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BACKGROUND: Humidification is a standard of care during invasive mechanical ventilation. Two
types of devices are used for this purpose: heated humidifiers and heat-and-moisture exchangers
(HME). AIM: To compare the short-term physiologic effects of an active HME, with those of heated
humidifiers and HMEs in terms of respiratory effort, ventilatory pattern, and arterial blood gases
during invasive mechanical ventilation. METHODS: We conducted a randomized crossover study
with 3 different devices in 15 stable subjects who had a tracheostomy and were ventilator-depen-
dent. Transdiaphragmatic pressure, ventilatory pattern, arterial blood gases, and dyspnea scale
were recorded at baseline and at the end of a 20-min period with each device. RESULTS: Com-
pared with heated humidifiers, the active HME was associated with higher diaphragmatic pressure-
time product per minute (117.10 [interquartile range {IQR} 34.58–298.60]) versus 80.86 (IQR,
25.46–110.55) cm H2O�s/min, P � .01), higher PaCO2

(48.50 [IQR, 40.65–53.70] vs 39.60 [IQR,
37.50–49.95]) mm Hg, P � .02) and lower pH (7.41 [IQR, 7.36–7.49] vs 7.45 [IQR, 7.40–7.51],
P � .030) without any significant difference in ventilatory pattern. A significantly worse dyspnea
scale score (active HME, 3 (2–4) vs heated humidifiers: 4 (3–5); P � .009) was also observed. No
significant differences were seen between active HME and HME. CONCLUSIONS: This study
indicated that, compared with the heated humidifiers, the use of the active HME or the HME
increased inspiratory effort, PaCO2

, pH, and dyspnea in stable subjects who were tracheostomized
and ventilator-dependent. (ClinicalTrials.gov registration NCT02499796.) Key words: critical care;
humidifiers; prolonged mechanical ventilation; tracheostomy; work of breathing; critically ill subjects.
[Respir Care 2019;64(10):1215–1221. © 2019 Daedalus Enterprises]

Introduction

During invasive mechanical ventilation, the upper re-
spiratory tract is bypassed by an endotracheal tube; as a

consequence, artificial heating and humidifying inspira-
tory gases are needed.1 Two types of devices are used for
this purpose: heated humidifiers and heat-and-moisture ex-
changers (HME). Heated humidifiers heat inspired gas in
a water chamber,2 whereas HMEs retain heat and moisture
during expiration and deliver them to the incoming gases
during the next inspiration.3 Studies have assessed the ef-
fectiveness of these devices in preventing complications
during invasive and noninvasive ventilation,4,5 whereas
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other studies compared the short-term effects on respira-
tory effort and gas exchange.6-8 Compared with heated
humidifiers, the use of HMEs in subjects who are intu-
bated and on mechanical ventilation for acute respiratory
failure,9,10 or during weaning trials from invasive ventila-
tion,11 has been associated with higher work of breathing
and decreased CO2 clearance despite an increase in minute
ventilation. To our knowledge, no studies are available in
stable subjects who are ventilator-dependent.

In the past decade, an active HME has been introduced
to boost the humidifying performance of HMEs. It consists
of a hybrid active device similar to an HME with a warm-
ing element fed by an electrical energy source that vapor-
izes water into the airways. This device has been shown to
provide recommended ranges of absolute humidity levels
in vitro;12 however, its effectiveness in clinical practice
remains to be elucidated. Indeed, very few studies have
been performed in the past decade to assess the effects of
this device in vivo. Gonzalez et al13 found that the device
was effective in delivering the appropriate amount of mois-
ture to inspired gas in subjects who were tracheostomized
and on mechanical ventilation, but its effects on respira-
tory effort or gas exchange were not assessed. Therefore,
the aim of this study was to compare the short-term phys-
iologic effects of the active HME with those of a heated
humidifier and an HME during invasive ventilation in terms
of respiratory effort, ventilatory pattern, and arterial blood
gases in subject who were tracheostomized and ventilator-
dependent.

Methods

The experimental protocol was approved by the ethical
committee of the Istituti Clinici Scientifici Maugeri (pro-
tocol 981 CE, May 5, 2014) and was registered at
ClinicalTrials.gov. Written informed consent was ob-
tained from each subject.

