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Experimental comparison of dyspnea and pain

ANDREAS VON LEUPOLDT AND BERNHARD DAHME
University of Hamburg, Hamburg, Germany

Dyspnea and pain are similarly unpleasant, alarming physical sensations, but studies examining both sensa-
tions in combination are lacking. In the present study, dyspnea was induced in 7 healthy volunteers by breathing
through inspiratory resistive loads and the effects were compared with those of a heat pain stimulus. End-tidal
partial pressures of carbon dioxide (PETc(,), inspiratory time (7i), breathing frequency ( /), experienced un-
pleasantness, and intensity were measured. No difference was observed between dyspnea and pain in experi-
enced intensity and unpleasantness ( p > .05). During dyspneic stimulation, slightly higher 77 was found than for
pain (p < .08). PET(, showed slight increases during the dyspneic versus the baseline and painful conditions
(APET(q, = 1.5 and 1.3 mmHg, respectively; p < .01 and p <.05). This study shows that the effects of dyspnea
and heat pain can be compared within one experiment; both stimuli can be presented with similar intensity and
unpleasantness, which is a prerequisite for comparing responses to them. The changes in PET¢q, between our
conditions were minimal, allowing an application of the present design to future fMRI studies.

Dyspnea, or breathlessness, is the subjective experi-
ence of breathing discomfort that comprises qualitatively
distinct sensations that can vary in intensity. This sensory
experience evolves from interactions among multiple
physiological, psychological, social, and environmental
factors (American Thoracic Society, 1999). Dyspnea is an
aversive and frightening symptom in various cardiopulmo-
nary and other diseases (American Thoracic Society, 1999;
Rao & Gray, 2003) and a cardinal symptom in asthma and
chronic obstructive pulmonary disease, causing reductions
in functional status and quality of life, as well as an enor-
mous socioeconomic burden (NHLBI/WHO, 2001, 2002).
However, adequate perception of the onset and severity
of breathlessness is a major component of disease self-
management programs, particularly for asthma (Dahme,
Schandry, & Leopold, 2000; NHLBI/WHO, 2002). Failure
to perceive the severity of a developing bronchoconstric-
tion can lead to delays in seeking help, inadequate utiliza-
tion of effective medications, and at worst, may result in
avoidable deaths (Barnes, 1994; Magadle, Berar-Yanay, &
Weiner, 2002; Rodrigo, Rodrigo, & Hall, 2004).

Recent research has examined several peripheral input
mechanisms contributing to the perception of dyspnea
(American Thoracic Society, 1999; Davenport & Reep,
1994; Shea, Banzett, & Lansing, 1994), but our knowl-
edge of the cortical structures involved in the percep-
tion of dyspnea is still limited (Banzett, Mulnier, et al.,
2000; Guz, 1997; Manning & Schwartzstein, 1995; von
Leupoldt & Dahme, 2005a). First neuroimaging studies
on dyspnea showed activation of distinct brain areas (e.g.,
anterior insular, anterior cingulate cortex), which are simi-
lar to those found activated in the majority of studies on
the perception of various pain stimuli (Banzett, Mulnier,

et al., 2000; Evans et al., 2002; Liotti et al., 2001; Peiffer,
Poline, Thivard, Aubier, & Samson, 2001; for a review, see
von Leupoldt & Dahme, 2005a).

