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Abstract Objective: To compare,
in acute lung injury/acute respiratory
distress syndrome (ALI/ARDS) pa-
tients, the short-term effects of heat
and moisture exchangers (HME) and
heated humidifiers (HH) on gas ex-
change, and also on respiratory system

mechanics when isocapnic conditions
are met. Design: Prospective open
clinical study. Setting: Intensive
Care Service. Patients: Seventeen
invasively ventilated ALI/ARDS
patients. Intervention: The study
was performed in three phases: (1)
determinations were made during
basal ventilatory settings with HME;
(2) basal ventilatory settings were
maintained and HME was replaced
by an HH; (3) using the same HH,
tidal volume (Vt) was decreased until
basal PaCO2 levels were reached.
FiO2, respiratory rate and PEEP
were kept unchanged. Measurements
and results: Respiratory mechanics,
Vdphys, gas exchange and hemo-
dynamic parameters were obtained
at each phase. By using HH in-
stead of HME and without changing
Vt, PaCO2 decreased from 46 ± 9
to 40 ± 8 mmHg (p < 0.001) and
Vdphys decreased from 352 ± 63 to

310 ± 74 ml (p < 0.001). Comparing
the first phase with the third, Vt de-
creased from 521 ± 106 to 440 ± 118
ml (p < 0.001) without significant
changes in PaCO2, Vd/Vt decreased
from 0.69 ± 0.11 to 0.62 ± 0.12
(p < 0.001), plateau airway pressure
decreased from 25 ± 6 to 21 ± 6
cmH2O (p < 0.001) and respira-
tory system compliance improved
from 35 ± 12 to 42 ± 15 ml/cmH2O
(p < 0.001). PaO2 remained un-
changed in the three phases. Con-
clusions: Reducing dead space with
the use of HH decreases PaCO2 and
more importantly, if isocapnic con-
ditions are maintained by reducing
Vt, this strategy improves respiratory
system compliance and reduces
plateau airway pressure

Keywords ARDS · ALI · Dead
space · Heat and moisture
exchanger · Heated humidifier

Introduction

Humidification and warming of inspired gases during
mechanical ventilation is a crucial issue. Two types of
humidifiers are commonly used in clinical practice: heat
and moisture exchangers (HME) and heated humidifiers
(HH) [1]. Inadequate gas humidification can provoke
airway mucosa dysfunction and endotracheal tube oc-
clusion [2]. Management decisions and reduced costs
may account for the recent more generalized use of

HME [3]. When mechanical ventilation is used, ventilator
equipment adds additional dead space (Vd) due to the
endotracheal tube, humidification devices and connectors.
This instrumental dead space is considered part of the
airway Vd (Vdaw) (instrumental and anatomic dead
space). Physiologic dead space (Vdphys) is comprised
of Vdaw and alveolar Vd (Vdalv) and is the portion of
tidal volume (Vt) that does not participate in gas ex-
change [4]. Therefore, humidification devices might play
an important role in pulmonary gas exchange and lung
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Table 1 Patients’ clinical characteristics at inclusion

Sex Age PaO2 PaCO2 FiO2 PEEPtot Main diagnosis APACHE II
(years) (mmHg) (mmHg) (cmH2O) on admission

1 M 65 80 37 0.6 7 Viral pneumonia 31
2 F 39 129 43 0.5 12 Bacterial pneumonia 22
3 F 69 116 42 0.4 12 Aspiration pneumonia 36
4 F 62 94 59 0.75 11 Bacterial pneumonia 20
5 M 25 83 43 0.55 9 Thoracic trauma 11
6 F 54 95 36 0.35 8 Upper airway obstruction (po) 16
7 M 81 114 38 0.4 10 Aspiration pneumonia 24
8 M 76 82 72 0.7 14 Lung hemorrhage 23
9 F 74 66 52 0.6 10 Peritonitis (po) 18
10 M 49 155 39 0.6 8 Dissecting aortic aneurysm (po) 17
11 M 52 93 41 0.4 6 Benzodiazepine overdose 9
12 M 77 84 45 0.5 10 Dissecting aortic aneurysm (po) 20
13 M 67 88 43 0.4 6 Bacterial pneumonia 23
14 F 75 103 42 0.4 6 Multiple trauma 15
15 F 62 99 56 0.9 9 Bacterial pneumonia 28
16 M 70 69 50 0.3 6 Bacterial pneumonia 22
17 M 63 85 49 0.4 10 Cerebral hemorrhage 8
Mean ± SD 62 ± 15 96 ± 22 46 ± 9 0.5 ± 0.2 9 ± 2.5 20.2 ± 7.4

Abbreviations: PaO2, partial pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in arterial blood; FiO2, frac-
tion of inspired oxygen; PEEPtot, total positive end-expiratory pressure; APACHE II, Acute Physiology and Chronic Health Evaluation on
admission; po, postoperative status

mechanics. In acute lung injury/acute respiratory distress
syndrome (ALI/ARDS) patients, respiratory acidosis and
high airway plateau pressures are a serious limitation to
mechanical ventilation adjustment.

