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General introduction

General introduction

Cancer of the larynx, or laryngeal carcinoma, is the most frequent malignancy in the 
head and neck region in the Netherlands, with approximately 600 new cases annually 1. 
Preferably, laryngeal carcinoma is cured with radiotherapy or limited CO2 laser surgery, as 
these treatment strategies preserve the function of the organ and maintain the integrity of 
the upper airway. Radical surgical treatment by removal of the larynx (total laryngectomy) 
is generally carried out only in very advanced tumors or in case of a recurrence after 
radiotherapy 2. According to a survey by the Dutch Laryngectomee society, in 2003 
approximately 150 total laryngectomies were carried out in the Netherlands, a number 
decreasing in the last decade, in view of the 250 total laryngectomies that were carried 
out annually around 1990 3. In the Netherlands, the total number of laryngectomized 
individuals is estimated at 2500 4.

During total laryngectomy the larynx is removed completely. The trachea lumen is sutured 
to the skin, right above the sternum, resulting in a permanent tracheostoma (Figure 1). 
This procedure not only results in the loss of natural voice and deterioration of olfaction, 
it also affects pulmonary function 5: because the inspiratory breathing air is no longer 
conditioned (i.e., heated, moisturized and filtered) by the upper airway, an increase in 
pulmonary complaints (i.e., coughing, excessive mucus production and breathlessness) is 
observed, as well as a deterioration of pulmonary function parameters 6, 7. Climatologic 
influences have been reported as the pulmonary complaints increase during wintertime, 
and pulmonary function parameters and symptoms improve in a subtropical environment 
8-10. Because the pulmonary complaints correlate to psychosocial problems like (prosthetic) 
voice quality, fatigue, anxiety and depression 11, quality of life is severely affected, and 
therefore adequate pulmonary rehabilitation is warranted.

Figure 1. Intact upper respiratory tract (A). Situation after laryngectomy (B): the digestive tract and the 
respiratory tract are surgically separated and the patient breathes through a tracheostoma.
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Heat and moisture exchangers
In order to compensate for the lost air conditioning function of the upper airway, 
heat and moisture exchangers (HMEs) have been developed, which can be placed on 
the tracheostoma (Figure 2). The core of these rehabilitation devices consists of foam 
or another substance, which acts as a condensation and absorption surface. In order 
to enhance the water-retaining capacity, these elements are often impregnated with 
hygroscopic salts. Furthermore, they may have been impregnated with a bactericide 
solution in order to control bacterial colonization 12. 
Consistent use of an HME considerably diminished the severity of the pulmonary 
complaints after total laryngectomy 11, 13-16. HMEs, therefore, have become an 
indispensable rehabilitation tool for laryngectomized individuals, as is underlined in the 
consensus report on the treatment of laryngeal carcinoma in the Netherlands 2.

Figure 2. Tracheostoma without (A) and with HME (B) in situ. The HME fits in an adhesive, which is placed 
airtight around the stoma. In the posterior tracheal wall the anterior lumen of a silicone voice prosthesis is visible 
(A).

Pulmonary physiology and heat and moisture exchangers
Although the beneficial effect of HMEs on pulmonary symptoms has clearly been 
established, their influence on the basic physiologic parameters is relatively underexposed. 
Only 3 studies have addressed this issue so far 16-18. In summary, it was observed that the use 
of an HME considerably increased intratracheal temperature and humidity values, although 
physiological levels are not reached 17-19. Furthermore, it was suggested that the respiratory 
load of the HME, which partly compensates for the lost upper airway resistance, increases 
tissue oxygenation levels by reducing the pulmonary closing volume 17. However, intra-
tracheal temperature and humidity measurements are technically complex to perform, 
and the study on tissue oxygenation level changes due to application of an HME gave 
rise to some methodological questions. Therefore, and because of the absolute scarceness 
of literature concerning the influence of HME use on basic physiologic parameters, 
confirmation and expansion of the available data was clearly needed. 
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Outline of the thesis
The aim of the research presented in this thesis was to improve our knowledge of the 
changes in postlaryngectomy pulmonary physiology, i.e. to what extent are airway 
humidity and temperature affected by total laryngectomy and to what extent are they 
restored by an HME? Furthermore, can the in the literature reported increase in tissue 
oxygenation values due to the use of an HME be confirmed? Finally, can the obtained data 
of this thesis give direction to further improvements in future versions of this important 
postlaryngectomy pulmonary rehabilitation device?

In chapter 2 the available relevant literature at the start of this research project is reviewed. 
Chapter 3 deals with the influence of HME resistance on tissue oxygenation levels. In this 
study we address the methodological issues that are related to transcutaneous oxygenation 
measurements, thereby re-evaluating the interpretation of the results of the earlier 
report. In chapter 4 the development and construction of the “Airway Climate Explorer” 
(ACE) is described. In order to prepare for intra-airway temperature and humidity 
measurements we had to design our own measuring system, as commercial equipment 
for this purpose is not as yet available. The design considerations, the construction of 
the assembly and the calibration and verification of its signal output against reference 
equipment are discussed in detail. In chapter 5, the short term influence of an HME on 
airway humidity and temperature under room conditions is evaluated. In chapter 6, the 
intra-airway heat and water preserving characteristics of the HME in cold environmental 
conditions are assessed. In chapter 7, the results of the previous chapters are discussed 
in general, i.e., what additional knowledge have we acquired about the changes in the 
pulmonary physiology after laryngectomy and about the influence of HMEs.
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Chapter 2

Abstract

Total laryngectomy results in a permanent disconnection of the upper and lower airways 
and inevitably leads to chronic pulmonary complaints like frequent involuntary coughing, 
increased sputum production and repeated daily forced expectoration to clean the airway. 
Heat and moisture exchangers (HMEs), applied in an attempt to compensate for the lost 
functions of the upper respiratory tract, have been found to diminish these symptoms 
and improve quality of life significantly. An HME has three physical properties that 
might be responsible for these improvements. First, its heat and moisture exchanging 
capacity improves intra-airway preservation of heat and water. Since the condensation 
and evaporation of moist is accompanied by release and uptake of thermal energy, these 
parameters are inseparable. Secondly, the HME’s resistance may reduce dynamic airway 
compression, thereby improving ventilation. Thirdly, to some extent, an HME might 
filter out particles, thereby cleaning inspiratory breathing air. This article summarizes 
our present knowledge of changes in respiratory physiology after total laryngectomy and 
the influence of the HME by reviewing the physiological impact of these three physical 
properties separately for in vitro and in vivo data.
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Heat and moisture exchangers and airway physiology

Introduction

Total laryngectomy results in a permanent disconnection of the upper and lower 
airways and inevitably leads to chronic pulmonary complaints like frequent involuntary 
coughing, increased sputum production, and repeated daily forced expectoration to 
clean the airway 1. These respiratory symptoms correlate with a significant impairment 
in the quality of life of laryngectomized individuals 1. Heat and moisture exchangers for 
laryngectomized individuals (further abbreviated, if appropriate, as HME-Ls), applied in 
an attempt to compensate for the lost functions of the upper airways, have been found 
to diminish these symptoms and improve quality of life significantly 2-4. Also, a decrease 
in the frequency of upper airway infections could be attributed to the consistent use 
of HME-Ls 3. Therefore, in The Netherlands, HME-Ls are considered indispensable for 
pulmonary rehabilitation after total laryngectomy 5.

An HME-L has 3 physical properties that might be responsible for these improvements. 
First, its heat and moisture exchanging capacity improves intra-airway preservation 
of heat and water. Since condensation and evaporation of moist are accompanied by 
the release and uptake of thermal energy, these parameters are inseparable. Secondly, 
the HME-L’s resistance may reduce dynamic airway compression, thereby improving 
ventilation. Thirdly, to some extent, an HME-L might filter out particles, thereby cleaning 
inspiratory breathing air.

The individual impact of these 3 physical properties on respiratory physiology is not 
clearly established yet, but its understanding is essential when further improvement of 
pulmonary rehabilitation after total laryngectomy is pursued. This article summarizes our 
present knowledge of changes in respiratory physiology after total laryngectomy and the 
influence of the HME-L. The physiological impact of the different physical properties of 
the HME-L will be discussed separately for in vitro and in vivo data. In particular for long-
term in vivo studies, this separation is challenging, since respiratory physiology obviously 
has been exposed to all 3 aforementioned properties simultaneously. When appropriate, 
also data of the more extensively studied anesthesiological HMEs (abbreviated further, if 
appropriate, as HME-As) will be reviewed. 

Composition and design of HMEs
The basic component of a heat and moisture exchanger is foam, paper or another 
substance, which acts as a condensation and absorption surface. In order to enhance the 
water-retaining capacity, these elements are often impregnated with hygroscopic salts 
like CaCl2, AlCl3, MgCl2 or LiCl 6. HME-Ls are mostly hygroscopic and might have been 
impregnated in a bactericide solution like chlorhexidine in order to control bacterial 
colonization 7.
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HMEs are already widely used in anesthesiology. There, also composite and pleated 
membrane HME-As exist 8. A composite hygroscopic HME-A contains a hygroscopic 
and a filter layer. A pleated membrane HME-A is a large, folded hydrophobic membrane 
with numerous very small pores for maximal filtration efficiency 8.

Nowadays many laryngectomized individuals use a voice prosthesis in order to 
re-establish oral communication 9. This requires airtight occlusion of the stoma in order 
to divert the pulmonary air through the voice prosthesis into the pharynx, where sound 
is produced for speech. Therefore, some HME-Ls have an inbuilt mechanism for easier 
digital or pressure-triggered stoma occlusion 10, 11. The cassettes that hold the HME-foam 
element are either attached to a special adhesive or to a tracheal cannula (see Figure 1).

Figure 1. Provox HME-L as an example of a heat and moisture exchanger in an adhesive base plate fixed to the 
peristomal skin and digitally closed for purposes speech.

Airway heat and moisture exchange
When breathing, the airways act as a heat and moisture exchanger. During inspiration, 
thermal energy is used for heating of the inspired air and evaporation of water. 
Consequently, the inspirate is warmed and the airway wall is cooled during inspiration. 
During expiration the process is reversed when saturated air at body temperature passes 
the cooled mucosa. Thermal energy and water are given back to the airway surface due 
to condensation and direct heating, thereby limiting loss of heat and moisture into the 
environment 12. In room conditions, it is estimated that 20 – 25 % of heat and moist is 
recovered during expiration, which corresponds with a loss of approximately 400 – 500 
ml of water and about 300 kcal into the environment during 24 hours of normal nasal 
breathing 13.
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Heat and moisture exchangers and airway physiology

Several studies report on intra-airway temperature and/or humidity measurements 13-31. 
Although temperature measurements in these studies are generally reliable, humidity 
measurements have to be interpreted with caution since they are technically complex 
to perform 16, 32. Since no appropriate commercial systems are as yet available, most 
investigators have constructed humidity measurement systems themselves, thereby 
trying to optimize sensor response time and overcome problems like condensation within 
the device 14-16, 29, 32. Unfortunately, only a few studies refer to, or include, validation 
reports with regard to accuracy and response time of the total assembly 13-17. A summary 
of the end-inspiratory and end-expiratory values in healthy subjects, derived from well-
documented papers, is given in Table 1 for multiple sites in the upper airway and in Table 
2, columns I – III, for the subglottic space. Unfortunately, the study in column F does not 
provide data validating the accuracy of the total assembly. During quiet nasal breathing 
in moderate conditions the majority of heat and moisture exchange occurs in the upper 
airway or, more specifically, in the nasal cavity 13, 17, 18, 28, 30. Typically, air of 22 °C / 30 % 
relative humidity (RH) (6 mg/L, 6 g/kg) 1 is conditioned to 31 °C / 95 % RH (31 mg/L, 33 
g/kg) during inspiration, at the level of the pharynx (Table 1, column G). Dry and/or cold 
air increases the gradients along the upper airway tract (Table 1, columns A-D) 13, 18, 19, 22, 

28, but at the level of the subglottic space, temperature values remain nearly independent 
of environmental temperatures during quiet nasal breathing (Table 2, columns I & II). 
However, high minute ventilation, extreme climatic conditions, or coexistence of these 
factors, may cause substantial extension of the site of heat and moisture exchange into 
the lower airways 26, 27, but it is unlikely that inspiratory air is still unconditioned at the 
level of the alveoli 33, 34.

Physiological effects of HMEs
HMEs and airway temperature and humidity
The principle of heat and moisture exchange in an HME is similar to that of the human 
airways: in addition to convective heat exchange, condensation and evaporation of water 
are accompanied by temperature variations due to the release and consumption of 
thermal energy respectively 35. In vitro data show that HME-Ls have moisture outputs2 
ranging from 21– 24 mgH2O/L 7.

Two studies evaluated the influence of an HME-L on intra-airway temperature and 
humidity (Table 2, columns VI-VIII) 23, 36. In the study in column VIII 23, the sensor 
response time was rather long. Consequently the humidity measurements may not be 
entirely representative for normal breathing. Also, the studies in columns VI and VII 29, 36 
do not provide data validating the accuracy of the total assembly. However, there is little 
doubt that an HME-L substantially increases airway temperature and humidity values. 
 1 The calculations into mgH2O/L air and gH2O/kg air in this article are based on formulas mentioned 

in studies by Rathgeber et al. and Rouadi et al., respectively 15, 18

 2 Modified ISO 9360 test rig. This value represents the mean amount of water that has been added to 
inspiratory air after passage through an HME in a lung model under standardized circumstances. 
In this study, tidal volume was 0.4 L, breathing frequency 15/min for 3 hours and exhaled air 34 °C, 
fully saturated. Environmental conditions were 23 °C and 35 % RH.
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Additionally, data on a composite HME-A are available (columns IV and V) 31 which 
show that the HME-A significantly increases endotracheal temperature and humidity. 
Furthermore, it has been shown that an endotracheal tube alone acts as a primitive HME 
also (column IV).

In summary, these data show that in laryngectomized individuals, typically air of 22 °C 
/ 40 % RH (8 mg/L, 8 g/kg) is conditioned to 27 – 28 °C / 50 % RH (13 mg/L, 14 g/kg) 
at the level of the upper trachea without HME-L and to 29 – 30 °C / 70 % RH (21 mg/L, 
22 g/kg) with HME-L (columns VI and VII). Since during nasal and oral breathing end-

Table 1. Minimal/end-inspiratory and maximal/end-expiratory temperature (T) and relative humidity (RH) 
values at multiple levels in the upper airway tract during nasal rest breathing. The definition of the level of the 
nasal vestibule varies between 0 and 1.5 cm in the different studies.

Webb 28 Keck 29, 30 Primiano 17

Measuring method Thermocouple Thermocouple/capacitive 
humidity sensor

Thermistor/
mass spectometry

Response time ≤ 0.4 s T: ≤ 0.4 s Humidity: < 2 s T: < 0.12 s Humidity: < 0.25 s 16

Ambient conditions 5 – 8 °C 23 – 28 °C 25 °C 35 % RH 22 °C 25 % RH

Inspiration/ expiration Insp. Exp. Insp. Exp. Insp. Insp. Insp. Exp.

Nasal vestibule 12 °C 29 °C 25 °C 34 °C 25 °C 29 °C  69 % RH 24 °C  40 % RH 34 °C  85 % RH

Naso/oropharynx 30 °C 35 °C 32 °C 36 °C 34 °C 33 °C  90 % RH 31 °C  95 % RH 35 °C  95 % RH

Column A B C D E F G H

Table 2. Minimal/end-inspiratory temperature (T) and relative humidity (RH) values according to different 
authors during rest breathing in normal and laryngectomized individuals. The T and RH values in columns VI 
and VII are interpolated from temperature and absolute humidity figures. In all studies, maximal/end-expiratory 
T and RH were 36 ºC and 97 – 99 %, respectively, except for Keck et al. and McRae et al., who included no end-
expiratory data.

Ingelstedt 13 Primiano 31 Keck 36 Mc. Rae 23

Measuring 
method

Psygrometry Thermistor/
mass spectometry

Themocouple/
capacitive RH sensor

Thermistor/
capacitive RH 
sensor

Response 
time 

≤ 0.4 s T: < 0.12 s
Humidity: < 0.25 s 16

T: < 0.4 s
Humidity: < 2 s 29

“At least 9 s”

Measuring 
site

Subglottic space Tracheal end 
tube

Upper part 
trachea

Upper part 
trachea

Ambient
conditions

0 – 4 °C
50 – 60 % RH

23 °C
30 % RH

24 °C
31 % RH

22 °C
41 % RH

20 °C
48 % RH

Type of 
breathing

Nasal Nasal Oral Intubated,
ventilated 
without 
HME-A

Intubated, 
ventilated 
with
HME-A

Tracheo-
stomy

HME-L HME-L

T and RH 
values

32 °C
99%

32 °C
99%

31 °C
90%

29 °C
67%

31 °C
97%

27 – 28 °C
50%

29 – 30 °C
70%

29 °C
65%

Column nr. I II III IV V VI VII VIII
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inspiratory values at the level of the subglottic space 
are 32 °C / 99 % RH (34 mg/L, 36 g/kg) and 31 °C / 
90 % RH (29 mg/L, 31 g/kg), respectively, (columns 
II and III), the HME-L seems less efficient than the 
upper respiratory tract. Also, values representing 
the air-conditioning capacity of the nose alone (31 
°C / 95 % RH, 31 mg/L, 33 g/kg, see Table 1, column 
G) may not be reached.

HMEs and airway resistance
HMEs add a variable resistance to airway resistance, 
since a higher flow rate is accompanied by increased 

turbulence, and as a consequence of this turbulence pressure drop and flow are non-
linearly related 37, 38. Resistance measurements of current commercially available 
HME-Ls are unlikely to exceed 3.6 hPas/L 3 (cmH2Os/L), depending on brand 7, 37, 39. 
In addition, the anesthesiology literature has shown that the resistance of hygroscopic 
HME-As increases due to narrowing of the foam pores by condensed water 40. Similar 
data on HME-Ls do not exist, but the same phenomenon is likely to occur.

It has been hypothesised that in laryngectomized individuals respiratory physiology 
might be affected by changes in extra-thoracic resistance. Some authors assume that the 
loss of upper airway resistance exaggerates dynamic airway compression (see below) by 
shifting the equal pressure point towards a more peripheral airway region, where the 
airway has less elasticity and is more easily flattened 41. Also it has been suggested that the 
resistance added by the HME-L creates positive end-expiratory pressure (PEEP), thereby 
reducing alveolar collapse and improving lung volumes 3. So far, these theories have not 
been validated in laryngectomized individuals. Moreover, in the general literature on lung 
function even more complicated mechanisms have been suggested 42. It should be noted 
that PEEP is probably not a viable theory because an HME-L only establishes additional 
positive pressure during expiration (PEP). Unlike the ventilation technique applied by 
anesthesiologists, at the end of the expiration, the endotracheal pressure (PEEP) must be 
zero since there is an open connection to the environment.

However, circumstantial evidence in favour of a possibly relevant effect of HME-L 
resistance on respiratory physiology exists. Pursed Lips Breathing (PLB), like the 
HME-L, increases extra-thoracic expiratory breathing resistance by establishing PEP 
and has been shown to improve arterial oxygenation values in patients with COPD, 
while it may decrease the arterial carbon dioxide content 43-46. It is suggested that the 
principle effect of PLB is reduction of dynamic airway compression (DC) 43, 46, 47. DC 
occurs when transpulmonary pressures exceed the critical pressure at which expiratory 
flow is maximal 48-50. In healthy subjects, this flow-limiting mechanism is generally only 

 3  Measured at airflow of maximal 1L/s.

Table 1. Minimal/end-inspiratory and maximal/end-expiratory temperature (T) and relative humidity (RH) 
values at multiple levels in the upper airway tract during nasal rest breathing. The definition of the level of the 
nasal vestibule varies between 0 and 1.5 cm in the different studies.

