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Abstract
Introduction In order to improve the efficiency of heat moisture exchangers (HMEs), new hybrid
humidifiers (active HMEs) that add water and heat to HMEs have been developed. In this study we
evaluated the efficiency, both in vitro and in vivo, of a new active HME (the Performer; StarMed,
Mirandola, Italy) as compared with that of existing HMEs (Hygroster and Hygrobac; Mallinckrodt,
Mirandola, Italy).
Methods We tested the efficiency by measuring the temperature and absolute humidity (AH) in vitro
using a test lung ventilated at three levels of minute ventilation (5, 10 and 15 l/min) and at two tidal
volumes (0.5 and 1 l), and in vivo in 42 patients with acute lung injury (arterial oxygen tension/fractional
inspired oxygen ratio 283 ± 72 mmHg). We also evaluated the efficiency in vivo after 12 hours.
Results In vitro, passive Performer and Hygrobac had higher airway temperature and AH (29.2 ±
0.7°C and 29.2 ± 0.5°C, [P < 0.05]; AH: 28.9 ± 1.6 mgH2O/l and 28.1 ± 0.8 mgH2O/l, [P < 0.05])
than did Hygroster (airway temperature: 28.1 ± 0.3°C [P < 0.05]; AH: 27 ± 1.2 mgH2O/l [P < 0.05]).
Both devices suffered a loss of efficiency at the highest minute ventilation and tidal volume, and at the
lowest minute ventilation. Active Performer had higher airway temperature and AH (31.9 ± 0.3°C and
34.3 ± 0.6 mgH2O/l; [P < 0.05]) than did Hygrobac and Hygroster, and was not influenced by minute
ventilation or tidal volume. In vivo, the efficiency of passive Performer was similar to that of Hygrobac
but better than Hygroster, whereas Active Performer was better than both. The active Performer
exhibited good efficiency when used for up to 12 hours in vivo.
Conclusion This study showed that active Performer may provide adequate conditioning of inspired
gases, both as a passive and as an active device.
Keywords: absolute humidity, airflow resistance, heat moisture exchanger, hot water humidifiers, relative humidity

Introduction
During normal breathing the upper airways condition inspired
gases (i.e. with respect to heat and humidity) in order to prevent drying of the mucosal membranes and other structures
[1]. However, during invasive mechanical ventilation, when the
upper airways are bypassed with an endotracheal tube or tra-

cheostomy, the inspired medical gases – if not conditioned –
are heated and humidified by the lower airways with a large
loss of heat and moisture from the respiratory mucosa [2].
Conditioning of medical gases by the lower airways causes
severe damage to the respiratory epithelium [3], alterations in
respiratory function [4] and heat loss [5].

AH = absolute humidity; HME = heat moisture exchanger; PEEP = positive end-expiratory pressure.
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The two most commonly used devices to heat and humidify
medical gases are hot water humidifiers and heat moisture
exchangers (HMEs) [6]. Hot water humidifiers provide adequate levels of humidity and temperature, but they can
increase nursing workload [7,8] and bacterial colonization of
the ventilator circuit [9-11]. HMEs are relatively efficient and
usually have a microbiological filter [2]. During the expiratory
phase, the patient's expired heat and moisture condense on
the HME membrane, which then returns the expired heat and
moisture during the next inspiration.
To date there is no clear evidence that increasing absolute
humidity (AH) to more than 30 mgH2O/l may confer any benefit during invasive mechanical ventilation [12,13]. However,
compared with a hot water humidifier, a HME may be inadequate during ventilation with large minute volumes [14], when
body temperature is low [15], or when exhaled gas is lost [2].
Furthermore, because of the increase in respiratory workload,
HMEs should be used with caution in weak or tired patients
with respiratory failure ventilated with pressure support [16].
To overcome these limitations, a new active HME, called the
Performer (StarMed, Mirandola, Italy), has been developed.
The Performer is similar to a common hygroscopic–hydrophobic HME, but it can also add water and heat to the inspired gas
circuit. The water is continuously added from an external
source, wetting the hygroscopic–hydrophobic membrane; the
membrane is heated, yielding water from evaporation.
In the present study we assessed the efficiency and stability of
this new active moisture exchanger in delivering heat and
moisture to inspired gases, as compared with widely used
heat and moisture exchangers. We conducted the study in a
test lung with different ventilatory settings and temperatures,
and in a group of patients with acute lung injury.