Richecoeur et al. [5] have demonstrated that optimiza-
tion of mechanical ventilation associated with a reduction
in instrumental dead space is a useful combination method
to reduce PaCO2 in severe ARDS patients with hyper-
capnia. Other investigators have confirmed these data [6].
Recently, Wald and coworkers [7], using a preterm infant’s
test lung, showed that mean CO2 elimination time was
decreased when instrumental dead space was reduced
and suggested that such an approach might decrease
volutrauma.

Two previous studies performed in ALI/ARDS patients
have focused on the effects of instrumental dead space
removal in PaCO2 [8, 9]. Our investigation aimed at
accruing new knowledge into this issue not only on gas
exchange parameters, but mainly to analyze the impact
of such strategy on respiratory system mechanics in
ALI/ARDS patients. Indeed, the novelty of our study is to
analyze the effects of minimizing instrumental dead space
on alveolar distension, respiratory system compliance and
end-inspiratory plateau pressure while keeping PaCO2
unchanged. Preliminary data of this study have been
presented [10].

Materials and methods

The study was performed in the Intensive Care Service
of the Hospital de la Santa Creu i Sant Pau, Barcelona

(Spain). Given the nature of measurements to be performed
and the routine use of humidification in mechanical venti-
lation, the requirement for informed consent was waived
by the institutional ethics committee after approval of the
protocol.

Patients

The study involved 17 patients (10 men and 7 women) with
a mean age of 62 ± 15 years (range 25–81 years) from
the Intensive Care Service. The patients’ demographic and
clinical characteristics are listed in Table 1. ALI/ARDS
was diagnosed based on the American-European Consen-
sus Conference criteria [11]. All patients were intubated
and mechanically ventilated. Sedation was achieved with
titrated intravenous infusion of propofol, midazolam and
opiates, alone or in combination regimens, to ensure that
the patient did not trigger the ventilator. Neuromuscular
blockade was used in seven patients. Exclusion criteria
were age under 18 years, severe hemodynamic instability,
previous barotrauma, intracranial hypertension and un-
controlled fever. Patients were excluded from the protocol
if body temperature varied by 0.5°C or more during the
study [12].

Protocol

Basal mechanical ventilation used was volume assist-
controlled ventilation with a constant flow, low tidal
volume (Vt) and moderate positive end-expiratory pres-
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Table 2 Lung mechanics and gas exchange (mean ± SD) during the study period (n = 17 patients unless otherwise specified)

HME HH HH-lowVt Overall Intergroup
(phase 1) (phase 2) (phase 3) p Value differences

Ppeak (cmH2O) 36 ± 8 34 ± 7 29 ± 8 < 0.001 a, b, c
Pplat (cmH2O) 25 ± 6 25 ± 6 21 ± 6 < 0.001 a, b
PEEPtot (cmH2O) 9 ± 2.5 9 ± 2.5 9 ± 2.5 1
Vt (ml) 521 ± 106 521 ± 106 440 ± 118 < 0.001 a, b
Vt (ml/kg1) 7.3 ± 1.1 7.3 ± 1.1 6.1 ± 1.3 < 0.001 a, b
Vt (ml/kg2) (n = 12) 8.3 ± 1.6 8.3 ± 1.6 6.9 ± 1.8 < 0.001 a, b
Vd phys (ml) 352 ± 63 310 ± 74 269 ± 80 < 0.001 a, b, c
Vd/Vt 0.69 ± 0.11 0.60 ± 0.13 0.62 ± 0.12 < 0.001 a, b, c
RR (breaths/min) 20 ± 6 20 ± 6 20 ± 6 1
Crs (ml/cmH2O) 35 ± 12 35 ± 12 42 ± 15 = 0.001 a, b
pH 7.34 ± 0.10 7.39 ± 0.11 7.33 ± 0.10 < 0.001 b, c
PaO2 (mmHg) 96 ± 22 99 ± 29 91 ± 19 = 0.28
PaCO2 (mmHg) 46 ± 9 40 ± 8 45 ± 9 < 0.001 b, c
FiO2 0.5 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 1
Vc (ml) 53 ± 29 52 ± 28 43 ± 25 < 0.001 a, b
VtVc (ml) 468 ± 110 469 ± 109 397 ± 117 < 0.001 a, b
Vdphys−Vc (ml) 316 ± 66 279 ± 74 243 ± 79 < 0.001 a, b, c
CrsVc (ml/cmH2O) 32 ± 12 32 ± 12 38 ± 15 = 0.002 a, b