Webb 28 Keck 29, 30 Primiano 17

Measuring method Thermocouple Thermocouple/capacitive 
humidity sensor

Thermistor/
mass spectometry

Response time ≤ 0.4 s T: ≤ 0.4 s Humidity: < 2 s T: < 0.12 s Humidity: < 0.25 s 16

Ambient conditions 5 – 8 °C 23 – 28 °C 25 °C 35 % RH 22 °C 25 % RH

Inspiration/ expiration Insp. Exp. Insp. Exp. Insp. Insp. Insp. Exp.

Nasal vestibule 12 °C 29 °C 25 °C 34 °C 25 °C 29 °C  69 % RH 24 °C  40 % RH 34 °C  85 % RH

Naso/oropharynx 30 °C 35 °C 32 °C 36 °C 34 °C 33 °C  90 % RH 31 °C  95 % RH 35 °C  95 % RH

Column A B C D E F G H
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seen during forced expiration, but in severe COPD patients it may also be present during 
tidal breathing 48, 49. DC is associated with feelings of dyspnea 51 and it is believed that 
patients with COPD who use PLB, primarily try to minimize this unpleasant sensation 
52. Since the additional expiratory load of an HME-L approaches that of PLB 7, 37, 39, 53, 
it is suggested that in particular a selective subgroup of laryngectomees, i.e. those who 
suffer from severe COPD, might have respiratory benefits from the resistive load of this 
device. On the other hand, in contrast to PLB, an HME-L also increases inspiratory 
resistance, which might not be sustained by patients with severe COPD for a prolonged 
period of time. Therefore, in analogy to PLB, in cases of severe COPD the ideal resistor for 
laryngectomees might be a device that increases resistance only during expiration 3.

Another finding possibly in favour of a resistance-related effect on pulmonary function 
comes from a study in young and healthy individuals by Swift et al. 54. The authors 
suggested that lung volumes and arterial oxygenation are increased by an overall increase 
in oronasal resistance and are diminished by a decrease in resistance. However, they 
assumed a relation between oronasal obstruction and airway resistance, which was 
subsequently questioned in a responding letter to the editor 55. In the end, a satisfactory 
physiological explanation for these results could not be presented 56. Nevertheless, 
these data should be mentioned for the sake of completeness: it is impossible to predict 
whether similar pulmonary function and oxygenation changes occur in laryngectomized 
individuals using an HME-L (which also increases extra-thoracic resistance), but its 
influence can not be excluded either.

McRae et al.23 have been the only ones so far who evaluated a short-term HME-L 
resistance-related effect on respiratory physiology in laryngectomees. It was hypothesized 
that the backpressure created by the HME-L reduced airway closure, thereby improving 
arterial oxygenation. Transcutaneous oxygenation measurements were performed in 20 
patients, in the absence of and 4 hours after application of an HME-L. The principle of 
transcutaneous or tissue oxymetry (tcpO2) is that it measures skin oxygenation tensions 
via a heated electrode. TcpO2 values correlate to arterial oxygenation tensions, although 
this relation, unlike in infants, can be highly variable in adult patients 57. McRae et 
al. found a highly significant median increase of 10.5 mmHg, suggesting an HME-L 
resistance effect on transcutaneous oxygenation. Unfortunately, no control measurements 
were performed after 4 hours without HME-L. Moreover, based on the available data, 
it cannot be excluded that the tcpO2 increases also can be attributed to a troublesome 
phenomenon related to continuous transcutaneous electrode measurements, which is an 
on-patient upward signal drift of the electrode 58.

Apart from this report on short-term influence of an HME-L on tcpO2, the same research 
group also performed a long-term tcpO2 study. In contrast to the controls, an increase in 
tcpO2 was found after using an HME-L for 6 months 3. Although it was suggested that 
this increase is directly related to an increased extra-thoracic resistance, it could also be 
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hypothesized to be a result of a generally improved mucosa condition due to chronically 
increased intra-airway temperature and humidity values.

HMEs and airway particle filtration
Although the general patient experience is that in a heavy polluted environment dust 
particles can be filtered out by the HME-L, with anecdotal evidence of black HME-Ls 
after a day of shopping in the city or red HME-Ls after a tennis match on a gravel court, 
this does not necessarily mean that substantial amounts of particles do not enter the 
airway. Moreover, due to its large pore size, the HME-L seems not to be an efficient barrier 
for microorganisms. This is supported by anesthesiology studies reporting poor the 
bacterial filtration capacity of simple hygroscopic HME-As in contrast to composite and 
pleated membrane HME-A filters 59-61. Therefore, the significantly decreased incidence of 
airway infections after 6 months of use of an HME-L 3, might be addressed to improved 
humidity values rather than to sufficient pathogen filtration. There is some evidence 
that this decrease in airway infections might be related to changes in cilia activity, for 
the latter has been found to increase in tracheotomy patients after the application of 
an HME 62. Although a laryngectomy differs from a tracheotomy in such a way that 
some air still passes through the upper airway tract after tracheotomy, it is likely that an 
increase in cilia activity also occurs in the airway mucosa of laryngectomized individuals. 
Consequently, mucociliary transport and the removal of intra-airway pathogens might 
be improved. Another histological finding that has been observed due to the use of an 
HME-L is that tracheal mucosa biopsies obtained before and 6 months after HME-L-use 
showed reversible metaplasia up to the level of the carina 63.

Long term evaluation with pulmonary function tests
Pulmonary function after laryngectomy
Several studies have evaluated respiratory physiology after laryngectomy with lung 
function tests 64-71. One of them reports on not more than 5 patients and is therefore 
not taken into the review 67. Another study investigated only static lung volumes 70. The 
remaining authors use varying and in one case (see below), unclear criteria for airway 
obstruction, but in general they agree that the major part of the laryngectomee population 
shows marked obstructive ventilatory defects 64-66, 69. With regard to pulmonary 
rehabilitation, it is relevant to further separate a number of factors: first, pre-existent 
deterioration due to earlier smoking habits; second, impairment due to postoperative 
chronic penetration of unconditioned and/or unfiltered air; last, changes due to the loss of 
upper airway resistance. Two studies compared pulmonary function data before and after 
laryngectomy 65, 71: Ackerstaff et al. 71 found in a group of 16 subjects that preoperative 
forced expiratory volume in one second (FEV1) values was already significantly lower 
than predicted, suggesting pre-existing airway obstruction. Lung function tests were 
repeated 9 days and 6 months postoperatively. Compared to the preoperative situation, 
a significant decrease in the vital capacity (VC) and FEV1 was found at both points in 
time. In contrast, forced inspiratory values improved significantly after surgery. The 
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outcomes might have been influenced by the fact that half of all patients started to use 
an HME-L shortly after the operation, but, rationally speaking, this would only lead to 
an underestimation of postoperative pulmonary deterioration. The authors hypothesize 
that the increase in inspiratory values could be ascribed to an improved condition of 
the airway wall mucosa due to cessation of smoking, but then it remains unclear how 
this can be related to a concurrent decrease in FEV1. Alternatively, the improved 
inspiratory values might also be explained by the loss of upper airway resistance due to 
the surgical elimination of the upper airway tract. Todisco et al. 65 compared pulmonary 
function before and up to one year after operation in a total laryngectomy group (n = 
21) and a conservative laryngectomy group as controls (n = 10). Sixteen out of the total 
laryngectomy group showed preoperative severe obstructive ventilatory defects, although 
the authors did not include the exact criteria. Postoperatively, after a 1-year follow-up, 
the total laryngectomy group showed significant deterioration of, among others, FEV1 
and VC, while in the control group these parameters did not deteriorate or even tended 
to improve. More specifically, multiple postoperative lung function tests in the 16 total 
laryngectomees with pre-existent obstructive disease showed that this pulmonary 
deterioration is progressive over time. Furthermore, both the total laryngectomy group 
and conservative laryngectomy group included 4 patients with normal preoperative lung 
volumes. It appeared that in the total laryngectomy group the pulmonary function of 
these 4 patients deteriorated significantly after surgery, while it remained unchanged in 
the conservative laryngectomy group.

Based on the FEV1 values in these studies, we may conclude that, after total laryngectomy, 
obstructive deterioration may be present and increases over months, irrespective 
of the preoperative situation. The deterioration over months might be attributed to 
inflammatory changes of the lower airways due to chronic inhalation of unconditioned 
and/or unfiltered air, rather than to the loss of upper airway resistance, since the latter 
would have shown more instantaneous changes directly postoperatively. However, in the 
initial drop of FEV1 and VC after surgery, as reported by Ackerstaff et al. 71, the loss of 
upper airway resistance might play a role. The reason for this, as mentioned earlier, it that 
reduced extra-thoracic resistance might aggravate DC and increase closing volume, and 
thus might be attributable to a decrease of the FEV1 and VC values. However, since this 
is an assumption, it needs to be validated.

HME-Ls and pulmonary function
Three studies investigated the long-term influence of HME-Ls on pulmonary function 
3, 72, 73. In all 3 studies, pulmonary symptoms (cough, mucus production, frequency of 
forced expectoration, shortness of breath, and chest infections) significantly improved 
with the use of an HME-L. However, the spirometric results are not consistent. In a 
randomised control trial, Jones et al.3 found no significant spirometric changes after the 
use of an HME-L for 6 months. Ackerstaff et al. performed 2 studies, of which one 73 
showed a significant increase of inspiratory values after use of an HME-L for 3 months, 
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while in the other 72 study, compared to the controls, no additional effect on spirometry 
was found after use of an HME-L for 6 months, starting directly after surgery.

The discrepancy between the significant improvement of pulmonary symptoms and 
the insignificant change in forced expiratory flow values due to the use of an HME-L is 
remarkable, in particular since the frequency of coughing has been found to be correlated 
to pulmonary function parameters (among others FEV1 and VC) in laryngectomees 66. 
An explanation for this discrepancy might be that the intra-individual variance of these 
pulmonary function parameters is still too large, or that the study period was not long 
enough. A long-term spirometric study on a large group of patients that could give an 
answer to these questions is announced in the literature 3. 

Conclusions

Three physical properties of HME-Ls theoretically affect respiratory physiology: heat and 
moisture exchange, HME-L resistance and particle filtration. However, since respiratory 
physiology is exposed to all 3 simultaneously, it is difficult to relate an individual parameter 
to changes in respiratory symptoms or pulmonary function outcome, particularly in long-
term studies. However, one might conclude the following: although probably somewhat 
less effective than the upper airway, the heat and moisture exchanging capacity of the 
HME-L is substantial and it should play a major role in pulmonary rehabilitation after 
total laryngectomy. The resistive loading of the HME-L might affect spirometric outcome 
and improve arterial oxygenation, but this influence has not been indisputably proven 
yet. Furthermore, the capacity of the simple hygroscopic HME-L to filter out pathogens 
is presumably poor, although it must be kept in mind that this does not imply that an 
increased filtration property is of no beneficial influence on respiratory symptoms and 
physiology.

Lung function tests during up to one year follow-up after total laryngectomy show 
progressive obstructive deterioration. The improvement of respiratory symptoms 
due to the use of an HME-L does not seem to be related to better expiratory values. 
However, interpretation and comparison of long-term spirometric changes, due to total 
laryngectomy or due to the consistent use of an HME-L, are complicated by the non-
uniformity of the reported spirometric parameters and disease criteria in the available 
literature. It is clear that uniform criteria for spirometric evaluation of pulmonary 
obstruction in laryngectomized individuals are warranted and that the recent guideline 
of the American Thoracic Society and European Respiration society, which considers 
post-bronchodilator FEV1/VC and FEV1 (% predicted) as the most important parameters 
in the diagnosis and follow-up of COPD 74, should be followed.
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Abstract

Background
High-resistance heat and moisture exchangers (HMEs) have been reported to increase 
transcutaneous oxygenation (tcpO2) values in laryngectomized individuals, and to 
negatively influence patient compliance. The goal of the present study was to validate 
earlier published results on short-term transcutaneous oxygenation changes by high- 
resistance HMEs.

Methods
We conducted a randomized crossover study, monitoring the influence of an HME on 
tcpO2 over a 2-hour time interval in 20 subjects.

Results
No evidence of an immediate HME effect (95 % CI: -14.9 – 13.3 mmHg, p = 0.91), or a 
time-dependent HME effect (95 % CI: -0.121 – 0.172 mmHg/min, p = 0.74), on tcpO2 was 
found. After fitting the statistical model without time dependency, again no evidence of 
HME presence was seen (95 % CI: -0.5 mmHg – 3.6 mmHg, p = 0.15).

Conclusion
In contrast to earlier suggestions, there is no evidence of increased tcpO2 levels by high-
resistance HMEs in laryngectomized individuals. Thus, using such HMEs has no added 
clinical value in this respect.
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Introduction

Total laryngectomy results in a permanent disconnection of the upper and lower airways, 
which leads to an increase of chronic pulmonary complaints like frequent involuntary 
coughing, excessive sputum production, and daily repeated forced expectoration in an 
attempt to clear the airway 1. Heat and moisture exchangers (HMEs) were developed 
to compensate for the lost functions of the upper airway and have been found to lessen 
these symptoms and improve quality of life 2-5.

After total laryngectomy, the upper airway is bypassed, so that total airway resistance 
is reduced as the laryngectomized individual breathes through the tracheostoma. Apart 
from preserving heat and moisture 6, HMEs substitute for this lost resistance of the upper 
airway to a certain extent. Depending on brand and flow, the resistance of commercially 
available HMEs ranges from less than 0.1 kPas/L to values approximating the resistance 
of the upper airway, which is reported to be around 0.37 kPas/L during nasal breathing 
at rest 6-8.

The influence of an HME, and therefore of its resistance, on respiratory physiology has 
been evaluated in laryngectomized individuals by McRae et al. 9. These authors reported 
that wearing an HME with a relatively high resistance of 0.32 kPas/L for 4 hours increased 
the transcutaneous or tissue oxygenation (tcpO2) values with approximately 10.5 mmHg 
(corresponding to an increase of approximately 20 % from baseline). It was assumed 
that the resistive load of the HME caused the collapsed lower airways to open, thereby 
improving the ventilation-perfusion ratio. Subsequently, it has been generally accepted 
that this phenomenon occurs 3, 4, 8, 10-12, and currently a relatively high HME resistance is 
proposed to optimize pulmonary function in laryngectomees 3, 9.

Long-term patient compliance for HMEs is reported to be around 80 % 13. Suboptimal 
plaster adherence, skin irritation and handling difficulties are some of the issues that affect 
patient compliance 13. Moreover, especially high-resistance HMEs can be experienced 
as unpleasant or even intolerable by the wearers, because they limit physical exertion 
too much, and compared with lower-resistance HMEs (of approximately 0.15 kPas/L), 
compliance is limited 3. Furthermore, a closer read of the study by McRae et al. reveals 
a limitation. No control group – in which 4-hour tcpO2 measurements were performed 
without an HME – was included. It is therefore not certain that the effect found by these 
authors can be attributed to the presence of a high-resistance HME. It was also not 
reported whether the tcpO2 values were obtained by discontinuous tcpO2 measurements 
or during continuous tcpO2 monitoring. Particularly if the tcpO2 values were obtained 
by continuous monitoring, the presence of the control group would be essential, since 
these types of transcutaneous measurements might be influenced by an on-patient 
upward signal drift of the tcpO2 electrode 14. On the other hand, discontinuous tcpO2 
measurements at different locations introduce location dependency as an additional 
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uncertainty, and when performed at the same location, the reaction of the skin on an 
intermittently heated tcpO2 electrode is an unknown factor.

Because of the clinical consequences, and the fact that our current clinical belief is based 
on the results of one study, the goal of the present study was to re-assess the influence 
of a high-resistance HME on transcutaneous oxygenation values in laryngectomized 
individuals.

Patients and methods

A randomised crossover study was conducted in 20 disease-free laryngectomized 
volunteers who were recruited from the outpatient clinic on the basis of availability. 
All participants were in long term follow-up and at least 6 months posttreatment. The 
protocol was approved by the Protocol Review Board of the Institute, and a written 
informed consent was obtained from all patients.

Patient characteristics
The sample consisted of 19 men and 1 woman, and the median age was 64 yrs (range, 54 – 
83 years). The median time since total laryngectomy was 7.0 yrs (range, 0.9 – 40.4 years). 
Eighteen patients received radiation therapy prior to or after the operation. Fourteen 
patients were consistent users of a Provox HME (Atos Medical AB, Hörby, Sweden): 
type “regular”, “high flow”, or incorporated in a hands-free speech valve. The resistance 
of these devices does not exceed 0.18 kPas/L. One patient still smoked, and one patient 
had never smoked, and the median number of pack years of the total sample was 30.5 
(range, 0 – 125 pack years). Two patients were aware of being diagnosed with Chronic 
Obstructive Pulmonary Disease (COPD). The median Forced Expiratory Volume in one 
second (FEV1) (% predicted) was 75 (range, 52 – 103). Four patients used broncho-dilatory 
medication.

The HME
The HME used by McRae et al. was reported to have a resistance of 0.32 kPas/L 9. The 
HME used in our study was the Trachinaze, Kapitex Healthcare UK, incorporating 
the blue (night) filter unit, with a resistance of 0.37 kPas/L 1 (R. Falkenberg, personal 
communication). Because McRae at al reported a close collaboration with Kapitex 
Heathcare 3, 9, we assumed that the HMEs used in both studies were at least comparable, 
if not identical.
Although the pilot study showed no evidence of a time-dependent HME effect on tcpO2 
(p = 0.61), see appendix, all volunteers were asked to remove their Provox HME from the 

1  This resistance was measured according to the ISO9360 standard at an airflow of 30 L/minute, the resistance 
of 0.32 kPas/L, reported by McRae et al, was calculated at an intratracheal pressure of 0.150 kPa 8.
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tracheostoma, a period of at least 2 hours prior to visiting the hospital. This period was 
chosen for practical reasons, and to minimize any possible influence of the Provox HME 
on airway climate or respiratory physiology.

Transcutaneous oxygenation measurements
The tcpO2 measurements were performed with a transcutaneous monitor (TINA TCM4, 
Radiometer Copenhagen, Denmark), connected to a combined transcutaneous pO2/
pCO2 electrode (type E5280, Radiometer Copenhagen, Denmark). A new membrane was 
mounted on the electrode at least once a week and the total tcpO2 dataset for one patient 
was obtained with one membrane, in order to rule out possible changes in tcpO2 due 
to different membranes. After the electrode was covered with a new membrane, it was 
checked for 0 current. Prior to the first tcpO2 measurement of the day and after every 
change of measuring site, the transcutaneous electrode was calibrated with a 7.5 % CO2, 
20.9 % O2, N2 gas mixture, after which tcpO2 in ambient air was read out as an additional 
control parameter. All tcpO2 measuring sites were located on the peristernal region 
of the chest. Before placement of the plastic holder, in which the electrode was fitted, 
the skin was prepared according to the user manual’s instructions. In order to shorten 
the stabilization time on the skin, the smart heat option was used; i.e. during the first 5 
minutes after electrode placement, the electrode temperature was automatically raised 
to 45 ºC, after which it decreased to 44 ºC for the remaining measuring time on that site. 
The first tcpO2 value on a site was always obtained after a 15-minute stabilization time. 
A tcpO2 value was obtained by calculating the mean tcpO2 of a 5-minute time frame, 
to smooth noise. Since tcpO2 values obtained on the adult chest of hemodynamically 
stable patients are generally above 40 mmHg 15, a tcpO2 value of < 40 mmHg obtained 
during the initial tcpO2 measurement on a peristernal site was considered ‘probably 
not representative’ and a new site was prepared directly laterally to the original site. 
During the measurements, the subjects were seated in a comfortable chair in a semi-
inclined upper body position. Furthermore, the subjects were asked not to communicate 
using tracheoesophageal speech, as this would cause the intra-airway pressure to rise 
substantially 16 and influence the measurements.

