
Intensive Care Med (1998) 24:138-146 
© Springer-Verlag 1998 

N.{)nal 
J. K. K. Kanhai 
S.L.C.E.Buijk 
J. C. Pompe 
W. P. J. Holland 
I. Giiltuna 
C. Ince 
B. Saygin 
H. A. Bruining 

A novel method of evaluation 
of three heat-moisture exchangers 
in six different ventilator settings 

Received: 14April 1997 
Accepted: 21 November 1997 

N.Unal- J.K.K.Kanhai - S.L.C.E.Buijk, 
J. C. Pompe. W. RJ. Holland. 
H. A. Bruining ( ~ )  
Surgical Intensive Care Unit, 
University Hospital Rotterdam, 
Postbus 2040, 3000 CA Rotterdam, 
The Netherlands 
Fax: +31 (10) 4366978 
email: bruining@hlkd.azr.nl 

N. Onal. B. Saygin 
Department of Anesthesiology 
and Reanimation, Medical Faculty, 
University of Ankara, Turkey 

I. Gtiltuna 
Department of Anesthesiology, 
University Hospital Rotterdam, 
The Netherlands 

C. Ince 
Department of Anesthesiology, 
Academic Medical Centre, 
University of Amsterdam, 
The Netherlands 

Abstract Objective: The purpose of 
this study was to assess and compare 
the humidification, heating, and re- 
sistance properties of three com- 
mercially available heat-moisture 
exchangers (HMEs). To mimic clin- 
ical conditions, a previously validat- 
ed, new, realistic experimental set- 
up and measurement protocol was 
used. 
Design: Prospective, comparative 
experimental study. 
Setting: Surgical Intensive Care 
Unit, University Hospital of Rotter- 
dam. 
Materials: An experimental set-up 
consisting of a patient model, mea- 
surement systems, and ventilator 
and three different HME types. 
Interventions: The air flow, pressure 
in the ventilation circuit, pressure 
difference over the HME, and par- 
tial water vapour pressure and tem- 
perature at each side of the HMEs 
were measured. Measurements were 
repeated every 30 min during the 
first 2 h and every hour up to 24 h 
for each HME at six different venti- 
lator settings. The mean inspiratory 
and maximum expiratory resistance, 
flow-weighted mean absolute hu- 
midity and temperature outputs, 
and humidification and heating effi- 
ciencies of HMEs were calculated. 
Measurements and results: The Dar 

Hygroster had the highest humidity 
output, temperature output, humid- 
ification efficiency, and heating effi- 
ciency values throughout the study 
(32.8 + 21. mg/1, 32.2 + 0.8 °C, 
86.3 + 2.3 %, and 0.9 + 0.01%, re- 
spectively) in comparison to the 
Humid-Vent Filter (25.3 + 3.2 mg/l, 
31.9 + 0.8 °C, 72.2 + 5.3 %, 
0.9 + 0.02 %, respectively) and the 
Pall Ultipor BB 100 breathing circuit 
filter (23.4 + 3 mg/1, 28.3 + 0.7 °C, 
68.8 + 5.9 %, 0.8 + 0.02 %, respec- 
tively). The inspiratory and expira- 
tory resistance of the HMEs re- 
mained below clinically acceptable 
maximum values (2.60 + 0.04 and 
2.45 + 0.05 cmH20/1 per s, respec- 
tively). 
Conclusion: The Dar Hygroster fil- 
ter was found to have the highest 
humidity and temperature output of 
all three HMEs, the Humid-Vent 
filter had a satisfactory humidity 
output only at low tidal volume flow 
rate and minute volume settings, 
whereas the Pall Ultipore BB 100 
never achieved a sufficient humidity 
and temperature output. 

Key words Humidity- Heat and 
moisture exchangers • Mechanical 
ventilation. Temperature • 
Resistance 
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Introduction 

The upper airways heat and humidify inspiratory air and 
provide 65 % of the humidity of inhaled air [1, 2]. As a 
consequence, the inspiratory air reaching the lower air- 
ways is fully saturated with water vapour at body tem- 
perature. Bypassing the upper airways by endotracheal 
intubation or tracheostomy interferes with the normal 
process of humidification and warming. This effect is 
potentiated by the use of cold, dry medical gases during 
mechanical ventilation. Inadequate heating and mois- 
turizing of inspiratory gas can produce severe airway 
damage and cause pulmonary function to deteriorate 
[3-10]. Therefore, it is imperative that inspired gases 
are heated and humidified during mechanical ventila- 
tion. Either heated humidifiers (HH) or heat-moisture 
exchangers (HMEs) are used artificially to replace up- 
per airway functions during mechanical ventilation. 
However, HHs have some disadvantages, such as con- 
densation in the tubing sets, bacterial colonization of 
the condensed or reservoir water, over- and underhu- 
midification, and overheating [11-15]. On the other 
hand, HMEs, with their bacterial filtration properties 
in combination with their heat-humidity conserving 
functions, are good alternatives to HHs, although there 
is some doubt about their humidification capabilities 
and resistances to airflow [11, 16-19]. 