Abbreviations: Ppeak, peak airway pressure; Pplat, airway plateau pressure; PEEPtot, total positive end-expiratory pressure; Vt, tidal vol-
ume; 1 Weight measured at admission; 2 Predicted body weight; Vd phys, physiologic dead space; RR, respiratory rate; Crs, respiratory
system compliance; pH, arterial pH; PaO2, partial pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in arterial
blood; FiO2, fraction of inspired oxygen; Vc, compressible volume; VtVc, Vdphys−Vc, CrsVc , tidal volume, physiologic dead space and
respiratory system compliance taking into account compressible volume, respectively.
Intergroup differences: a, phase 1 vs phase 3; b, phase 2 vs phase 3; c, phase 1 vs phase 2

sure (PEEP) to keep plateau airway pressure (Pplat)
≤ 35 cmH2O, as established by the responsible physician.
The inspired oxygen fraction (FiO2) and PEEP were kept
constant during the study. Vdphys was calculated using the
Enghoff modification of the Bohr equation [13]; Vd/Vt
= (PaCO2–PeCO2)/PaCO2, where Vd is the physiologic
dead space, Vt is tidal volume, PaCO2 is the partial pres-
sure of carbon dioxide in arterial blood and PeCO2 is the
partial pressure of carbon dioxide in mixed expired gas.
Expired gases were collected over 3 min using a Douglas
bag (P-341–60; Warren E. Collins Inc., Boston, MA, USA)
attached to the expiratory port of the ventilator. Arterial
blood gases were obtained during the 3rd min of expired
gas collection. Expired and arterial gases were measured
using an automated analyzer (ABL 520; Radiometer A/S,
Copenhagen, Denmark). Fourteen patients were ventilated
with 900 C Servo ventilators (Siemens-Elema, Solna,
Sweden) and three patients were ventilated with Evita 4
ventilators (Dräger, Lübeck, Germany). Only the Evita 4
ventilators have a compressible volume compensation sys-
tem. One ventilator per patient was used and maintained
throughout the protocol sequence to avoid intra-patient
variability.

Ventilatory parameters were recorded directly from the
ventilator monitoring system. PEEPtot was measured by
performing end-expiratory occlusions with the appropri-
ate buttons built into the ventilators. Respiratory system
compliance (Crs) was calculated as Vt/(Pplat – PEEPtot);

where Pplat is the plateau airway pressure and PEEPtot is
the sum of external PEEP and intrinsic PEEP, if any.

Respiratory system mechanics, gas exchange, physi-
ologic dead space and hemodynamics were measured at
each phase of the protocol. Cardiac output (CO), mean pul-
monary artery pressure (MPAP) and pulmonary capillary
wedge pressure (PCWP) were obtained if a Swan–Ganz
catheter was in place.

Patients’ body weight was measured at admission in
15 patients with a calibrated balance (MaximoveTM, Arjo
Ltd., Gloucester, UK). In the other two patients (patients
10 and 12 in Table 1) we did not measure their actual
body weight because severe hemodynamic instability at
ICU admission. In these two patients, the weight was
estimated from the previous operating room records.
The predicted body weight (PBW) was calculated as
described [14]: for male patients as equal to 50+0.91(cen-
timeters of height–152.4), and for female patients as equal
to 45.5+0.91(centimeters of height–152.4).

The study was divided into three phases. In phase 1
(basal conditions), an HME (Edit Flex; Datex Engstrom®,
Helsinki, Finland; Vd of 90 ml, including integrated flexi-
ble tube and a filter, and “in vitro” resistive pressure drop
of 0.5 and 1.4 cmH2O at constant flows of 30 and 60 l/min
respectively) was placed distally to the Y piece of the cir-
cuit if not already in use. Mechanical ventilation at clin-
ically established parameters was maintained for 45 min
and all study data were then collected. The stabilization
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period during the different phases of the study was based
on a previous study on the dynamics of CO2 elimination
after ventilator resetting [15]. In phase 2, a HH (Fisher &
Paykel; MR 290 chamber, MR 850 ALU electric heater;
Panmure, New Zealand; internal volume 280 ml and a re-
sistive pressure drop of 2 cmH2O at 40/l/min airflow) was
placed in the inspiratory limb of the circuit in accordance
with the manufacturer’s recommendations. Data were col-
lected after 45 min of stable mechanical ventilation with
the same ventilatory settings as in the first phase. In phase
3, tidal volume was decreased by 20–30 ml each 30 min.
The same data were collected at each step until a PaCO2
value equal to that of phase 1 was reached. We did not use
a recruitment maneuver after ventilator disconnection to
change humidification devices.

Statistical analysis

The results were analyzed using one-way analysis of
variance for repeated measures (ANOVA). If significance
was achieved, then Student–Newman–Keuls analysis was
used for comparison between the study phases. A p value
less than 0.05 was considered statistically significant. Data
are expressed as means ± standard deviation. The SPSS (v
11.5) statistical software was used for statistical analysis.