Study design
A major concern was the time-dependent impact of a heated electrode on the skin: tcpO2 
readings during continuous tcpO2 monitoring have been described to be influenced by 
an upward transcutaneous electrode drift 14. To assess whether this phenomenon would 
bias the tcpO2 readings during continuous tcpO2 monitoring, it was decided to control 
for the tcpO2 readings obtained during continuous monitoring, by including a pair of 
discontinuous measurements, performed on a different peristernal site, one prior to and 
one after the continuous measurements. This pair of discontinuous measurements was 
performed on one single measuring site, since the pilot study in 6 patients (see appendix) 
indicated that intra-site tcpO2 variability was lower than inter-site tcpO2 variability.
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For each volunteer, the tcpO2 measurements were performed on 2 consecutive days: 1 day 
at sites C(ontinuous)0 and D(iscontinuous)0 and the other day at two other peristernal sites, 
CH and DH (where superscript “0” refers to the day of control measurement and superscript 
“H” refers to the day of HME measurement) (Figure 1). To eliminate a sequence effect, 
the day of HME instalment was randomly chosen. To rule out diurnal variation in lung 
function 17, 18, the measurements started at the same time on both days. The moment the 
patient had been installed in the chair was referred to as t = 0 (Figure 2).

First day

Second day

D0 or DH

DH or D0

C0 or CH

CH or C0

D0 or DH

DH or D0

C0 or CH

CH or C0

D0 or DH

DH or D0

C 0 or CH

C Hor C 0

Figure 1. The peristernal locations 
of the sites for the transcutaneous O2 
measurements. C0/H, position of continuous 
measurement at day of control/day of HME 
measurement. D, position of discontinuous 
measurements. Whether the first day the 
control measurement or the heat and 
moisture exchanger measurement was 
performed depended on the outcome of the 
randomization.

The discontinuous tcpO2 measurements, were performed on sites D0 and DH. A baseline 
tcpO2 was performed as soon as possible after t = 0, after which the electrode was removed 
from its plastic skin holder, and replaced again, after the continuous measurements, 
in order to obtain the second tcpO2 value. As a result, the second tcpO2 value was 
obtained 130 minutes after baseline measurement, corresponding to 100 minutes after 
HME placement (further referred to as long-term discontinuous measurements). In the 
30-minute time interval before HME placement, the electrode was prepared and used for 
obtaining the baseline tcpO2 value for the continuous measurement (Figure 2).

The continuous tcpO2 measurements were performed on site C0 and CH. In between the 
continuous tcpO2 measurements the transcutaneous electrode remained on the skin. After 
having obtained a baseline tcpO2 at C0/H, a tcpO2 value was obtained 15 minutes (further 
referred to as short-term continuous measurement) and 70 minutes later, respectively 
(further referred to as long-term continuous measurement). The HME was installed 
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directly after the baseline measurement at CH. After the last continuous measurement 
the electrode was prepared and used for the second discontinuous measurement, and 
consequently this tcpO2 value was obtained 30 minutes later (Figure 2).

Figure 2. A typical transcutaneous oxygenation measurement (tcpO2) dataset of a subject, who was randomised 
for the control measurements on the first day. Prior to the daily tcpO2 measurements the electrode was gas 
calibrated (not depicted). G: gas calibrations. A: measuring tcpO2 in room air. S: stabilization time. Grey bars: 
the 5-minute time frame representative for one tcpO2 value. C0/H: position of continuous measurements at 
day of control/day of heat and moisture exchanger (HME) measurement. D: position of the discontinuous 
measurements. I: short-term continuous measurement. II: long-term continuous measurement. III: long-term 
discontinuous measurement. For an explanation see text.

Room temperature and humidity were obtained using a temperature and humidity sensor 
(TESTO BV Almere, The Netherlands). The room temperature and humidity values, 
obtained daily just prior to the start of the tcpO2 measurements, were used for further 
analysis. The tcpO2 output of the TCM4 monitor, the room temperature and the humidity 
traces were simultaneously recorded on a PC (via a multichannel data acquisition system 
and Chart 5.4.1 software, ADinstruments).

Statistical analysis:
Analyses were based on a mixed-effect analysis of (co)variance with tcpO2 as dependent 
variable. Based on the results of the pilot study (see appendix), it was calculated that 20 
subjects were sufficient to demonstrate a tcpO2 increase of 5 mmHg due to the presence 
of an HME, with a power of 80 % using a two-sided significance level of p < 0.05. The 
baseline model included fixed effects of site, day, presence of HME, time since t = 0, 
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time on site of electrode since first tcpO2 measurement at that specific site (= time of 
continuous monitoring), time since placement of HME (set at 0 on the day without 
HME, first measurement at D1 and first measurement at C1), FEV1, room temperature 
and relative humidity. Random effects (i.e. between patients, between days or between 
site differences in tcpO2) were included for overall mean, day (between patients), time 
since start (between patients and between days within patients), site (between patients 
and days), time since electrode placement (between patients, days and sites), absence/
presence of HME (between patients, days and sites) and time since HME placement 
(between patients, days and sites). However, to simplify the random effects model, a 
backward elimination procedure (all variables are included to start with; variables with 
the highest p-value (> 0.05) are then removed stepwise from the model) was used on 
the random effects, based on the restricted maximum-likelihood (REML) based Akaike’s 
Information Criterion (AIC). Calculations were performed using the function lme of the 
statistical package S+ version 6.2.

Results

A complete dataset was obtained for all 20 subjects. The discontinuous tcpO2 
measurements on sites D0 and DH were performed at median times t0 + 22–27 minutes, 
and t0 + 2 hours 33–38 minutes. During continuous monitoring on sites C0 and CH the 
tcpO2 values were obtained at median times t0 + 52–57 minutes, t0 + 1 hour 07–12 
minutes, and t0 + 2 hours 02–07 minutes. The HME was installed on CH at median time 
t0 + 57 minutes. Inspection of the data suggested the presence of one outlier, as was 
confirmed by the subsequent analysis of covariance. The means and standard deviations 
of the changes in tcpO2 during the various time intervals are shown in Table 1. The 
net HME effect is unlikely to exceed 5 mmHg. Furthermore, in both control and HME 
groups, during long-term continuous monitoring the tcpO2 readings seem to increase 
while in the discontinuous measurements in both groups a slight decrease is observed.

Table 1. Mean transcutaneous oxygenation changes, mmHg (standard deviation) during the various time 
intervals

Control measurements Heat and moisture exchanger 
measurements

incl. outlier outlier excl. outlier excl. outlier outlier incl. outlier

Short-term continuous
measurements

+ 0.8 (4.2) + 9.5 + 0.3 (3.8) + 0.1 (3.2) + 8.6 - 0.3 (3.7)

Long-term
continuous
measurements

+ 4.3 (8.4) +14.7 + 3.8 (8.2) + 4.9 (4.8) + 26.9 + 6.0 (6.8)

Long-term
discontinuous
measurements

- 4.4 (6.4) -14.7 - 3.8 (6.0) -2.2 (6.4) - 0.5 - 2.1 (6.2)
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Mixed effect analysis of covariance
The backward elimination procedure resulted in elimination of the random effects “time 
since HME placement”, “HME presence”, “Day” and “Time since start (between days 
within patients)”. Elimination of any other random effect resulted in a decrease of the 
REML-based AIC. Residual analysis based on the model identified the presence of one 
outlier (“Patient 7”, short-term measurement at CH, see also Figure 3). This value was 
excluded from further analysis. No other major violations of the model (non-normality, 
heteroschedasticity, non-linearity) were detected.

Figure 3. Residual analysis, depicted by a 
standard normal probability plot, showing all 
transcutaneous oxygenation measurements 
of all volunteers and identifying the presence 
of one outlier (indicated by the arrow).

Residuals, conditional on all random effects 
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There was no evidence of an immediate effect of presence of the HME on tcpO2 after 
placement (95 % CI of intercept: -14.9 – 13.3 mmHg, p = 0.91). Neither was there evidence 
of a (linear) time-dependent effect on tcpO2 due to the presence of the HME (95 % CI 
of slope: -0.121 – 0.172 mmHg/min, p = 0.74). Figure 4 shows the mean tcpO2 values 
estimated from the statistical model.

When the statistical model was fit without a time since HME effect on tcpO2, again no 
evidence of presence of an HME is seen (95 % CI: -0.5 mmHg – 3.6 mmHg, p = 0.15). 
During continuous monitoring, i.e. after the 15-minute electrode stabilization period, 
the tcpO2 still increased, in the latter model on average by 0.081 mmHg/min (SE 0.016, 
p < 0.0001) in both control and HME measurements. In contrast, in relation to t = 0 
there was also an indication of a downward trend in the tcpO2 values (if obtained by 
non continuous monitoring) throughout the whole measuring period with an average of 
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0.029 mmHg/min (SE 0.010, p = 0.0070). No systematic effects were found for pulmonary 
function: FEV1 (% predicted), room temperature (median, 23.8 °C, range, 20.6 °C – 25.0 
°C), or relative humidity (median, 38.6 % , range, 26 % – 57 %).

Discussion

In this study, no evidence of an effect of the presence of an HME on tcpO2 was found 
in a group of volunteers with an age distribution that we think is representative for the 
laryngectomee population 5. The findings of the present study are in contrast with the 
findings of McRae et al., who observed a mean tcpO2 increase of approximately 10.5 
mmHg (p = 0.0087) in 25 subjects after 4 hours of HME use 9. Although it is unknown 
whether these authors have obtained the tcpO2 values by discontinuous measurements 
or during continuous monitoring, it seems likely that the latter method was used, as their 
results are in complete agreement with the tcpO2 changes observed during continuous 
monitoring in the present study. Our results also showed that the presence of a control 
group is essential in order to correctly interpret the results of the HME measurements, 
because the increase in tcpO2 readings during the continuous monitoring and the overall 
decrease in tcpO2 values were present in both the HME and the control measurements. 

Figure 4. The mean transcutaneous oxygenation (tcpO2) values estimated from the statistical model. The dotted 
line represents the heat and moisture exchanger measurements and the solid line the control measurements. 
The standard errors are indicated at the various points in time.
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Because no control group was included in the study of McRae et al., the tcpO2 changes 
observed by these authors might not represent an HME effect. If these authors have 
indeed obtained the tcpO2 values during continuous monitoring, it is probable that the 
reported tcpO2 increase is at least biased by an upward signal drift of the transcutaneous 
electrode 14.

In contrast to our study, with a maximal time frame of 100 minutes after HME placement, 
Mc Rae et al. evaluated tcpO2 values 4 hours after placement of the device. However, it 
is highly unlikely that a 4-hour follow-up in the present randomised study would have 
shown evidence of an effect of the presence of an HME on tcpO2: the pilot study, which 
was also carried out with a 4-hour tcpO2 follow-up after HME placement (see appendix), 
as well as the present randomised study showed no evidence of a time-dependent HME 
effect on tcpO2.

During the last decades, several hypotheses have been postulated with regard to the 
consequences of changes in upper airway resistance in laryngectomized individuals. 
Some authors assume that the loss of upper airway resistance increases dynamic airway 
compression by shifting the equal pressure point toward a more peripheral airway region, 
where the airway has less elasticity and is more easily flattened 19. Others suggest that 
the respiratory load of the HME creates positive end-expiratory pressure (PEEP), thereby 
reducing alveolar collapse and improving lung volumes 3. However, these theories have 
not been validated in laryngectomized individuals. In addition, in the general literature 
on lung function, more complicated mechanisms have been forwarded by respiratory 
physiologists 20. It should be noted that PEEP is probably not a viable theory because 
an HME only establishes additional positive pressure during expiration; at the very end 
of expiration the endotracheal pressure must be atmospheric, because there is an open 
connection between the airway and the environment.

However, there is circumstantial evidence in favour of a possibly relevant effect of 
HME resistance on respiratory physiology. Pursed Lips Breathing (PLB), like the HME, 
increases extra-thoracic expiratory breathing resistance by creating additional expiratory 
load and has been shown to improve arterial oxygenation values in patients with COPD 
21-24. Notably, according to some authors, this is the consequence of a decreased breathing 
rate, rather than a direct consequence of the increased airway resistance 21, 25. Since the 
additional expiratory load of a high-resistance HME approaches that of PLB 26, a selective 
subgroup of laryngectomees, i.e. those who suffer from severe COPD, may also have 
respiratory benefits from the resistive load of this device. Since no subjects with severe 
obstructive disease were identified in this study, no comment can be made on the validity 
of this hypothesis. Furthermore, it should be noted that, in contrast to PLB, an HME also 
increases inspiratory resistance. This may not be tolerated for a longer period of time, 
particularly by those with severe COPD. To validate the abovementioned hypothesis, the 
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ideal HME – in analogy to PLB – should increase breathing resistance mainly during 
expiration, which has also been suggested earlier 3.
Apart from evaluation of a short term HME effect on tcpO2, the research group of McRae 
et al. also assessed the long-term influence of the HME on tcpO2 in a randomised control 
trial 3. It was found that in contrast to the control group, tcpO2 was increased after 
wearing an HME for 6 months. It was suggested by the authors that this increase was 
also directly related to the increased extra-thoracic resistance due to the HME. However, 
it should be noted that this can also be hypothesized to be the result of a generally 
improved mucosa condition, concurrent with the improvement of pulmonary symptoms 
(the authors found a significant decrease in infection rate, coughing, mucus production 
and shortness of breath during rest in the HME group), due to chronically increased 
intra-airway temperature and humidity values created by the HME.

The gold standard to measure HME influences on blood oxygenation would be with the 
aid of arterial blood gasses. This eliminates the influence of the skin and electrode drifts, 
which limit the accuracy of the present study. However, the arterial puncture itself may 
cause physical distress, eg an altered heart rate and breathing pattern, which may influence 
the results as well, and therefore placement of an arterial catheter would be required. 
Because of its invasive character, arterial blood gas sampling was not considered justified 
in this stage of research. Nevertheless, additional research with the aid of arterial blood 
gas sampling may be required to validate the discussed hypotheses and/or to confirm the 
results of the present study.

It has to be stressed that our findings do not dispute the positive clinical effects of HMEs 
on respiratory symptoms and quality of life, which have been demonstrated by several 
clinical studies 2-4, 27. However, the present study does indicate that high HME resistance 
is probably not as beneficial as was thought previously. Furthermore, because high HME 
resistance may negatively influence patient compliance, we advocate the use of HMEs 
with a convenient resistance.

Conclusion

We conclude that, in contrast to earlier suggestions, there is no evidence of increased 
tcpO2 levels due to the presence of a high-resistance HME in laryngectomized individuals. 
Since high-resistance HMEs have been found to negatively influence user comfort and 
thus compliance, HMEs with a convenient breathing resistance can be the first choice.
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Appendix

The pilot study
A pilot study was performed in 6 laryngectomized subjects. The materials, methods 
and statistical approach of this pilot study were identical to those of the subsequent 
randomized trial, except that in the pilot study a) none of the volunteers were users of 
an HME, b) the day of HME instalment was not randomly assigned, c) the influence of 
the HME on the tcpO2 values was observed for a time interval, comparable to that of 
the study of McRae et al.: 2 hours of continuous monitoring at sites C0 and CH, and a 
4-hour tcpO2 evaluation point by discontinuous measurements at sites D0 and DH, and 
d) just prior to the 4-hour evaluation, the tcpO2 value was also obtained on two other 
measuring sites in the peristernal region of the chest, to assess between-site variability. 
The statistical analysis of the pilot study showed no evidence of a systematic effect of 
presence of HME (p = 0.74). Also there was no evidence of a time-dependent HME effect 
on tcpO2 (p = 0.61). Furthermore, it was found that during continuous tcpO2 monitoring, 
in spite of a 15-minute stabilization period, the measured tcpO2 at a specific site still 
increased on average by 0.13 mmHg/min (SE 0.02; p < 0.0001), both in control and 
HME measurements. The maximal systematic difference in tcpO2 between two sites 
was 16.1 mmHg with additional random variation of 6.7 mmHg. Variability between 
measurements on one site was 2.4 mmHg.
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Abstract

Background
The aim of this study is to develop a postlaryngectomy airway climate explorer (ACE) 
for assessment of intra-tracheal temperature and humidity and of influence of heat 
and moisture exchangers (HMEs). Engineering goals were within-device condensation 
prevention and fast response time characteristics.

Methods
The ACE consists of a small diameter, heated air-sampling catheter connected to a heated 
sensor house, containing a humidity sensor. Air is sucked through the catheter by a 
controlled-flow pump. Validation was performed in a climate chamber using a calibrated 
reference sensor and in a two-flow system. Additionally, the analyser was tested in vivo.

Results
Over the clinically relevant range of humidity values (5 – 42 mgH2O/L air) the sensor 
output highly correlates with the reference sensor readings (R2 > 0.99). The 1 – 1/e 
response times are all < 0.5 s. A first in vivo pilot measurement was successful.

Conclusion
The newly developed, verified, fast-responding ACE is suitable for postlaryngectomy 
airway climate assessment.
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Introduction

Total laryngectomy results in a permanent disconnection of the upper and lower airways, 
and leads to an increase in chronic pulmonary complaints like frequent involuntary 
coughing, sputum production, and repeated daily forced expectoration in order to clear 
the airways 1. Heat and moisture exchangers (HMEs) were developed in an attempt to 
compensate for the lost functions of the upper airway and have been found to reduce 
these symptoms and improve quality of life 2-4.

In vitro, the moisture exchanging capacity of the HME can be specified with the ISO 
9360 standard. However, this standard does not incorporate a standardized method for 
determining the heat exchange of the HME and it is not possible to translate the results 
obtained with the lung model of the ISO 9360 standard to the true in vivo situation. 
Therefore several questions remain unanswered. Fundamentally: what is the in vivo heat 
and moisture exchanging capacity of the HME? And clinically, how does the in vivo heat 
and moisture exchanging capacity relate to that of the upper airway, i.e. where does the 
HME stand in the range from open stoma to nose breathing? Is a further improvement 
of the HME ś heat and moisture exchanging capacity possible and desirable, and does 
this result in a further decrease of the pulmonary complaints due to the use of this 
rehabilitation device?

Measuring intra-airway temperature and humidity is a technically complex issue 5. 
Assessing the temperature and humidity variations during normal breathing requires fast 
sensor response characteristics. No appropriate commercial systems for this purpose are 
available, and only a few self-constructed validated systems have been published 6-11. Two 
groups evaluated the influence of an HME on intra-airway temperature and humidity in 
laryngectomees. In one study 11 the sensor response time was up to 9 s and in the other 
studies 9, 12 a response time of 2 s is reported which has been shown to be sufficiently fast 
for normal breathing volunteers, but which might be insufficient for patients.

Our goal was to develop a verified intra-tracheal airway climate analyser with response 
characteristics fast enough for assessment of end tidal intra-airway temperature and 
humidity variations during normal breathing in laryngectomized individuals, and for 
evaluation of the influence of HMEs on these parameters.

Design considerations

Placement of a humidity sensor in the airway itself was rejected. Humidity sensors 
must be kept clean and a construction to protect a sensor would be so large that the 
aerodynamics within the airway would be disturbed. A high airflow around the sensor 
is required to minimize the response time of the sensor. A constant airflow is necessary 
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for a reliable interpretation of the time dependent signal, and in addition facilitates the 
use of deconvolution to optimize system response characteristics. Therefore, a sensor 
environment had to be created in which airflow remains constant and high during the 
whole breathing cycle, i.e. in a “chamber”. In order to disturb airway aerodynamics as 
little as possible, a small diameter sample catheter for transportation of breathing air 
outside the airway to a humidity sensor is required. We decided that the lumen surface 
of the sample catheter should not exceed 10 % of the lumen surface of the trachea. A 
decrease in lumen area of maximal 10 % will result, by the law of mass conservation, in 
an increase in local flow velocity of 10 %. This on its turn will lead to a transbronchial 
pressure drop of maximal 20 % which is supposed to be small enough to avoid substantial 
deformation of the trachea wall. This means that based on a diameter of 2 cm, which is 
representative for the trachea of an adult person, the maximal diameter of the sample 
catheter should not be more than 6 mm.