Several experimental studies have been done to test 
these properties of HMEs, where gravimetric humidity 
measurements and resistance measurements have been 
made outside the ventilation system by using a constant 
dry air flow [11, 16, 18, 20-28]. Gravimetric humidity 
measurements are only reliable during long-term stud- 
ies and give only an average value. The use of a constant 
dry air flow to measure resistance outside the ventila- 
tion system may produce an underestimation. Further- 
more, the expiratory resistance of the H M E  to charac- 
teristic decreasing air flow is as important as inspiratory 
resistance. 

Because of the diverse techniques and methods used 
in studies performed so far, it is difficult to compare 
their results. The available standards for testing HMEs 
also have some shortcomings [11, 29-31]. For these rea- 
sons the humidity and temperature outputs of three 
conventionally used HMEs in relation to their resistanc- 
es were tested and compared with each other in this 
study using a new set-up and method [29]. We conduct- 
ed an experimental study on three HMEs by using a 
new, more realistic experimental model where the test 
lung was able to produce stable heat and water vapour 
output at different ventilatory settings [29]. 

The aims of this study were to measure and compare 
the humidity and temperature outputs and humidifica- 
tion and heating efficiencies of the HMEs continuously 
in relation to their inspiratory and expiratory resistance 
over 24 h at different ventilator settings. 

The optimal requirements for inspiratory air condi- 
tioning during mechanical ventilation are not well es- 
tablished. Recent data suggest that the lower humidity 
level of inspired air should be in the range of 
24-27mg/1 and the upper level in the range of 
32-35 mg/1 [1, 2, 4, 7, 30-35]. The temperature level 
should be between approximately 29 and 35°C [1, 2, 
30-35]. Endotracheal tube occlusions related to insuffi- 
cient H M E  humidity output have been reported [17, 
36]. The humidity output of HMEs in occlusion has 
been reported to occur between 10 and 28 mg/1 [11, 20, 
22, 27, 28, 37, 38]. These results suggest that adequate 
inspiratory humidity ranges should be smaller, 28 mg/1 
being the lower limit. These ranges were used to inter- 
pret our results and to judge the efficacy of the differ- 
ent HMEs. 

Materials and methods 

The experimental set-up 

The experimental set-up includes a patient model, measurement 
systems, and a ventilator, as shown in Fig. 1. The patient model 
consists of a 1-1itre training thorax (/dbungs-thorax, M 13333, Dr~i- 
ger, Germany), a calibration bag with a capacity of 650 ml, a heat- 
ed humidifier (Conchatherm 3, Kendall, London, UK), standard 
ventilator tubing, two one-way valves, connectors, and an incuba- 
tor (Intensivpflege-Incubator 6500, Dragerwerk, Ltibeck, Germa- 
ny). The output of the patient model is adjusted to produce a rela- 
tive humidity of 100% at 34.5 + 1.0°C. The incubator is kept at 
36.0 _+ 1 °C to prevent condensation. 

A heated flowmeter (Fleisch No.2, Sensormedics, Bilthoven, 
The Netherlands), located between the training thorax and the 
HH, connected to a pneumotachograph (Type 17212, Godart-Sta- 
tham, Bilthoven, The Netherlands) is used to measure the inspira- 
tory and expiratory flow rate (V1 and ~/E). Two sampling ports are 
used to introduce the temperature probes, humidity sampling cap- 
illary, and pressure lines; one sampling port is located between the 
patient model and HME ("P" site), and the other is located be- 
tween the HME and Y-piece of the ventilator tubing ("V" site). 
Temperature and partial water pressures at "P" and "V" sites are 
measured with two small bead NTC thermistors (Fenwal Electron- 
ics, American Power Devices, Mass., USA) and with a quadrupole 
mass spectrometer (MGA 3000, Case, Biggin Hill, UK). A diffel~ 
ential pressure transducer (Hewlett-Packard model 270, HP Inter- 
national, Calif., USA) and a signal conditioner (Hewlett-Packard 
model 8805B carrier amplifier, HP International) are used to mea- 
sure the pressure difference between the "P" and "V" site 
(APHME). The incubator and room temperatures (Tinc, Troom ) are 
measured by two mercury thermometers with an accuracy of _+0.2 
and _+0.1 °C, respectively. The technical details and calibration pro- 
cedures of the measurement equipment have been described previ- 
ously in more detail [29]. 

