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1  |  INTRODUC TION

ASHRAE Guideline 10–20111 states that acute non-clinical health 
symptoms, also called Sick Building Syndrome (SBS) symptoms, de-
crease and perceived air quality improves when the temperature 
and relative humidity of inhaled air decrease. This statement is 
based on the results of many studies, some of which are summa-
rized below.

Most of the studies were conducted with a personalized ven-
tilation (PV) system. Gwosdow et al.2 investigated human physio-
logical and subjective responses when the inhaled air was 27, 30, 
33, and 36°C and relative humidity was 47% and 73% RH; the re-
sults indicated that perceived air quality decreased when the air 
temperature increased above 30°C. Fang et al.3 exposed subjects 
to different combinations of temperature and humidity from 18 
to 28°C and 30% to 70% RH; the perceived air quality decreased 
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Abstract
We explored the importance of inhaled air temperature on thermal comfort, per-
ceived air quality, acute non-clinical health symptoms, and physiological responses. 
Sixteen subjects stayed in a stainless-steel chamber for 90 min. They experienced 
four conditions with two inhaled air temperatures of 22 and 30°C and two ambient 
temperatures of 22 and 30°C in a 2 × 2 design. They wore breathing masks covering 
their mouth and nose to control the inhaled air temperature; the air was provided 
from an adjacent twin stainless-steel chamber. The subjects evaluated thermal condi-
tions and health symptoms on visual-analogue scales. Skin temperature and electro-
cardiography were recorded. Whole-body thermal sensation and skin temperature 
did not change when the temperature of inhaled air was changed. Perceived air qual-
ity was significantly improved when subjects sat in the chamber at 30°C and inhaled 
air with a temperature of 22°C; under these conditions lip and throat dryness were 
significantly reduced. The lower inhaled air temperature increased time-domain heart 
rate variability indicators and decreased heart rate and the LF/HF ratio, suggesting 
that the parasympathetic nervous system was activated and the sympathetic nervous 
system was suppressed.

K E Y W O R D S
inhaled air temperature, perceived air quality, physiological response, sick building syndrome, 
thermal sensation

www.wileyonlinelibrary.com/journal/ina
mailto:﻿
https://orcid.org/0000-0001-5616-8652
https://orcid.org/0000-0003-3431-9266
https://orcid.org/0000-0003-3865-3560
http://creativecommons.org/licenses/by/4.0/
mailto:wuzhibin_2015@163.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fina.13092&domain=pdf&date_stamp=2022-08-21


2 of 11  |     WU et al.

with increasing temperature and humidity of inhaled air, while 
the perceived odor intensity did not change; a linear relationship 
between perceived air quality and the enthalpy of air was found. 
Toftum et al.4 showed that the inhaled air was rated as warmer, 
stuffier, and less acceptable with higher air temperature and hu-
midity. They found that the acceptability of the air was linearly 
correlated with enthalpy, confirming the results of Fang et al.3,5 
The hypothesized underlying mechanism was that evaporative 
and convective cooling of the mucous membranes in the upper 
respiratory tract results in improved perception of air quality. 
Kaczmarczyk et al.6 studied five different personalized ventila-
tion devices delivering air at 20°C at two background tempera-
ture levels (23 and 26°C) and two background air quality levels 
(high and low). All personalized ventilation devices significantly 
improved perceived air quality. Kaczmarczyk et al.7 in another 
study investigated the effect of air supplied at a temperature of 
26°C to the breathing zone by a personalized ventilation system 
while the background temperature was 20°C. Thermal comfort 
was improved in this condition. Melikov et al.8 investigated ther-
mal comfort in warm and humid environments (26 and 28°C at 
70% RH) with personalized ventilation (24°C at 40% RH) and a 
thermally comfortable environment (23°C and 40% RH) without 
personalized ventilation. Supplying air by personalized ventila-
tion improved perceived air quality and thermal sensation and 
decreased the intensity of SBS symptoms compared to the con-
dition without personalized ventilation. Maula et al.9 measured 
fatigue, thermal comfort, and health symptoms in an environ-
ment at 29.5°C with and without a cooling jet. Thermal comfort 
was improved, and indoor air was perceived as fresher with the 
jet. Pallubinsky et al.10 investigated the effect of face cooling 
(22.7°C) at an ambient temperature of 32.3°C. Face cooling im-
proved thermal comfort. Zhang and Zhao11 observed that thermal 
acceptability was improved more by face cooling than by chest or 
back cooling through a local cooling vent. They proposed that the 
upper boundary of the acceptable room temperature range could 
be shifted from 26 to 30.5°C with face cooling. Zhang12 put par-
ticipants in cool (20°C) and warm (30°C) environments and used 
a ventilation sleeve providing inhaled air at 36.5 and 37.5, and 
23°C for 10 min. The subjects disliked warm inhaled air. When the 
inhaled air was warm, the subjects overall comfort decreased in a 
cool environment, while the cool inhaled air improved comfort in 
a warm environment.