In order to prevent condensation of water, the temperature of the measurement system 
must not be below the temperature of the breathing air. In addition, high humidity levels 
should be avoided to prevent hysteresis of the humidity sensor. Based on the maximal, 
i.e. end-expiratory, temperature of about 36 °C, with a relative humidity (RH) of about 
97 % 13, the breathing air must be heated to at least 38 °C in order not to exceed 90 % 
RH (www.thunderscientific.com/web_humicalc/index.php). On the other hand, a heated 
sample catheter should be thermally isolated in order to prevent patient discomfort and 
artificial heating of inspired air.

We decided to limit the sample rate to less than 10 % of the respiratory minute volume. 
Based on a breathing frequency of at least 12 cycles/minute and a tidal volume of 0.5 L for 
an adult human at rest, the sample rate should be 0.6 L/min at most. 

Finally the catheter should be easy to manipulate and it should be possible to insert it 
into the trachea even if an HME filter is in situ. The primary measuring site for the sensor 
should be about 1 cm behind the HME, but preferentially, measurements deeper in the 
trachea should be possible as well.

Components

Airway Climate Explorer
Breathing air is sampled through a 0.8 mm diameter central canal of a multilumen tube 
(see Figure 1A, B). Four of the six surrounding canals are threaded with two resistance 
wire loops in order to facilitate catheter heating. Resistance wire was chosen to minimize 
current load in case of unexpected patient contact. Two surrounding canals have been 
threaded with a copper wire loop in order to measure temperature for the system heating 
control unit. A thermocouple (MLT1402 T-type Ultra Fast Thermocouple Probe (IT-23), 
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ADInstruments Ltd, Oxfordshire, UK), was placed just inside the tip of the central canal, 
in order to establish a constant airflow around this sensor. The thermal response of 
the thermocouple is specified as 5 ms, accuracy ± 0.1 °C. The distal 2 cm of the sample 
catheter is not actively heated in order to prevent retrograde heating of the thermocouple. 
The multilumen tube is surrounded by a silicone isolation tube with an outer diameter of 
5 mm. In between both tubes, a small layer of air increases thermal isolation. The length 
of the sample catheter is 30 cm.

Silicone tube 

Air 

Sample canal with 
thermocouple 

Peripheral canals: 
2 copper wired 
4 resistance wired 

A

B

Figure 1. Drawings of the sample catheter; A: 3D overview with enlargement of the tip. B: cross section (total 
diameter 5 mm).

The proximal end of the catheter is connected to an aluminium sensor house, 
incorporating the humidity sensor (see Figure 2). The humidity sensor most suitable 
for our purposes appeared to be the capacitive humidity sensor of a radiosonde (RS92K, 
Vaisala Oyj, Helsinki, Finland). The technical specifications report a response time of 
< 0.5 s at 20 °C and < 20 s at -40 °C, both at an airflow of 6 m/s. The humidity sensor is 
placed in an aluminium sensor house that is wrapped with copper wire for heating. The 
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humidity sensor is mounted on a sensor beam and consists of a small chip with the sensor 
polymer and an aluminium wire that in the original radiosonde served as a heating wire, 
but which we use to measure the temperature of the humidity sensor in situ (see Figure 
3). Apart from the humidity sensor chip, the sensor beam also contains a temperature 
sensor, but this was not used as it is located relatively far from the humidity sensor chip. 
The sensor house is heated to avoid prolonged saturation of the sensor 5, 14.  The 
temperature is kept stable within 0.2 °C. Therefore the output of the capacitive sensor 
which is sensitive for the relative humidity can be directly converted to absolute humidity. 
Because a radiosonde is not designed for long-term use, the sensor house was constructed 
such that it could be easily opened to replace the sensor beam. The diameter of the air 
canal that leads to the humidity sensor is 1.4 mm. The air inflow passes through a droplet 
interceptor in the sensor house in order to prevent sucked up sputum from being projected 
onto the sensor chip. In the bottom of the droplet interceptor an electrode is placed in 
order to detect fluid accumulation, in which case a mechanic valve instantly disconnects 
the pressure gradient through catheter and sensor house, which is established by a 
vacuum pump (DIVAC 0.6, Leybold Vacuum BV, Utrecht, the Netherlands). The flow 
rate is controlled and kept constant at 0.6 L/min, by a mass flow meter/controller (Smart 
Mass Flow Meter, type 5850S and Smart Control V1.4 Software, Brooks Instruments, 
Veenendaal, the Netherlands), which is placed between the sensor house and the pump. 

Figure 2. Cross section of the sensor house; I: connection to catheter, II: humidity sensor, III: copper wire for 
heating of the sensor house, IV: droplet interceptor with electrode for fluid detection, V: valve for disconnection 
of pressure gradient in case of fluid detection in the droplet interceptor, VI: thermocouple wire.
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Figure 4 summarizes the airway climate explorer in a block diagram. In this figure also 
the custom-made electronic module is shown. The main functions of the module are: 
processing of the humidity sensor signal and its associated temperature signal, i.e. heating 
of both the sample catheter via the resistance wire, and the sensor house via the copper 
wire, each to their own adjustable set points. The electronic principles of the design of the 
module are described in the appendix.
For patient safety, the total assembly is connected to a safety isolating transformer.

4 mm 

Capacitor contact 2 Capacitor contact 1 

Aluminium wire, used for 
temperature measurements  

1.5 mm 

Figure 3. Details of the humidity sensor (dimensions 4 x 1.5 mm2) 

Figure 4. Block diagram of the Airway Climate Explorer

Data acquisition and signal processing.
All signals of the total assembly, i.e. voltage output of the sensor polymer and the aluminium 
wire on the humidity sensor of the ACE, temperature signal of the thermocouple, sample 
rate of the mass flow controller, and all ancillary equipment (see below), are read out 
simultaneously via a multi channel data acquisition system with additional software 
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(Powerlab and Chart 5.4.1 software, ADInstruments Ltd, Oxfordshire, UK) on a PC. For 
deconvolution of the raw humidity output of the ACE, the software application LabVIEW 
(National Instruments Netherlands BV, Woerden, The Netherlands) is used.

Cleaning and disinfection protocol
Prior to every in vivo measurement, the sample catheter is cleaned and disinfected with 
the following procedure. First the catheter is rinsed with tap water. Subsequently the 
catheter is cleaned with disinfection hand soap (Baktolin Basic, Bode Chemie, Hamburg, 
Germany) and rinsed again with tap water. Then the catheter is placed in a solution of 
Biotex (Sara Lee, Utrecht, The Netherlands) and tap water for 10 min, after which it is 
placed in a 70 % alcohol-water solution for 5 min. During the disinfection procedure, 
chemicals are prevented from entering the central canal of the sample catheter by 
establishing retrograde airflow, in order to protect the humidity sensor polymer. The 
central canal is not sterilized because during use there is continuous suction of air 
towards the vacuum pump. Finally the catheter is dried in room air.

Ancillary equipment for frequent in hospital calibration
For frequent, in-house, temperature calibrations a can of water is used in which the 
thermocouple is placed, simultaneously with a calibrated thermometer (Thermalite, 
Electronic Temperature Instruments Ltd, Worthing, UK), accuracy: ± 0.4 °C, acting 
as a secondary reference. By using water with melting ice or warm tap water, the full 
temperature range can be quickly calibrated.

For frequent humidity calibrations, a small climate room was constructed. This climate 
room consists of a plexiglas box of 26 x 42 x 16 cm3, in which moisturized air can be 
brought via the distal end of the tube of a neonatal respiratory humidifier (MR730 
Respiratory humidifier, Fisher & Paykel Healthcare, Papendrecht, the Netherlands). Air is 
mixed via an electromotor-driven propeller (25 cm diameter). The box has entries for the 
tip of the sample catheter and for a calibrated heated humidity and temperature sensor 
accuracy ± 0.6 °C and ± 2.5 % relative rumidity (RH), (Testo B.V., Almere, the Netherlands), 
which is used as a secondary humidity reference. The system can be operated in ambient 
air (30 – 60 % RH), can be connected to the hospital oxygen supply, and can be set to 
deliver dry or 100 % humidified gas at room temperature.

Assessment of step-response characteristics was performed in a two-stream system, 
which consisted of two tubes that were mounted side by side, connected to - in absence 
of compressed room air facilities -  the hospital’s oxygen supply. Through one tube, dry 
oxygen flowed, and through the other the oxygen was heated and 100 % humidified with 
the respiratory humidifier. Subsequently, the sample catheter tip was manually switched 
between both tube lumina.
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Leakage testing is performed by checking the time required to completely empty a flexible 
sack that is filled with a well-defined volume of air (1 L). This volume is pushed into the 
sack with a calibration syringe (Jaeger GmbH/VIASYS Healthcare GmbH, Hoechberg 
Germany)

Environmental temperature and humidity are monitored with the heated humidity and 
temperature sensor.

Calibration and verification

Full calibration of the system was performed with one single sensor beam. However, due 
to the disposable design of a radiosonde and the possibility of damaging the sensor during 
the measurements, most likely several sensor beams will be used over time. Therefore, 
response time behaviour was checked also for a second sensor beam, and the calibration 
procedure was designed such that these characteristics can be easily determined for a 
consecutive beam.

Operating temperature
Raising the temperatures of the system, and therefore of the humidity sensor, above 
room temperature, we observed an initial decrease in the response time, but above 40 °C 
the response time increased. Therefore 40 °C was chosen as operating temperature. At 
this temperature, the sampled air in the catheter reaches 40 °C well before arrival in the 
sensor house, and therefore the influence of breathing temperature variations on sensor 
temperature is negligible. For measurements at 1 cm deep in the trachea the heated part 
of the tube does not enter the trachea so that artificial heating of the inspired air will not 
occur.

Static Calibration
The temperature of the sensor is kept stable within 0.2 °C. Therefore the output of the 
capacitive sensor, which is sensitive for the relative humidity, can be directly converted 
to absolute humidity. In a climate cabinet (Heraeus Votsch HC7020), the humidity 
output of the ACE was plotted against a clinically relevant range of absolute humidity 
values, as measured with the secondary reference sensor, see Figure 5. Since this relation 
appeared to be linear, a 2-point calibration is considered appropriate for further frequent 
humidity calibrations in the hospital. Given the accuracy of the reference sensor and the 
somewhat limited range between the calibration points to avoid excessive condensation 
or temperature disequilibrium in the calibration device, the inaccuracy of the system for 
measuring absolute humidity values after the 2-point calibration is less than 5 %.

The thermocouple measuring the temperature at the tip of the sample catheter was 
2-point calibrated against the values of the reference thermometer in ice water and water 
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at body temperature. This procedure can be performed in the hospital, prior to every in 
vivo measurement. Given the accuracy of the reference thermometer, the accuracy of the 
system for measuring temperature values after a 2-point calibration is 0.3 °C.

Assessing the role of condensation in the measuring system.
In order to assess the necessity of heating the system in order to prevent condense 
formation within the device, step response measurements were performed with an 
unheated system and subsequently with the system heated to 40 °C. With an unheated 
system, a delay of up to several seconds was observed in the humidity trace relative to the 
thermocouple trace after a downward step. The longer the sensor is kept in high humidity 
environment, this delay increases; and it is indicative for the formation and subsequent 
evaporation of the condensate within the system. Even when simulating clinically relevant 
breathing frequencies, a noticeable delay of 0.15 s was observed.
When measuring high humidity at operating temperature for a long time, after the 
downward step, a very fast response with a delay of less than 0.05 s was observed. This 
delay is caused by the transport of sampled air from the tip of the catheter towards the 
humidity sensor and is not relevant for the measurement of end tidal values. In the 
downward trace this fast response was followed by a shoulder at about 50% of the step, 
of which the length again increased with the duration at high humidity. This shoulder 
probably represents the evaporation of the condensate in the unheated tip of the sensor.

During in vivo measurements however, the system will never be exposed to high 
humidities for an extended period of time. Therefore we simulated a range of breathing 
frequencies with the two-stream system resulting in a series of block functions of 
approximately 9, 18, and 35 cpm (cycles per minute). At 9 cpm a short shoulder is still 
visible, but the condensate evaporates sufficiently fast that the “end-inspiratory” value is 
reached. At 18 and 35 cpm no shoulder was observed.
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Figure 5. Output of the humidity sensor plotted against the secondary reference
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Raw response time characteristics
Using the two-stream system the step response of the ACE was determined. Both for the 
temperature and the humidity signal we determined the 1 - 1/e response time. For the 
downward humidity step we could not use a plain step function because condensation in 
the tip would occur. Therefore we used a block function with a frequency of 18 cpm (see 
Figure 6A). At this frequency the response time is still relatively short compared with the 
period of the block function and easy to determine from the humidity trace.

For the thermocouple, the response to increasing and decreasing temperature steps was 
< 0.2 s. For the first humidity sensor, the response to increasing humidity and decreasing 
humidity was < 0.5 and < 0.8 s, respectively, at a frequency of 18 cpm. We verified that the 

A

Figure 6. Response to a block function; solid black line: raw humidity trace, solid grey line: deconvolved humidity 
trace, dashed line: thermocouple trace. Vertical axis: °C / mgH2O/L. Horizontal axis: seconds. A: response to a 
block function of approximately 18 cycles per minute, B: overview of the response to a block function with 
varying frequency (9 to 35 cpm).

B
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response characteristics at other frequencies were comparable. Both rise and fall times of 
the second humidity sensor were approximately 60 % shorter.

The observed raw response times are slightly longer than we had expected based on 
the specifications of the Vaisala Humidity Sensor, probably because the airflow over 
the sensor is slower than specified. Although every attempt was made to minimize the 
volume of the sensor chamber we estimate that the airspeed over the sensor is between 2 
and 3 m/s instead of 6 m/s.

Deconvolution of the humidity signal
Since the raw step response times of tested humidity sensors were considered too slow 
for patients with high breathing frequencies, it was decided to further process the raw 
humidity signal. Depending on the tested sensor, the raw step response can be closely 
approximated by a single or double exponential function. Therefore it is possible to 
reconstruct the original signal by deconvolution. Although we observed a different 
response time for increasing and decreasing humidity steps, we nevertheless chose a 
single function because of its better numerical stability:

For the removal of excessive noise a low pass filter of < 300 cpm was applied. Because 
the raw response characteristics varied in between the humidity sensors and over 
time, τ was adjusted for each individual measurement. The principle of adjustment of 
these parameters was to acquire a maximal value for τ, such that no overshoot of the 
deconvolved humidity trace was visible. We used the thermocouple signal as reference 
for the true step function. For the first sensor, the deconvolved signal was stable and 
optimal for increasing humidity with τ   = 0.4 s. For the second humidity sensor a τ of 0.1 
s appeared to be appropriate. We verified that the raw step response characteristics were 
reproducible and that the deconvolution results were not influenced by the step size.

After deconvolution of the humidity signal, the response characteristics improved, see 
Figure 6A. The 1- 1/e step response time to a block function for the first humidity sensor 
was < 0.2 s for increasing humidity and < 0.4 s for decreasing humidity at a frequency of 
18 cpm. For the second sensor the deconvolved step response characteristics were similar 
after deconvolution.
Figure 6B shows the raw and deconvolved humidity response to a block function over a 
range of breathing frequencies. It is shown that the frequency dependence of the peak-
to-peak values is reduced after deconvolution. At higher frequencies, we nevertheless see 
that the deconvolved signal increasingly deviates from the true peak-to-peak values. This 
deviation is more marked in the lower peak, due to the relatively long humidity fall time 
of the raw trace, compared to the rise time. The magnitude of the deviation in the lower 
peak ranges from about 1.5 mgH2O/L at a breathing frequency of 9 cpm to 5 mgH2O/L at 

t/)( tetf −=
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35 cpm. Since the step response characteristics of the deconvolved signal were comparable 
for both tested sensors, the deviations are of comparable magnitude too.
At 35 cpm even the amplitude of the fast thermocouple signal does not reach the true 
peak-to-peak values. The deviation is less than 0.5 °C so that we do not consider a 
correction necessary for the thermocouple signal.

The in vivo measurement
The total assembly and the influence of a heat and moisture exchanger were tested in 
one laryngectomized volunteer. The tip of the sample catheter was pushed 1cm through 
a small hole that was punched in a HME plaster (Figure 7). The diameter of the puncture 
was slightly smaller than the diameter of the sample catheter in order to avoid air 
leakage. Figure 8 shows a segment of the raw and deconvolved humidity trace and the 
thermocouple signal. In this particular volunteer τ required adjustment to 0.35 in order 
to eliminate overshoot. During breathing in rest, intra-airway temperature and humidity 
ranged from 28 / 34 °C and 15 / 37 mgH2O/L (typical end-inspiratory/end-expiratory 
values) respectively. During the total measurement session, breathing frequency ranged 
from 12 – 44 cpm (mean 17.8 cpm, SD 4.4 cpm). In addition, inspiration time may be 
relatively short compared to expiration time. See the beginning of the trace in Figure 8.

Figure 7. Sample catheter in situ, pushed through a punched hole in the HME plaster, without HME filter in 
situ.
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Discussion

Our results show that we have succeeded in developing an intra-tracheal airway climate 
analyser with response characteristics fast enough for assessment of end tidal intra-
airway temperature and humidity variations during normal breathing in laryngectomized 
individuals. In the literature, only a few systems have been described that simultaneously 
measure temperature and humidity in the human airway 6-11.
Ingelstedt 6 reported on intra-airway climate in healthy individuals using a well-validated 
system based on psychrometry, with signal stability  0.3 – 0.4 s after sudden exposure 
to increased humidity. However, this method had a few disadvantages. The wet thermo 
element remained sufficiently moistened for only 5 – 8 respiratory cycles, after which 
it had to be retracted in order to be watered by a moistened wick again. Furthermore, 
even the slightest contact with tracheal secretion increased the thermal inertia of the 
psychrometer, after which it has to be cleaned in a 4-h lasting procedure.
Although contact of the humidity sensor of the ACE by tracheal secretion is less likely, the 
central canal of the sample catheter is susceptible to obstruction by tracheal secretion. 
When this would occur, the sample catheter can be disconnected from the sensor house 
and subsequently the obstructive plug can be removed by establishing reversed airflow. 
The electrodes in the bottom of the droplet interceptor appeared to work effectively. If 
the humidity sensor would be damaged, it can easily be replaced. Due to the “in hospital” 
calibration procedures, the measurements can be continued within a relatively short time 
span.

The system of Primiano et al. 7 consisted of a sample catheter that was connected to a 
mass spectrometer. In order to prevent condensation, the tip of their sample catheter 
was constricted, establishing a decrease in air pressure. Extensive validation of the total 

Figure 8. In vivo humidity trace before and after deconvolution; black trace: raw humidity signal, grey trace: 
deconvolved humidity signal. Vertical axis: mgH2O/L. Horizontal axis: seconds
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assembly revealed impressive 10 – 90 % response time characteristics of less that 0.25 s for 
humidity readings and less than 0.12 s for temperature readings respectively. Since mass 
flow meters are expensive and require solid maintenance, the use of such a device was not 
considered feasible for our project. Although their measurement system has been used 
for assessment of anaesthesiology heat and moisture exchanger effectiveness, we are not 
aware that this system has been used for airway climate assessment in laryngectomees.

McRae et al 8, 11 and Keck et al. 9, 12, have assessed tracheal climate and the influence 
of HMEs in laryngectomees. The setup of Keck et al. consisted of a sample catheter, 
connected to a sensor house that incorporated a capacitive humidity sensor.
As described in 12 the sensor house was heated with a heat mat to 34 – 35 oC, which is 
slightly lower than the maximum end-expiratory temperature observed (35.2  oC) so that 
condensation still might be a possibility. However, the sample catheter was not heated, and 
the verification of the total assembly has not been included in the report. In the present 
device, evidence of condensation -probably precipitated in the unheated distal 2 cm of 
the catheter tip (which is in vivo somewhat heated by the body) is observed when offering 
block functions at a frequency of 9 cpm. Despite this, at 9 cpm the end values were not 
affected. It is therefore unlikely that also during in vivo measurements condensation will 
affect the amplitude of the peak-to-peak values. Moreover, the temperature and humidity 
steps will occur more gradually in the in vivo situation, theoretically decreasing the 
amount of condense formation in the sensor tip, compared to the offered block function. 