Methods
Materials
In addition to the Performer, The HMEs evaluated were the
Hygroster (Mallinckrodt, Mirandola, Italy) and the Hygrobac
(Mallinckrodt). Respectively, the latter two devices weigh 53
and 49 g, with internal volumes 95 and 94 ml; both have microbiological retention greater than 99.99% (as reported by the
manufacturer).
The Performer has a single antimicrobial filter, with two cellulose membranes (hygroscopic and hydrophobic) inside a rigid
plastic box (Fig. 1). This is a disposable device. Between the
membranes there is a thin metal element that has many small
holes (diameter 0.3–0.5 cm). The metal plate is heated from
the outside by a dedicated heating system, which is not in
direct contact with the gas, using mains voltage electrical
power (called the Provider) at three plate temperature settings
(40, 50 and 60°C). External sterile water is added by a water
pump through a port in the upper part of the plastic box to
R282

Figure 1

A diagram
passive
heat
of moisture
the Performer,
exchanger
showing the different parts of the active
passive heat moisture exchanger. (1) The single antimicrobial filter; 2
and 4, the two cellulose membranes (hygroscopic and hydrophobic elements); 3, thin metal element with the small holes (diameter 0.3–0.5
cm); and 5, port through which the water is added. The control box (the
Provider) for the heating plate has three settings (1, 2 and 3) for temperatures of 40, 50 and 60°C.

reach the two membranes. As the water is heated by the metal
element, it evaporates and increases the amount of water
vapor in the inspired gas. The Performer weighs 70 g, with an
internal volume of 85 ml and microbiological retention greater
than 99.99% (as reported by the manufacturer). Apart from
testing the Perfomer in an active mode (active Performer), we
also tested it as a passive humidifier, without adding any water
or heat (passive Perfomer).
The authors did not have any financial interest in any of the
devices tested.
Experimental protocol
Humidifiers were tested in random order. Measurements in
vitro were taken every 15 min up to 1 hour, and in the in vivo
study they were taken after 1 hour of use. The long-term efficiency of the active Performer, with the provider set at level II
of heating (50°C), was also evaluated after 12 hours of use in
patients.

In vitro
Figure 2 shows the test lung model and measuring devices
used to test the HMEs. The lung – a 2-l rubber bag (Mallinckrodt) – was connected with a plastic nonconducting tube to a
mechanical ventilator (Servo 300 C; Siemens, Solna, Sweden) that emptied in the hot water humidifier (MR 730; Fisher
& Paykel, Auckland, New Zealand). The hot water humidifier,
used to condition the gas entering the humidifier, was set to
mimic normothermic (i.e. temperature 34°C) and hypothermic
(i.e. 28°C) conditions. The temperature and humidity output of
the lung model were checked before every measurement.
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Figure 2

The patients were ventilated with a Servo 300 C mechanical
ventilator (Siemens) using a standard ventilator circuit. Respiratory rates and tidal volumes were adjusted to maintain arterial carbon dioxide tension at around 40–45 mmHg; oxygen
fraction and positive end-expiratory pressure (PEEP) were
adjusted to maintain an arterial oxygen tension of at least 80
mmHg.
Unlike in the in vitro study, the Performer was also evaluated
at the three Provider levels (levels I, II and III of heating, or 40,
50 and 60°C), and a constant volume of sterile water of 7 ml
was added each hour.