A few studies of uniform thermal environments also explored 
the effect of inhaled air temperature on perceived air quality and 
thermal comfort. Berglund et al.13 showed that the air was per-
ceived as less stuffy and more acceptable when cool and dry. In a 
later experiment, Fang et al.5 confirmed that perceived air quality 
improved and was assessed as less stuffy (more fresh) when the 
air temperature and humidity decreased; this effect prevailed for 
several hours.

In previous studies in the indoor environment research area, air 
with different thermal conditions was presented to subjects using 
different methods but never directly to the face through a mask. 

These studies used simple exposure conditions that influenced the 
breathing zone, the facial zone, or the rest of the body and had short 
exposure times. They mainly focused on human psychological re-
sponses and the underlying physiological mechanism was seldom 
investigated. No physiological responses were measured at differ-
ent inhaled temperatures. The present study was carried out to fill 
this gap and provide supplementary evidence on the effects of in-
haled temperature on perceived air quality and thermal responses 
together with information that could be used to determine the un-
derlying mechanisms.

2  |  METHODS

2.1  |  Approach

The effect of inhaled air temperature on thermal comfort, perceived 
air quality, acute health symptoms and physiological responses 
was investigated. Sixteen healthy college students were recruited. 
Exposures lasted 90 min. Skin temperature and heart rate variability 
were continuously monitored.

2.2  |  Experiment facilities

The experiment was conducted in twin stainless steel chambers14 
located at the Technical University of Denmark, Department of 
Civil Engineering (now Department of Environmental and Resource 
Engineering). To separate the inhaled air from the air in the cham-
ber, subjects sat in one of the chambers (Chamber 1) and inhaled 
air from the other chamber (Chamber 2). They inhaled the air using 
masks covering their mouth and nose. Medical tubes made of 
vinyl with an outer diameter of 22 mm were used to deliver the air 
(Figure 1). The inhaled air was supplied with two pipelines (tubes) 
which were connected to the two sides of the mask. The exhaled 
air was exhausted through the hole in the lower part of the mask 
(Figure 1B). The air was delivered for breathing at a rate that was 
higher than the minute ventilation (breathing), which is >5–8 L/min 
during rest; this ensured that the subjects were only breathing the 

Practical implications

The findings of this study confirm the importance of in-
haled temperature for perceived air quality and health 
symptoms, providing independent confirmation of pre-
viously reported results. Information on the underlying 
physiological mechanism was obtained. The results indi-
cate that inhaled air temperature does not affect overall 
thermal sensation. A high inhaled air temperature induces 
increased physiological stress, suggesting that the upper 
temperature limit should be lower than 30°C.
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air delivered to the mask. The exhaled air and the surplus air were 
rejected through a hole in the bottom of the mask. Considering the 
flowrate and the diameter of tubes, the speed of the air delivered 
to the mask was calculated to be about 0.2–0.4 m/s. The tubes 
were connected to a polyurethane plate tightly mounted on the 
door passage connecting the two chambers using wooden boards 
wrapped in aluminium tape.15 The tubes were well insulated, and 
the masks were tightly attached to the face of each subject, which 
ensured that the air that was inhaled maintained the intended con-
ditions. To ensure that the air in the chamber was not contami-
nated by the air outside the chambers, the chambers were kept 
at a higher pressure controlled by a pressure controller for each 
of the two chambers. By changing their set-points, it was possible 
to control the flow between the chambers. This was confirmed by 
measurements performed prior to experiments. A pressure dif-
ference (5–10 Pa) between the two chambers ensured that all the 
air inhaled was from the adjacent chamber. During exposure, the 
subjects were instructed to breathe normally through the masks. 
Subjects exhaled to the chamber in which they were sitting.