In the studies by McRae et al. 8, 11, the response time of the humidity sensor used in the 
setup of McRae was up to 9 s. The frequency of human rest breathing is far too high 
compared to these response characteristics to obtain representative values for intra-
tracheal humidity.
However, as the two-stream block function experiment has shown, also in the present 
measuring device, the amplitude of the deconvolved humidity trace depends on the 
breathing frequency. The clinical implication of this finding is that, at higher breathing 
frequencies, the true peak-to-peak values are slightly, but progressively underestimated 
by the ACE, although probably less than in vitro due to more gradual humidity and 
temperature variation in the latter situation. The variation in end-inspiratory humidity 
values and temperature signals, as indicated by the deconvolved humidity signal and the 
thermocouple in the in vivo experiment may therefore be partially due to a frequency 
dependency and not due to a real variation in humidity and temperature values. 

Quality control
The first sensor functioned correctly for 1 year and the second for half a year. Both sensors 
had to be replaced because of accidental damage during cleaning. The two humidity 
sensors appeared to have different response characteristics. Sensor age, variation in 
the production process of the humidity sensor etc. may result in variation between 
the characteristics of different humidity sensors, but also between the characteristics 
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of one sensor measured over time. Linearity between reference humidity values and 
sensor output in all consecutive sensors is felt to be a prerequisite for serial production of 
radiosondes. The small climate room and the 2-point calibration is therefore considered 
appropriate for daily quality control. A potential source of error is leakage of air, causing 
dilution of sampled tracheal air with room air. Therefore the simple leakage test should 
be part of the regular quality control.

Although both tested humidity sensors revealed the different step response times of 
the raw humidity signal, the peak-to-peak amplitude of the deconvolved signal was 
comparable between both sensors. The two-stream step response setup facilitates 
regular control of the sensor response characteristics and, if necessary, adjustment of the 
deconvolution function can be easily performed.

Limitations and further improvements
During measurements deeper in the trachea (e.g. 4 cm), contact of the catheter tip with 
the airway wall may lead to irresistible cough. Preferably the distal end of the sample 
catheter should be better pliable in the shape of the trachea, in order to facilitate better 
control of its tip and reducing airway wall contact. Also visual control of the catheter tip 
may contribute to prevention of wall contact.

The response of the sensor when decreasing the humidity is slower than the response 
to increasing humidity. However, the same simple deconvolution function is used for 
increasing and decreasing humidity. A more advanced signal processing might further 
improve response characteristics and decrease the remaining frequency dependence of 
the peak-to-peak amplitude. In particular for the end-inspiratory values this is important 
because of the relatively short time span of the inspiration time compared to the expiration 
time, combined with the relatively slow response characteristics to decreased humidity 
compared to increased humidity.

In conclusion, the Airway Climate Explorer is an easy to use, relatively inexpensive tool 
for intra-airway temperature and humidity measurements. When looking at the end-
inspiratory and end-expiratory humidity values as measured by our system, the accuracy 
is adequate for assessment of intra-tracheal climate.
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Appendix: Principles of the electronic design        
(see also Figure 4)

Humidity measurement
The electrical capacitance of the radiosonde sensor dielectricum changes with humidity. 
In order to detect these changes it was chosen to use the capacitance as the frequency 
determining component in a relaxation oscillator 15, 16. A change in humidity results in 
a change of the oscillator output frequency.  The oscillation frequency is converted to a 
DC-signal for further processing by a personal computer.

Temperature and heat control
A copper wire in the sensor tube and a PT1000 element in the sensor house serve as 
thermistor elements. The thermistor elements continuously measure the temperature. 
A completely analogue temperature controller from the proportional-integrating-
differentiating (PID) type is used to power the heater until the set temperature has been 
reached. By using a PID-type controller interference from the heater to the humidity 
sensor is prevented because no switching action takes place.
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Abstract

Background
The beneficial function of heat and moisture exchangers (HMEs) is undisputed, but 
knowledge of their effects on intra-airway temperature and humidity is scarce. The aim 
of this study was to evaluate the clinical applicability of a new airway climate explorer 
(ACE) and to assess the HME’s influence on tracheal climate.

Methods
Intra-tracheal temperature and humidity were measured with and without HME in 10 
laryngectomized patients.

Results
A HME causes the intra-tracheal mean humidity minima to increase with 3.2 mgH2O 
/L (95 % CI: 1.5 – 4.8 mgH2O/L; p < 0.001), from 21.4 – 24.6 mgH2O/L, and the mean 
temperature minima to decrease with 1.6 °C (95 % CI: 0.9 – 2.4 °C; p < 0.001), from 28.5 – 
26.9 °C. Relative humidity values suggest that the tested HME keeps inspired air (nearly) 
fully saturated during the full course of inspiration.

Conclusion
Assessment of intra-tracheal temperature and humidity, and evaluation of HME 
effectiveness is feasible with the ACE. The tested HME significantly increases intra-
tracheal humidity, but decreases intra-tracheal temperature. Relative humidity 
calculations suggest that increasing the thermal capacity of this rehabilitation device can 
further increase the heat and moisture exchange efficiency.
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Introduction

Total laryngectomy has noteworthy consequences for respiratory physiology. The 
upper respiratory tract is permanently bypassed and this significant anatomical change 
precludes the conditioning of the breathing air in the nasal cavity and the pharynx. As 
a result, permanent stoma breathing is associated with chronic pulmonary complaints 
like frequent involuntary coughing and increased sputum production, and repeated 
forced expectoration has become an annoying daily necessity for clearing the airways 
for many patients 1. Since several decades, there is increasing clinical evidence that heat 
and moisture exchangers (HMEs), developed to compensate for the lost functions of the 
upper respiratory tract, reduce these symptoms and improve the quality of life 2-4.

Although this clinical evidence about the beneficial function of HMEs is undisputed, 
the responsible in vivo physical effects are not extensively studied or fully understood 
5. The ISO 9360 standard has specifications for the in vitro moisture exchange capacity 
of an HME, but this ISO standard does not include a criterion for the heat exchange 
determination 6, 7. Furthermore, the in vitro moisture exchange data according to the 
ISO lung model are not necessarily representative for the in vivo situation (to be further 
substantiated in the discussion). Therefore several questions remain unanswered: what 
is the in vivo heat and moisture exchange capacity of an HME, and how does the in 
vivo heat and moisture exchange capacity of an HME compares to that of the upper 
respiratory tract? Furthermore, is it possible to further improve the HME’s heat and 
moisture exchange capacity (to a clinically relevant extent), i.e. is a further decrease of 
pulmonary complaints with this rehabilitation device obtainable?

In order to answer these questions, an intra-tracheal Airway Climate Explorer (ACE) was 
developed and verified 8. The ACE has response characteristics which are fast enough 
for the assessment of end tidal intra-airway temperature and humidity variations during 
normal breathing in laryngectomized individuals.

The aim of this study was to assess the influence of an HME on tracheal climate under 
regular room temperature and humidity conditions.

Patients and methods

Patient characteristics 
A randomised study was conducted in 10 disease-free laryngectomized individuals, who 
were recruited from the outpatient clinic. The sample consisted of 8 men and 2 women. 
The median age was 65.7 years (range, 46 – 80 years). All participants were in long term 
follow-up and at least 6 months posttreatment. The study protocol was approved by the 
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Protocol Review Board of the Institute and a written informed consent was obtained 
from all patients.

The Airway Climate Explorer
Endotracheal temperature and humidity were measured with the ACE (see Figure 1), of 
which the design and verification characteristics have been published earlier. In summary, 
this measuring device consists of a small diameter (5 mm) sample catheter, proximally 
connected to a sensor house in which a humidity sensor is mounted. In the distal tip of 
the catheter a thermocouple is placed for assessment of the intra-tracheal temperature. 
Both the sample catheter and the sensor house are heated to 40 °C in order to prevent 
condensation of moisture within the device. Breathing air is sampled with a rate of 0.6 L/
min. The 1 to 1/e response times to a block function are < 0.2 s for temperature and < 0.5 
s for humidity readings respectively. The accuracy of the system for measuring absolute 
humidity values is better than 5 %, and for temperature 0.3 °C.

Figure 1. Airway Climate Explorer (ACE), with the heated sensor house and air sample catheter (5 mm diameter) 
both kept at a constant temperature of 40 °C (on the left), the electronic heating module and flow control unit 
(on the right), and the overview of the total assembly with the integrated data acquisition system (centrally).

Sensor house Heating module

Sample catheter Flow control unit

The heat and moisture exchanger
The HME used was the Provox HME, type “Regular” (Atos Medical, Hörby, Sweden). 
The in vitro moisture loss of this HME is specified as 23.7 mgH2O/L air (according to 
ISO 9360-2;2001) 9. For each patient a new HME was used to eliminate the influence of 
differences in HME age on the measurements.
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Ancillary equipment
Breathing frequency was monitored with respiratory inductive plethysmography 
(Respitrace QDC, Viasys Healthcare, Houten, The Netherlands).
Room humidity and temperature were monitored with a calibrated heated humidity and 
temperature sensor (Testo BV, Almere, the Netherlands).
All signals of the total assembly were simultaneously recorded at a sample rate of 100/s, 
via a multi channel data acquisition system with additional software on a PC (Powerlab 
data acquisition system and Chart 5.4.1 software, ADInstruments Ltd, Oxfordshire, 
UK and LabVIEW 8.2 software, National Instruments Netherlands BV, Woerden, The 
Netherlands).

Study design
Pilot measurements suggested an endotracheal temperature and humidity equilibrium 
within 5 to 7 minutes after HME placement. Therefore the measurement consisted of two 
consecutive 10-minute time frames; one with, and one without HME. The 7- to 10-minute 
time frame of each measurement was used for analysis. To eliminate a sequence effect, 
whether to start the initial time frame with or without HME measurement was randomly 
assigned.

The tip of the sample catheter was pushed 1 to 1.5 cm through a small hole that was 
punched in a peristomal Provox HME adhesive (Atos Medical, Hörby, Sweden). The 
diameter of the puncture was slightly smaller than the diameter of the sample catheter 
in order to avoid air leakage. As pulmonary symptoms are the result of changes in the 
airway mucosa, the temperature and humidity values close to the trachea wall are the 
most relevant to measure. Therefore, the catheter tip was positioned as close as possible 
to the tracheal wall. Airway wall contact, however, had to be avoided because this could 
result in aspiration of mucous, or cause irritation and coughing, and this was carefully 
checked visually throughout the testing. As the airflow in the trachea may be transitional 
to turbulent during rest breathing 10, unattended swinging of the catheter tip towards 
the midline of the lumen may bias the results. Especially with the HME in situ this may 
occur because in this situation no direct visual control is possible. In order to assess the 
magnitude of this possible bias, it was decided to perform temperature and humidity 
measurements in the midline of the airway lumen (under visual control) as well, after the 
20-minute measuring period. 
During all measurements the volunteers were seated in a chair.

Data processing
A peak detection algorithm was applied to the respiratory signals to determine the location 
of the end of inhalation per breath. The difference in midpoints (determined using the 
maximum and minimum of the respiratory signal per breath) was used to estimate the 
inhalation breath length. Exhalation breath length was defined as the difference between 
the full breath length (time between two end-inhalations) and the inhalation breath length. 
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For each breath the maximum and minimum of both temperature and humidity, which 
in general are observed at the end of the active inspiration and expiration, respectively, 
were determined. 

Analysis
A linear mixed effects model was constructed in which the HME variable was 
implemented as a fixed effect and the patient variable was implemented as a random 
effect acting on both the intercept and the HME. To ascertain the effect of the HME 
on temperature and humidity minima without the confounding effect of the HME on 
inhalation breath length, per patient, only breaths whose inhalation breath length lay 
between the 25th and 75th percentile per patient (HME and non-HME measurements 
combined) were analyzed. For assessment of the effect of the HME on temperature and 
humidity maxima, data from all recorded breaths were analyzed.

Relative humidity
Relative humidity values were determined from the minimal and maximal absolute 
humidity and temperature values, to avoid the large errors which would be caused by 
even minor differences in response time between the temperature and humidity sensor 
that may occur earlier in the respiratory phase. Absolute humidity (AH) and temperature 
(T) changes were converted into relative humidity (RH) changes using the following 
equation:
RH = AH / (4.8681 * 10-2 + 3.3282 * 10-3 * T + 0.992897 * 10-4 * T2 + 0.183498 * 10-5 * T3 
+ 0.020645 * 10-6 * T4)
This equation was fitted empirically, so that it approximates the conversion of the 
validated Web HumiCalc® tool (http://www.thunderscientific.com/web_humicalc/index.
php) with an accuracy of < 0.5 % RH.

Results

Practical
In all 10 laryngectomized volunteers a complete dataset could be obtained. Positioning the 
tip of the catheter through the HME adhesive was feasible provided that the movement 
of the catheter tip toward the airway wall or midline was minimized by manual fixation. 
In general, once inserted, the catheter tip was reasonably well tolerated by most of the 
patients. Four patients (nos. 1, 5, 9, and 10) experienced some coughing spells during 
the 20-minute measurement. When this occurred, the catheter was extracted to prevent 
suction of mucous, and replaced after the coughing had subsided. 
A climate equilibrium was generally reached within 2 to 5 minutes. In patient no. 8, a 
non physiologic shift in the measured humidity values occurred in the 5- to 9-minute 
time frame, possibly because of dislocation of the catheter tip. Because in this patient the 
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climate equilibrium was reached within 2 minutes, the 2- to 5-minute time frame was 
used instead.

Data quality
Quality of the data differed in between patients. Figure 2A illustrates an easy to interpret 
registration. Figure 2B shows a registration which is more difficult to interpret, as 
noticeable fluctuations are observed in the temperature and humidity signal after the 
active expiration (indicated by the breathing pattern registration). Although we did not 
simultaneously registered heart frequency, we interpret these as cardiogenic oscillations. 
This phenomenon is well known in the field of anaesthesia where it may be observed 
during capnography 11. During the inactive phase between expiration and inspiration, 
where airflow is limited or even absent, the deep lung regions are still intermittently 
mechanically compressed because of cardiac activity, resulting in flow alternations in the 
airway.

Figure 2. Temperature (T), absolute humidity (AH), and breathing pattern (BP) output plotted against time. (A) 
Smooth registration, showing temperature and humidity trace suitable for frequency analysis. (B) Influence of 
heart beat on registration, emphasizing the additional value of the respiratory signal for frequency analysis.

In the first 7 patients during inspiration a phase shift of variable magnitude was observed 
between the humidity and temperature signal. This turned out to be caused by the 
condensation of water in the catheter because to insufficient heating of the sample 
catheter. Consequently, in the worst case the humidity minima may not be reached 
(dotted line in Figure 3), but as the dashed curve in Figure 3 shows, the misregistration 
may be transitional and the end value still reliable. Patient nos. 2, 4, and 7 were excluded 
from further analysis because the minima were not reached both with and without 
HME. In patient nos. 1, 3, and 6 a slight phase shift was observed, but the minima were 
(just) reached as is shown in Figure 4. After patient no. 7 the catheter temperature was 
corrected in order to prevent occurrence of this phenomenon. In patient no. 5, the quality 
of the traces was so bad that reliable analysis was not possible. This dataset was excluded 
from further analysis.
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Summarizing, we used the data of 6 patients (1, 3, 6, 8, 9, and 10) for the analysis of the 
peak values. For a detailed analysis of relative humidity values only patient nos. 8, 9, and 
10 were used, as even a minor shift between absolute humidity and temperature will 
result in a large deviation in relative humidity.

Heat and moisture exchanger effect on temperature and absolute humidity 
Figure 4 shows tracheal humidity and temperature with and without HME in patient no. 
6. The differences in end value with and without HME are clearly visible. Figure 5A and 
5B show the observations of the humidity and temperature minima per patient, plotted 
against inhalation breath length. The dotted lines, indicating the inhalation lengths 
between the 25th and 75th percentile, show that the breath lengths with and without HME 
are in general comparable within one patient. The median length of the full breathing 
cycle for the total sample is 3.5 s (10 to 90 % range, 2.5 – 5.6 s), corresponding to a 
breathing frequency of 17/min. The median inhalation length in the total sample is 1.1 s 
(10 to 90 % range, 0.7 – 1.7 s).

The averaged results are summarized in Table 1. The presence of an HME caused the 
mean of the humidity minima to increase with 3.2 mgH2O/L (95 % CI: 1.5 – 4.8 mgH2O/L; 
p < 0.001), from 21.4 to 24.6 mgH2O/L. When patient nos. 1, 3, and 6, in whom a small 
temperature-humidity phase shift is present, are removed from the analysis, the HME 
effect was comparable. The presence of an HME caused the mean of the temperature 
minima to decrease with 1.6 °C (95 % CI: 0.9 – 2.4 °C; p < 0.001), from 28.5 °C to 26.9 °C.

Wall-center-wall variation
In two patients (nos. 6 and 9) wall-center-wall measurements could be performed both 
with and without HME and without being disturbed by coughing or suction of mucous 
into the sample catheter, or without an evident phase shift, and in two patients (nos. 8 
and 10) measurements without HME were obtained. Wall-to-center movement of the 
catheter tip resulted in the following shifts of the humidity minima without (with) HME: 
patient no. 6, -5.5 (-4.3); patient no. 8, -0.5; patient no. 9, 0.6 (-0.6); and patient no. 10, -0.8 

Figure 3. Temperature (T) and absolute 
humidity (AH) plotted against time. During 
decreasing humidity and temperature, as 
occurs during inspiration, the evaporation of 
precipitated exhaled moisture in the sample 
catheter causes a delay in the initiation of 
the humidity signal drop. Consequently, the 
temperature trace is accompanied by relatively 
high humidity readings. Continuous AH line: 
no condensation. Dashed AH line: delayed 
humidity drop but minimum is reached. Dotted 
AH line: minimum not reached.
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Figure 4. Above: Tracheal temperature in °C without (left) and with (right) HME. Below: Tracheal humidity (in 
mgH2O/L) without (left) and with (right) HME in patient no. 6, given as an example.

mg/L. The temperature minimum shifts were for patient no. 6, -1.4 (-2.6); patient no. 8, 
-0.7; patient no. 9, 1.4 (0.0); and for patient no. 10, -1.2 ºC. The humidity maximum shifts 
were, for patient no. 6, -0.1 (-0.4); patient no. 8, 0.8; patient no. 9, 0.2 (0.4); and for patient 
no. 10, 0.9 mgH2O/L, and the temperature maximum shifts were for patient no. 6, -0.2 
(-0.2); patient no. 8, 0.7; patient no. 9, 0.0 (0.0); and for patient no. 10, 0.6 ºC.

Relative humidity
Figure 6 shows part of the trace of patient no. 8. With HME, relative humidity values 
just over 100 % are reached. This can probably be explained by small errors in absolute 
humidity and temperature or by small phase shifts (such as caused by the difference in 
time constant between temperature and humidity sensor). Without HME, the median 
relative humidity value reached during inspiration was 77 % , and the median relative 
humidity value reached during expiration was 87 % relative humidity. With HME, the 
median relative humidity value reached during inspiration was close to 100 % for all 
patients (median 96 %), and the median relative humidity value reached during expiration 
was 88 % relative humidity. 