Study Population

Subjects who were tracheostomized and ages �18 y
were enrolled from those admitted to the respiratory ICU
of the Istituti Clinici Scientifici Maugeri, Istituto di Ri-
covero e Cura a Carattere Scientifico (IRCCS), Pavia, It-
aly, between May 2014 and December 2015 for weaning
from prolonged mechanical ventilation, defined according
to the National Association for Medical Direction of Re-
spiratory Care Consensus Conference.14 Those subjects
who, at the end of 4 weeks of hospitalization, were defined
as ventilator-dependent and would have been discharged
and requiring long-term home invasive ventilation were
considered eligible for the study. At inclusion, subjects
had to be clinically stable (ie, free of acute episodes,
such as fever, pain, or hemodynamic instability, with

stable arterial blood gases defined as pH � 7.35 for at
least a week). Exclusion criteria were the presence of
acute respiratory failure (pH � 7.35, with PaCO2

� 45 mm Hg), hemodynamic instability, encephalopa-
thy, and lack of cooperation.

Study Design

The devices were compared by using a crossover de-
sign. All the subjects were ventilated with the same ven-
tilator (Vivo 50, Breas Medical, Gothenburg, Sweden),
with a single-limb circuit and an active non-rebreathing
expiratory valve in pressure support ventilation mode with
the setting prescribed by the clinician involved in the pa-
tient’s care but not in the study. Standard tracheostomy
tubes with inner diameters of 7 to 8.5 mm were used. The
FIO2

was adjusted to obtain an SpO2
between 90% and 95%

(delivered O2, 0–5 L/min). The inspiratory positive airway
pressure was set to obtain a tidal volume of 6–8 mL/kg,
and an expiratory positive airway pressure of 3–7 cm H2O
was added according to the underlying pathology (Table
1). The inspiratory trigger was set at the most sensitive
level that did not generate auto-triggering, and the expi-
ratory trigger and rise time were adjusted according to
each subject’s clinical conditions and tolerance. The ven-
tilatory settings remained unchanged throughout the study
protocol.

As in previous physiologic studies,6,7,11 each awake sub-
ject was positioned in the semi-recumbent position and
underwent 3 consecutive 20-min periods of evaluation with-

QUICK LOOK

Current knowledge

Humidification is a standard of care during invasive
mechanical ventilation. Two types of devices are used
for this purpose: heated humidifiers and heat-and-mois-
ture exchangers. During both noninvasive and invasive
mechanical ventilation for acute respiratory failure, heat-
and-moisture exchangers were associated with higher
work of breathing and decreased carbon dioxide clear-
ance when compared with heated humidifiers.

What this paper contributes to our knowledge

Results of our study indicated that, in subjects who
were tracheostomized and ventilator-dependent, the use
of an active heat-and-moisture exchanger similar to heat-
and-moisture exchangers, significantly increased patient
inspiratory effort and worsened arterial blood gases and
dyspnea compared with a heated humidifier, which,
therefore, should remain the device of choice.
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out intervals and with the 3 devices applied in random
order. The investigators took care to ensure that the study
variables remained constant in terms of duration, environ-
ment, position, and other possible conditions that could
potentially affect the stability of the patient. The HME
(Humid-Vent Compact, Teleflex Medical, Kamunting
Perak, Malaysia) and the active HME (Medisize Hygrovent
Gold, Healthcare Solutions, Lenexa, Kansas) were posi-
tioned between the mount catheter and the expiratory valve.
The heated humidifier (MR810, Fisher & Paykel Health-
care, Auckland, New Zealand) was placed between the
ventilator and the expiratory valve. The main characteris-
tics of the 3 devices are shown in Figure 1 and in Table 2.

Measurements

Data were recorded in the final 5 min of each ventilation
period. The following variables were measured:

Flow was assessed by means of a heated pneumotacho-
graph and a differential pressure transducer (Honeywell,
Freeport, IL; � 300 cm H2O) connected to the proximal
tip of the expiratory valve. Tidal volume was assessed by
integration of the flow including inspiratory (TI), expira-
tory (TE), and total respiratory time (Ttot). Breathing fre-

quency and minute ventilation were computed from the
flow signal.