2.3  |  Subjects

Sixteen subjects (eight male and eight female) were recruited 
(Table  1). They were randomly assigned to eight groups of two. 
They all had been living in Denmark for at least one year before the 
study. All were non-smokers and healthy as indicated in the survey 
presented to them upon recruitment. All subjects provided written 
consent.

The subjects were asked to wear the same clothing during all 
four exposures, including short pants, short-sleeve shirts, socks, and 
shoes. The clothing insulation was estimated to be 0.5 clo (ASHRAE 
55).16

2.4  |  Measurements

Air temperature, relative humidity, and CO2 concentration were 
monitored during each exposure. The air velocity was maintained at 
less than 0.05 m/s.

Physiological measurements of skin temperature and heart 
rate variability were obtained continuously. Skin temperature was 
recorded every 10 s with iButton sensors (DS1922L-F5#, Maxim 
Integrated, accuracy: ±0.5°C). They were used to measure skin tem-
perature at each of eight locations: forehead, right upper arm, left 
forearm, left hand, left chest, right back, right thigh, and left calf. 
According to ISO 9886,17 mean skin temperature (Tmst) should be cal-
culated as the weighted average of those temperatures as follows:

Heart rate variability (HRV)18 reflects the time variation between 
two successive heartbeats. As a marker of autonomic nervous sys-
tem (ANS) activity, HRV represents human homeostasis.19 It usually 
consists of time-domain indices and frequency-domain indices that 
can be analyzed through heuristically selected statistical and spec-
tral analysis methods. Time-domain HRV indices include Average_
RR, SDRR, RMSSD, and pRR50 (Table  2). Frequency-domain HRV 
indices include HFnorm, LFnorm, and LF/HF (Table 2) where LFnorm is 

(1)Tmst = 0.07Tforehead + 0.175Tright_scapula + 0.175Tleft_upper_chest + 0.07Tright_upper_arm + 0.07Tleft_lower_arm + 0.05Tleft_hand + 0.19Tright_thigh + 0.2Tleft_calf

F I G U R E  1 (A) Experiment setup and 
(B) mask structure.

(A) (B)

Gender Number Age Height (cm) Weight (kg)
BMI 
(kg/m2)

Body 
surface (m2)

Male 8 25.0 ± 3.5 175.2 ± 6.1 70.8 ± 7.6 23.1 ± 1.8 1.94 ± 0.11

Female 8 24.7 ± 2.2 165.3 ± 6.7 54.7 ± 3.1 20.1 ± 1.7 1.69 ± 0.07

Total 16 24.8 ± 2.8 170.3 ± 8.0 62.8 ± 10.1 21.6 ± 2.3 1.82 ± 0.16

TA B L E  1 The information about 
subjects
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related to the sympathetic nervous system (SNS)20 while HF is a 
marker of the parasympathetic nervous system (PNS).21 LF/HF is the 
ratio of LFnorm to HFnorm and indicates the interaction between LF 
and HF. A portable electrocardiogram (ECG) instrument (CCS-103, 
Careshine Electronic) monitored heart rate variability (HRV). The 
electrocardiogram was sampled with a frequency of 500 Hz. The R-R 
interval values were extracted from the original ECG data. The HRV 
indicators were calculated for every five-minute period.

Subjects used paper questionnaires to provide responses de-
scribing the thermal environment, air quality, and acute non-clinical 
health symptoms. The responses describing the thermal environment 
included overall thermal sensation (using the ASHRAE seven-point 
scale),22 the acceptability of the thermal environment, thermal com-
fort, and temperature preference. The intensity of health symptoms 
was indicated on continuous linear visual-analogue scales (VAS)23 with 
the following endpoints: running—dry nose, shortness—easiness of 
breath, chest tightness—no tightness, throat dry—not dry, mouth dry—
not dry, lips dry—not dry, skin dry—not dry, eyes dry—not dry, eyes 
aching—not aching, headache—no headache, difficult to think clearly—
easy to think clearly, dizzy—not dizzy, feeling well—bad, tired—not 
tired, difficult—easy to concentrate, depressed—not depressed, and 
alert—sleepy. All of these scales are reproduced in the SI (Figure S1).

2.5  |  Experimental conditions and procedure

Each subject was exposed to four conditions: two ambient tem-
peratures (22 and 30°C) and two inhaled air temperatures (22 and 
30°C). A 2 × 2 design was used (Table 3). The temperature of 22°C 
was selected because it is in the middle of the temperature range 
recommended by EN16798-1 (2020).24 At this temperature, it was 
expected that subjects would feel comfortable and slightly cool 
(PMV  =  −1.2). The temperature of 30°C was selected to create a 
significant contrast and a sensation of warmth (PMV = 1.6).

