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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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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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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

Measuring method Thermocouple Thermocouple/capacitive 
humidity sensor

Response time ≤ 0.4 s T: ≤ 0.4 s Humidity: < 2 s

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

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

Nasal vestibule 12 °C 29 °C 25 °C 34 °C 25 °C 29 °C  69 % RH

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

Column A B C D E F

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.

Primiano 17

Thermistor/
mass spectometry

T: < 0.12 s Humidity: < 0.25 s 16

22 °C 25 % RH

Insp. Exp.

24 °C  40 % RH 34 °C  85 % RH

31 °C  95 % RH 35 °C  95 % RH

G H



22

Chapter 2

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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