Airway pressure was measured via a side port between
the pneumotachograph and the expiratory valve. Esopha-
geal pressure and gastric pressure were measured with a

Table 1. Demographic, Anthropometric, Clinical, and Physiologic Characteristics of Study Subjects and Ventilator Setting

Subject
no.

Diagnosis Sex Age, y
BMI,
kg/m2 pH

PaO2
,

mm Hg
PaCO2

,
mm Hg

Ventilator
mode

ID,
mm

IPAP,
cm H2O

EPAP,
cm H2O

1 COPD F 73 23.6 7.45 76.2 41.9 PSV 7 18 4
2 COPD M 74 20.2 7.42 78.4 61.3 PSV 7 19 4
3 COPD M 74 31.0 7.48 85.0 47.0 PSV 7 20 6
4 COPD M 84 20.2 7.42 70.4 53.5 PSV 7.5 14 5
5 ALS M 71 22.7 7.56 76.0 22.1 PSV 8 23 4
6 COPD M 58 21.8 7.45 76.8 36.0 PSV 8 15 4
7 Postoperative M 68 20.3 7.46 62.1 31.6 PCV 7.5 13 4
8 Pachypleuritis M 70 24.2 7.48 128.0 48.5 PSV 7.5 16 3
9 COPD F 64 18.0 7.41 117.0 55.5 PSV 7 18 3
10 COPD F 75 25.3 7.36 64.9 55.6 PSV 7.5 20 6
11 Bronchiectasis F 73 23.9 7.44 65.8 46.2 PSV 7.5 18 3
12 Polyneuropathy M 83 27.7 7.52 76.5 33.9 PSV 8 14 4
13 Guillain Barré

syndrome
M 51 30.8 7.48 62.7 35.5 PSV 8.5 14 4

14 ALS M 58 27.6 7.55 77.6 26.4 PCV 8.5 14 4
15 COPD F 81 28.1 7.49 72.9 43.6 PSV 8 26 7

Median NA 73.07 23.9 7.46 76.2 43.6 NA 7.5 18 4
IQR NA 66.2–74.7 21.1–27.6 7.43–7.48 68.1–78.0 34.7–51 NA 7–7.5 14–19.5 4–4.5

BMI � body mass index
ID � inner diameter
IPAP � inspiratory positive airway pressure
EPAP � expiratory positive airway pressure
PSV � pressure support ventilation
ALS � amyotrophic lateral sclerosis
PCV � pressure-controlled ventilation
NA � not applicable
IQR � interquartile range

Fig. 1. From left to right: Active HME (Medisize Hygrovent Gold),
Heated Humidifier (MR810) and Heat-and-moisture exchanger
(HME) (Humid-Vent Compact).
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balloon catheter system.15 The proper position of the esoph-
ageal balloon was verified by means of the occlusion test.15

Transpulmonary and transdiaphragmatic pressure swings
were obtained by subtracting esophageal pressure from
airway pressure and gastric pressure, respectively.

The dynamic intrinsic PEEP was estimated according to
Appendini et al.16 The magnitude of the inspiratory muscle
effort was estimated from the pressure-time product of the
diaphragm and from the esophageal pressure-time product
of the inspiratory muscles. The pressure-time integrals were
calculated per breath and per minute.17 Dynamic lung com-
pliance and pulmonary resistances at mid-inspiratory vol-
ume were computed from transpulmonary pressure, flow,
and tidal volume as previously described.16

PaO2
and PaCO2

were assessed under mechanical ventila-
tion by means of a blood gas analyzer (ABL 520-Radi-
ometer, Copenhagen, Denmark) at baseline and at the end
of each trial. The level of dyspnea was recorded at the end
of each trial by the means of an arbitrary subjective scale
that ranged from 0 (worst) to 5 (no dyspnea). Heart rate,
electrocardiogram, arterial blood pressure, and SpO2

were
continuously monitored.

