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a  b  s  t  r  a  c  t

Resistive  respiratory  loading  is  an  established  stimulus  for the  induction  of  experimental  dyspnoea.  In
comparison  to  unloaded  breathing,  resistive  loaded  breathing  alters  end-tidal  CO2 (PETCO2), which  has
independent  physiological  effects  (e.g.  upon  cerebral  blood  flow).  We  investigated  the  subjective  effects
of  resistive  loaded  breathing  with  stabilized  PETCO2 (isocapnia)  during  manual  control  of  inspired  gases
on  varying  baseline  levels  of mild  hypercapnia  (increased  PETCO2). Furthermore,  to  investigate  whether
perceptual  habituation  to dyspnoea  stimuli  occurs,  the  study  was  repeated  over  four experimental  ses-
 loading

sions.  Isocapnic  hypercapnia  did  not  affect dyspnoea  unpleasantness  during  resistive  loading.  A  post  hoc
analysis  revealed  a small  increase  of respiratory  unpleasantness  during  unloaded  breathing  at  +0.6  kPa,
the  level  that  reliably  induced  isocapnia.  We  did  not  observe  perceptual  habituation  over  the  four  sessions.
We  conclude  that isocapnic  respiratory  loading  allows  stable  induction  of  respiratory  unpleasantness,
making  it  a good  stimulus  for multi-session  studies  of  dyspnoea.
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Fig. 1. Schematic illustration of custom-built respiratory circuit. A facemask (7450 SeriesV2TM Mask, Hans Rudolph, USA) was connected to two sampling lines measuring
respiratory gases and respiratory pressure via polyethylene extension tubing (Vygon SA, Ecouen, France). One sampling line led to a pressure transducer (MP  45, ±50 cmH2O,
Validyne  Corp., Northridge, CA, USA) connected to an amplifier (Pressure transducer indicator, PK Morgan Ltd, Kent, UK) and provided readings of current respiratory pressure
at  the mouth. Tidal CO2 and tidal oxygen were continuously sampled and analyzed using an infrared analyzer with side-stream sampling (Capnomac Ultima, Datex Ohmeda,
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Fig. 2. Timeline of experimental session. Each experimental session lasted 34 min. After an adjustment period of 5 min, baseline PETCO2 was determined. In the isocapnia
conditions, PETCO2 was  then increased according to condition (+0.4 kPa, +0.6 kPa, +0.9 kPa) and was kept stable at the target PETCO2 level. PETCO2 was allowed to freely vary
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Table  1
Participant characteristics. F = female, M = male.

Participant
number

Age (years) Sex Height (cm) Weight (kg) Fitness level Previous respiratory experience Worst previous breathlessness

1a 18 F 167 66 Casual sports None After rowing race
2 26 M 190 86 Frequent sports Mild allergy to dust mites During intense exercise in hot weather
3  23 F 158 50 Casual sports Diving After a long treadmill session
4 22 F 186 77 Frequent sports Plays wind instrument After a cross-country race
5 22 M 183 70 No sports None During the 1500 m run at school
6  21 M 162 48 No sports None None
7b 38 M 183 83 No sports Childhood asthma, diving,

respiratory  apparatus
Childhood asthma

8  22 F 149 50 Casual sports None None
9  18 M 170 65 Casual sports Diving After an intense period of running
10 23 M 183 79 Casual sports None After a long treadmill session
Median 22 177 68
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g all four experimental conditions (df = 3). Due to the
ry nature of this analysis and its primary aim of highlight-
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 dyspnoea unpleasantness, which could reduce phys-
confounds of respiratory loading during blood-flow
t measures such as transcranial Doppler sonography or

 research studies are required to carefully investigate the
tic underpinnings of these results, which could be a major

 in understanding dyspnoea perception. Our findings sug-
e potential hypotheses for further investigation:

ossible that intensity and unpleasantness of dyspnoea
 differently with the intensity of dyspnoea increasing

inearly (Nishino et al., 2007) than the unpleasantness, as
red in the current study.
nces in linearity might be due to the different underly-
ysiological mechanisms by which respiratory loading and
apnia  cause dyspnoea. It has previously been suggested
e dyspnoea caused by mechanical respiratory loading is