Results

Respiratory data obtained in the three phases of the study
are shown in Table 2. The change in the humidification
system (from phase 1 using HME to phase 2 using HH)
was responsible for a significant decrease in PaCO2 (from
46 ± 9 mmHg to 40 ± 8 mmHg, p < 0.001), and a sig-
nificant increase in pH (from 7.34 ± 0.10 to 7.39 ± 0.11,
p < 0.001). Individual changes in PaCO2 are shown in
Fig. 1. The PaCO2 decrease was correlated (r = 0.59;
p = 0.016) with the initial PaCO2 level. The effect of
removing HME was not more pronounced in patients with
higher Vt. Correlation between the Vt (expressed as ml/kg
of body weight measured at admission) in our 17 patients
and the decrease of PaCO2 comparing phase 1 (HME,
basal Vt) and phase 2 (HH, basal Vt) did not achieve
statistically significant differences (r = –0.07; p = 0.78).
Furthermore, if the same correlation was performed using
ml/kg of PBW (n = 12) the statistical analysis was not
significant (r = –0.2; p = 0.52). The decrease in PaCO2
levels due to the humidification device switch did not
differ significantly (p = 0.48) between hypercapnic (n = 6)
and non-hypercapnic (n = 11) patients.

With respect to basal conditions, the use of HH in-
duced a significant reduction in Vd/Vt (from 0.69 ± 0.11
to 0.60 ± 0.13, p < 0.001) and a significant decrease
in Vdphys (from 352 ± 63 to 310 ± 74 ml, p < 0.001).
Vd/Vt was statistically different between hypercapnic and

Fig. 1 Individual values for PaCO2 in the three phases of the study.
The asterisk denotes statistically significant differences (p < 0.001)
between phase 2 and the other phases

non-hypercapnic groups in the phase 1 (0.76 ± 0.09 vs
0.65 ± 0.11 respectively; p = 0.036).

No significant difference was noted in total PEEP,
Pplat or Crs between phase 1 (HME, basal Vt) and
phase 2 (HH, basal Vt). Peak airway pressure (Ppeak)
showed a significant decrease (from 36 ± 8 to 34 ± 7
cmH2O, p < 0.01) and total airway resistance decreased
significantly between the same phases (from 12.8 ± 5.4
cmH2O/l/seg to 11.7 ± 4.2 cmH2O/l/seg, p = 0.049).

In phase 3 (HH, low Vt) arterial blood gases showed
no significant difference with phase 1 (HME, basal Vt)
and Vt was decreased from 521 ± 106 to 440 ± 118
ml, p < 0.001 (7.3 ± 1.1 to 6.1 ± 1.3 ml/kg of weight
measured at admission and 8.3 ± 1.6 to 6.9 ± 1.8 of
PBW, p < 0.001 in both). Ppeak and Pplat decreased from
34 ± 7 to 29 ± 8 and from 25 ± 6 to 21 ± 6 cmH2O,
respectively (both p < 0.001). Crs increased from 35 ± 12
to 42 ± 15 ml/cmH2O, (p = 0.003; see Table 2). Vdphys
decreased significantly during the different phases of the
study, as shown in Table 2. Individual changes in Vdphys
are shown in Fig. 2. Vd/Vt ratio differed significantly
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Fig. 2 Individual values for Vdphys during the three phases of the
study. There were statistically significant differences among the
groups: a, b, c, all p < 0.001

among the three phases (Table 2). The decrease in Vt
between phase 2 (HH, basal Vt) and the phase 3 (HH,
low Vt) was also correlated with an improvement in Crs
(r = 0.52, p = 0.031). Changes in Vt and Vdphys between
the same phases of the study strongly correlated (r = 0.78;
p < 0.001), as shown in Fig. 3. The decrease in Pplat
between phase 1 (HME, basal Vt) and phase 3 (HH, low

HME HH HH-lowVt Overall
(phase 1) (phase 2) (phase 3) p Value

HR (beats/min) 91 ± 18 92 ± 18 95 ± 18 0.11
MAP (mmHg) 76 ± 11 77 ± 14 79 ± 12 0.45
CVP (mmHg) 12 ± 4 12 ± 4 12 ± 4 0.56
MPAP (mmHg) (n = 7) 26 ± 2 26 ± 3 28 ± 2 0.14
CO (l/min) (n = 6) 6.2 ± 2.7 6.0 ± 2.4 6.5 ± 2.2 0.24
PCWP (mmHg) (n = 7) 14 ± 2 14 ± 3 14 ± 2 0.68

Abbreviations: n, number of patients evaluated; HR, heart rate; MAP, mean arterial pressure; CVP, cen-
tral venous pressure; MPAP, mean pulmonary artery pressure; CO, cardiac output; PCWP, pulmonary
capillary wedge pressure