Statistical Analysis

Sample-size calculations were performed by using the
G*Power v3.1.9 software tool.18,19 Sample-size calcula-
tions showed that data from 15 cases were required to
reach statistical power (1 � �) � .80 with a significance
level (�) � .017 (including Bonferroni correction for the
following 3 comparisons: heated humidifier vs HME,
heated humidifier vs active HME, and active HME vs
HME) when detecting the differences in the analyzed
parameters between devices that corresponded to a
esophageal pressure-time product mean value of 156 of
156 � 63 cm H2O � s/min for HME and of 112 �
49 cm H2O � s/min for heated humidifier as observed by
Lellouche et al6 in subjects who were noninvasively ven-
tilated, with an expected correlation between measure-

ments � 0.70 (2-sided Wilcoxon signed-rank test). Ran-
domization among the 3 systems was performed according
to Altman and Bland.20

The distribution of quantitative variables was described
by using the median (25th and 75th percentiles or inter-
quartile range) and categorical variables by count and fre-
quency (%). Statistically significant differences in the dis-
tribution of quantitative variables among different
humidifiers were assessed by the Friedman test; pairwise
comparisons were performed by the Wilcoxon signed-rank
test. The Bonferroni correction was applied to adjust for
multiple testing based on the number of pairwise compar-
isons by variable when performing between-ventilator com-
parisons (n � 3); otherwise, P � .05 was considered sta-
tistically significant. Linear mixed-effects models and
post hoc comparisons were also performed. Parallel coor-
dinate plots were generated by custom R scripts. Statistical
analyses were performed by the R statistical software tool
v3.4.1 (www.r-project.org).

Results

Fifteen consecutive subjects were studied. Patient de-
mographic, anthropometric, clinical and physiologic char-
acteristics, and ventilator settings are shown in Table 1.
The physiologic effects of the 3 devices are shown in
Table 3. Compared with both active HME and HME, the
pressure-time product of the diaphragm per breath was
significantly lower with heated humidifier, without any
significant difference between active HME and HME. The
pressure-time product of the diaphragm per minute was
significantly higher with active HME compared with heated
humidifier but not with HME. Compared with heated
humidifier, active HME showed a significant increase in
TI/Ttot and a nonsignificant increase in dynamic intrinsic
PEEP. There were no significant differences in tidal vol-
ume, breathing frequency, and minute ventilation among
the 3 systems.

PaCO2
was significantly higher and pH was significantly

lower with active HME compared with heated humidifier;
respiratory acidosis occurred in 3 of 15 cases. There was
no significant difference in PaCO2

and pH between the
active HME and the HME, and no significant difference in
PaO2

among the 3 systems. Dyspnea was significantly lower
with a heated humidifier compared with both the active
HME and the HME. There were no significant differences
between active HME and HME. In 4 of 15 subjects, the
active HME period was halted due to unbearable dyspnea
and severe desaturation, as shown by a prolonged SpO2

of
�80%. The individual pressure-time products of the dia-
phragm per minute values during the 3 different trials are
shown in Figure 2.

Table 2. Device Characteristics

Device Characteristic HME Active HME Heated Humidifier

Dimensions, mm 60 � 70 60 � 80 94 � 154 � 135
Weight, g 31 42 1,700
Volume, mL 35 59 500
Resistance, cm H2O 1.8, 60 L/min NR NR
Dead space, mL 35 59 NA*

* Because the heated humidifier is placed between the ventilator and the expiratory valve, its
volume does not contribute to any increase in the dead space.
HME � heat-and-moisture exchanger
NR � not reported
NA � not applicable
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Discussion

To our knowledge, this was the first study to compare
the physiologic effects of the active HME with such com-
monly used devices as HMEs and heated humidifiers in
stable subjects who were tracheostomized and ventilator-
dependent. The main findings of our study were that the
subjects’ inspiratory effort and PaCO2

levels were signifi-
cantly greater, and pH was significantly lower with the
active HME compared with the heated humidifier. More-
over, subject tolerance and dyspnea were significantly
worse with the active HME compared with the heated
humidifier.

Results of previous in vitro studies indicated that both
the HME and the active HME may interfere with pressure-
support ventilation due to the dead space that they add to
the system.12,14–16,21 As a matter of fact, both devices are
placed between the Y-piece (or the non-rebreathing sys-
tem in the case of a single-limb circuit, such as in our
study) and the patient; their internal volume, depending on

0
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Fig. 2. Individual (pressure-time product of the diaphragm per min-
ute (PTPdi/min) values during each trial. Each line represents data
from a single record; black squares describe the median value of
the variable’s distribution by device, whereas whiskers delimit the
interquartile range (25th-75th percentiles).