A ventilator (Servo 900A, Siemens, Sweden) is used to venti- 
late the patient model in six different ventilator settings (Table 1). 
Central medical air with a dew point of -20°C (equal to 0.1 kPa 
or 0.85 rag/1 humidity) is used to ventilate the patient model. 

Dar Hygroster (DHS) (Dar SpA Mirandola, Italy), Pall Ultipor 
BB100 breathing circuit filter (PUBBI00) (Pall Biomedical, Faj- 
ardo, Puerto Rico) and Humid-Vent Filter (HVF) (Gibeck Respi- 
ration, Uppsala, Sweden) are compared in this study. 
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Fig. 1 Experimental set-up. < denotes the direction of the flow on 
the one-way valve 

Measurement protocol 

The patient model is ventilated for 2 h to stabilize the system with- 
out an H M E  before every measurement period. After H M E  is at- 
tached, the signals are saved on a PC every 30 min during the first 
2 h and every hour up to 24 h, Besides these periodic recordings, 
the signals are plotted continuously. 

Calculated parameters include [29]: (1) mean inspiratory, mean 
expiratory, and maximum expiratory flow rates of five successive 
breaths (Vtmean, VEmean, VEmax): (2) inspiratory and expiratory 
mean tidal volumes of five successive breaths; (3) mean respiration 
frequency: (4) flow-weighted mean inspiratory and mean expirato- 
ry partial water vapour pressures at the "P" and "V" sites of five 
successive breaths (PH20 (P)I . . . . . .  PH2O (P)E ....... PH20 (V)I . . . . . . .  
PHeo (V)E ...... ); (5) flow-weighted mean inspiratory and mean ex- 
piratory temperature values at the "'P" and "V" site of five succes- 
sive breaths (T(P)~ ....... T(P)E .. . . . .  T(V)I ........ T(V)E . . . . .  ); 
(6) mean inspiratory and mean expiratory absolute and relative 
humidity values at the "P" and "V" site of five successive breaths 
(AH(P)I  ....... AH(P)E .... . .  a H ( g ) l  ........ AH(V)E ....... RH(P)I,- 
...... RH(P)E . . . . . .  RH(V)I  ... . . .  RH(V)E ...... ); (7) mean inspirato- 
ry and maximum expiratory resistance of the H M E  (R(HME)Lmean 
R(HME)E~max); (8) humidification and heating efficiencies of the 
HME (HEF F, TEFF). 

Statistical analysis 

Results are expressed as mean ± SD over 24 h (n = 26). The results 
were statistically evaluated using two-way analysis of variance and 
correlation analysis. Correlation analysis was clone separately for 
each HME and for each respiratory frequency to evaluate the ef- 
fects of the different variables on the results. Differences are com- 
pared with the Student-Newman-Keuls procedure; p < 0.05 is con- 
sidered significant. 

Results 

The ventilation parameters measured are shown in Ta- 
ble 1 together with their ventilator settings. 

T(P)E,mea n and Pmo (P)E,mean Of the test lung were 
34.4 + 1.3°C and 5.1 + 0.9 kPa, respectively, during the 
whole study (equal to an absolute humidity of 
37.5 + 2.3 mg/1 or a relative humidity of 98.3 + 4.2 %). 
The room temperature was 25.7 + 0.5 °C. The mean in- 
spiratory fresh air temperature and humidity level were 
25.3 + 0.7 °C and 0.34 + 0.05 kPa (equal to an absolute 
humidity of 2.46 + 0.4 mg/1 or a relative humidity of 
10.5 + 1.4%). Absolute humidity output, temperature 
output, humidification efficiency, and heating efficien- 
cies of the HMEs in different ventilator settings with 
the inspiratory and expiratory resistances of the HMEs 
are shown in Table 2. The humidity output of the 
HMEs, although not stable, did not show a progressive 
increase during the 24-h measurement periods. Fluctua- 
tions in the humidity output were more remarkable with 
the HVF. The stabilization time of the humidity output 
was dependent on the HME used and the ventilator set- 
ting. The mean stabilization time was 1.5h for 
PUBB100 and 2 h for HVF and DHS and in some venti- 
lator settings was either reduced to 10 min or extended 
to 3-4 h. Temperature outputs of the PUBB100 were 
significantly lower than for the others at all ventilator 
settings. There was no significant difference between 
the temperature outputs of the DHS and HVF at the 
first three ventilator settings; however, HVF tempera- 
ture outputs were significantly lower than DHS outputs 
at ventilator settings 4, 5, and 6 (Table 2). Temperature 