Room conditions
For the included measurements, the mean room temperature was 23.0 ºC (range, 21.3 – 
24.3 ºC). The mean absolute humidity was 8.5 mgH2O/L (range, 5.9 – 11.4 mgH2O/L) and 
the mean relative humidity was 41.3 % (range, 35.5 – 51.6 %).
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Figure 5. Observed minimums for patient nos. 1, 3, 6, 8, 9, and 10: plotted are, respectively, the absolute humidity 
(A) and temperature (B) minima against inhalation breath length. Crosses and squares represent observations 
with and without HME, respectively. The vertical dotted lines indicate the inhalation lengths between the 25th 
and 75th percentile (HME and non-HME measurements combined) which were used for the analysis of the 
average in the linear mixed effects model.
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Discussion

Our data show that the presence of an HME under standard room conditions modifies 
both intra-tracheal temperature and humidity. The HME most prominently acts during 
inspiration, when the retained exhaled moist is returned into the inhaled breathing 
air, and therefore inspiratory temperature and humidity values are more affected than 
expiratory values. Because of the presence of a HME, end-inspiratory absolute humidity 
increases but end-inspiratory temperature decreases. This decrease in temperature is 

Table 1. Mean humidity and temperature values, the net HME effect, and the p values for patient nos. 1, 3, 
6, 8, 9, and 10, unless otherwise specified. Abbreviations: HME, heat and moisture exchanger; CI, confidence 
interval.

without HME with HME HME effect (95 % CI) p value

Humidity minima (mgH2O/L) 21.4 24.6 3.2 (1.5 – 4.8) < 0.001

Humidity minima pt nos. 8,9, and 10 
(mgH2O/L)

23.3 26.6 3.4 (2.6 – 4.1) < 0.001

Humidity maxima (mgH2O/L) 33.7 34.2 0.5 (-0.3 – 1.2) 0.2

Temperature minima (°C) 28.5 26.9 -1.6 (-2.4 – -0.9) < 0.001

Temperature maxima (°C) 34.7 34.5 -0.1 (-0.5 – 0.2) 0.5

Figure 6. Temperature (bold), absolute humidity (dashed), relative humidity (continuous) plotted against time 
during several breathing cycles. Relative humidity (%) is scaled on the left y-axis. Temperature (°C) and absolute 
humidity (mgH2O /L) are both scaled on the right y-axis.
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likely due to evaporative cooling of the inspired air during its passage over the moist 
HME surface.

For the interpretation of these data one has to take into account the results of the ACE 
verification study 8. This study has shown that, in particular, the true humidity minima 
are not reached when a high-frequency block function is offered, as the response 
characteristics of the humidity sensor are better after increasing humidity steps than 
after decreasing humidity steps. In addition, because during normal breathing inspiratory 
time is shorter than expiratory time, the true absolute in vivo humidity minima are most 
susceptible for overestimation by the ACE. When combining the data of the verification 
with the findings in this study, we can estimate that, after the median observed inhalation 
length of 1.1 s, the ACE has reached approximately 85 % of the absolute humidity fall at the 
end of the inhalation. Consequently, the HME effect at the typical inhalation length of 1.1 
s may be underestimated by 15 %, or 0.5 mgH2O/L. However, because in vivo humidity 
changes are more gradual than a block function, the error will be smaller in vivo. During 
exhalation the absolute humidity rise is approximated for more than 97 %. At the median 
inhalation length of 1.1 s the thermocouple reaches ≥ 99 % of both temperature rise and 
fall. Both end-expiratory humidity and end-expiratory and -inspiratory temperature 
results will not be affected noticeably by the sensor response time.
Resistance of the HME depends on airflow 12, and may theoretically affect the breathing 
pattern of a patient. However, the breathing registration indicated that the breathing 
lengths and depths were comparable both with and without HME, and therefore HME 
resistance or flow changes due to application of the HME presumably played no significant 
role in this study. 

As the airflow in the trachea may not be turbulent during normal rest breathing 10, a 
laminar or transitional flow profile with a large difference in temperature and humidity 
between center and wall can not be excluded a priori. Unattended swinging of the 
catheter tip toward the midline of the trachea might bias the measurements, especially 
with the HME in situ, when no direct and constant visual verification of the tip of the 
sample catheter is available. In the latter situation, swinging of the catheter tip toward 
the midline was observed to slightly decrease the measured end-inspiratory temperature 
and humidity values. This is in accordance with the flow pattern in individuals with an 
intact upper airway, in which tracheal airflow during rest breathing may not be truly 
turbulent 10. If biased by transposition of the catheter tip toward the midline of the airway 
lumen with the HME in situ, the reported net HME effect on tracheal humidity and 
temperature would be underestimated, i.e., with an HME in situ the true end-inspiratory 
temperature and humidity values would be higher than measured. Only in two patients 
wall-to-center measurements with the HME in situ were obtained; one of which showed 
a large difference between wall and center, suggesting a nonturbulent profile in this one 
patient. Because overall (with and without HME) the profile in most patients seems to be 
close to turbulent, and because the observed values represent an extreme transposition 
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of the catheter tip, the underestimation in the mean end-inspiratory humidity is probably 
less than 1 mgH2O/L and in the mean temperature less than 0.5 ºC.
In vitro, the moisture loss of the Provox regular HME is specified as 23.7 mgH2O/L, 
according to ISO 9360-2:2001 9. The specification is given for test condition 1 of ISO: 
an environmental temperature (inhaled air) of 23 °C with an absolute humidity of < 
1 mgH2O/L, exhaled air of 37 °C and 100 % relative humidity (44.1 mgH2O/L), a tidal 
volume of 1000 ml, and a breathing frequency of 10/min. Consequently, in vitro, the 
HME adds 20.4 mgH2O/L to inspired air. In this study, the HME adds approximately 3.2 
mgH2O/L to the inspired air with a possible underestimation of about 1 mgH2O/L, which 
differs substantially from the in vitro specification. Although in this study the end tidal 
absolute humidity values are studied and not the overall mean, as is assessed in the ISO 
norm, this cannot explain the large difference in HME effectiveness. Several additional 
factors may be responsible: First, in the ISO norm the inhaled air is relatively dry and the 
exhaled air relatively warm, and therefore humid compared to our conditions. Second, in 
this study the breathing frequency is considerably higher than in test condition 1 of the 
ISO norm. The breathing characteristics of condition 3 or 4 (higher breathing frequency 
and lower tidal volume) are probably closer to the in vivo characteristics of the relevant 
patient group. It can be derived from the ISO 9360-1:2000 norm, that for the reference 
HME the efficiency decreases at the latter conditions, which hypothetically may also be 
true for the HME tested in this study. However, unfortunately, no specifications of the 
Provox regular HME are (yet) available for these test conditions. Third, the breathing 
pattern as observed in our study was not a symmetrical sinusoidal curve as is simulated 
in the ISO norm. Therefore extreme air speeds occur more often which might decrease 
the effectiveness.
It is hard to differentiate into what extend each of the aforementioned considerations 
account for the difference between in vitro and in vivo measurements. All the more, 
we think it rather emphasizes the additional value and necessity of in vivo climate 
assessment.

Tracheal climate and the influence of an HME on tracheal climate in laryngectomized 
individuals have also been studied by other working groups 13-15, as has been reviewed 
earlier 5. The results of these studies and the present study are summarized in Table 2.

When comparing the baseline values of our study with those of the study by Keck et al. 
14, it appears that the measured temperature values in both studies are comparable, but 
that the absolute humidity values measured by Keck et al. are substantially lower. One 
of the explanations might be a difference in the location of the catheter tip. However, 
this seems not very likely, as their catheter tip is reported to be located deeper in the 
trachea (i.e., 3 cm distal to the tracheostoma 16) than the catheter tip in our study, and 
therefore humidity values would be expected to be higher rather than lower. Another 
explanation might be that the central canal of the (thermally isolated) sample catheter 
used in our study itself would act as a heat and moisture exchanger (by condensation 
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and evaporation of water on the surface of the central canal during the breathing 
cycle), resulting in an overestimation of intra-tracheal absolute humidity. However this 
phenomenon is not possible when the catheter is constantly heated to 40 °C, which is 
well above the maximal intra-tracheal temperature. Although the heating of the sample 
catheter appeared not to be sufficient for each of the first 7 patients, the temperature-
humidity plots of the 3 included patients (nos. 1, 3, and 6) suggest that the true humidity 
and temperature still have been reached. Therefore, and because of the observation that 
the results are comparable when only patient nos. 8, 9, and 10 (measured with optimal 
catheter heating) are analysed, we consider the bias of condensation and evaporation of 
moist in the sample catheter of the ACE very unlikely. The last possible explanation for 
the lower absolute humidity values reported by Keck et al. could be that their tracheal 
cannula and acrylic glass box, in which the capacitive humidity sensor of the measuring 
system is mounted, and which are both heated to 34 to 35 °C, may warm the sampled 
breathing air to a certain extend. Consequently, the raw relative humidity output and the 
subsequent calculated absolute humidity values might underestimate the true humidity 
values of intra-tracheal breathing air.
When comparing the influence of an HME on tracheal climate in our study to that by 
Keck et al., the net increase on absolute humidity values observed in both studies is 
similar. A contrast is that the application of an HME in the study of Keck et al. leads to 
an increase in intra-tracheal temperature, whereas in our study the temperature clearly 
decreases. A possible explanation for this discrepancy is that, besides the use of a different 
HME, the observed end-inspiratory temperature and humidity values observed by Keck 
et al. are to a bigger extent influenced by the heat and moister exchange capacity of the 
airway mucosa, as their catheter tip is positioned deeper into the trachea.
The tracheal temperature with an HME in situ, observed by McRae et al., is comparable 
to our results but the humidity values were substantially lower. However, the values 
observed by these authors have been collected after a slow inspiration of 5 to 7 s and 
obtained with a sensor with a response time longer than 9 s 15. Secondly, McRae et al. 
used a different HME.

Table 2. End-inspiratory and end-expiratory temperature and absolute humidity values at several locations 
according to different authors during rest breathing in normal and laryngectomized individuals. Abbreviations: 
T, temperature; HME, heat and moisture exchanger; AH, absolute humidity. Note: The values of Keck et al. 
are visual estimations derived from their reported figures/graphs and represent the 25th and 75th percentiles, 
respectively.

Ingelstedt 13 Keck et al. 14 Mc. Rae 
et al. 15

Zuur et al. 
(present study)

Measuring site Subglottic 
space

Upper part 
trachea

Upper part 
trachea

Upper part 
trachea

Ambient Conditions 23 °C
6 mgH2O/L

22 °C
8 mgH2O/L

20 °C
8 mgH2O/L

23 °C
8 mgH2O/L

Type of breathing Nasal Oral Tracheostoma HME HME Tracheostoma HME

T (°C) 32 31 26 – 29 28 – 30 29 28.5 26.9

AH (mgH2O/L) 35 29 12 – 16 18 – 22 19 21.4 24.6
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Ingelstedt has performed simultaneous temperature and humidity measurements in 
volunteers with an intact upper airway during nasal and oral rest breathing with well-
verified equipment 13. When comparing the end tidal values with HME to the end tidal 
values of nasal and oral breathing, respectively, it can be concluded that the HME is 
substantially less effective than the upper airway. 

Absolute humidities are low during inspiration and high during expiration. 
Counterintuitively, the derived end-expiratory relative humidity is nearly constant and 
high (about 80 %) without HME, but with HME the inspired air is nearly saturated and 
has a higher relative humidity than the expired air. In one patient also without HME 
the air had a lower relative humidity during expiration than during inspiration. An 
explanation for these observations probably is that on expiration the saturated air from 
the lungs looses humidity on the cool walls of the trachea and the latent heat from the 
condensation and the active heating from the blood flow keep the air temperature high. 
Therefore, during expiration the relative humidity is noticeably below saturation. During 
inspiration the inverse process (evaporation with associated cooling) results in a high 
relative humidity. Without HME the air is not fully saturated, but with HME the relatively 
cool air takes up all moisture it can contain. This means that under room temperature 
and humidity circumstances the thermal capacity probably limits the moisture exchange 
of the tested HME. Even though the beneficial effect of HMEs on pulmonary symptoms 
is indisputable, an aim for further improvement of the HME is justified because these 
symptoms still remain present although to a lesser extent. Consequently, increased 
thermal capacity in future HME generations might be the parameter of interest.

The first clinical use of the ACE shows that climate measurements are technically 
challenging and that there should be a continuous awareness to prevent artefacts caused 
by condensation of moisture within the device, air leakage around the catheter, plugging 
of the catheter with mucus, and movement of the catheter tip during measurement. The 
critical appraisal of all data immediately after a test episode (plotting absolute humidity 
against temperature) shows whether there has been condensation within the system. 
Furthermore, leakage tests must be executed before and after each test, as has been 
described earlier 8. Careful visual control of the catheter tip position and a quick extrusion 
of the catheter when the patient indicates a coughing spell prevent contamination of the 
system with mucus to a large extent. Finally, movement of the catheter tip turned out to 
be not critical, because of the primarily turbulent flow profile of the breathing air.

Conclusion

Assessment of intra-tracheal temperature and humidity, and evaluation of HME 
effectiveness is technically challenging but feasible with the ACE. Presence of an HME 
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increases the intra-tracheal humidity and decreases the intra-tracheal temperature. The 
calculated relative humidity suggests that not the moisture retention but the thermal 
capacity is the limiting factor for the heat and moisture exchange efficiency. Therefore, 
an increase in the thermal capacity may result in a further improvement of the clinically 
beneficial effect of the tested HME.
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 (10)  West JB. Mechanics of breathing. Respiratory physiology. 6th ed. 1999. p. 79-102.

 (11)  Waveform analysis of expired gases. In: Miller RD, editor. Miller’s Anesthesia. 5th ed. Philadelphia: 
Elsevier, Churchill Livingstone; 2000.p1275

 (12)  Verkerke GJ, Geertsema AA, Schutte HK. Airflow resistance of heat and moisture exchange filters 
with and without a tracheostoma valve. Ann Otol Rhinol Laryngol 2002;111:333-7.

 (13)  Ingelstedt S. Studies on the conditioning of air in the respiratory tract. Acta Otolaryngol 
1956;56:1-80.

 (14)  Keck T, Durr J, Leiacker R, Rettinger G, Rozsasi A. Tracheal climate in laryngectomees after use of 
a heat and moisture exchanger. Laryngoscope 2005;115:534-7.

 (15)  McRae D, Young P, Hamilton J, Jones A. Raising airway resistance in laryngectomees increases 
tissue oxygen saturation. Clin Otolaryngol 1996;21:366-8.

 (16)  Liener K, Durr J, Leiacker R, Rozsasi A, Keck T. Measurement of tracheal humidity and temperature. 
Respiration 2006;73:324-8.





The influence of a heat and moisture 
exchanger on tracheal climate in a cold 
environment

J.K. Zuur, S.H. Muller, A. Vincent , M. Sinaasappel, F.H.C. de Jongh, F.J.M. Hilgers

Submitted

6C  h  a  p  t  e
  r



84

Chapter 6

Abstract

Background
The incidence of pulmonary complaints, severe tracheitis and lung function deterioration 
is increased during wintertime in laryngectomized individuals. We analyzed how an heat 
and moisture exchanger (HME) performs in cold and dry ambient circumstances, and 
how its efficiency in this environmental climate might be improved.

Methods
In a randomized crossover setting, intra-tracheal temperature and humidity were 
measured in 10 laryngectomized patients with and without HME, in a cold (mean, 4.7 °C) 
and dry (mean, 4.5 mgH2O/L) room.

Results
Presence of an HME causes the intra-tracheal mean humidity minima and maxima to 
increase with 4.2 mgH2O/L (95 % CI: 3.3 – 5.0 mgH2O/L; p < 0.001) and 2.4 mgH2O/L (95 
% CI: 1.7 – 3.1 mgH2O/L; p < 0.001), respectively. The intra-tracheal mean temperature 
minima and maxima increased with 3.9 °C (95 % CI: 2.7 – 5.1 °C; p < 0.001) and 1.2 °C 
(95 % CI: 0.8 – 1.2 °C; p < 0.001), respectively. In the majority of patients, the calculated 
relative humidity values appear to reach well above 100 % during inspiration.

Conclusion
In a cold environment, presence of an HME significantly increases both inspiratory and 
expiratory temperature and humidity values. Relative humidity calculations suggest the 
formation of condense droplets during inspiration. To further increase its effectiveness, 
improvement of the HME ś thermal capacity should be aimed for.
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Introduction

After total laryngectomy the upper airway is permanently separated from the respiratory 
tract, thereby no longer contributing to the conditioning, i.e., the heating, warming, and 
filtering, of the respiratory air. Consequently, laryngectomized individuals experience 
an increase in pulmonary complaints as coughing, excessive sputum production and 
frequent forced expectorations in order to clear the airway from mucous 1. Heat and 
moisture exchangers (HMEs), developed to compensate for the lost functions of the upper 
airway, have been found to diminish these post laryngectomy pulmonary symptoms, and 
to increase quality of life 2-5. However, as the pulmonary symptoms improve, but do not 
disappear, further development of these devices is warranted to set post laryngectomy 
pulmonary rehabilitation to an even higher standard.

Although literature on the beneficial effect of HMEs on pulmonary symptoms is 
abundantly available, studies reporting on the underlying changes in basic physiological 
parameters that may account for these clinical improvements are scarce. The moisture 
exchanging capacity of the HME can be assessed in a lung model, according to the ISO 
9360 standard 6, 7. However, its representation of the true in vivo situation is limited 8. 
In attempt to improve our knowledge of the in vivo changes in the basic physiologic 
parameters, i.e., the changes in tracheal temperature and humidity, our group recently 
developed the ‘Airway Climate Explorer’ (ACE), a verified measuring system, suitable 
for the assessment of end tidal intra-tracheal temperature and humidity values during 
normal breathing in laryngectomees 9. 

In a previously conducted clinical study, the heat and moisture exchange characteristics of 
an HME were assessed with the ACE under room temperature and humidity conditions 8. 
Under these circumstances, the presence of an HME caused the intra-tracheal humidity 
values to significantly increase, while the temperature values significantly decreased, 
thereby maintaining relative humidity levels of approximately 100 % throughout the full 
breathing cycle.

Because in wintertime the incidence of pulmonary complaints, severe tracheitis and lung 
function deterioration is increased in laryngectomized individuals 1, 10, 11, we analyzed how 
a heat and moisture exchanger (HME) performs in cold and dry ambient circumstances, 
and how its efficiency in these environmental conditions might be improved.

Patients and methods

Patient characteristics 
The study was conducted in 10 disease-free laryngectomized patients who were recruited 
from the outpatient clinic on the basis of availability. The sample consisted of 9 men 
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and 1 woman. The median age was 62.2 years (range, 50 – 80 years). Six patients (nos. 1, 
3, 4, 6, 7, and 10) were consistent users of an HME (Atos Medical AB, Hörby, Sweden) and 
the other 4 did not use an HME. All participants were in long term follow-up and at least 
6 months posttreatment. Six of the patients participating in the present study (nos. 1, 2, 
3, 5, 8, and 9) also participated in the previous, separately conducted study under room 
conditions (corresponding to patient nos. 9, 10, 8, 2, 6, and 7, in that study, respectively) 8. The 
study protocol was approved by the Protocol Review Board of the Institute and a written 
informed consent was obtained from all patients.

The use and verification of the equipment for intra-airway temperature and humidity 
measurements has been described earlier in detail 8, 9. In summary: intra-tracheal climate 
was assessed with the airway climate explorer (ACE) 9. The tip of the sample catheter (with 
a 5 mm diameter) was pushed a short distance through a small hole that was punched 
in the HME adhesive, enabling evaluation of tracheal climate at approximately 1 cm in 
the cranial end of the trachea (see Figure 1). Breathing frequency was monitored with 
respiratory inductive plethysmography (Respitrace QDC, Viasys Healthcare, Houten, The 
Netherlands). Room humidity and temperature were monitored with a calibrated heated 
humidity and temperature sensor (Testo BV, Almere, The Netherlands). All signals of the 
total assembly were simultaneously recorded via a multi channel data acquisition system, 
and analyzed with additional software on a PC (Powerlab data acquisition system and 
Chart 5.4.1 software, ADInstruments Ltd, Oxfordshire, UK and LabVIEW 8.2 software, 
National Instruments Netherlands BV, Woerden, The Netherlands). In contrast to the 
previous study 8, the humidity sensor used in the present study had such fast response 
time characteristics, that deconvolution of the humidity signal did not result in a further 
improvement of the response time. Therefore the raw humidity signal could be used for 
the statistical analysis.