Table 3 Hemodynamic
parameters (mean ± SD) during
the study period (n = 17 patients
unless otherwise specified)

Fig. 3 Relationship between the decrease in Vt (∆Vt) between phase
2 and phase 3, and the decrease in Vdphys (∆Vdphys) between the
same phases. The linear correlation was highly significant

Vt) did not correlate with the Pplat level in the phase 1
of the study (r = 0.34; p = 0.12). Additionally, the drop
in Vdphys at the end of the study did not correlate with
the initial Vdphys level (r = 0.18; p = 0.5). However, Vt
and Vdphys levels in basal conditions strongly correlated
(r = 0.60; p = 0.011), and the decrease in Pplat between
phase 1 and phase 3 had a good correlation with the
decrease in Vdphys between the same phases (r = 0.59;
p = 0.013).

All hemodynamic parameters remained unchanged
during the study (see Table 3). No patient needed to
be excluded from the protocol because of temperature
variations.

Discussion

The main findings in this study were: (1) The reduction in
instrumental dead space in ALI/ARDS patients by means
of HH significantly decreased PaCO2 levels. (2) At iso-
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capnic conditions, HH permitted the use of lower tidal vol-
umes, which led to a significant decrease in Vdphys and
Pplat. (3) Tidal volume reduction significantly improved
respiratory system compliance in our patients.

Several studies carried out in ALI/ARDS patients have
demonstrated significant changes in PaCO2 and/or Vd/Vt
values using different humidification devices. Camp-
bell and colleagues [6] showed significant Vd/Vt and
PaCO2 increments when exchanging a HH for a HME. In
a similar study that evaluated gas humidification devices,
Prin and co-workers [9] observed a significant decrease
in PaCO2 using HH instead of HME. In a more recent
study performed in ten hypercapnic ARDS patients, Prat
et al. [8] demonstrated that a progressive reduction in the
artificial airway dead space led to a proportional PaCO2
decrease at each device switch. Our data are consistent
with this observation. The decrease in Vt in phase 3 of
our study was correlated with an improvement in Crs.
Our strategy of HH and low Vt further decreased Vdphys.
Such change in Vdphys correlated with an improvement in
Crs. This suggests that a certain degree of overdistension
occurred when ventilating our patients with baseline Vt,
since compliance increased when Vt was reduced in phase
3 of the study, and this Vt reduction was also accompanied
by a decrease in Vdphys. Our results suggest that, all
else unchanged, the effects of exchanging HME for HH
would help to minimize potentially injurious ventilation.
Interestingly, we found that the amount of decrease in
Vdphys at the end of the protocol (HH, low Vt) was not
confined to only those patients who had the highest Vdphys
at baseline (HME, basal Vt).

A recent study performed in early ARDS patients has
demonstrated that an increased dead space fraction was an
independent risk factor for death [16]. The authors did not
mention which kind of humidifier was used. However, it
seems clinically reasonable to assume that in those individ-
uals in whom a high Vdphys was measured, this reflected
a worse lung status rather than the effects of different hu-
midifying devices. Our data showing that a reduction in Vt
is correlated with a Vdphys decrease, together with the find-
ing of an increased Crs when isocapnic conditions were
met when using a HH with low Vt, suggest that this inter-
vention can help minimize potentially harmful ventilation.

The “in vitro” HME volume of the new and unused de-
vices (90 ml) decreased “in vivo”, especially due to the
condensate accumulation in the filter and in the flexible
tube. We occasionally measured the “in vivo” HME inter-
nal volume immediately after HME replacement and it av-
eraged 50–60 ml. In our study the decrease in Vdphys ob-
served between phase 1 and phase 2 was approximately
40 ml (from 352 ± 63 to 310 ± 74 ml); this drop is at-
tributed directly to a humidification device switch. Similar
data were found by Richecoeur et al. [5], who removed the
15-cm-long tubing connecting the Y piece to the endotra-
cheal tube and obtained a reduction in the total dead space
of 40 ml during optimized mechanical ventilation.