The experiment was conducted on weekdays in four successive 
weeks in September 2019. Each group participated in the experi-
ments from Monday to Friday. Two groups were exposed each day, 

one from 13:00 to 15:00 and another from 16:00 to 18:00. The prac-
tice session was conducted on Mondays to ensure that all subjects 
were familiar with the experimental protocols and procedures. The 
order of the exposures was balanced in a Latin-square design.

Each experimental session lasted 120 min, of which 90 min was 
the exposure in the chamber wearing a mask (Figure  2). Before the 
exposure, the subjects sat for 15 min in an antechamber for acclima-
tization. They then entered the chamber and sat there without a mask 
for 30 min to ensure acclimatization. Sensors for the physiological mea-
surements were attached during this period. Towards the end of the 
30 min period, the subject began to respond to questionnaires and the 
masks were put on. The experimental period began immediately after-
wards. Skin temperature and heart rate variability were continuously 
monitored. Perceived air quality and subjective thermal perception 
were collected at intervals of 5, 10, and 15 min, respectively, during 
Phases I, II, and III. The intensity of symptoms was rated at the 0th, 
25th, 50th, 75th, and 90th minute of each experimental period. The 
difference in sampling time between phases was to ensure that we 
could better monitor potential changes in responses at the outset of 
each experimental session; it was expected that these changes would 
disappear over the course of each exposure. The study protocols fol-
lowed the guidelines of the Declaration of Helsinki.

2.6  |  Statistical analysis

The R programming (Rstudio) and SPSS software (IBM SPSS 
Statistics 22; IBM Corporation, Armonk, NY, USA) were used to 
perform a statistical analysis. The Shapiro-Wilks test was used to 
examine the normality assumption. A repeated-measures ANOVA or 
paired-sample t-test was made if the data were normally distributed. 
Otherwise, a nonparametric test—Wilcoxon's test or the Friedman 
test as appropriate—was used. The significance level was set to 
p  =  0.05 (2-tail). Effect size (ES) was also calculated. For ANOVA, 
the ES values (�2) of 0.01, 0.06, and 0.14 indicate, respectively, small, 
moderate, and large effects while for the t-test, the corresponding 
ES values (Cohen's d) are 0.2, 0.5, and 0.8.

HRV indices Description

Time-domain HRV

Average_RR Average value of the entire RR intervals

RMSSD Root mean square of successive RR interval differences

SDRR Standard deviation of RR intervals

pRR50 Percentage of RR pairs that differ by 50 ms

Frequency domain HRV

HFnorm Relative power of the high-frequency band (0.15–0.4 Hz) in normal 
units

LFnorm Relative power of the low-frequency band (0.04–0.15 Hz) in normal 
units

LF/HF Ratio of LF-to-HF power

TA B L E  2 Description of the parameters 
describing heart rate variability (HRV)
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3  |  RESULTS

3.1  |  Thermal environment

The inhaled air was judged as slightly warm (1.0 ± 0.8) when the 
inhaled and ambient temperatures were 30°C (T30-30) while it was 
evaluated as slightly below neutral (−0.4 ± 1.0) when the inhaled 
and ambient temperatures were 22°C (T22-22) (Figure 3). The ther-
mal sensation of inhaled air was significantly affected by the inhaled 
air temperature (p < 0.001, �2 = 0.69). When the ambient tempera-
ture was 30°C, the thermal sensation of inhaled air decreased sig-
nificantly when the inhaled air temperature fell from 30°C (T30-30) 
to 22°C (T22-30) (p < 0.01, d = 1.05). When the ambient temperature 
was 22°C, the thermal sensation of inhaled air increased signifi-
cantly when the inhaled air temperature increased from 22°C (T22-22) 
to 30°C (T30-22) (p < 0.05, d = 0.59).

The overall thermal sensation of subjects was “slightly cool” 
when the ambient temperature was 22°C and it did not change sig-
nificantly when the inhaled air temperature increased from 22 to 
30°C (Figure 4). When the ambient temperature was 30°C, the sub-
jects felt slightly warm and this sensation did not change significantly 
when the temperature of inhaled air changed from 22 to 30°C.No 
statistically significant differences were observed when the inhaled 
air temperature was changed between 22 and 30°C at an ambient 
temperature of 22 or 30°C (Figure S2 in the SI).