As previously explicated by Banzett and Moosavi
(2001), both are subjectively perceived physiological
sensations and both share the unpleasant nature. The per-
ception of dyspnea and pain warns the conscious brain
of disturbances in the physiological state and strongly
motivates adaptive behavior to modify this aversive situ-
ation. Thus, behavioral plans and motor actions can be
initiated following the perceptual process. Furthermore,
many patients with different diseases suffer from both
aversive symptoms (Gehlbach & Geppert, 2004; Rao
& Gray, 2003). Despite many similarities between dys-
pnea and pain and the high comorbidity of both sensa-
tions, our knowledge about interactions regarding their
perception is markedly reduced. Only one study on this
issue is available, reporting increased dyspnea ratings
when a tourniquet pain was added, whereas tourniquet
pain showed a nonsignificant trend to decrease after addi-
tional induction of dyspnea (Nishino, Shimoyama, Ide, &
Isono, 1999). Because of the various similarities between
dyspnea and pain, it was recently suggested to adopt suc-
cessful methods and strategies from pain research, which
is by far more advanced, for investigations into dyspnea
(Banzett, Dempsey, O’Donnell, & Wamboldt, 2000; Ban-
zett & Moosavi, 2001). For example, the realization of the
multidimensionality of pain, e.g., the difference between
sensory and affective aspects of this sensation, has been a
key contribution that has led to the development of highly
useful pain measurement instruments. Although first at-
tempts seem to suggest a similar multidimensionality of
perceived breathlessness (Carrieri-Kohlman, Gormley,
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Douglas, Paul, & Stulbarg, 1996; Lehrer, Hochron, Is-
enberg, Rausch, & Carr, 1993; von Leupoldt & Dahme,
2005b; Wilson & Jones, 1991), this issue has still received
little attention (Banzett & Moosavi, 2001; von Leupoldt
& Dahme, 2005a). To increase the understanding about
a common perceptual processing of dyspnea and pain,
it was suggested to compare both sensations within one
study (Banzett & Moosavi, 2001; von Leupoldt & Dahme,
2005a). However, when examining responses to different
sensations it is necessary to use experimental stimuli of
comparable magnitude and quality. Moreover, a compari-
son of cortical responses during the perception of differ-
ent sensations with functional magnetic resonance imag-
ing (fMRI) requires comparable levels of arterial carbon
dioxide tension (Pac,). Since fMRI measures regional
cerebral blood flow (rCBF) to characterize activity in dis-
tinct brain areas, which is increased locally during neural
activity (Binder & Rao, 1994), it is necessary to prevent
artifacts of strong changes in global cerebral blood flow
(gCBF). These changes in gCBF can occur due to changes
in Pacg, (Cohen, Ugurbil, & Kim, 2002; Posse, Kemna,
Elghahwagi, Wiese, & Kiselev, 2001; Ramsey et al.,
1993).

We examined whether dyspnea and pain can be com-
pared within a single study. Therefore, comparable stimu-
lus sizes of inspiratory resistive loads and heat pain stimuli
were created individually and presented to healthy volun-
teers. Responses in end-tidal partial pressures of carbon
dioxide (PET((,) and respiration, as well as the perceived
intensity, unpleasantness, and quality of both sensations,
were compared for the two types of stimuli, thus providing
initial data for future studies with an fMRI methodology.

METHOD

Participants

Seven healthy and nonsmoking Caucasian volunteers of age 21 or
over were studied. The mean age was 31.0 = 4.2 years (mean = SD).
All participants were naive to the study hypotheses. Pregnancy, acute
complaints of the respiratory tract, or chronic medical conditions
such as asthma, chronic pain, or sensory deficits were exclusion cri-
teria. After giving written informed consent, volunteers underwent a
screening spirometry (Quanjer et al., 1993). Participants were free to
withdraw at any time during the experiment. The study protocol was
approved by the ethics committee of the local medical association.

Measurement of Lung Function

Spirometry was performed using a Spiroset 3000 (Hérmann Med-
izintechnik GmbH, Germany) according to standards published by
the European Respiratory Society (Quanjer et al., 1993). Spirometry
was performed with the participants standing and using nose clips.

Inspiratory Resistive Loads

During tests, volunteers breathed via a mouthpiece through a
breathing circuit that consisted of a two-way valve (Jaeger-Toennies
GmbH, Germany) while wearing a nose clip. At the end of the in-
spiratory port, resistive loads, ranging from 0.99 to 3.30 kPa/l/sec,
could be applied and removed quickly. During the baseline and heat
pain conditions, no load was presented. Respiratory loads, which
increase inspiratory time and decrease breathing frequency, are
commonly used to induce dyspnea by increasing the work and ef-
fort of breathing (Harver & Mahler, 1998). The expiratory port was
unloaded in order to prevent any interference with the PET¢(, mea-
surement as a result of possible rebreathing of CO,.