Table 1 Different settings and measured variables of the ventila- 
tor (VT¢ mean expiratory tidal volume, f mean respiration frequen- 
cy, I/E inspiratory/expiratory ratio, VT~ mean inspiratory tidal vol- 

ume of five successive breaths, l? I inspiratory flow rate, 12 e max 
maximum expiratory flow rate, 1/e max maximum expiratory flow 
rate, l/e mean mean expiratory flow rate) 

Ventilator Settings 

settings VT e f I/E VT I 

(ml) (/rain) (ml) 

Measured values 

f VI VE max ~Tamean 
(/min) (ml) (ml) (ml) 

1 600 10 1/2 
2 800 10 1/2 
3 1000 10 1/2 
4 600 15 1/2 
5 800 15 1/2 
6 1000 15 1/2 

639.6 + 9.4 
834.4 + 6.2 

1015.2 + 10.0 
597.1 +_ 12.3 
766.9 + 5.2 

1038.0 + 11.0 

10.1 _+ 0.03 508.6 + 18.3 780.7 _+ 10.2 160.6 + 6.1 
10.1 _+ 0.02 633.8 _+ 2.8 906.7 + 14 + 1 221.6 + 2 + 3 
10.1 _+ 0.03 780.2 _+ 18.3 1001.4 + 29.3 256.9 + 10.9 
15.t + 0.04 686 -+ 4 787.9 + 7.2 238.1 +_ 2.4 
15.2 _+ 0.1 875 +_ 8.6 904.8 + 14 + 9 306.3 + 2.9 
15.2 + 0.04 1185.9 + 12 + 3 939.1 + 24 + 9 395.2 + 24 + 7 
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Table 2 Mean temperature and humidity output of the three 
HMEs at different ventilator settings, together with heating and 
humidifying efficiencies, and inspiratory and expiratory resistances 
(AH(P)t, ........ mean inspiratory absolute humidity value at the "P" 
site of five successive breaths, T(P)~, ...... flow-weighted mean in- 

spiratory temperature at the "P" site of five successive breaths, 
HUMEFp, TEMPEF F humidification and heating efficiencies of 
HME, R(HME)z ........ R ( H M E ) e  ...... mean inspiratory resistance 
and mean maximum expiratory resistance of the HME) 

Ventilator HME AH(P)~ . . . . . .  T ( P ) I  . . . . . .  HUMEFF TEMPEFF R(HME)I . . . . .  R(HME)~ . . . .  

settings (mg/1) (°C) (%) (%) (cmH20/1 per s) (cmH20/1 per s) 

I DHS 32.0 + 2.1 *'b 31.3 + 0.3 ~'b 87.7 ± 1.5 <j 0.92 + 0.01 *'a 1.99 + 0.05*' a 2.31 + 0.10 <p 
HV 27.1 + 3.4 <d 31.4 + 0.5 ~'i 78.9 -+ 4 + 2 *'~ 0.94 _+ 0.01TM 1.48 + 0.04 *,a 1.84 + 0.03 <s 
PUBB100 23.9 + 0.8 <a 27.2 ± 0.2 TM 73.3 ± 0.8 <a 0.84 _+ 0.01 *'a 1.70 + 0.04 *'a 2.01 + 0.04 TM 

II DHS 34.2 + 0.6 *,c 32.5 + 0.4 §'f 86.5 ± 0.9 *'k 0.90 ± 0.01 m 2.21 + 0.06 TM 2.43 ± 0.05 *~ 
HV 27.9 _+ 2.1 *,d 32.5 + 0.3 ~'~ 75.9 ± 3.3 <a 0.90 + 0.01 c 1.65 + 0.03 ',~ 1.85 + 0.02 ''s 
PUBB100 25.7 ± 0.3 *,~ 28.8 + 0.2 *x 69.7 ± 0.3 <a 0.80 ± 0.01TM 1.63 + 0.03 TM 1.90 -}- 0 . 0 5  *'a 

III DHS 32.7 ± 2.0:'b 31.5 ± 0.9 ~'b 88.4 ± 2.0 *'b 0.88 -+ 0.01TM 2.40 ± 0.06 *,a 2.45 ± 0.06 *,r 
HV 23.2 _+ 2.5 ~ 31.5 + 1.1 §,~ 68.6 _+ 2.7 a 0.92 ± 0.01TM 1.89 + 0.01 *# 1.91 + 0.01 *,~ 
PUBB100 22.5 + 1.7 ~ 27.8 + 0.3 TM 67.5 £ 2.2 e 0.77 ± 0.01 <a 1.82 ± 0.02 *,~ 1.93 ± 0.01 *'a 