The test
ture
exchangers
lung model
in vitro
and measuring devices used to evaluate heat moisture exchangers in vitro

The ventilator was used to ventilate the test lung with 12 different settings. Combinations of two tidal volumes (0.5 and 1
l), two peak inspiratory flow (0.5 and 1 l/s) and three levels of
minute controlled ventilation (5, 10 and 15 l/min), with the ventilator set on volume control, were used. A fractional inspired
oxygen of 1 was used throughout. To stabilize the system
before taking any measurements, the model lung was ventilated for 2 hours without applying any HME.
The Performer was heated by the Provider set at level III
(60°C) and sterile water was added by a pump syringe set to
deliver a volume of 6, 7, or 8 ml each hour for minute ventilations of 5, 10 and 15 l/min, respectively (manufacture's recommendation). Two HMEs were tested in each condition.
At the start and after 1 hour, for each humidifier and setting,
the airflow resistances were measured by dividing the difference between the inspiratory peak and plateau pressure by
the inspiratory flow [17]. The gas flow rate was measured
using a heated pneumotachograph (Fleish No 2; Fleish,
Lausanne, Switzerland) inserted before the filter in the circuit.
The airway pressure was measured using a pressure transducer (MPX 2010 DP; Motorola, Phoenix, AZ, USA).
The room temperature was 24–26°C.

In vivo
Patients with acute lung injury during volume controlled
mechanical ventilation were eligible for the study. They were
sedated with diazepam (0.03–0.15 mg/kg per hour) and paralyzed with pancuronium (0.05–0.1 mg/kg per hour). Exclusion criteria were body temperature below 34°C or a
bronchopleural fistula. The Institutional Review Board of our
hospital approved the study, and informed consent was
obtained from the patients' next of kin.

Hygrometric measurements
AH and relative humidity were measured during the inspiratory
phase in the in vitro and in vivo studies. The Performer, the
Hygroster, or the Hygrobac was placed between the Y piece
of the ventilator circuit and the test lung or the patient. A
device to separate the inspiratory and expiratory gas flows, by
four unidirectional valves, was inserted between the humidifiers and the lung model or the patient.
The psychometric method is the one most commonly used by
clinicians to measure humidity [18]; it is based on two thermal
probes – a dry and a wet one [19]. We used platinum resistance temperature detectors; these exhibited very good accuracy, with an error of 0.3°C and without any variations with
time. The two probes were placed on the inspiratory side after
the filter in the circuit. Thus, the probe always had to measure
the same amount of flow (i.e. same velocity of air), without
causing any artefacts in measurements.
Temperatures were electronically measured, displayed and
printed on a chart recorder (Yokogawa, Tokyo, Japan). Subsequently, the measurements were analyzed from the chart
recorder. The dry probe measures the actual gas temperature.
The wet probe is coated with cotton that is wet with sterile
water. The evaporation of the sterile water is proportional to
the dryness of the gas, and so the difference in temperature
between the dry and wet probe is related to the dryness of the
gas [19].
At the start of the measurements, we inserted the two probes
in a solution of water plus ice to test the offset with respect to
a 0°C reading; we checked the two probes (without the wet
cotton) in room air; and we verified that the offset was maintained, with no significant variations. We used this offset (in
the order of 0.1–0.2°C) to correct the measurements obtained
during the study.
In each condition, the average of three or four readings from
the wet and dry probe was computed.
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Figure 3

Results
In vitro
The temperature and AH of expiratory gases reaching the
model lung side of the humidifiers were, respectively, 32.4 ±
0.1°C and 35.6 ± 0.2 mgH2O/l in normothermic conditions,
and 26.7 ± 0.2°C and 25.9 ± 0.1 mgH2O/l in hypothermic
conditions, with no differences between the settings and the
devices tested. This indicates good stability of the test lung
model.

Normothermic conditions
The temperature and AH of the inspired gases differed significantly between the devices. In every condition tested, passive
Performer and Hygrobac provided a significantly higher temperature and AH in inspired gases than did the Hygroster (Fig.
3). At a minute ventilation of 10 l/min, passive Performer,
Hygrobac and Hygroster all had significantly higher temperature and AH than at minute ventilations of 5 and 15 l/min.
Increasing the tidal volume decreased the temperature and
AH with the passive Performer.
Active Performer had a significantly higher temperature and
AH than did passive Performer, Hygrobac and Hygroster,
which was unaffected by minute ventilation or tidal volume
(Fig. 3). Increasing the peak inspiratory flow rate with active
Performer lowered the temperature and AH. The temperature
and AH, measured every 15 min in each patient, remained stable and were no different after 1 hour of use in each setting
with the different devices.