Heat Pain

In order to apply a pain stimulus of a tonic quality comparable to
that of the induced dyspnea, a heat stimulus was chosen, which is a
method commonly employed in pain studies (Granot, Sprecher, & Yar-
nitsky, 2003). This stimulus was produced by a Thermal NeuroSensory
Analyzer-1I system (TSA-II; Medoc Advanced Medical Systems,
Israel) with a 30 X 30 mm? Peltier contact thermode placed below the
sternum on the skin surface. The TSA-II generates different tempera-
tures within seconds and prevents intraindividual overstimulation with
an implemented security system. Therefore, individual tonic heat pain
limits were determined prior to tests. Adaptation temperature during
baselines and loaded breathing was 32°C, which was automatically
increased to the individual painful heat within the first 20 sec of the
heat pain conditions. This ramping procedure was chosen to mirror
the gradual increase of dyspnea. Pilot tests had shown that inspiratory
resistive loading required about 20 sec to induce a targeted level of
increased work and effort of breathing.

Measurement of PET(, and Ventilation

PETco,, which approximates Paco, (Gardner, 1994), was mea-
sured continuously at the expiratory port of the two-way valve using
a ZAN fast response CO, transducer (Korn Medizintechnik, Ger-
many). The output signal was conveyed to an MP30 biosignal re-
cording unit (BIOPAC Systems, Inc., Santa Barbara, CA), which
also measured inspiratory time (7i) and breathing frequency (f).
The MP30 was connected to an iBook notebook computer (Apple
Computer, Cupertino, CA) running the biosignal software package
Biopac Student Lab Pro. All data were stored on the notebook and
analyzed offline breath by breath.

Measurement of Perceived Sensations

During pretests, participants repeatedly rated the intensity of dif-
ferent resistive loads and heat pain stimuli, presented for 1 min each
on a modified Borg scale (Borg, 1998) from 0 to 10 (0 = not notice-
able, 10 = maximum that can be tolerated). Dyspnea was defined
as a sensation of uncomfortable restricted breathing.

During the main test, volunteers rated the perceived sensations
on two dimensions, in light of the current awareness of the multidi-
mensionality of pain, and presumably of dyspnea. After each condi-
tion, the experienced degrees of unpleasantness (= affective) and
intensity (= sensory) were rated on separate visual-analogue scales
(VASs; Noseda, Schmerber, Prigogine, & Yernault, 1992) ranging
from 0 to 10 cm (0 = not noticeable/unpleasant, 10 = maximally
imaginable intensity/unpleasantness). VASs were used for the main
tests in order to prevent carryover effects from the pretests, such as
the potential for participants to use the same numerical value for all
conditions. VASs for unpleasantness and intensity were presented
in randomized order on a monitor in front of the volunteers. Both
dimensions were explained in detail, and the experimenter made
sure that the phrases were adequately understood. The following
standardized instruction for intensity was given to the participants.
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Figure 1. Inspiratory time during the baseline, dyspneic, and
heat pain conditions. Data represent the group means + standard
deviations.
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Table 1
Baseline Characteristics of Participants

Measure Baseline
Age, years 31.0 £ 4.2
Subjects (male, female) 7@3,4)
Weight, kg 71.6 £16.2
Height, cm 171.7 = 8.7
Forced expiratory volume in 1st sec, liters 3.99 = 0.75
Forced expiratory volume in 1st sec, % predicted 108.57 £ 9.27

Note—Data are presented as means * SDs.

The intensity means the pure level or magnitude of the sen-
sation. It is like a physical measure, e.g., kg or cm. Intensity
contains no affective evaluation in terms of pleasant or unpleas-
ant, whether I like it, or it is terrible. A low intensity stands—
without affective connotation—simply for a low magnitude
of the perceived stimulus. A high intensity stands for a high
magnitude of the stimulus but without expressing whether this
feels rather pleasant or unpleasant.

The standardized instruction for unpleasantness was as follows.

The unpleasantness expresses the affective evaluation of the
sensation regardless of the stimulus intensity being low or
high. Unpleasantness describes how much you affectively dis-
like something or feel terrible about it. A low unpleasantness
means that the stimulus does not feel bad. A high unpleasant-
ness means that the stimulus feels very unpleasant or terrible
regardless whether the magnitude of the stimulus is low or
high.

