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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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