IV DHS 33.9 + 1.2 <c 32.8 -1- 0 . 8  :' 'g 86.9 ± 0.7 *,~ 0.91 _+ 0.01 *'a 2.14 _+ 0.03 *,~ 2.16 ± 0.03 *'a 
HV 24.9 _+ 1.3 <a 32.1 _+ 0.4 <~ 70.8 _+ 0.9 TM 0.91 + 0.01 *,c 1.68 i 0.01TM 1.68 i 0.01TM 
PUBB100 27.0 ± 0.6 TM 28.7 ± 0.3 <~ 75,7 ± 0.9 ~'a 0.83 ± 0.01 <a 1.76 _+ 0.01TM 1.83 + 0.02 ',~ 

V DHS 33.8 ± 0.7 *,~ 32.6 ± 0.2 *J 85.2 ± 0.5 <a 0.90 ± 0.01 m 2,18 +- 0.02 <~ 2.09 +_ 0.05 *'a 
HV 27.1 ± 1.1 *'d 32.4 ± 0.3 ',~ 73.3 ± 1.4 <" 0.90 _+ 0.01 c 1.89 ± 0.01 e 1.78 ± 0.0P 
PUBB100 22.5 ± 1.1 ",~ 28.9 ± 0.1 <° 67.8 ± 0.T ''e 0.81 ± 0.01 *,° 1.88 _+ 0.00 ~ 1.77 _+ 0.0F 

VI DHS 30.2 + 1.9 TM 32.3 i 0.7 :'h 82.8 ± 2.0 <~ 0.89 + 0.01 *'a 2.60 i 0.04 *" 2.31 _+ 0.03*'P 
HV 21.0 i 0.5 *a 31.1 i 0.7 ''~ 64.6 ± 1.0 TM 0.88 i 0.02 *'~ 2.02 + 0.01TM 1.62 i 0.01TM 
PUBB100 17.8 i 0.4" ,~ 28.6 i 0.2 <a 57.1 ± 0.T <a 0.81 + 0.01 *,h 2.32 + 0.00 ',a 1.95 i 0.04 ',a 

Letters show statistically significant differences between the 
HMEs at same ventilator setting. Symbols show statistically signif- 
icant differences between different ventilator settings with the 
same HME. " significantly different from other HMEs in same 
ventilator setting; ~ significantly different from PUBB100 in same 
ventilator setting; a significantly different from other ventilator set- 
tings; b significantly different from ventilator settings 2, 4, 5, 6; 
° significantly different from ventilator settings 1, 3, 6; d significant- 
ly different from the ventilator settings 3, 4, 6; e significantly differ- 
ent from ventilator settings 1, 2, 4, 6; r significantly different from 
ventilator settings 1, 3; g significantly different fi'om ventilator set- 

tings 1, 2, 3, 6; h significantly different from ventilator settings 1, 3, 
4; i significantly different from ventilator settings 2, 4, 5; J signifi- 
cantly different from ventilator settings 2, 5, 6; k significantly differ- 
ent from ventilator settings 1, 3, 5, 6; ~ significantly different from 
ventilator settings 3, 5, 6; m significantly different from ventilator 
settings 1, 3, 4, 6; n significantly different from ventilator settings 
1, 3, 4, 5; o significantly different from ventilator settings 1, 2, 3, 4; 
P significantly different from ventilator settings 2, 3, 4, 5; r signifi- 
cantly different from ventilator settings 1, 4, 5, 6; s significantly dif- 
ferent from ventilator settings 3, 4, 5, 6 

ou tpu t s  of  H M E s  at  d i f fe ren t  v e n t i l a t o r  se t t ings  were  
m o r e  s tab le  than  the i r  h u m i d i t y  ou tpu t s  dur ing  the  24- 
h r e c o r d i n g  per iods .  

I nc rea s ing  t ida l  vo lume ,  i n s p i r a t o r y  f low ra te ,  a n d  
m i n u t e  v o l u m e s  d e c r e a s e d  the  humid i f i c a t i on  eff ic ien-  
cies of  the  H M E s  to a d i f f e ren t  ex t en t  (Fig.  2 and  Ta- 
b le  2). A l t h o u g h  these  p a r a m e t e r s  h a d  l i t t le  in f luence  
on  the  D H S ,  the  humid i f i c a t i on  ef f ic iency of  the  D H S  
was s igni f icant ly  d e c r e a s e d  by  the  c o m b i n a t i o n  of  h igh  
t ida l  vo lume ,  i n s p i r a t o r y  f low ra te ,  and  m i n u t e  vo lumes .  
T h e  effect  of  these  va r i ab l e s  on the  h u m i d i f i c a t i o n  effi- 
c i ency  of  the  P U B B 1 0 0  was m o r e  p r o n o u n c e d  t han  for  
the  H V E  T h e  h u m i d i f i c a t i o n  eff ic iency of  the  
P U B B 1 0 0  d e c r e a s e d  l i nea r ly  wi th  inc reas ing  t ida l  vol-  
ume ,  f low ra te ,  and  m i n u t e  vo lumes ,  whi le  the  s lope  of  
t he  r eg res s ion  l ine d e p e n d e d  on  the  c o m b i n a t i o n  of  
these  va r i ab l e s  (Fig .2) .  T h e  h u m i d i f i c a t i o n  ef f ic iency 
of  the  H V F  was d e c r e a s e d  ma in ly  by  t ida l  vo lumes  high-  
er  t han  800 ml  in a d d i t i o n  to the  ef fec t  of  h igh f low 
ra tes .  T h e  P U B B 1 0 0  h a d  the  lowes t  and  the  D H S  the  