Ventilation with low tidal volumes may induce
hypercapnia and increases in both cardiac output and
pulmonary artery pressure, which could be deleterious
and/or contraindicated in some patients [17]. Hypercapnic
acidosis may also impair right ventricular function by
inducing pulmonary hypertension [18, 19]. In addition,
respiratory acidosis has been reported to be significantly
and independently involved in acute cor pulmonale de-
velopment in ARDS patients [20]. We found, however,
that the hemodynamic differences were not statistically
significant, probably because the magnitude of PaCO2
changes was moderate (from 46 to 40 mmHg between
phase 1 and phase 2) in our study. Nevertheless, the small
number of patients in whom these determinations were
performed precludes drawing definitive conclusions. In
this scenario, increasing respiratory rate can be used to
counterbalance minute ventilation decrease and prevent
respiratory hypercapnia. An increase in respiratory rate,
however, may enhance ventilator-induced lung injury, as
demonstrated in experimental models [21, 22]. The clini-
cal relevance of these findings is unknown. Investigators
have also demonstrated that increasing respiratory rate
to avoid Vt reduction-induced hypercapnia may, in turn,
induce substantial gas trapping and generate auto-PEEP
in ALI/ARDS patients [23, 24, 25]. Vieillard-Baron
et al. showed that the increasing respiratory rate might not
only produce dynamic hyperinflation but also impair right
ventricular function without any decrease in PaCO2 [24].
The strategy implemented in our study facilitated tidal
volume reduction in ALI/ARDS patients without changing
respiratory rate. In our study, the decrease in PaCO2
due to the humidification device switch was similar in
hypercapnic and non-hypercapnic patients. Nevertheless,
Vd/Vt was statistically different between the two groups,
suggesting greater lung damage in hypercapnic patients.
These data were supported by a larger improvement in
Crs in hypercapnic than in non-hypercapnic patients; this
did not reach statistical significance, probably because of
the small number of patients studied (Crs increased by
11 ± 8ml/cmH2O in hypercapnic and by 5 ± 7 ml/cmH2O
in non-hypercapnic patients; p = 0.17).

Other factors which might change Vdphys, such as
PEEP levels and inspiratory pause, were kept constant
in our study [26, 27, 28, 29]. High PEEP levels increase
ventilation to high ventilation/perfusion areas and may
worsen the Vd/Vt ratio [30]. In the current study, a pro-
gressive decrease in Vdphys values was observed during
reduced Vt ventilation phase after HH implementation,
without changes in arterial oxygenation. This finding
may be attributed to alveolar overdistension before Vt
reduction, and could also explain the improvement ob-
served in respiratory system compliance after Vt was
decreased. We did not observe any total PEEP change in
our patients, in accordance with previous results [8, 9].
The differences in Ppeak between phase 1 and phase 2
may be explained by a decrease in a total airway resistance
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due to changes in humidification devices between these
study periods.

Other mechanical ventilation adjuncts to reduce dead
space and hypercapnia have been proposed, such as aspi-
ration of dead space during expiration or tracheal gas in-
sufflation [31, 32, 33, 34]. These methods, however, are
not of common use and further devices must be applied
to the mechanical ventilation apparatus. This may com-
plicate their clinical feasibility. Reducing instrumental air-
way dead space with the use of HH instead of HME seems
to be a simple maneuver to limit undesired hypercapnia
when low tidal volume ventilation is used in ALI/ARDS
patients. Alternatively, if PaCO2 is of no concern, our re-
sults show new physiological and eventual clinical impli-
cations of this intervention (i.e. reducing instrumental dead
space) since can help to reduce a potentially harmful Vt.

We did not observe any episodes of endotracheal
tube occlusion during our study, but our protocol was
performed only to evaluate the short-term effects of hu-
midification devices on gas exchange and lung mechanics.
In a recent multicenter randomized study evaluating
the incidence of ventilator-associated pneumonia and
comparing HH and HME in 369 patients, the endotracheal
tube became occluded and required emergency reintu-
bation on six occasions, five times with HH and once
with HME [35]. These findings did not reach statistical
significance and may be explained by poor humidification

of inspired gas with some HH, especially when ambient
air temperature, minute ventilation and ventilator output
gas temperature were high [36]. This situation did not
occur in our intensive care service since the ambient
temperature is kept at a constant 21°C and we did not
use turbine-based ventilators. Nevertheless, Jaber and
colleagues demonstrated that the accumulation of mucous
secretions in an endotracheal tube caused by prolonged
use of humidification devices is higher with HME than
with HH [37]. The risk of endotracheal tube occlusion
may be diminished using automatic compensation systems
for HH or using an HME that provides at least 30 mgH2O/l
of absolute humidity [36]. Besides, Ricard and cowork-
ers demonstrated the absence of statistical significance
on clinical parameters and hygrometric measurements
and did not observed any episode of endotracheal tube
occlusion changing the HME only once a week [38].

In conclusion, reducing artificial airway dead space due
to a change in humidification devices appears to be a useful
and simple maneuver to control PaCO2 levels. In addition,
if moderate hypercapnia is not an issue, using HH instead
of HME allows further reduction in Vt, which is accompa-
nied by a diminished mechanical load. In our patients, this
intervention entailed an improvement in respiratory system
compliance (Crs), a decrease in plateau airway pressure
(Pplat) and a decrease in physiologic dead space (Vdphys),
suggesting less overdistension.