3.2  |  Perceived air quality

Air quality was rated as acceptable in all conditions (Figure 5). However, 
the acceptability of the air quality when both inhaled and ambient 
temperatures were 22°C (T22-22) was significantly higher than when 
both inhaled and ambient temperatures were 30°C (T30-30) (p < 0.05, 
d = 0.77). The acceptability of the air quality decreased significantly 
with the inhaled air temperature increased, independently of the am-
bient temperature (p < 0.01, �2 = 0.45). When the ambient tempera-
ture was 30°C (T30-30 and T22-30), the acceptability of the air quality 
increased significantly when the inhaled air temperature changed from 
30°C (T30-30) to 22°C (T22-30) (p < 0.001, d = 1.15). When the ambient 
temperature was 22°C, the acceptability of the air quality decreased 
when the inhaled air temperature increased from 22°C (T22-22) to 30°C 
(T30-22); the effect was borderline significant (p = 0.06, d = 0.56).

3.3  |  Non-clinical acute health symptoms

The intensity of health symptoms indicated by the subjects in 
all conditions for which significant differences were observed is 
shown in (Figure 6). The intensity of lip dryness (p = 0.06, d = 0.54), 
shortness of breath (p < 0.05, d  =  0.71), and difficulty concentrat-
ing (p < 0.05, d = 0.65) were lower when both inhaled and ambient 
temperatures were 22°C (T22-22) compared with when both inhaled 
and ambient temperatures were 30°C (T30-30). When the ambient TA
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temperature was 30°C, the intensity of throat dryness decreased 
significantly when the inhaled air temperature changed from 30°C 
(T30-30) to 22°C (T22-30) (p < 0.05, d = 0.57). When the ambient tem-
perature was 22°C, the intensity of lip dryness decreased signifi-
cantly when the inhaled air temperature changed from 30°C (T30-22) 
to 22°C (T22-22) (p < 0.05, d = 0.71).

3.4  |  Physiological responses

The mean skin temperature was averaged for the last ten minutes 
of each exposure, by which time it had reached a stable condi-
tion (Figure  7). Tmst was significantly higher when the ambient 
temperature was 30°C independently of inhaled air tempera-
ture (p < 0.001, �2 = 0.94). There were no significant differences 
in the skin temperature when the inhaled air temperature was 
changed at an ambient temperature of 22 or 30°C.Heart rate 
decreased during exposures, reaching a steady-state value after 

F I G U R E  2 Experimental procedure.

F I G U R E  3 The thermal sensation of inhaled air as a function of 
exposure time and conditions.

F I G U R E  4 The overall thermal sensation as a function of the 
exposure time and condition.

F I G U R E  5 Acceptability of air quality as a function of exposure 
time and condition.
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about 80 min (Figure 8). Heart rate when both inhaled and ambient 
temperatures were 22°C (T22-22) was significantly lower than that 
when both inhaled and ambient temperatures were 30°C (T30-30) 
(p < 0.05, d = 0.78). Heart rate was significantly lower with lower 
inhaled air temperature (p < 0.05, �2  =  0.31). There were differ-
ences in the heart rate at an ambient temperature of 22°C—it was 
significantly lower when the inhaled air temperature was 22°C 
(T22-22) than when it was 30°C (T30-22) (p < 0.05, d = 0.71). When 
the ambient temperature was 30°C, heart rate decreased when 
the inhaled air temperature changed from 30°C (T30-30) to 22°C 
(T22-30), but this effect did not reach formal statistical significance 
(p = 0.1, d = 0.46). The fluctuations in heart rate could be caused 
by responding to questionnaires.

We show pRR50 and LF/HF here while all other HRV param-
eters are shown in the SI (Figure  S3). pRR50 decreased signifi-
cantly (p < 0.05, �2  =  0.34) while LF/HF increased significantly 
(p < 0.05, �2 = 0.37) as the inhaled air temperature increased, inde-
pendently of the ambient temperature (Figure 9). When the ambient 

temperature was 30°C, LF/HF decreased significantly (p < 0.05, 
d = 0.75) and pRR50 increased non-significantly (p = 0.2, d = 0.35) 
when the inhaled air temperature changed from 30°C (T30-30) to 22°C 
(T22-30). When the ambient temperature was 22°C, LF/HF tended 
to increase (p  =  0.1, d  =  0.47) and pRR50 decreased significantly 
(p < 0.05, d = 0.69) when the inhaled air temperature increased from 
22°C (T22-22) to 30°C (T30-22).