h ighes t  humid i f i c a t i on  ef f ic iencies  at  each  v e n t i l a t o r  
se t t ing  excep t  4, at  which  H V F  was lowes t  (Table  2). 
H u m i d i f i c a t i o n  ef f ic iency va lues  d id  no t  show a p ro -  
gress ive  inc rease  ove r  24 h. H o w e v e r ,  a s t ab i l i za t ion  
t ime  was n e e d e d  for  each  H M E  at each  v e n t i l a t o r  set-  
ting. M e a n  s t ab i l i za t ion  p e r i o d s  we re  a p p r o x i m a t e l y  
120, 60, and  50 min  for  D H S ,  H V F ,  and  P U B B 1 0 0 ,  re-  
spect ively,  a l t hough  it was diff icul t  to  e s tab l i sh  an exac t  
s t ab i l i za t ion  t ime  for  each  b e c a u s e  of  f luc tua t ions  in hu-  
m id i f i c a t i on  ef f ic iencies  ove r  24 h. F l u c t u a t i o n  was 
m o r e  p r o m i n e n t  wi th  t he  H V F  than  wi th  the  o thers .  

T h e  he a t i ng  e f f ic iency  of  the  D H S  a n d  P U B B 1 0 0  in- 
ve r se ly  c o r r e l a t e d  wi th  t ida l  v o l u m e ,  i n s p i r a t o r y  f low 
ra te ,  m i n u t e  vo lume ,  a n d  e x p i r a t o r y  f low ra t e  (Fig.  3). 
H e a t i n g  ef f ic iency of  D H S  and  P U B B 1 0 0  was i n c r e a s e d  
by  inc reas ing  ven t i l a t i on  f requency ,  e spec ia l ly  at  h igh 
t ida l  v o l u m e  set t ings.  S imi l a r ly  to  the  o thers ,  the  h ea t i ng  
ef f ic iency of  the  H V F  was a f f ec t ed  m i n i m a l l y  by  vent i -  
l a to r  va r i ab le s  excep t  w h e n  c o m b i n i n g  a high t ida l  vol-  
ume ,  i n sp i r a to ry  f low ra te ,  and  m i n u t e  vo lume .  T h e  
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Fig.2 Correlation of humidification efficiencies of HMEs HUMeff 
with tidal volume TVI, inspiratory flow rate FRI, and inspiratory 
minute volume MVI. Correlation coefficients(r) for each HME 
are shown next to the second-degree polynomial curve-fitting lines 

heating efficiency of the PUBB100 was significantly 
lower than in the other filters at every ventilator setting. 
There were no statistically significant differences be- 
tween the heating efficiency of the HVF and the DHS 
at ventilator settings 2 and 5. The heating efficiency of 
the HVF at ventilator settings 1 and 3 was significantly 
higher than for the DHS, whereas it was significantly 

higher for the DHS than for the HVF at ventilator set- 
tings 4 and 6 (Table 2). A stabilization time to achieve 
the optimal heating efficiency existed. During the stabi- 
lization period, which took 60-90 min, heating efficien- 
cy decreased, while humidification efficiency increased. 
This inverse relationship was more pronounced with 
the DHS. 

The inspiratory resistance mainly correlated to the 
inspiratory flow rate (Fig. 4). We could not find any cor- 
relation between the inspiratory resistance and the hu- 
midification efficiency of the HMEs. However, there 
was an inverse correlation between the humidification 
efficiency and the resistance of the HVF (r =-0.75) 
and PUBB100 (r - -0.86). The inspiratory resistance of 
the DHS was higher at every setting than in the other 
HMEs. The expiratory resistance increased with in- 
creasing humidification efficiency and expiratory flow 
rates, which have an inverse relationship. The expirato- 
ry resistance of the DHS was the highest and of HVF 
the lowest at all settings (Table 2). There was no signifi- 
cant change in the inspiratory and expiratory resistance 
over the 24-h recording periods with different HMEs at 
the different ventilator settings. However, some short- 
lived changes were observed during the recordings, be- 
ing more frequent in the expiratory resistance than the 
inspiratory resistance. 