References

1. Cook D, De Jonghe B, Brochard L,
Brun-Buisson C (1998) Influence of
airway management on ventilator-
associated pneumonia: evidence from
randomized trials. JAMA 279:781–787

2. Williams R, Rankin N, Smith T, Galler
D, Seakins P (1996) Relationship
between the humidity and temperature
of inspired gas and the function of
the airway mucosa. Crit Care Med
24:1920–1929

3. Dreyfuss D, Djedaini K, Gros I, Mier
L, Le Bourdelles G, Cohen Y, Es-
tagnasie P, Coste F, Boussougant Y
(1995) Mechanical ventilation with
heated humidifiers or heat and moisture
exchangers: effects on patient colo-
nization and incidence of nosocomial
pneumonia. Am J Respir Crit Care Med
151:986–992

4. Lucangelo U, Blanch L (2004) Dead
space. Intensive Care Med 30:576–579

5. Richecoeur J, Lu Q, Vieira SR, Puy-
basset L, Kalfon P, Coriat P, Rouby
JJ (1999) Expiratory washout versus
optimization of mechanical ventilation
during permissive hypercapnia in
patients with severe acute respiratory
distress syndrome. Am J Respir Crit
Care Med 160:77–85

6. Campbell RS, Davis Jr K, Johannigman
JA, Branson RD (2000) The effects
of passive humidifier dead space on
respiratory variables in paralyzed
and spontaneously breathing patients.
Respir Care 45:306–312

7. Wald M, Jeitler V, Lawrenz K,
Weninger M, Kirchner L (2005) Ef-
fect of the Y-piece of the ventilation
circuit on ventilation requirements in
extremely low birth weight infants.
Intensive Care Med 31:1095–1100

8. Prat G, Renault A, Tonnelier JM,
Goetghebeur D, Oger E, Boles JM,
L’Her E (2003) Influence of the humid-
ification device during acute respiratory
distress syndrome. Intensive Care Med
29:2211–2215

9. Prin S, Chergui K, Augarde R, Page
B, Jardin F, Vieillard-Baron A (2002)
Ability and safety of a heated humid-
ifier to control hypercapnic acidosis
in severe ARDS. Intensive Care Med
28:1756–1760

10. Claramunt A, Bellapart J, Cancio B,
Morán I, Mancebo J (2001) Influence of
heat and moisture exchangers on dead
space and gas exchange in patients with
respiratory distress. Intensive Care Med
27:S246 (A434)

11. Bernard GR, Artigas A, Brigham KL,
Carlet J, Falke K, Hudson L, Lamy M,
LeGall JR, Morris A, Spragg R (1994)
Report of the American–European
consensus conference on ARDS: defini-
tions, mechanisms, relevant outcomes
and clinical trial coordination. Intensive
Care Med 20:225–232

12. Bacher A (2005) Effects of body
temperature on blood gases. Intensive
Care Med 31:24–27

13. Fletcher R, Jonson B, Cumming
G, Brew J (1981) The concept of
deadspace with special reference to the
single breath test for carbon dioxide. Br
J Anaesth 53:77–88

14. The Acute Respiratory Distress Syn-
drome Network (2000) Ventilation
with lower tidal volumes as compared
with traditional tidal volumes for acute
lung injury and the acute respiratory
distress syndrome. N Eng J Med
342:1301–1308

15. Taskar V, John J, Larsson A, Wetterberg
T, Jonson B (1995) Dynamics of carbon
dioxide elimination following ventilator
resetting. Chest 108:196–202



531

16. Nuckton TJ, Alonso JA, Kallet RH,
Daniel BM, Pittet JF, Eisner MD,
Matthay MA (2002) Pulmonary dead-
space fraction as a risk factor for death
in the acute respiratory distress syn-
drome. N Engl J Med 346:1281–1286

17. Thorens JB, Jolliet P, Ritz M, Chevrolet
JC (1996) Effects of rapid permis-
sive hypercapnia on hemodynamics,
gas exchange, and oxygen transport
and consumption during mechanical
ventilation for the acute respiratory
distress syndrome. Intensive Care Med
22:182–191

18. Viitanen A, Salmenpera M, Heinonen
J (1990) Right ventricular response
to hypercarbia after cardiac surgery.
Anesthesiology 73:393–400

19. Carvalho CR, Barbas CS, Medeiros
DM, Magaldi RB, Lorenzi Filho G,
Kairalla RA, Deheinzelin D, Munhoz
C, Kaufmann M, Ferreira M, Takagaki
TY, Amato MB (1997) Temporal
hemodynamic effects of permissive
hypercapnia associated with ideal PEEP
in ARDS. Am J Respir Crit Care Med
156:1458–1466

20. Vieillard-Baron A, Schmitt JM, Au-
garde R, Fellahi JL, Prin S, Page B,
Beauchet A, Jardin F (2001) Acute
cor pulmonale in acute respiratory
distress syndrome submitted to pro-
tective ventilation: incidence, clinical
implications, and prognosis. Crit Care
Med 29:1551–1555