In vitro study in normothermic conditions.
conditions (a) Temperatures of the
active Performer, and (b) absolute humidity for the Performer (black circle), passive Perfomer (empty circle), Hygrobac (empty square) and
Hygroster (black square). Data are presented as means ± standard
deviation. Between the devices: °P < 0.05 versus passive Performer
and Hygrobac; *P < 0.05 versus Hygroster. Within the same device: +P
< 0.05 versus VE 5 and 15 l/min; §P < 0.05 versus VT 1 l; #P < 0.05
versus Vi 1 l/s. VE = minute ventilation; Vi = peak inspiratory flow; VT =
tidal volume.

Statistical analysis
All data are expressed as mean ± standard deviation. For the
in vitro study, we compared the three HMEs using a one-way
analysis of variance for repeated measures, followed when
appropriate by post hoc multiple comparisons, performed
using paired t-test with Bonferroni's correction. Comparisons
within the same HME were done using three-way analysis of
variance for repeated measures, followed when appropriate by
post hoc multiple comparisons, performed using paired t-test
with Bonferroni's correction.
R284

Hypothermic conditions
Passive Performer, Hygrobac and Hygroster gave similar temperature and AH in the majority of tested conditions (Fig. 4).
At a minute ventilation of 10 l/min, passive Performer, Hygrobac and Hygroster had a higher AH than at 5 l/min. Changing
the tidal volume or the peak inspiratory flow did not affect the
temperature and AH in any humidifier.
Like under normothermic conditions, the temperature and AH
with active Perfomer were significantly higher than with passive Performer, Hygrobac and Hygroster (Fig. 4). Active Performer had a higher AH at a minute ventilation of 5 l/min than
at 15 l/min.

Airflow resistance
At the start of the experiment the mean airflow resistances for
passive Performer, active Performer, Hygrobac and Hygroster
were 1.5 ± 0.8, 1.6 ± 0.5, 1.6 ± 0.3 and 2.1 ± 0.9 cmH2O/l
per s. Increasing the peak inspiratory flow from 0.5 to 1.0 l/s
significantly increased the airflow resistance for passive Performer from 0.95 ± 0.2 to 2.0 ± 0.8 cmH2O/l per s, for active
Perfomer from 1.2 ± 0.1 to 1.9 ± 0.5 cmH2O/l per s, for
Hygrobac from 1.4 ± 0.2 to 1.8 ± 0.1 cmH2O/l per s, and for
Hygroster from 1.3 ± 0.2 to 2.9 ± 0.3 cmH2O/l per s. The
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Passive Performer and the Hygrobac had significantly higher
airway temperature and AH than did the Hygroster (Fig. 5).
Active Performer, regardless of the level of heating, always had
a higher temperature and AH than did passive Performer,
Hygrobac and Hygroster. Active Performer, with the Provider
set at level III of heating (60°C), had the greatest temperature
and AH (Fig. 5). There was no difference in the temperature
and AH after 12 hours of continuous use.

Discussion
The Performer, a new type of active HME, when used as a passive device, provided airway conditioning at least comparable
to that with other HMEs. When used as an active device, however, the efficiency of the Performer increased beyond that of
a purely passive HME.
The optimal level of conditioning remains debatable [1,2]. For
example, Williams and coworkers [20] suggested that heating
and humidifying the inspired gas to the natural targets of core
temperature (i.e. 37°C) and AH of 44 mgH2O/l reduces heat
and moisture exchange with the mucosa and maximizes mucociliary clearance. However, Tsuda and coworkers [21] found
airway damage after only 3 hours inhalation of gas at 35°C
with AH of 39 mgH2O/l.