Table 3. Distribution of Ventilator Parameters and Arterial Blood Gases by Heated Humidifier, Active HME, and HME

Variable
Heated Humidifier,

median (IQR)
Active HME,
median (IQR)

HME, median
(IQR)

P Values

Overall*
Heated

Humidifier vs
Active HME†

Heated
Humidifier
vs HME‡

Active
HME vs
HME§

VT, mL 341 (282–435) 322 (271–434) 322 (300–398.50) .80 .55 .36 .97
V̇E, L/min 8.09 (7.50–9.15) 9.20 (7.30–10.15) 8.90 (6.70–10.47) .63 .21 .52 .39
PTPdi/breath, cm H2O � s 3.11 (1.27–4.30) 4.50 (1.50–8.90) 4 (2.89–8.91) .07 .02� .038� .39
PTPdi/min, cm H2O � s/min 80.86 (25.46–110.55) 117.10 (34.58–298.60) 107.50 (71.47–238.80) .09 .01¶ .064 .45
f, breaths/min 23.80 (21.50–27.95) 27.30 (24.20–29.75) 26.30 (21.70–28.55) .53 .15 .32 .36
PEEPi,dyn, cm H2O 0.90 (0.50–2.35) 1.60 (0.86–3.05) 1.90 (0.96–2.75) .15 .061 .13 .85
TI/Ttot 0.40 (0.34–0.46) 0.41 (0.37–0.49) 0.41 (0.36–0.45) .13 .045� .41 .40
Cldyn, L/cm H2O 0.03 (0.02–0.05) 0.03 (0.02–0.04) 0.03 (0.02–0.04) .16 .43 .030� .33
RL, cm H2O/L � s 16.70 (13.60–21.65) 17.80 (14.60–24.85) 16.39 (15.68–28.95) .38 .41 .13 .26
pH 7.45 (7.40–7.51) 7.41 (7.36–7.49) 7.42 (7.37–7.47) .006¶ .030� .01¶ .71
PaCO2

, mm Hg 39.60 (37.50–49.95) 48.50 (40.65–53.70) 46.80 (36.10–53.50) .15 .02� .16 .29
PaO2

, mm Hg 73.50 (65.25–83.70) 70 (62.90–80.20) 69.80 (63.75–82.20) .45 .33 .17 .30
Dyspnea scale 4 (3–5) 3 (2–4) 3 (1–4) .007¶ .009¶ .02� �.99

* P value denotes statistically significant differences among Heated Humidifier, Active HME, and HME devices for each variable.
† P value denotes statistically significant differences between Heated Humidifier and Active HME devices for each variable.
‡ P value denotes statistically significant differences between Heated Humidifier and HME devices for each variable.
§ P value denotes statistically significant differences between Active HME and HME devices for each variable.
� P value � .05.
¶ P value � .017 (Bonferroni-adjusted P value for 3 between-device comparisons).
HME � heat-and-moisture exchanger
IQR � interquartile range
VT � tidal volume
V̇E � minute ventilation
PTPdi/breath � pressure-time product per breath
PTPdi/min � transdiaphragmatic pressure-time product per min
f � breathing frequency
PEEPi,dyn � dynamic intrinsic PEEP
Ti � inspiratory time
Ttot � total respiratory time
Cldyn � dynamic lung compliance
RL � total lung resistance
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the manufacturer, can vary between 30 and 100 mL,6,12

potentially doubling or tripling the physiologic dead space.
The internal volumes of the active HME and the HME
according to the summary of product characteristics were
59 and 35 mL, respectively.

Furthermore, it was shown in vitro that both the HME
and the active HME can cause an increase in flow resis-
tance, mainly due to the presence of the internal mem-
brane.12 The active HME has also been shown to induce a
greater increase in flow resistance compared with the HME;
this has been ascribed to the accumulation of water within
the device, as indicated by the weight increase.12 For 4 of
15 subjects, the trial had to be interrupted prematurely due
to unbearable dyspnea and severe desaturation, and 3 of
them developed respiratory acidosis.