The expiratory flow pattern, temperature, and hu- 
midity output characteristics of the patient model used 
in this study, in addition to its mechanical properties, 
were comparable to those found in humans [1, 2, 
32-34] and in agreement with the ISO standard 
[29-31]. The technical properties of the measurement 
equipment complied with the ISO standard as previous- 
ly described [29-31]. 

Discussion 

In our study, the DHS was the only HME able to pro- 
duce heat and humidity within the ranges suggested in 
the current literature, at every ventilator setting. The 
temperature and humidity outputs of the DHS at all 
ventilator settings were comparable to those of HHs 
tested in different studies [38]. The humidity outputs of 
the HVF and PUBB100 were only within the recom- 
mended ranges at certain tidal volumes (600-800 ml), 
flow rates (520-870 and 500-680 ml/s), and minute vol- 
umes (6.5-11.6 and 6.4-8.9 1/min). The temperature out- 
put of the HVF was comparable to the DHS, while the 
PUBB100 was below 29°C at every ventilator setting. 
The PUBB100 achieved the required humidity output 
of 27 mg/1 only at low minute volume, tidal volume, 
and flow rate setting in combination with insufficient 
temperature output. 

The HVF had an adequate temperature output at 
each ventilator setting in combination with a relatively 
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low humidity output. This resulted in a lower relative 
humidity output. Miyao et al. [39] have shown that rela- 
tive humidity, rather than absolute humidity, is a domi- 
nant factor in cases of endotracheal tube and proximal 
tracheal occlusion. Therefore, the DHS is superior to 
the others because of a higher relative humidity output 
in addition to a higher absolute humidity output and 
high temperature output. 

Another concern about the HMEs is the stabiliza- 
tion time of the humidity and temperature outputs. Sta- 
bilization time was longer with more efficient filters 
and at the ventilator settings where HMEs produce 
high outputs. Even though this time is longer with 
more efficient filters, the initial output of these filters 
is still higher than the mean output of less efficient fil- 
ters. Therefore, stabilization time seems not to be an 
important factor in clinical use. The inverse relation- 
ship during the stabilization period between humidity 
and temperature outputs possibly originates from the 
inadequate water reserve in the HME. Until the water 
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reserve of the HME reaches an optimal level, less evap- 
oration occurs during inspiration in comparison with 
the condensed water during a previous expiration. 
Therefore, during the next inspiration less energy is 
used for evaporation until the water reserve of the 
HME increases and excessive energy may be used to 
heat inspiratory air. As a result, after connection of the 
HME to the ventilation circuit, the temperature output 
of the HME may be higher than the patient's (model's) 
expiratory temperature for a short time. The water re- 
serve of each HME is different and possibly higher 
with efficient filters, as can be deduced from the results 
of studies which measure weight differences of the 
HMEs before and after use. Therefore, stabilization 
times depend on the ventilator setting and the type of 
HME. A progressive increase in the humidity output 
of the HMEs during 24 h has been found in some stud- 
ies [20, 37, 40]. Although the humidity output of the 
HMEs tested showed some fluctuations, a significant 
increase after the stabilization period was not found in 
this study. 

The efficacy of HMEs depends on their resistance 
and humidity and temperature outputs. Differences be- 
tween test methods and conditions may produce inevita- 
ble changes in the humidity and temperature output of 
the HMEs. Changes in the environmental temperature 
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and temperature and humidity output of the patient 
model and the inspiratory fresh gas are circumstances 
which may produce differences in the temperature and 
humidity output. It is difficult to influence the variations 
in these parameters, or at least to prevent fluctuations in 
them in clinical and experimental studies. Even if the 
room temperature and patient model output are kept 
stable, the inspiratory fresh gas temperature and humid- 
ity levels will change according to the HME efficiency, 
as the ventilation circuit between the HME and Y-piece 
acts as an HME. As a result, the inspiratory fresh gas 
temperature and humidity level will be higher when a 
less efficient filter is tested. This will cause an overesti- 
mation of the temperature and humidity output of less 
efficient filters. Although the temperature and humidity 
of the patient model output and inspiratory fresh gas 
showed minimal changes throughout the study, the ven- 
tilator setting that gave the highest temperature or hu- 
midity output for any HME was different from the ven- 
tilator setting that displayed the highest humidity or 
temperature conserving efficiency for the HME. 