In vitro study conducted in hypothermic conditions.
conditions (a) Temperatures
of the active Performer and (b) absolute humidity for the Performer
(black circle), passive Perfomer (empty circle), Hygrobac (empty
square) and Hygroster (black square). Data are presented as means ±
standard deviation. Between the devices: °P < 0.05 versus passive
Perfomer, Hygrobac and Hygroster. Within the same device: #P < 0.05
versus VE 5 l/min; +P < 0.05 versus VE 15 l/min. VE = minute ventilation;
Vi = peak inspiratory flow; VT = tidal volume.

airflow resistances at the start of the experiment and after 1
hour of use were similar.
In vivo
We studied 42 patients (mean age 60.5 ± 16.9 years) who
were intubated and mechanically ventilated. The tidal volume
was 0.60 ± 0.17 l and a minute ventilation of 8.8 ± 2.4 l/min
was applied, with a PEEP of 8 ± 3 cmH2O. This resulted in an
arterial oxygen tension/inspired fractional oxygen ratio of 283
± 72 mmHg. The body temperature was 37.5 ± 0.8°C, with a
room temperature of 25.1 ± 1.4°C.

In normal conditions the temperature of expired gases ranges
between 28 and 32°C with an AH of 27–33 mgH2O/l [22,23],
and thus a temperature of 29–33°C with an AH of 28–35
mgH2O/l should be adequate for inspired gases [2]. Two previous studies [12,13] showed that a HME that is able to deliver
a mean AH of 30 mgH2O/l could safely be used for up to 7
days in mechanically ventilated patients. These data suggest
that, in general, it is not necessary to provide an AH greater
than 30 mgH2O/l.
The Performer as a 'passive' device
When used as a passive device, the Performer provided an
average absolute humidity of 28.9 ± 0.9 mgH2O/l in vitro during normothermic conditions and 30.7 ± 1.6 mgH2O/l in vivo.
The passive Performer was consistently more efficient than the
Hygroster and was comparable to the Hygrobac. Moreover, in
all conditions tested, the Hygroster delivered a temperature
and AH significantly lower than that with the Hygrobac – a feature others have noted [18].
Several clinical studies have found a satisfactory AH (i.e. ≥ 30
mgH2O/l) when using HMEs in patients with high minute ventilation (between 10.5 and 16.5 l/min) [19,23,24]. In the
present study we found that increasing or decreasing the
minute ventilation above or below 10 l/min resulted in a
marked reduction in AH, to even below the commonly suggested limits [1,2].
We also investigated the effects of severe hypothermia on
HME efficiency. We found that hypothermia markedly reduced
R285
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Figure 5

In vivo study.
study (a) Temperature for the Hygroster, Hygrobac, passive Performer and active Performer with the Provider set at T1 (40°C), active Performer with the provider set at T2 (50°C), active Performer with the Provider set at T2 after 12 hours of use, and active performer with the Provider
set at T3 (60°C). (b) Absolute humidity (AH) for the Hygroster, Hygrobac, passive Performer, active Performer with the Provider set at T1, active Performer with the Provider set at T2, active Performer with the Provider set at T2 after 12 hours of use, and active performer with the Provider set at T3.
Data are presented as means ± standard deviation. +P < 0.05 versus Hygroster; *P < 0.05 versus Hygroster, Hygrobac and passive Performer; °P
< 0.05 versus active Performer set at T1.

the efficiency of HMEs. These findings confirm that HMEs
should be used with caution in severely or moderately hypothermic patients.
The Performer as an 'active' device
When the Performer was used as an 'active' humidifier it provided higher levels of humidification (AH range 30–36
mgH2O/l), independently of minute ventilation and expiratory
AH, unlike the other HMEs. Active Performer also showed
good stability in patients without any loss of efficiency after 12
hours of continuous use, and reached a steady state in terms
of temperature and humidity after only 15 min of use.
To improve the efficiency of HMEs, use of two other different
devices – the Booster (TomTec, Kapellen, Belgium) and the
Humid-Heat (Gibeck, Upplands wasby, Sweden) – has been
R286