4  |  DISCUSSION

The purpose of the present work was to examine the effects of in-
haled temperature and relative humidity on physiological and psy-
chological responses. We wanted to understand the consequences 
of a difference between inhaled and ambient air temperature and 
for this purpose we used the masks. Our purpose was not to exam-
ine the effect of mask wearing as this has been done in many other 
studies.25,26

F I G U R E  6 The intensity of health 
symptoms as a function of exposure time 
and condition.

F I G U R E  7 Skin temperature as a function of exposure time and 
condition.

F I G U R E  8 Heart rate as a function of the time of exposure and 
condition.
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Previous studies7,10,11 have shown that facial cooling or heating 
has a significant impact on overall thermal sensation and comfort. 
For example, Zhang and Zhao11 found that the upper limit of accept-
able room temperature can be shifted from 26 to 30.5°C by provid-
ing some cooling of the face. The present experiment indicates that 
changing the inhaled air temperature independently of the ambient 
temperature did not have a significant effect on overall thermal sen-
sation, thermal comfort, thermal preference or thermal acceptabil-
ity, although it did affect the thermal sensation of the inhaled air 
as would be expected. The reason for the discrepancy between the 
present and previous studies is probably that facial cooling directly 
affects several other local body parts e.g., face, head, and upper 
chest, while in the present study the air was delivered through a 
mask. It is logical that cooling both the breathing zone and nearby 
body regions will change the overall thermal sensation. However, 
Zhang12 found that inhaling cool air decreased overall thermal sen-
sation from warm to neutral, which was not found to be the case in 
the present experiment. The difference may be due to the shorter 
exposure (10–15 min) or the higher air velocities in the earlier ex-
periment. This discrepancy should be further explored. Core tem-
perature was not measured in the present experiment, as it was not 
expected to change much in the 90-min exposures. In longer expo-
sures, inhaled air temperature might reasonably be expected to af-
fect core temperature slightly in the same direction as its difference 
from the ambient temperature.

That changing the inhaled temperature had no effect on overall 
thermal sensation was further supported in the present study by the 
measured skin temperature (Figure 7), which did not change when 
the inhaled temperature was changed. A previous study10 also found 
that local cooling in a warm environment did not change mean skin 
temperature.

As shown in previous studies,1,27 reducing the temperature of 
inhaled air improved perceived air quality and the perception of air 
freshness both under isothermal conditions (T22-22 vs. T30-30) and 
when the inhaled air temperature was reduced at higher ambient 
temperatures (T22-30). Improved perceived air quality at lower in-
haled temperature has been assumed to be due to cooling of the 
mucous membranes in the upper respiratory tract3–5—inhaled air 
cools the mucosa when the inhaled air temperature is below mu-
cosal temperature (30°C).3,28,29 The temperature and water vapor 

pressure gradients between the respiratory tract surface and in-
haled air both apply a cooling effect to the mucous membranes. 
Unlike the local heating and cooling of other local body parts,30–33 
reducing the inhaled air temperature significantly decreased the 
thermal sensation of the inhaled air independently of the ambient 
temperature (Figure 3).

The present study shows that exposure to higher ambient 
air temperature (T30-30 vs. T22-22) increases the intensity of acute 
health symptoms, as has been observed in many other studies.8,27,34 
Reducing the inhaled air temperature reduced the intensity of dry-
ness symptoms, as shown in other studies,4 but not the intensity of 
neurobehavioral symptoms (such as “difficult to concentrate”).

It must be admitted that the sensation of dryness could be caused 
by many factors that include air humidity, temperature and perceived 
air stuffiness, and that humans do not have a dryness receptor.35 
Studies have generally shown that the “sensation of dryness” has lit-
tle to do with physical air humidity.36 Dryness of lips and mouth in 
the present study could thus be caused by a combined effect of low 
relative humidity and temperature, probably also caused by the per-
ceived stuffiness. We cannot separate these effects from each other 
in the present work though we believe that they were all caused by 
changing the inhaled air temperature. For dryness, it is likely that de-
livering cool air to the breathing zone when ambient temperatures 
were high would alleviate the symptoms. But this was not the case 
for general symptoms such as “difficult to concentrate” as delivering 
cool air at 30°C did not alleviate these symptoms so it is likely that for 
these types of symptoms both the ambient air and inhaled air should 
be low. Previous studies seem to agree with this conclusion.34,37