After the main test, participants rated the perceived qualities of
each of the two sensations on an exploratory verbal descriptor scale
from 1to 4 (1 = not true, 4 = absolutely true). The scale, which dis-
plays 14 affective adjectives (see Figure 5 below), was derived from
a modified paper-and-pencil version of the SES (Geissner, 1996), a
validated German multidimensional pain questionnaire.

Procedure

After the contact thermode was positioned and adjusted, standard-
ized instructions were given. Each volunteer was seated in a recliner,
and the light was dimmed. Participants breathed through the breath-
ing circuit with the nose occluded. During pretests, inspiratory resis-
tive loads and heat stimuli of increasing magnitudes were presented,
separately for each sensation, in two successive runs. Load and heat
stimuli were presented for 1-min epochs separated by 1-min “rest”
epochs, in which unloaded breathing and a nonpainful temperature
of 32°C, respectively, were presented. After each epoch, volunteers
rated the perceived intensity of dyspnea or pain on a Borg scale. The
individual inspiratory load and heat stimulus that induced a cor-
responding Borg value of about 5 (= strong intensity) were chosen
for the main test.

During the main test, eight trials of a nonpainful, unloaded base-
line condition, four of loaded breathing, and four of heat pain were
presented for 1 min each. After each baseline trial, either a load or a
heat stimulus was presented in randomized order. Inmediately after
each trial, volunteers rated the perceived degree of unpleasantness
and intensity on separate VASs. Immediately after each 16-min run,
the experienced qualities of both the dyspnea and heat pain were
rated on the modified SES verbal descriptor scales. The volunteers
were then given further background information and released.

Data Analysis

PETco,, Ti, f, and VAS scores were averaged for the baseline, dys-
pneic, and painful conditions. Means *+ standard deviations (SDs)
are reported. The means were separately analyzed as a dependent
variable in one- and two-way repeated measures ANOVAs, as indi-
cated. Bonferroni-corrected, univariate, pairwise comparisons were
then calculated for further exploration of the main effects. All analy-

ses were conducted with SPSS 11.5 software (SPSS, Inc., Chicago,
IL). A Greenhouse—Geisser correction of degrees of freedom and a
5% significance level were applied. Furthermore, post hoc power
tests for matched-pairs 7 tests were performed for each comparison
in order to indicate the sample sizes (n.y) required to attain signifi-
cance in future studies on this topic. The n. estimates are based on
an assumed test power of (1 — ) = .95, with a = .05. All power
analyses were calculated with G*Power (Erdfelder, Faul, & Buchner,
1996), a free statistical software package (available at www.psycho
.uni-duesseldorf.de/aap/projects/gpower).

RESULTS

All participants tolerated the exposures well and com-
pleted the whole protocol. The means of the presented in-
spiratory resistive loads and heat pain stimuli were 2.45 =
0.72 kPa/l/sec and 46.0 = 0.61°C, respectively. Table 1
shows the baseline characteristics of the volunteers.

Ventilation and PETco,

Inspiratory time 7i (Figure 1) increased from 1.69 *
0.64 sec during baseline trials to 2.07 = 0.75 sec during
loaded breathing (p = .020, power = .92, n. = 8). The
difference between 77 during heat pain (1.67 = 0.55 sec)
and during loaded breathing was marginally significant
(p = .075, power = .70, n.; = 12). There was no signifi-
cant difference in 7i between the baseline and heat pain
conditions (power = .06, n., = 1,085).

Breathing frequency f (Figure 2) decreased from
15.07 = 3.33 breaths/min during baseline to 13.26 * 3.10
breaths/min during loaded breathing (p = .009, power =
.98, n. = 6). The difference between f during heat pain
(14.69 = 2.66 breaths/min) and during loaded breathing
was not significant (power = .40, n. = 24), and there
was also no significant difference in f between the base-
line and heat pain conditions (power = .10, n.; = 155).

PET(, (Figure 3) increased from 38.25 = 5.17 mmHg
during baseline to 39.75 = 5.23 mmHg during loaded
breathing (p = .006, power = .99, n.; = 6). During heat
pain (38.46 = 5.27 mmHg), PET(o, did not change sig-
nificantly from baseline (power = .21, n. = 50), but the
heat pain value was significantly lower than during loaded
breathing (p = .027, power = .88, n. = 9).
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Figure 2. Breathing frequency during the baseline, dyspneic,
and heat pain conditions. Data represent the group means +
standard deviations.
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Figure 3. End-tidal CO, partial pressure levels (Pco,) during
the baseline, dyspneic, and heat pain conditions. Data represent
the group means + standard deviations.