It was also reported that, during both noninvasive and
endotracheal mechanical ventilation,6,7,9–11,22 when com-
pared with heated humidifiers, HMEs might be responsi-
ble for an increase in the patient’s inspiratory effort and a
reduction in alveolar ventilation with an increase in PaCO2

due to the huge resistive load and addition of dead space.
As shown in Figure 2, in some subjects, the work of breath-
ing did not change, whereas, in other subjects, the active
HME apparently increased the pressure-time product of
the diaphragm per minute.. The other data of our subjects
did not enable us to speculate about these results.

Our findings were consistent with these previous stud-
ies6,7,9–11,22 and added further insights into the clinical
impact of the active HME device. As a matter of fact, we
showed that, in stable subjects who were tracheostomized,
the active HME, similar to the HME, induces an increase
in patient inspiratory effort and impairs respiratory pat-
terns, with a significant increase in PaCO2

compared with
the heated humidifier. The active HME and the HME share
a similar device structure and the same position along the
ventilator circuit in such a way to increase the dead space
and flow resistance.6,7 Moreover the TI/Ttot was signifi-
cantly reduced during use of the active HME compared
with the heated humidifier. These data, associated with a
nonsignificant increase in dynamic intrinsic PEEP, further
supported the hypothesis that the active HME may repre-
sent an even greater resistive load than the HME, due to
the accumulation of a greater amount of water. In subjects
with tracheostomy who are spontaneously breathing, a heat-
ed-and-humidified high-flow system was reported to
achieve higher absolute humidity than did an HME.23

The active HME is increasingly being prescribed for
long-term home mechanical ventilation as an alternative to
heated humidifiers because it is lighter (42 g for the active
HME vs 1.7 kg for the heated humidifier) and not cum-
bersome (the active HME consists of a mount catheter and
a breathing filter connected to a booster vs several more
components for the heated humidifier) and so it is able to
facilitate the patient’s movements. In addition to its opti-

mum humidifying properties, which are particularly indi-
cated for long-term invasive ventilation and similar to those
of an active humidification system, as described else-
where,12,13 the active HME was found to share similarities
and handling features with the HME.12,13 However, prac-
ticality and humidifying properties are not the only 2 el-
ements to consider when choosing such a device for long-
term invasive ventilation. In fact, in this setting, patient
tolerance and the impact on respiratory effort may signif-
icantly influence the efficacy of ventilation, as demon-
strated by our findings.

In our study, the heated humidifier was shown to be
superior to the other 2 devices in terms of physiologic
effects and patient tolerance. Therefore, in our opinion, the
heated humidifier should remain the device of choice. How-
ever, the active HME or the HME could also be consid-
ered, especially if preferred by patients and caregivers,
but this may require a change of ventilatory setting to
overcome the added dead space and resistive load that
some patients who are ventilator-dependent are unable
to tolerate.

Our study had some limitations. The sample-size calcu-
lation was performed on the basis of existing in vivo stud-
ies that compared heated humidifiers and HMEs devices.6,7

However, we could not exclude a beta effect in the lack of
significant differences. The study enrolled a heterogeneous
population of subjects with obstructive pulmonary diseases
as well as restrictive and neuromuscular diseases. We used
an arbitrary dyspnea scale that we routinely use in our
patients’ management, not a validated one. However, we
are confident that this scale was appropriate for the pur-
pose of the study. The Italian National Health Service, the
third-party payer of health service, is organized on a re-
gional basis, and we had no clear data on the current
medical practice with this device or how the costs of, and
associated with, the 3 devices differ over the country.

Conclusions

Our study indicated that, in stable subjects who were
tracheostomized and ventilator-dependent, the use of the
active HME or HME greatly increases patient inspiratory
effort and significantly worsens PaCO2

and pH compared
with the heated humidifier. Humidification devices, which
are usually considered to be a minor technical detail and
easily interchangeable, can have an important impact on
physiologic parameters. In particular, this may be espe-
cially relevant for subjects who are invasively ventilated at
home, where detection and treatment of clinical and phys-
iologic worsening may be delayed and could lead to more
severe consequences. This study was performed in sub-
jects who were tracheostomized and ventilator-dependent;
therefore, our findings were limited to these patients and
could may not be applicable to other categories of patients.
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