21. Hotchkiss JR, Blanch L, Murias G,
Adams AB, Olson DA, Wangensteen
OD, Leo PH, Marini JJ (2000) Effects
of decreased respiratory frequency on
ventilator-induced lung injury. Am J
Respir Crit Care Med 161:463–468

22. Bshouty Z, Younes M (1992) Effect of
breating pattern and level of ventilation
on pulmonary fluid filtration in dog
lung. Am Rev Respir Dis 145:372–376

23. de Durante G, del Turco M, Rustichini
L, Cosimini P, Giunta F, Hudson LD,
Slutsky AS, Ranieri VM (2002) ARD-
SNet lower tidal volume ventilatory
strategy may generate intrinsic positive
end-expiratory pressure in patients with
acute respiratory distress syndrome. Am
J Respir Crit Care Med 165:1271–1274

24. Vieillard-Baron A, Prin S, Augarde
R, Desfonds P, Page B, Beauchet A,
Jardin F (2002) Increasing respiratory
rate to improve CO2 clearance during
mechanical ventilation is not a panacea
in acute respiratory failure. Crit Care
Med 30:1407–1412

25. Richard JC, Brochard L, Breton L,
Aboab J, Vandelet P, Tamion F, Mag-
giore SM, Mercat A, Bonmarchand G
(2002) Influence of respiratory rate on
gas trapping during low volume venti-
lation of patients with acute lung injury.
Intensive Care Med 28:1078–1083

26. Blanch L, Fernandez R, Benito S,
Mancebo J, Net A (1987) Effect
of PEEP on the arterial minus end-
tidal carbon dioxide gradient. Chest
92:451–454

27. Blanch L, Lucangelo U, Lopez-Aguilar
J, Fernandez R, Romero PV (1999) Vol-
umetric capnography in patients with
acute lung injury: effects of positive
end-expiratory pressure. Eur Respir J
13:1048–1054

28. Beydon L, Uttman L, Rawal R, Jonson
B (2002) Effects of positive end-
expiratory pressure on dead space
and its partitions in acute lung injury.
Intensive Care Med 28:1239–1245

29. Uttman L, Jonson B (2003) A pro-
longed postinspiratory pause enhances
CO2 elimination by reducing airway
dead space. Clin Physiol Funct Imaging
23:252–256

30. Coffey RL, Albert RK, Robertson HT
(1983) Mechanisms of physiological
dead space response to PEEP after acute
oleic acid lung injury. J Appl Physiol
55:1550–1557

31. De Robertis E, Sigurdsson SE, Drefeldt
B, Jonson B (1999) Aspiration of
airway dead space. A new method to
enhance CO2 elimination. Am J Respir
Crit Care Med 159:728–732

32. De Robertis E, Servillo G, Jonson B,
Tufano R (1999) Aspiration of dead
space allows normocapnic ventilation
at low tidal volumes in man. Intensive
Care Med 25:674–679

33. De Robertis E, Servillo G, Tufano
R, Jonson B (2001) Aspiration of
dead space allows isocapnic low tidal
volume ventilation in acute lung in-
jury. Relationships to gas exchange
and mechanics. Intensive Care Med
27:1496–1503

34. Ravenscraft SA, Burke WC, Nahum
A, Adams AB, Nakos G, Marcy TW,
Marini JJ (1993) Tracheal gas insuffla-
tion augments CO2 clearance during
mechanical ventilation. Am Rev Respir
Dis 148:345–351

35. Lacherade JC, Auburtin M, Cerf C,
Van de Louw A, Soufir L, Rebuffat Y,
Rezaiguia S, Ricard JD, Lellouche F,
Brun-Buisson C, Brochard L (2005)
Impact of humidification systems on
ventilator-associated pneumonia: a ran-
domized multicentre trial. AJRCCM
DOI 10.1164/rccm.200408–1028OC

36. Lellouche F, Taille S, Maggiore SM,
Qader S, L’Her E, Deye N, Brochard L
(2004) Influence of ambient and ventila-
tor output temperatures on performance
of heated-wire humidifiers. Am J Respir
Crit Care Med 170:1073–1079

37. Jaber S, Pigeot J, Fodil R, Maggiore S,
Harf A, Isabey D, Brochard L, Louis B
(2004) Long-term effects of different
humidification systems on endotracheal
tube patency: evaluation by the acoustic
reflection method. Anesthesiology
100:782–788

38. Ricard JD, Le Miere E, Markowicz P,
Lasry S, Saumon G, Djedaini K, Coste
F, Dreyfuss D (2000) Efficiency and
safety of mechanical ventilation with
a heat and moisture exchanger changed
only once a week. Am J Respir Crit
Care Med 161:104–109



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