Temperature and humidity outputs of HMEs have 
been reported to decrease with increasing tidal volume, 
inspiratory flow rate, and minute volumes [19, 22, 24, 
25, 27]. The same results have been found in this study. 
However, the influence of these variables on the tem- 
perature and humidity efficiencies of each HME was 
different. It may be essential to know the ranges of these 
variables in which adequate heat and humidity efficien- 
cies are achieved for each HME. The DHS has been 
found to be a very efficient HME at every ventilator set- 
ting used in this study, but the humidification efficiency 
of the PUBB100 and HVF was only sufficient at certain 
ranges of the ventilation variables. While the heating ef- 
ficiency of the HVF was always sufficient, that of the 
PUBB100 was inadequate in all ranges. Therefore, the 

HVF should only be used in the ranges in which effec- 
tive humidification efficiency is achieved, taking into 
consideration the importance of the relative humidity 
output in the upper airway secretions as mentioned 
above. 

Most of the efficiency formulas are based on gravi- 
metric humidity measurements and involve the unfavor- 
able aspects of the gravimetric method [16, 21, 22, 27, 
28]. The formulas calculating the efficiency of humidifi- 
cation during on-line measurements are relatively un- 
common and inadequate. The use of flow-weighted 
mean temperature and humidity values offers a better 
method of describing HME efficiency. 

Several studies have been done to test resistances of 
HMEs; however, there are some shortcomings in their 
methodology, such as separation of HMEs from the ac- 
tual breathing system, a maximum of four resistance 
measurements in a 24-h measurement period using dry 
air flow, and the use of constant air flow in the measure- 
ment of expiratory resistance [16, 18-28, 40]. In this 
study, the shortcomings of these studies have been elim- 
inated; the resistance measurements were done continu- 
ously in conditions closely resembling clinical condi- 
tions. The inspiratory and expiratory resistances of the 
HMEs tested in this study were always below the ac- 
ceptable maximum resistance values established for in- 
spiratory resistance of HMEs [22, 23, 30, 31, 35]. Conti 
et al. [41] have shown in a clinical study that HMEs 
had no effect on the lung mechanics of mechanically 
ventilated patients. Therefore, the inspiratory and expi- 
ratory resistance of HMEs tested in this study are not a 
likely obstacle for their clinical use. However, caution 
should be exercised in patients with heavy and copious 
bronchial secretions for an unexpected increase in re- 
sistance. Contrary to other studies, no significant in- 
crease in inspiratory and expiratory resistance has been 
observed during the 24-h recording periods, but some 
short-lived increases, being more frequent with the 
more efficient HMEs, have been observed particularly 
in expiratory resistance [8, 21, 22]. The progressive in- 
creases in resistance observed in some studies may be 
related to these short-lived changes, together with mo- 
mentary and infrequent resistance measurements. In- 
spiratory and expiratory resistances were correlated 
with flow rates. A correlation between humidification 
efficiency and inspiratory resistance was not found. 
Contrary to other studies, an inverse relationship was 
found between the humidification efficiency and in- 
spiratory resistance of the PUBB100 and HVF, showing 
the importance of the increasing flow rates on inspirato- 
ry resistance and humidification efficiencies. This find- 
ing is in agreement with the knowledge of the relation- 
ships between flow rate and humidification efficiency, 
and between flow rate and resistance [16, 18, 24, 25, 
27]. This relationship was not found significant for the 
DHS, possibly because of its narrower humidification 
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efficiency range. In our opinion, the expiratory resis- 
tance is even more important than the inspiratory resis- 
tance because of its possible effects on lung mechanics 
and work of breathing. The expiratory resistance of the 
HME is related to the expiratory flow rate, which is 
mainly dependent on the mechanical time constant of 
the patient. In this study, we tried to imitate the expira- 
tory flow profile of a mechanically ventilated patient in 
order to assess the influence of the HME on lung me- 
chanics. 

Based on the finding of the present study conducted 
on three HMEs at six different ventilator settings, we 
conclude the following: (1) The Dar Hygroster is a reli- 
able HME with a high humidity and temperature output 
which is comparable to HHs at all ventilator settings 
and can even be used when there is an increased risk of 
endotracheal tube occlusion during long-term mechani- 

cal ventilation. (2)The Pall Ultipor BB100 breathing 
circuit filter did not achieve the required humidity and 
temperature output at any ventilator setting. (3)The 
humidification efficiency of the Humid-Vent Filter was 
within acceptable ranges when low tidal volume, flow 
rate, and minute volume were used. The temperature 
efficiency can be compared with the Dar Hygroster and 
is much higher than the Pall Ultipor BB100 breathing 
circuit filter. This results in a decreased relative humidi- 
ty in contrast to the others, but caution has to be exer- 
cised when used in patients with a high risk of endotra- 
cheal tube occlusion. (4) The inspiratory and expiratory 
resistances of the HMEs tested are within the clinically 
acceptable ranges. (5) Humidification and heating effi- 
ciency calculations are useful to compare results mea- 
sured in different conditions. (6) Adequate heating and 
humidifying efficiency ranges have been defined. 
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