Perceived Sensations

VAS ratings (Figure 4) for experienced intensity showed
a significant increase from baseline (0.5 = 0.5 cm) for
loaded breathing (4.9 = 1.4 cm; p = .001, power =
1.00, n.y = 4) and for heat pain (5.3 = 2.3 cm; p = .002,
power = 1.00, n. = 5). The VAS ratings for experienced
unpleasantness also increased from baseline (0.5 =
0.5 cm) for both loaded breathing (5.0 = 3.0 cm; p =
.017, power = .94, n., = 7) and heat pain (5.1 = 2.9 cm;
p = .013, power = .96, n.; = 7). No significant differ-
ences between dyspneic and painful stimulation were ob-
tained in either experienced intensity (power = .09, n.y =
210) or unpleasantness (power = .05, n.; = 8,125).

The data on the verbal descriptor scale were examined
in an exploratory manner, since no specific hypotheses
could be derived from the previous studies. Among the
four most prominent verbal descriptors chosen to char-
acterize the qualitative nature of each sensation, three
were generated for both loaded breathing and heat pain
(see Figure 5). These descriptors were heavy, enervating,
and agonizing. However, no further statistical tests were
conducted to follow up these exploratory and descriptive
findings.

DISCUSSION

Dyspnea and pain are physical sensations that have
many characteristics in common. Both are highly aversive
and alarming sensations that strongly motivate adaptive
behavior, and thus both are important for maintaining
homeostasis. Furthermore, the perception of both sensa-
tions might be processed by a common cortical network.
Although a large body of experimental studies exists in
which dyspnea and pain have been examined separately,
only one study has focused on interactions of both sen-
sations (Nishino et al., 1999). Therefore, some research-
ers have suggested comparing dyspnea and pain within
one experimental context in order to allow more precise
conclusions about the perceptual similarities between the
sensations (Banzett & Moosavi, 2001; von Leupoldt &
Dahme, 2005a).

Our results are the first to show that dyspnea and pain
can be compared within one experimental design by using
inspiratory resistive loads and painful heat. Both sensa-

tions could be presented with comparable magnitudes of
perceived intensity and unpleasantness, which was con-
firmed by the respective VAS ratings that showed no dif-
ferences between the dyspneic and heat pain conditions.
Such comparability is an important prerequisite when re-
sponses to different sensations are examined. To obtain
these corresponding stimulus magnitudes, extensive pre-
tests were performed.

The data in the present study demonstrate that compa-
rable tonic stimuli induced different ventilatory responses.
As expected, the dyspneic condition induced a significant
increase in 7i and a decrease in fin comparison with the
baseline condition. This is in line with well-known effects
of resistive loads (Harver & Mabhler, 1998), thus confirm-
ing the effectiveness of inducing dyspnea in the present
study. 7i during dyspneic stimulation showed a marginally
significant increase when compared with 7i during pain-
ful stimulation. No differences in 7i and f were obtained
between the heat pain and baseline conditions. This seems
to contradict previous findings, which have reported in-
creased ventilation during pain that was induced with dif-
ferent techniques (Dockery & Drummond, 2002; Sarton
etal., 1997). These pain-induced ventilatory increases
were, however, primarily caused by augmented inspira-
tory flow rates and not by significant changes in 7i and f
(Dockery & Drummond, 2002; Sarton et al., 1997). Thus,
our results for 7i and f during painful heat converge with
the previous reports.