Study design
The measurement protocol consisted of two consecutive 10-minute time frames; one 
with, and one without HME. The 7- to 10-minute time span of each frame was used 
for statistical analysis. To eliminate a sequence effect, whether to start the initial time 
frame with or without HME on the tracheostoma was randomly assigned. During all 
measurements the patients, advised to wear winter clothes, were seated in a chair (see 
Figure 1).

The HME
The HME used in this study was the Provox HME, type “Regular”. The in vitro moisture 
loss of this HME is specified as 23.7 mgH2O/L air (according to ISO9360-2;2001) 12. For 
each measurement protocol a new HME was used to eliminate the influence of amount 
of time that the HME was placed on the tracheostoma before the measurement.
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Data processing and analysis
Data were processed and statistically analyzed using to the same algorithms and 
statistical models, and conversion formulas that were used in the previous study 8. In 
summary, absolute humidity (AH) and temperature (T) changes were converted into 
relative humidity (RH) changes using a formula, fitted to the Web HumiCalc® tool (http://
www.thunderscientific.com/web_humicalc/index.php). Per breath, the inspiratory and 
expiratory breath length, the total breath length and both the maximum and minimum 
temperature and absolute humidity were determined. A linear mixed effects model was 
constructed in which the HME variable was implemented as a fixed effect and the patient 
variable was implemented as a random effect acting on both the intercept and HME. 
To ascertain the effect of an HME on temperature and humidity minima without the 
confounding effect of the HME on inhalation breath length, per patient, only breaths 
whose inhalation breath length lay in the second and third quartile (HME and non-HME 
measurements combined) were analyzed. For assessment of the effect of the HME on 
temperature and humidity maxima, data from all recorded breaths were analyzed. 
Relative humidity values were determined from the minimal and maximal absolute 
humidity and temperature values, which in general are observed at the end of the active 
inspiration and expiration respectively, to avoid the large errors which would be caused by 
even minor differences in response time between the temperature and humidity sensor 
that may occur earlier in the respiratory phase.

Technical issues in the cold room
The total assembly was wrapped in isolation plastic to prevent electrical systems from 
cooling during use in the cold room. This also prevented the formation of condensate 

Figure 1. Laryngectomized individual, seated in the cold room, with the sample catheter, partially wrapped in 
isolation plastic, in situ. A: without HME. B: with HME.
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on the electronics when the assembly was transported back to normal room conditions. 
However, despite the isolation plastic, slowly progressive cooling of the assembly 
still occurred in the cold room. Therefore, it was decided not to allow the assembly to 
acclimatize in the cold circumstances before the start of the measurement, but to enter 
the cold room simultaneously with the patient, directly after which the measurement 
was started. As a consequence, the reference junction of the thermocouple was not 
acclimatized when the measurement started. In order to quantify whether this influenced 
the temperature readings, the thermocouple output was plotted against a reference 
thermometer (Thermalite, Electronic Temperature Instruments Ltd, Worthing, UK) 
output over time in the cold room. It appeared that during the measurements (i.e. the 
consecutive 7 – 10-minute time frames) the true temperature was underestimated by 
approximately 1 °C. This was corrected for in the data. As the correction was not entirely 
constant over the measurement period, the accuracy of the thermocouple measurement 
decreased from ± 0.3 9 to approximately ± 0.5 °C. The humidity readings were not affected 
by the cold room environment as the sampled air and the humidity sensor were both 
warmed to 40 °C.
Furthermore, the presence of an operator and a patient caused initial temperature 
instability of the cold room temperature. However, this temperature was more or less 
stabilized by the thermostat of the cold room in the first 7 minutes after entry of the cold 
room, after which the first measurement started. 
During the measurements, the mean room temperature and room absolute humidity 
values were 4.7 °C (range, 4.2 – 5.4 °C) and 4.5 mgH2O/L (range, 3.9 – 5.1 mgH2O/L) 
respectively. 

Results

Data quality
In all 10 subjects a complete dataset could be obtained. The catheter tip was reasonably 
well tolerated by most of the patients. In patient nos. 2 and 9, the measurement had 
to be aborted once because of coughing spells. After the coughing had diminished, 
which in both cases was approximately 4 minutes after the initial start, the complete 
measurement protocol was executed from the start again. 
To rule out the influence of accidental condensation within the device on the measured 
humidity values, we examined whether phase differences were present between, in 
particular, the temperature and humidity fall at the expiration – inspiration transition 
8. In none of the measurements evidence of condensation within the measuring system 
was found.

In contrast to the observations in the study under room conditions, it was observed that 
at the end of the majority of the 10-minute time frames the intra-tracheal temperature 
and humidity values were not entirely stable (see for example patient no. 4, Figure 2). 
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Figure 2. Example of an overview of a complete measurement protocol, with the two 10-minute measuring 
periods, each of which the last 3 minutes are used for analysis. This patient was randomized to start with HME. 
It is observed that the temperature and humidity values have not entirely stabilized at the end of each 10-minute 
time frame. T: Temperature (°C), AH: absolute humidity (mgH2O/L)

The reported values, therefore, may not entirely represent the temperature and humidity 
equilibrium that can be expected to be reached after a stay in a cold environment for 
a substantial longer period of time. This is mainly due to the sudden exposure of the 
patient to the cold environment. The randomized design will eliminate any impact of 
drift on the observed HME effect. 

HME effect on temperature and humidity
For the total sample the results are summarized in Table 1. Due to presence of the HME, 
all measured temperature and humidity values (minimal or end-inspiratory, and maximal 
or end-expiratory) increase significantly. Although not the results of the present study, 

Table 1. The influence of the HME on intra-tracheal temperature and humidity 

without HME with HME HME effect (95 % CI) p value

Humidity minima (mgH2O/L) Cold 20.9 25.1 4.2 (3.3 – 5.0) < 0.001

Room 21.4 24.6 3.2 (1.5 - 4.8) < 0.001

Humidity maxima (mgH2O/L) Cold 29.6 32.1 2.4 (1.7 – 3.1) < 0.001

Room 33.7 34.2 0.5 (-0.3 – 1.2) 0.2

Temperature minima (°C) Cold 19.7 23.6 3.9 (2.7 – 5.1) < 0.001

Room 28.5 26.9 -1.6 (-2.4 – -0.9) < 0.001

Temperature maxima (°C) Cold 31.0 32.2 1.2 (0.8 – 1.6) < 0.001

Room 34.7 34.5 -0.1 (-0.5 – 0.2) 0.5

Mean humidity and temperature values, the net HME effect and p values for the total sample in this study under 
cold room conditions. For purposes of comparison, also the results of the previous, separately conducted study 
under room conditions are shown 8.
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for purposes of comparison, the results of the previous, separately conducted study under 
room conditions 8 are included as well. 

Figure 3 shows three examples of the observations (patient nos. 5, 6 and 7), representative 
for the inter-patient variation of the total study sample. Plotted are the temperature and 
humidity minima against inhalation breath length. The dotted vertical lines indicate 
the 25th and 75th percentile respectively. Although in patient no. 5 the inhalation times 
tended to increase with the HME in situ, within the total study sample the within patient 
inhalation lengths were in general comparable with and without HME. The median 
length of the full breathing cycle for the total sample is 3.3 s (10 to 90 % range, 2.3 – 4.4 s), 
corresponding to a breathing frequency of 18/min. The median inhalation length in the 
total sample is 1.2 s (10 to 90 % range, 0.8 – 1.7 s).
The median calculated relative humidity (RH) values based on the temperature and 
humidity maxima during expiration and minima during inspiration, respectively, are 
shown per patient in Table 2. In the majority of patients, during inspiration the calculated 
RH appears to reach well above 100 %.

Figure 3. The temperature (A) and absolute humidity (B) minima plotted against inhalation breath length for 
patient nos. 5, 6, and 7. Squares represent observations without HME, crosses represent observations with 
HME. For each patient, the area between the dotted lines represents the 2nd and 3rd quartile of the observed 
inhalation breath lengths.
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Discussion

The present study shows (see Table 1 and for easier interpretation Figure 4) that the net 
HME effect on absolute humidity in cold and dry environmental conditions is more 
profound than previously was observed under room conditions 8. Furthermore, presence 
of an HME has a positive effect on all relevant tracheal climate parameters, i.e. both 
inspiratory and expiratory tracheal temperature and absolute humidity values minima 
and maxima, respectively, are significantly increased. This is also in contrast with our 
earlier study under room conditions, in which after application of an HME only the end-
inspiratory minimum temperature and humidity values changed. Moreover, under room 
conditions, the presence of an HME significantly increased the inspiratory humidity 
minima while the inspiratory temperature minima significantly decreased. Whether or 
not the intra-tracheal temperature increases or decreases during inspiration, depends 
on the balance between cooling due to evaporation of precipitated water on the HME 
surface on one hand, and heating of the inspired air by the stored thermal energy, on the 
other hand. Apparently, in cold conditions, the evaporative cooling is dominated by the 
heat exchange, while under room conditions the opposite is the case. Therefore, under 
the more extreme circumstances in the present study the device truly acts as a heat and 
moisture exchanger, because higher intra-airway temperatures are maintained during 
the breathing cycle with the rehabilitation device in situ.

This is the first study on HME effectiveness under cold conditions. Ingelstedt measured 
subglottic temperature and humidity values in healthy individuals in comparable 
environmental conditions (0 – 4 °C and 50 – 60 % RH) 13. He observed end-inspiratory 
temperature and humidity values of 32 °C and 99 % RH and end-expiratory values of 36 
°C and 97 – 99 % RH respectively. As is shown in Table 1, without HME under cold room 

Tabel 2. Relative humidity calculations

without HME with HME

patient no. Inspiration Expiration Inspiration Expiration

1 87 87 86 80

2 89 88 93 86

3 105 89 112 94

4 121 95 113 91

5 112 71 108 75

6 121 90 120 93

7 100 87 112 92

8 127 94 116 97

9 123 95 118 95

10 134 90 106 91

The median calculated percentage relative humidity (% RH) per patient, derived from the temperature and 
humidity maxima during expiration, and the minima during inspiration, respectively.
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conditions, the intra-tracheal temperature and humidity values are lower compared to the 
values under room circumstances. This is in concordance with the clinical observation 
that during winter time, lung function tests deteriorate and that a substantial part of the 
laryngectomized individuals report an inconvenient increase of pulmonary complaints 
when spending some time in the open air 1, 10. Although the presence of an HME 
increases all intra-tracheal temperature and humidity values, the physiological levels are 
not reached. Compared to the heat and moisture exchange capacity of the total upper 
airway, the HME thus is less effective.

A cold room can be considered a dry room at any RH value when considering the absolute 
humidity values in comparison to room temperature. In the latter condition, 40 % vs. 100 
% RH corresponds with 8 and 21 mgH2O/L respectively, while at 4 °C, 40 % vs. 100 % 
RH corresponds with 3 vs. 6 mgH2O/L air respectively (Web HumiCalc® tool). Despite 
the low environmental temperature, the observed minimal inspiratory temperature and 
humidity observed during inspiration are, even in absence of an HME, approximately 20 
°C and 21 mgH2O/L respectively. Since the observed values represent the temperature 
and humidity approximately 1 cm behind the HME base holder, this suggests that in 
analogy to the nose 14, 15, the majority of heating and moistening of inhaled air occurs in 
the first few centimetres of the trachea. 

Figure 4. Comparison of the intra-tracheal humidity (mgH2O/L) and temperature (°C) minima and maxima 
without and with an HME in room climate and cold conditions. HME - Room: intra-tracheal values without an 
HME in room climate condition; HME - cold: intra-tracheal values without an HME in cold conditions; HME + 
Room: intra-tracheal values with an HME in room climate conditions; HME + cold: intra-tracheal values with 
an HME in cold conditions.
** indicates a significant increase (p < 0 .001) of the intra-tracheal humidity or temperature with an HME; * 
indicates a significant decrease (p < 0.001) of the intra-tracheal temperature when using an HME. Whereas 
under room climate conditions the intra-tracheal humidity minima significant increases and the intra-tracheal 
temperature minima significantly decreases, under cold conditions, all minima and maxima significantly 
increase. 
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Heat and moisture exchanger influence on tracheal climate under room conditions

The calculated relative humidity values during inspiration under the cold room 
circumstances reach in many patients well above 100 %. This would mean a huge 
supersaturation, but we consider this unlikely as this only occurs in high pressurized 
or clean air without condensation nuclei. Calibration errors due to the technical issues 
of measurements under cold conditions have been carefully checked for and could be 
ruled out. The most likely explanation of the observed high relative humidity values is the 
formation of ‘mixing fog’, a well known phenomenon in meteorology (when cold air moves 
over warm water, e.g. over lakes during winter mornings). In the trachea, the inspired cold 
air is mixed with the warm saturated air present near the airway wall surface, leading to 
formation of condensate droplets in the caudal part of the airway. Because the sample 
catheter and the sensor house are warmed to 40 °C, and the sampled condense particles 
are evaporated before passage of the humidity sensor, the unrealistically high relative 
humidity values are calculated. However, as the droplets evaporate deeper in the trachea, 
they will contribute to the moisture content, there.

When the relative humidity level reaches 100 %, the air is saturated at the local 
temperature. Higher absolute humidity values can only be obtained when the inspired 
air is heated to a higher level. Therefore the thermal capacity of the HME appears to be 
the limiting factor for its efficiency. This is consistent with the results of the study that 
assessed the HME effectiveness under room conditions 8.

Conclusion

Under cold environmental circumstances, presence of an HME significantly increases 
both the inspiratory and expiratory temperature and humidity values. Relative humidity 
calculations suggest the formation of condense droplets during inspiration. The thermal 
capacity is the parameter of interest, in order to further improve the heat and moisture 
exchange of this already generally recognized rehabilitation device, and thereby to further 
reduce the quality of life impairing postlaryngectomy pulmonary symptoms.
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 (13)  Ingelstedt S. Studies on the conditioning of air in the respiratory tract. Acta Otolaryngol 
1956;56:1-80.

 (14)  Keck T, Leiacker R, Heinrich A, Kuhnemann S, Rettinger G. Humidity and temperature profile in 
the nasal cavity. Rhinology 2000;38:167-71.

 (15)  Keck T, Leiacker R, Riechelmann H, Rettinger G. Temperature profile in the nasal cavity. 
Laryngoscope 2000;110:651-4.



General discussion

7C  h  a  p  t  e
  r





7
C H A P T E R

97

General discussion

General discussion

The aim of the research presented in this thesis was to improve our knowledge of the 
changes in postlaryngectomy pulmonary physiology, i.e., to what extent are airway 
humidity and temperature affected by total laryngectomy and to what extent are they 
restored by a heat and moisture exchanger (HME)? Furthermore, can the in the literature 
reported increase in tissue oxygenation values due to the use of an HME be confirmed? 
Finally, can the obtained data of this thesis give direction to further improvements in 
future versions of this essential postlaryngectomy pulmonary rehabilitation device?

Measuring intra-tracheal temperature and humidity
As discussed in chapter 2, measuring intra-airway climate is technically extremely 
challenging. Because the equipment to perform these measurements is not commercially 
available, the investigators have to build these systems themselves, thereby being 
confronted with demanding technical issues, which are further detailed in chapter 4: 
First, fast response time characteristics are required to assure a reliable registration of 
the temperature and humidity changes during a breathing cycle of approximately 3 – 
4 seconds. Second, when performing extra-corporal humidity analyses of relatively 
warm and humid breathing air, the risk of condense formation in the measuring system 
must be minimized. Last, when humidity sensors have been built in a device, the signal 
output of the total assembly must be verified against reference values. Because the 
response characteristics of in particular capacitive humidity sensors may vary with the 
length of exposure to high humidity values, the response times should be verified with 
block functions of varying frequencies. In chapter 4, the design, the construction and 
the verification of our own measuring system, the “Airway Climate Explorer” (ACE) is 
described. With the ACE, we were able to achieve one of our most important goals, i.e., 
to reliably assess the intra-tracheal climate and the influence of an HME. However, as 
described in chapter 5 and 6, it also became clear that performing these measurements 
and interpreting the data requires a continuous awareness to prevent errors. To eliminate 
these errors, the ACE needs a dedicated operator, and consequently the system is not 
as yet suitable for use by clinicians, relatively unfamiliar with the subject, as a matter of 
daily routine. In this respect, the ACE is not as “easy” to use as was initially thought.

The influence of an HME on intra-tracheal temperature and humidity
In chapter 5, the influence of an HME on intra-tracheal climate was assessed under 
room conditions. It was observed that, in presence of an HME, the end-inspiratory 
humidity values significantly increased while the end-inspiratory temperature values, 
slightly, but significantly, decreased. In chapter 6, the influence of a similar type of 
HME on the intra-tracheal climate was assessed in a cold and dry environment. Under 
these conditions it appeared that, in presence of an HME, both the end-inspiratory and 
end-expiratory humidity and temperature values, respectively, increased. This was in 
contrast to the findings in the study under room conditions. The observed change in the 
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end-inspiratory temperature values is most probably predominantly determined by the 
result of a balance between two processes: the direct heating by the HME surface and 
the indirect cooling caused by evaporation. Apparently, under room circumstances the 
heat exchange is dominated by the evaporative cooling, while under cold conditions it is 
dominated by the direct heat gain. In both environmental circumstances, the HME is 
substantially less effective than the upper airway. As indicated by the relative humidity 
calculations, to improve the heat and moisture exchange of the tested HME, increasing 
its thermal capacity should be aimed for.

One should realize that in our studies assessing the influence of an HME on tracheal 
climate, only one type of HME was used: the Provox Regular (originally: “Provox 
stomafilter”, Atos Medical, Sweden). The reason that this particular HME was studied, 
is that it is the most frequently used HME in our institute and in the Netherlands (two-
thirds of the annual HME ‘consumption’; information by Atos Medical). Furthermore, 
in the literature, this HME has a proven positive influence on pulmonary complaints. 
Most results are therefore only applicable to this specific HME. However, the obtained 
data also give rise to a more general hypothesis on the relation between intra-tracheal 
temperature and humidity values and pulmonary symptoms: because there is no rationale 
to believe that a beneficial effect on pulmonary symptoms can be ascribed to a decrease 
in airway temperature, it is suggested that the clinical improvements, due to using an 
HME (predominantly) under room conditions, are primarily related to the increased 
intra-tracheal humidity values.

The influence of an HME on tissue oxygenation
As described in chapter 3, in contrast to earlier suggestions, we found no evidence of 
increased tcpO2 levels due to the use of a high-resistance HME. The type of HME that we 
used in this study was comparable, if not identical to the HME used in the earlier study 
we aimed to re-evaluate. In our opinion the most likely explanation for the results of the 
earlier report is that a tcpO2 electrode drift was mistakenly interpreted as an increase in 
tissue oxygenation. 
Nevertheless, as argued in chapter 2 and 3, an increase in tissue or arterial oxygenation 
might in theory still be achievable in a small subpopulation of laryngectomees, namely 
in those who suffer from severe COPD, in analogy to the increased oxygenation levels 
that these patients may experience when performing pursed lip breathing. Accordingly, 
the HME should only increase the breathing resistance during expiration, because in 
particular patients with severe COPD cannot sustain high inspiratory resistances for a 
prolonged period of time. However, our clinical impression is that, despite the overall 
percentage of obstructive pulmonary disease of around 80% in laryngectomees, the 
number of those suffering from severe COPD is very small. Therefore only very few would 
potentially profit from such a device, making both the development and validation of the 
theory unlikely.
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Future HMEs and studies
Consistent use of an HME diminishes the severity of pulmonary complaints after 
total laryngectomy. However, as the symptoms improve, but do not disappear, and 
a physiological tracheal climate is approached, but not reached, the aim for further 
improvements of this rehabilitation device is justified. 
The design of future HME versions should focus on improved heat and moisture exchange 
capacities and not on breathing resistance, because no evidence of a short-term effect of 
a high-resistance HME on (tissue) oxygenation levels exists. Increasing HME resistance 
will only decrease patient compliance. 
To further improve the heat and moisture exchange of the most commonly used HME 
in the Netherlands, its thermal capacity -or more specifically, the ability to easily absorb 
and subsequently deliver thermal energy- should be increased, as it is limiting the 
moisture content of the intra-tracheal breathing air under both room climate, and cold 
and dry conditions. In general, the obtained data in this thesis suggest that the clinical 
improvement in pulmonary symptoms due to the consistent use of an HME is rather 
related to increased intra-tracheal humidity values than to changes in intra-tracheal 
temperature values.
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Summary

Chapter 1 is the general introduction and provides the outline of the thesis. In the last 
decades, the beneficial effects of heat and moisture exchangers (HMEs) on the respiratory 
symptoms after laryngectomy have been well established, and these devices have become 
a generally recognized rehabilitation tool for laryngectomized individuals. In contrast, 
the underlying basic physiologic parameters that account for these improvements are 
relatively underexposed.