 caused by activation of lung receptors, whilst hypercap-
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g et al., 2009). It might be possible that dyspnoea evoked
h  the same physiological pathway influences sensations
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capnia of +0.6 kPa above resting breathing baseline was
 for reliable isocapnia (Fig. 3). We  observed a small

of respiratory unpleasantness from 12% (±10) VAS to 21%
S when +0.6 kPa hypercapnia was  compared with poik-
. Although statistically significant, this effect might be
d small enough to be biologically unimportant. Increased

ntness during unloaded breathing is not ideal for the study
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imal.
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his is good news for the investigation of experimental
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ectedly, we  found that unpleasantness during unloaded
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ach session. This effect remained present throughout
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. Whilst isocapnia eliminated effects of respiratory loading
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bituation across sessions
was no adaptation of respiratory unpleasantness across
uring loaded or unloaded breathing. This makes respira-

ing a valuable tool for comparing dyspnoea over multiple
and allows its use during intervention studies, e.g. phar-
cal studies that involve administration of drug and control
te sessions.
tion of respiratory unpleasantness was  stable in response

ted respiratory loading. Previous studies have shown
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exercise over 12 sessions in patients with chronic obstruc-
onary disease (Carrieri-Kohlman et al., 2001), there is

 of perceptual habituation in response to repeated hyper-
breathing challenges in healthy individuals (Li et al., 2006;
., 2009). It seems like habituation of dyspnoea perception
ring short laboratory challenges of hypercapnia, whilst
administration of hypercapnia in ventilated patients,

ry loading, breath holding and exercise show higher per-
tability. This would need to be investigated within the
y in order to disentangle differences that might originate
rences in study context and exact sensations rated.

standing the mechanisms underlying the habituation of
nd affective responses to respiratory sensations could

 which contexts and to which stimuli experiential habit-
curs. To our knowledge, potential neuronal mechanisms
ation to respiratory unpleasantness in response to experi-
spnoea stimuli have not been investigated, but one study

n perceptual and neuronal habituation to short inspiratory
s (12 blocks) during late compared to early experimental
sing electroencephalography (EEG) (von Leupoldt et al.,
is suggests the habituation of neural processing of respi-
sations as a potential mechanism for reduced respiratory
ns. Additional clues might be found when investigating
lex interplay between dyspnoea and other cognitive and
l states. Trait anxiety has been shown to influence the rate
tual habituation to dyspnoea stimuli, with higher anxiety

 in less experiential habituation (Li et al., 2006). A striking
l finding in our study was the large interindividual varia-
spiratory unpleasantness. The interindividual differences
tion of dyspnoea in the current study largely outweighed

 subtle differences between hypercapnia conditions and
sk subtle habituation effects of particular groups, which
ed to be investigated in future studies.

fits of isocapnia when inducing experimental dyspnoea
RI

al gas control during unloaded breathing and during the
n of respiratory loading minimized intra- and interindi-

riation of PETCO2 (Fig. 3). This has two potential benefits
respiratory loading to investigate dyspnoea during FMRI.
ocapnia reduced PETCO2 fluctuations within individual
compared to poikilocapnia. Controlling PETCO2 in this
he benefit of reducing intraindividual variations in BOLD

15 cm
of te
hype
ing a
1984
von 

abili
varia
Isoca
vent
train
resp
diffi
resp

5. C

T
rato
phys
isoca
with
has c
was 

load
unlo
unpl
with
catin
mult
idea
titra
tory
of th
sess

Ackn

W
for t
advi
his c
supp
supp
Biom
NHS

App

S
the o

Refe

Banze
a
1

Banze
ti
w

Bloch
in
la

Bogae

eness (Harris et al., 2006) and allows the dissociation of
l of interest from BOLD activity caused by CO2 fluctu-
condly, isocapnia reduced PETCO2 fluctuations between

nts. As seen in Fig. 3, application of a respiratory load of

Peak-en
with  m
74, 974

Carrier, J., M
biol. Int
ogy 208 (2015) 21–28 27

 amplitude increased variation in PETCO2 within a group
ticipants during poikilocapnia. Previous literature shows
nia or unaltered PETCO2 in response to respiratory load-
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