proposed. The Booster is a small heating element that is
placed between the HME and the patient. The heating
element, powered electrically, is covered by a Gore-Tex membrane, in which water (added from the outside) vaporizes and
thus increases the AH of inspired gases [25]. Patients ventilated with Booster for 96 hours had higher temperature and
AH of inspired gases (2–3°C and 2–3 mgH2O/l more than
with a standard HME), and there was no bacterial colonization
of the ventilatory circuit [25]. Similar in design to the Performer
is the Humid-Heat, in which external water and heat are added
to the patient side of a HME circuit. The Humid-Heat can
boost temperature and AH up to 37°C and 44 mgH2O/l,
which are close to the levels achieved with conventional hot
water humidifiers [8,26,27]. In addition, if the water supply
runs out, all of these devices continue to work as passive
HMEs, avoiding the possibility that dry gases will be delivered.
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In severe hypothermic conditions, active Perfomer was more
efficient than the Hygroster, although the AH was lower than
the minimum required levels. In these extreme conditions, hot
water humidifiers should be used.
Airflow resistances and dead space
The presence of any HMEs in the ventilatory circuit increases
the airflow resistance [28]. We found similar low inspiratory
airflow resistances with the Performer, Hygrobac and
Hygroster, with no difference between the beginning of the
experiment and after 1 hour of use. After increasing the peak
inspiratory flow to a very high level (1 l/s) the airflow resistance
was still low, with an average value of 2.3 ± 0.6 cmH2O/l per
s. This additional resistance, which is lower than that with an
endotracheal tube, is not likely to play any significant role during controlled mechanical ventilation [29] and can be considered acceptable during assisted ventilation [28].
Because of the internal volume of HMEs, ranging from 50 to
90 ml, the dead space of the ventilator circuit is increased
[16,30], causing an increase in carbon dioxide levels, especially during low tidal volume ventilation [31]. HMEs also
cause an increase the inspiratory work of breathing, with an
increase in intrinsic PEEP [16,32]. Consequently, because
they increase the resistive dead space load, use of HMEs cannot be recommended in patients who are weak or difficult to
wean, unless the level of ventilator assistance is increased
[16].
Limitations
Potential limitations of the study must be addressed. First, we
did not examine the effects on gas exchange, respiratory
mechanics, secretions, or microbiological contamination of the
ventilator circuit. However, during the study we did not
observe any obstruction of the endotracheal tube. Second, we
tested the Performer in vivo only at a single minute ventilation
and for a relatively brief period of only 12 hours. Third, we did
not have any data from a heated humidifier because the heated
humidifier, being an active system, can deliver gas at a broad
range of temperatures and AHs (i.e. with a relative humidity of
100%), independent from the ventilatory settings.
Possible indications and advantages of the Performer
Although HMEs may be safely used during long-term ventilation [12,13], many centres do not routinely use HMEs for fear
of tube obstruction and insufficient humidification [33]. In the
presence of thick secretions, the use of HMEs, because of
water loss from the airways, may increase the risks for tube
occlusion, air trapping and hypoventilation [2]. Because the
Performer can deliver higher AH than other HMEs, it may be
useful in patients in whom the use of HMEs appears to worsen
the clinical characteristics of secretions and in hypothermic
patients who would otherwise require the use of heated
humidifiers.

Although we did not directly evaluate the cost, in agreement
with a previous study that evaluated a similar active HME
(Humid-Heat) [8], the Performer should allow a reduction in
daily sterile water consumption, avoidance of condensate in
the ventilator circuit, a decrease in changes of ventilator circuits, and a reduction in nurses' workload.

Conclusion
The Performer exhibited good stability (up to 12 hours) in
maintaining adequate levels of temperature and AH in the
inspired gases. These features were less dependent on ventilator settings than with other HMEs. Because an AH greater
than 30 mgH2O/l is not necessary in the majority of mechanically ventilated patients, we believe that active HMEs are useful only in those patients with variable minute ventilation or with
thickened secretions when passive HMEs have failed or when
moderate hypothermia is present.
Key messages
•

A new active heat moisture exchanger is able to
increase the temperature and absolute humidity of the
inspired gases compared to the commonly used heat
moisture exchangers. However, the use of active heat
moisture exchangers should be restricted in patients
with variable minute ventilation or in presence of thickened secretions or hypothermia.
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