High temperature has been shown previously to increase the 
arousal level.35,36 Human thermoregulation is governed by the 
hypothalamus response, which controls various mechanisms to 
regulate energy consumption, to maintain the body core tempera-
ture.38 Homeostasis is regulated by the autonomic nervous sys-
tem consisting of the parasympathetic nervous system (PNS) and 
the sympathetic nervous system (SNS). The PNS and the SNS have 
competing effect on the heart rate:39,40 the PNS branch usually han-
dles inputs from internal organs and causes a decrease in the heart 
rate while the SNS branch reacts with responses to external stimuli 
like stress and exercise, and increases the heart rate. In this study, 
heart rate increased with the room air temperature in the isothermal 

F I G U R E  9 Heart rate variability as a 
function of exposure time and condition.
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environment, as shown earlier.27,41–43 This study also supported a 
previous finding44 that time-domain HRV indices also increase when 
the room air temperature is reduced in an isothermal environment.43 
pRR50 decreased significantly while heart rate and LF/HF increased 
significantly with increased inhaled air temperature, independently 
of the ambient temperature. The significant change of pRR50, heart 
rate, and the LF/HF ratio indicate higher physiological stress caused 
by the increase in inhaled air temperature, the effect being stron-
ger than that caused by the ambient temperature. This suggests 
parasympathetic withdrawal due to the stress induced by the high 
inhaled air temperature. This may suggest that heating of internal 
body organs (respiratory tract and lung) result in increased SNS 
activity. Higher inhaled air temperature caused a more active SNS 
while the PNS becomes more active when subjects inhale air at a low 
temperature.45–47 Some of these responses can be used in the future 
in a control loop to ensure that the environment provides the best 
conditions for the occupants.

In recent experiments, Lan et al.27,48,49 inferred that both ther-
mal discomfort and increased temperature induce physiological 
stress, which then results in reduced cognitive performance. A similar 
mechanism was proposed by Wargocki and Wyon50 who addition-
ally suggested that elevated temperatures would induce acute health 
symptoms. The present results provide support for these findings, es-
pecially by disconnecting thermal effects on the whole body from any 
thermal effects of the inhaled air. As a result, the trade-offs between 
energy-saving and work performance and overall well-being should be 
carefully considered when the Adaptive Thermal Comfort (ATC) model 
is used to justify allowing indoor temperature to drift according to out-
door temperature levels. It would be useful to determine the highest 
air temperature at which thermal acceptability can be achieved by ad-
justing clothing and air velocity without activating sufficient physio-
logical stress to cause the negative effect on performance that was 
demonstrated by Lan et al.43 to occur within that range.

The present results were obtained with young and healthy col-
lege students. We explored only two inhaled air temperatures and 
two ambient air temperature conditions, which spanned a narrow 
range that included the highest temperatures recommended in stan-
dards for thermal comfort.16 The clothing insulation and metabolic 
rate were constant, and we did not explore their effect. We also did 
not consider the impact of inhaled air speed on the thermal sensa-
tion of inhaled air, perceived air quality, or thermal perception, as 
the air was always delivered at a very low flowrate. Extrapolation 
of the present results should take account of these limitations and 
the results require further validation, especially for extended expo-
sures and more moderate temperatures. It would be useful to de-
termine whether the effects observed exhibit linear or non-linear 
dependence.

5  |  CONCLUSIONS

The present study explored the effects of inhaled air temperature 
on perceived air quality, the intensity of acute health symptoms, and 

thermal responses at two different ambient temperatures (22 and 
30°C). The main findings are as follows:

1.	 Reducing the inhaled air temperature did not 
change the overall thermal sensation at either of the ambient 
temperatures.

2.	 Changing the inhaled air temperature did not change mean skin 
temperature.

3.	 Reducing the inhaled air temperature significantly improved per-
ceived air quality at both ambient temperatures.

4.	 Reducing the inhaled air temperature significantly decreased lip 
dryness and throat dryness symptoms at an ambient temperature 
of 30°C. Difficulty in concentrating and shortness of breath were 
reduced when both ambient temperature and inhaled tempera-
ture were reduced.

5.	 Reducing the inhaled air temperature significantly increased 
time-domain heart rate variability indices and decreased heart 
rate and the LF/HF ratio at an ambient temperature of 30°C, 
indicating increased activity of the parasympathetic nervous 
system.
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