ture11,17 and in our previous studies with the same hygro-
metric method.9,21 With the active HME, the delivered
humidity was �35 mg H2O/L in the bench study and close
to 40 mg H2O/L in the clinical study.

There is no previous study, to our knowledge, that as-
sessed the impact of ambient temperature on active HME
performance to compare with our data. One study evalu-
ated the impact of this factor on a passive HME. Croci
et al13 had demonstrated in a bench study using the psy-
chrometric method that hydrophobic HMEs could be
slightly influenced by ambient temperature. The differ-
ences were small, �2 mg H2O/L, favoring 26°C of ambi-
ent temperature in comparison with 20°C. The authors
concluded that the clinical impact was likely negligible.

Likewise, the minute ventilation did not influence the
performance of the tested devices in this study, unlike the
initial report by Martin et al.11,19 In these studies, the HME
used (BB2215, Pall) was less efficient than the ones we
used in the present study and was only hydrophobic,
whereas the HMEs used in our study were both hygro-
scopic and hydrophobic.21 In a subsequent study, Martin
et al23 also demonstrated that hygroscopic and hydropho-
bic HMEs maintained acceptable performance in patients
with minute ventilation � 10 L/min. Therefore, the minute
ventilation should no longer be considered a contraindica-
tion to using HMEs of the last generation, as previously
stated.2,20

Active HMEs were developed to improve the humidi-
fication performance of the HMEs.7 At that time hydro-
phobic HMEs had poor performance, leading to high rates
of endotracheal tube occlusions.11,14-18 Larsson et al8 eval-
uated the Humid-Heat device using the gravimetric method.

They found humidification levels � 40 mg H2O/L, but the
water content of expiratory gases was 40.7 mg H2O/L,
which is higher than we used on our bench (35 mg H2O/
L). This difference in water content in the expiratory gases
on these 2 models probably explains the discrepancy in the
Humid-Heat performance. We based our simulation of the
expiratory gases on the clinical data in the literature re-
porting measured expiratory humidity.9,24 In our study, the
Humid-Heat device delivered inspiratory water content of
34.5 mg H2O/L on the bench and 37.5 mg H2O/L in pa-
tients. This difference is likely related to the patient’s tem-
perature, leading to higher expiratory humidity and con-
sequently higher inspiratory humidity.9 In our study there
was no statistically significant correlation between the pa-
tient’s core temperature and inspiratory temperature with
the Humid-Heat. This is different to what has previously
been reported with HMEs.9 In a previous study we eval-
uated the Humid-Heat and Hygrobac devices in the setting
of hypothermia, and showed the influence of core temper-
ature on the humidification performance of HMEs.9 Pelosi
et al12 evaluated the Hygrovent Gold active humidifier
(Medisize) and the Hygrobac HME in a bench study, and
demonstrated the absence of any impact of minute venti-
lation on these devices. They also noted reduced humidi-
fication performance with both passive and active HMEs
in the case of simulated hypothermia.12 Other active HMEs
were tested and provided data in line with our results, with
better hygrometric performance in comparison with the
last generation of HMEs and with the possibility of main-
taining adequate humidity when the active function is turned
on or off.25,26

It may be justified to seek systems that improve humid-
ification performance with stable levels � 35 mg H2O/L.
Indeed, there are very seldom endotracheal tube occlu-
sions when humidification devices deliver inspiratory wa-
ter content of �30 mg H2O/L.3,21 However, more subtle
and early markers demonstrate that optimal humidification
is still not achieved with the current humidification de-
vices. Moran et al4 compared the endotracheal tube resis-
tance before and after utilization in 44 mechanically ven-
tilated patients with gas humidified by HH or HME. They
found in both groups a similar and clinically relevant in-
crease in tube resistance by an average of 53%. Other
authors found progressive reduction of endotracheal tube
diameter with different humidification devices.27-29 In this
regard, active HMEs providing humidity near 40 mg H2O/L
may theoretically be interesting to consider, but there is
currently no clinical demonstration of the superiority of
delivering 40 versus 30 mg H2O/L. We have demonstrated
higher humidification performance with the Humid-Heat
device than in the comparison HMEs in both a bench and
a clinical study. The comparator HMEs chosen were among
the best performing in a previous study of 48 different
HMEs. However, active HMEs are more expensive and