The aim of the research presented in this thesis was to improve our knowledge of the 
changes in physiologic parameters after laryngectomy, i.e., to what extent are airway 
humidity and temperature affected by total laryngectomy and to what extent are they 
restored by an HME? Furthermore, can any beneficial influence on respiratory physiology 
be ascribed to the additional breathing resistance of the HME? Finally, can the obtained 
data of this thesis give direction to further improvements in future versions of this 
postlaryngectomy pulmonary rehabilitation device?

In chapter 2, the relevant available literature at the start of this research project was 
reviewed. The three physical properties of the HME, i.e., the heat and moisture exchange 
capacity, the respiratory load and the particle filtration, were discussed separately 
with respect to their influence on in vitro and in vivo measurements. Because of the 
limited amount of in vivo data on airway climate in laryngectomees, and the technical 
complexity and diversity of the humidity measurements, these data have to be interpreted 
with some caution. Nevertheless, it was concluded that the heat and moisture exchange 
capacity of the HME seems substantial, although the physiological values may not be 
reached. Although the resistive loading of the HME has been reported to improve the 
transcutaneous oxygenation values, we do consider the interpretation of these data, and 
therefore an HME related effect, not beyond any doubt. It was argued that the ability of 
an HME to filter out pathogens is presumably poor and clinically irrelevant.

Chapter 3 deals with the reproduction and verification of an earlier published report, 
in which the authors concluded that wearing an HME with a relatively high-resistance 
for 4 hours increased the transcutaneous or tissue oxygenation (tcpO2) values in 
laryngectomized individuals considerably. The authors hypothesized that the resistive 
load of the HME caused the collapsed lower airways to open, thereby improving 
the ventilation-perfusion ratio. However, no control group – in which 4-hour tcpO2 
measurements were performed without an HME – was included. In a randomized 
crossover study, we aimed to reproduce and verify the reported tcpO2 increase due to the 
presence of an HME. In contrast to the earlier report, we could conclude that there is no 
evidence of increased tcpO2 levels in laryngectomized individuals that can be ascribed 
to the presence of a high-resistance HME. As a consequence, because high-resistance 
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HMEs negatively influence user comfort and thus compliance, we consider HMEs with a 
convenient breathing resistance the first choice.

Systems for intra-tracheal temperature and humidity measurement are not commercially 
available. In Chapter 4 the design, construction and verification of a newly developed 
measuring system, the “Airway Climate Explorer” (ACE), is described in detail. The 
ACE consists of a thermally isolated small diameter, internally heated, catheter which is 
proximally connected to a heated sensor house containing a humidity sensor. In the distal 
tip of the catheter, that is placed in the trachea of the laryngectomee, a thermocouple 
is placed for the temperature measurements. Air is continuously sampled through the 
catheter and sensor house by a controlled-flow pump. Over the clinically relevant range 
of humidity values the signal output of the ACE highly correlated with the readings of a 
reference sensor. The 1 – 1/e response times for temperature and humidity steps were all 
< 0.5 s. In a first in vivo measurement the ACE appeared suitable for the assessment of 
end-tidal intra-tracheal temperature and humidity values during normal breathing.

In chapter 5, the clinical applicability of the ACE, and the influence of an HME on 
airway climate were assessed under room temperature and humidity conditions in 
10 laryngectomized patients, in a randomized crossover study. It was shown that the 
assessment of intra-tracheal temperature and humidity, and the evaluation of HME 
effectiveness were practically and technically feasible with the ACE. However, it also 
became clear that a continuous awareness is required when interpreting the obtained 
data because of their sensitivity to instrumental errors. In presence of an HME on the 
tracheostoma, the inspiratory intra-tracheal humidity values increased, whereas the 
inspiratory intra-tracheal temperature values decreased; the latter probably because 
of evaporative cooling of the inspired air. Calculations indicate that, with the HME 
present on the tracheostoma, the intra-tracheal relative humidity remains around 100% 
throughout the whole breathing cycle. This suggests that not the moisture retention but 
the thermal capacity is the limiting factor for the heat and moisture exchange efficiency. 
It is hypothesized that an increase in the thermal capacity may further improve the 
clinically beneficial effect of the tested HME.

Because in wintertime the incidence of pulmonary complaints, severe tracheitis and 
lung function deterioration is increased in laryngectomized individuals, we analyzed in 
chapter 6 how an HME performs under these circumstances, and how its efficiency under 
these environmental conditions might be improved. Hereto, intra-tracheal temperature 
and humidity were measured in 10 laryngectomized patients with and without HME, 
in a cold and dry room, in a randomized crossover setting. It was observed that under 
these environmental circumstances, the presence of an HME significantly increased 
both inspiratory and expiratory temperature and humidity values. In the majority of 
patients, the calculated relative humidity values appeared to reach well above 100% 
during inspiration without an HME, suggesting the formation of condense droplets. As 
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in the study under room temperature, calculations show that with an HME in situ, the 
intra-tracheal relative humidity remains around 100% during the whole breathing cycle. 
Therefore, also under cold circumstances, to further increase the HME ś effectiveness, 
improvement of its thermal capacity should be aimed for.
 
In chapter 7, the results obtained in this thesis are discussed in general.
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Hoofdstuk 1 is algemene introductie en geeft de opzet van dit proefschrift weer. De 
afgelopen decennia is het positieve effect, dat warmte- en vochtuitwisselaars (HMEs) 
hebben op de luchtwegklachten na laryngectomie, uitgebreid onderzocht, en is het gebruik 
van HMEs inmiddels een onmisbaar element geworden in de pulmonale revalidatie van 
patiënten die een laryngectomie hebben ondergaan. Daarentegen, echter weinig is bekend 
over de fysiologische parameters die ten grondslag liggen aan deze verbeteringen.

Het doel van dit onderzoek was onze kennis van te vergroten van de veranderingen 
in longfysiologische parameters ten gevolge van de totale laryngectomie: in hoeverre 
veranderen de temperatuur en luchtvochtigheid in de luchtwegen na een totale 
laryngectomie, en in hoeverre herstelt een HME op zijn beurt weer deze veranderingen. 
Verder: kan enig voordelig effect op de luchtweg fysiologie worden toegeschreven aan de 
additionele ademhalingsweerstand die gepaard gaat met het dragen van een HME? Tot 
slot, kunnen we, met de in dit proefschrift verkregen informatie, verbeteringen aandragen 
voor toekomstige HMEs?

In hoofdstuk 2 wordt een overzicht gegeven van de relevante literatuur welke ten tijde van 
het begin van het onderzoek beschikbaar is. Van elk van de drie fysische eigenschappen 
van de HME, n.l., de warmte- en vochtuitwisseling capaciteit, de weerstand en de 
potentiële filter capaciteit van stofpartikels, wordt beschreven welke invloed zij hebben, 
in vitro en in vivo. Door het kleine aantal in vivo metingen en de technische complexiteit 
van luchtvochtigheidmetingen, is echter enige voorzichtigheid geboden bij de interpretatie 
hiervan. Desalniettemin lijkt de warmte- en vochtuitwisseling capaciteit van de HME 
aanzienlijk, zij het minder effectief dan die van de bovenste luchtweg. Hoewel beschreven 
is dat de additionele respiratoire weerstand van de HME de transcutane oxygenatie 
positief beïnvloedt, menen wij dat deze data op verschillende manieren kan worden 
geïnterpreteerd, en achten we een HME weerstand gerelateerd effect derhalve niet zeker. 
De capaciteit van een HME een klinisch relevante hoeveelheid pathogenen uit te filteren 
is waarschijnlijk onvoldoende.

Hoofdstuk 3 heeft betrekking op een eerder gepubliceerde studie waarin werd 
geconcludeerd dat het gebruik, gedurende 4 uur, van een HME met een relatief hoge 
weerstand, leidt tot een aanzienlijke stijging van de transcutane oxygenatie (tcpO2) 
waarden. De auteurs veronderstelden dat de weerstand van de HME leidt tot opening 
van samengevallen, basale longvelden, en dat dit op zijn beurt weer gepaard gaat met 
een verbeterde ventilatie-perfusie verhouding. Een minder sterk methodologisch punt in 
deze studie was echter, dat deze 4 uur durende metingen niet uitgevoerd zijn bij een groep 
gelaryngectomeerden die geen HME droegen. In een gerandomiseerde crossover studie 
hebben we geprobeerd de gerapporteerde stijging te reproduceren en te valideren. Echter, 
in tegenstelling tot de eerder gepubliceerde resultaten, concludeerden wij dat er geen 
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bewijs is voor een stijging in de tcpO2 waarden ten gevolge van de aanwezigheid van een 
HME. Aangezien HMEs met een relatief hoge weerstand bovendien gepaard gaan met 
een verminderd draagcomfort en dientengevolge met een lagere therapie compliance, gaat 
onze voorkeur uit naar HMEs met een lage en dus comfortabele ademhalingsweerstand.

Apparatuur die gebruikt kan worden voor intra-tracheale temperatuur en luchtvochtig-
heidmetingen is commercieel niet verkrijgbaar. In hoofdstuk 4 wordt het ontwerp, de 
constructie, en de verificatie van een in eigen huis ontwikkeld meetsysteem, de “Airway 
Climate Explorer” in detail besproken. De ACE bestaat uit de volgende componenten: 
lucht wordt aangezogen via een smalle sample catheter, welke intern verwarmd wordt 
en aan de buitenzijde thermisch geïsoleerd is. In de tip van de catheter, welke in de 
luchtweg geplaatst kan worden, bevindt zich een thermokoppel. De andere zijde 
van de catheter mondt uit in een, eveneens verwarmd, “sensorhuis”, waarin zich een 
luchtvochtigheidsensor bevindt. De door de catheter aangezogen lucht wordt constant 
gehouden door een pomp waarvan de flow actief gereguleerd wordt. In de klinisch 
relevante range van luchtvochtigheidwaarden correleert het afgegeven signaal van de ACE 
in hoge mate met de meetwaarden van een referentie sensor. De 1 – 1/e responstijden 
voor de temperatuur- en luchtvochtigheidveranderingen waren < 1 s. In een eerste in 
vivo experiment bleek de ACE geschikt voor het meten van eind-expiratoire en eind-
inspiratoire luchtvochtigheid- en temperatuurwaarden tijdens ademhaling in rust.

In hoofdstuk 5 wordt in een gerandomiseerde crossover studie, in 10 gelaryngectomeerden, 
de klinische toepasbaarheid van de ACE en de invloed van een HME op het tracheale 
klimaat onder kamertemperatuur omstandigheden onderzocht. Het meten van de 
tracheale luchtvochtigheid en temperatuur met de ACE was praktisch en technisch 
haalbaar, al bleek een continue alertheid vereist met betrekening tot de interpretatie 
van de verkregen data, gezien de gevoeligheid voor instrumentele fouten. Met de HME 
op het tracheostoma steeg de intra-tracheale luchtvochtigheidwaarde, terwijl de intra-
tracheale temperatuur daalde. Deze daling kan verklaard worden door de consumptie van 
thermische energie bij verdamping. Omrekening in relatieve luchtvochtigheidwaarden 
laat gedurende de hele ademhalingscyclus waarden zien van rond de 100 %, hetgeen 
suggereert dat de thermische capaciteit de warmte- en vochtuitwisseling van de HME 
limiteert. Er wordt gehypothetiseerd dat een verbetering van de thermische capaciteit 
van de HME mogelijk leidt tot een verdere reductie van pulmonale symptomen.

Aangezien in de winter de incidentie van luchtweg klachten, ernstige tracheïtiden en 
longfunctie achteruitgang stijgt bij gelaryngectomeerden, hebben we in hoofdstuk 
6 de invloed van een HME op het tracheale klimaat gemeten onder soortgelijke 
omgevingsomstandigheden, en gehypothetiseerd hoe de warmte- en vochtuitwisseling 
verder te verbeteren. Hiertoe hebben we in een gerandomiseerde crossover studie, bij 
10 gelaryngectomeerden, met en zonder HME, de intra-tracheale luchtvochtigheid en 
temperatuur gemeten in een koude en droge kamer. Onder deze omstandigheden leidt 
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het dragen van een HME tot zowel een verhoging van de inspiratoire als expiratoire 
temperatuur en luchtvochtigheid. Verder bleek in de meerderheid van de proefpersonen 
dat de relatieve luchtvochtigheid calculaties, met name tijdens inspiratie zonder HME, 
duidelijk boven de 100 % uitkwamen, hetgeen suggestief is voor condensdruppel vorming. 
Indien een HME gebruikt wordt, dan blijft de relatieve luchtvochtigheid rond de 100 % 
gedurende de gehele ademhalingscyclus. In overeenkomst met de conclusie van de eerder 
uitgevoerde studie onder kamertemperatuur omstandigheden, is een verbetering van 
de warmte uitwisseling van de HME noodzakelijk voor een verdere verbetering van de 
vochtuitwisseling capaciteit.

In hoofdstuk 7 worden de resultaten van de voorgaande hoofdstukken samengevat en de 
implicaties van dit proefschrift weergegeven.
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programmeerkwaliteiten en je immer kritische houding ten aanzien van de transcutane 
oxymetrie, het onderwerp waar je zelf op gepromoveerd bent. Een perfecte aanvulling op 
het team. Dank voor al je hulp.

Dr. F.H.C. de Jongh. Beste Frans, als een van de eersten was jij bij het project betrokken. Je 
hebt een belangrijke rol gespeeld bij mijn eerste oriënterende stappen en bij de ontwikkeling 
van de ACE. Jouw achtergrond, longfysioloog en fysicus, bracht een onmisbare kijk op de 
materie met zich mee. Dank voor je niet aflatende enthousiasme, je - per definitie- binnen 
24 uur antwoord ten aanzien van revisies en je onvoorwaardelijke hulp op locatie: het 
AMC, het  AVL, en in de TU Delft.

De Medisch-Technische Ontwikkelafdeling van het AMC; afdeling fijne mechanica: M. 
Shehata, F. de Vries; afdeling elektronica: M. van der Horst, R. Voorn, J. van Leeuwen. 
Beste Morgan, Frits, Marcel, Ruud, en Jan, we hadden een zeer ambitieus plan. En eerlijk 
gezegd vraag ik me af of we eraan begonnen waren als we van tevoren geweten hadden 
welke problemen we zouden moeten overwinnen. Maar het is gelukt en daar kunnen we 
trots op zijn. Heel veel dank. Onbegrijpelijk dat een innovatieve afdeling als het MTO 
moet inkrimpen tot haast onwerkbaar kleine proporties.
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K. Sier en T. Vlasveld, instrumentmakers AVL. Beste Kees en Ton, veel dank voor jullie 
bijdrage. Instrumentmaker is een prachtig ambacht en het was iedere keer leuk om te zien 
welke praktische oplossing jullie nu weer bedacht hadden.

Marieke Groot - Obbink. Beste Marieke, groot was je geduld als ik weer eens op het 
laatste moment met een aanvraag voor longfunctie onderzoek kwam aanzetten. Je hebt 
heel veel werk verzet, ook voor onderzoek dat dit boekje uiteindelijk niet gehaald heeft. Ik 
ben je hier erg dankbaar voor.

De vele gelaryngectomeerden, die vaak meermalen belangeloos zijn komen opdraven en 
van groot belang zijn geweest bij het tot stand komen van onderzoeksprotocollen en de 
uiteindelijke versie van de “Airway Climate Explorer”. Allen ben ik zeer dankbaar. Een 
naam wil ik graag noemen, aangezien zijn bezoeken aan het AVL inmiddels ontelbaar in 
aantal zijn; Dhr. Rompa. Beste Cees, je bijdrage zowel in kwantiteit als in kwaliteit is van 
onschatbare waarde geweest. Heel veel dank.

Dr. M.J.L. Bucx. Beste Martin, primair ben je als opleider verantwoordelijk voor mijn 
opleiding tot anesthesioloog en niet voor mijn promotie op KNO - gebied. Desondanks 
heb je in belangrijke mate de afronding hiervan ondersteund. Veel dank daarvoor.

Marion van Zuilen. Beste Marion, je bent de spil waar de afdeling KNO op draait. Veel 
dank voor je talloze malen ad-hoc bijstand.

Vele arts-onderzoekers heb ik in HOD promotietrein van het AVL zien passeren, alsmede 
veel arts-assistenten in de kliniek. Allen ben ik dankbaar voor de ontelbare gezellige, 
soms hilarische momenten. In het bijzonder Jennifer Bradshaw, Guido van den Broek, 
Petra Jongmans, Jakko Nieuwenhuijzen, Heike Nijst en Maya van Rossum.

Arine de Bordes. Lieve Arine, het grootste deel van mijn onderzoeksperiode heb je me 
onvoorwaardelijk gesteund. Ik ben je hier erg dankbaar voor.

S.A. van Haaff en F.J.C. Grimmelikhuysen. Beste Steven en Erik, ik ben trots op onze hechte 
vriendschap. Geweldig dat jullie aan mijn zijde willen staan tijdens de verdediging.

Mijn ouders en mijn twee zussen. Lieve pap en mam, Chris en Lot. Ik prijs mezelf zo 
gelukkig met jullie steun en gezelligheid. Ik hou van jullie.

Lieve Ingrid, wat heerlijk dat je zo vaak zo dichtbij bent. Laten we dat voor altijd zo laten.
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Curriculum Vitae

De auteur van dit proefschrift is geboren op 22 juli 1974 te Zeist. In 1992 behaalde hij 
zijn gymnasium-β diploma aan de Bataafse Kamp in Hengelo (O). Van 1989 tot 1992 
studeerde hij cello aan het Koninklijk Conservatorium te Den Haag, en later enige 
maanden aan het conservatorium te Utrecht waarna hij met de studie geneeskunde 
aanving. Zijn artsexamen behaalde hij in 2000 aan de Universiteit van Utrecht. Na enkele 
maanden onderzoek op de Afdeling experimentele in-vivo NMR, gemeenschappelijk 
dierenlaboratorium Utrecht (Dr. W.M. van den Bergh en Prof. dr. K. Nicolay), is hij 
achtereenvolgens werkzaam geweest als AGNIO Neurochirurgie in het UMC Utrecht, 
poortarts in Ziekenhuis Bernhoven te Veghel en AGNIO Hoofd Hals Oncologie in het 
Antoni van Leeuwenhoek Ziekenhuis te Amsterdam. In 2003 startte hij in laatstgenoemd 
instituut het promotie onderzoek: “Postlaryngectomy pulmonary physiology and tracheal 
climate and the influence of a heat and moisture exchanger (HME)”, mede in het kader 
van de aanvankelijk geplande opleiding tot KNO-arts (opleider, Prof. dr. W.J. Fokkens), 
die formeel per 1 mei 2006 startte. Na afsluiting van het praktische deel van het promotie 
onderzoek in het NKI-AVL werd hij per 1 april 2007 AGNIO anesthesie in het AMC. Per 
juli 2007 is de auteur in opleiding tot anesthesioloog op de afdeling Anesthesiologie van 
het Academisch Medisch Centrum te Amsterdam (opleider, dr. M.J.L. Bucx). 
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