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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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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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