HUMIDIFICATION DEVICE PERFORMANCE
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more complex to use than passive HMEs.21 When com-
pared with previous studies, the Humid-Heat device out-
performed HHs in the case of high ambient temperature,10

but important issues with existing passive HMEs (ie, dead
space) are still present with active HMEs. Finally, due to
the possible condensation in the small airways, there is a
risk of overhumidification when inspiratory gases are � 44
mg H2O/L,30,31 or even below that level if core tempera-
ture is � 37°C.9 We do not have clinical experience with
humidification devices that really provide � 40 mg H2O/L,
such as the Humid-Heat device. Indeed, when considering
independent evaluations, the best-performing HMEs pro-
vide a level of 30 mg H2O/L or slightly above21 and heated
wire HHs provide a level of 36 mg H2O/L within optimal
conditions of utilization.10,32 The hygrometric levels
reached with the maximal minute ventilation (30 L/min),
approaching 44 mg H2O/L, could eventually lead to over-
humidification. For all of these reasons, the clinical indi-
cation of active HMEs remains unclear.

Our study provides data of clinical relevance as we have
demonstrated the stable humidification performance of the
tested devices (passive and active HMEs) when minute
ventilation or ambient temperature vary, which are fre-
quent clinical situations. Clinicians must be aware of the
variability in performance of heated wire HHs during con-
ditions leading to high temperatures in the humidification
chamber (ie, high ambient temperature, sun on the humid-
ifier or some turbine ventilators).10 In addition, clinicians
must know the impact of the patient’s core temperature on
passive and active HMEs with reduced humidification per-
formance seen in the case of hypothermia.9,12

Our study has a number of limitations. First, the study
design did not allow evaluation of the long-term impact of
these humidification devices on important clinical out-
comes such as tube resistance or endotracheal tube occlu-
sions. It is not possible to conclude with the current data
that higher humidification performance is better for pa-
tients. Second, there are differences of 3 mg H2O/L in
inspiratory humidity between the bench and the clinical
evaluation. This discrepancy may be related to the pa-
tient’s core temperature of 37.7°C in the clinical evalua-
tion, while the bench delivers an expiratory humidity based
on clinical measurements while patient’s core temperature
was 36.5°C.9,33 One degree of difference, may account for
a difference of 2 mg H2O/L for a saturated gas, which may
in part explain the difference between the bench and the
clinical evaluation. Finally, in our study, there was no
evaluation of the clinical tolerance with prolonged use of
systems that deliver humidity � 40 mg H2O/L. Clinicians
should be cautious as there is limited clinical experience
with such conditions of humidification, which could lead
to increased secretions and micro-atelectasis, as has been
described in animals.34,35

In conclusion, the humidification performance of pas-
sive, performing, hygroscopic and hydrophobic HMEs, and
of active HMEs is not influenced by minute ventilation in
the conditions tested in the present study, and ambient
temperature has only a negligible influence. These systems
are stable over a range of tested external conditions, and
there is no reason to avoid their use in the case of high
ambient temperature or in the case of high minute venti-
lation.2 Clinicians should know the working principles of
the humidification devices and must be aware of the in-
fluence of a patient’s temperature on these devices, with
reduced humidity delivered to the patients in the case of
hypothermia.9,12 Heated wire HHs are influenced by ex-
ternal factors (especially by high ambient temperature)10

but not by the patient’s temperature.9 These influences
should be known by the clinicians, and new devices with
limited influence should be developed to optimize humid-
ification strategies. Among alternative humidification de-
vices, the active HME evaluated in this study demon-
strated very high levels of humidification, but these systems
share with HME the problems related to dead space36-38

and are more complex to use. To date, there are no clinical
data to recommend the use of active HMEs.
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