The results for PET¢q, showed increases during the
dyspneic condition in comparison with both the baseline
and heat pain conditions, and no difference was obtained
between baseline and heat pain. Although significant, the
increases in PET¢q, (APET¢o, = 1.5 and 1.3 mmHg)
were not pronounced and were within the range of sponta-
neous fluctuations, which also confirms previous findings
(Yanos, Banner, Stanko, Gentry, & Greenawalt, 1990).
This is important with regard to an application of the
present design within fMRI settings. fMRI characterizes
brain activity by measuring differences in rCBF. Changes
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Figure 4. Visual-analogue scale ratings for perceived intensity
and unpleasantness during the baseline, dyspneic, and heat pain
conditions. No differences in intensity or unpleasantness were
obtained between the dyspneic and heat pain conditions, but dif-
ferences were found for both between the dyspneic and baseline
conditions (ps = .001 and .017 for intensity and unpleasantness,
respectively) and between the heat pain and baseline conditions
(ps = .002 and .013, respectively). Data represent the group
means + standard deviations.
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in Pacp, can change the gCBF, and thus can be highly
confounding for measuring local activity with fMRI
(Ramsey et al., 1993). However, with regard to recent
findings (Cohen et al., 2002; Posse et al., 2001), obtained
increases in PET o, of up to 1.5 mmHg should still allow
a clear differentiation between stimulus-induced changes
in the fMRI signal and those related to increases in gCBF
as aresult of increased Paco,. According to Cohen et al.’s
linear regression equation, an increase in PET¢q, of
1.5 mmHg results in a change of the normalized baseline
MRI signal of only 0.006. This would influence the peak
height of the BOLD signal by less than one percent, which
is negligible.

Our exploratory results concerning the quality of both
sensations have revealed that both dyspnea and pain are
at least to some degree perceived in comparable manners.
Among the four main verbal descriptors chosen to char-
acterize the stimuli from our list of affective adjectives,
three of the descriptors were chosen for both sensations:
heavy, enervating, and agonizing. This result provides
further evidence for similarities in perceptual processing
between dyspnea and pain, such as those discussed by

Paralyzing

Unbearable

Banzett and Moosavi (2001). However, other, less promi-
nent descriptors seemed to differentiate more between the
two sensations, and future studies are clearly needed to
extend our exploratory results on affective similarities. It
remains to be established whether cognitive interventions
that influence either attentional state or affective context,
which have been shown to reduce the perception of pain
(Villemure & Bushnell, 2002), can also be adopted for re-
ducing the perception of dyspnea. In this regard, it might
be interesting to examine which dimension of perceived
dyspnea (intensity or unpleasantness) is more susceptible
to these interventions and whether this sensitivity is mir-
rored by different cortical activations, as has been shown
in pain studies.

However, aside from the initial data it has provided for
advancing the understanding of the relationship between
dyspnea and pain, the present study has limitations that
should be mentioned. With regard to our post hoc power
analyses, sample size might have limited our study’s ability
to obtain significant differences in some comparisons. Fu-
ture studies might therefore benefit from the sample size
estimates we have provided in the planning of an experi-
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Figure 5. Ratings for the perceived qualities of dyspnea and heat pain on a paper-
and-pencil verbal descriptor scale from 1 to 4. Our exploratory scale contains 14 af-
fective adjectives derived from the validated German SES multidimensional pain
questionnaire (Geissner, 1996). For both dyspnea and heat pain, the descriptors /eavy,
enervating, and agonizing were among the four most prominent adjectives (those ex-
tending to the right of the dotted line) chosen to characterize the sensations. The data
represent group means + standard deviations. The displayed adjectives are English
translations of those in the German scale, but note that only the German forms were

rated by the participants.
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mental design. Furthermore, in this study we examined re-
sponses to different stimuli of comparable magnitude. For
a more detailed and extended examination of the similari-
ties between dyspnea and pain, future studies should also
employ an experimental approach that includes multiple
levels of both stimuli. This might yield further information
on how the sensations are perceived with respect to one
another, as well as on how the dimensions of intensity and
unpleasantness relate to one another. On the basis of our
results, one could argue that these two perceptual dimen-
sions cannot be differentiated by participants. Previous re-
sults, however, have shown the opposite finding for both
dyspnea and pain, although a few findings corroborating
ours have also been reported in the field of pain research
(see, e.g., Chapman et al., 2001). The previous studies that
have clearly demonstrated a difference between intensity
and unpleasantness in the perception of dyspnea have used
increasing levels of dyspnea (Carrieri-Kohlman et al.,
1996; von Leupoldt & Dahme, 2005b; Wilson & Jones,
1991). Perhaps, then, a differentiation between these di-
mensions is facilitated by comparing different levels of the
sensation. However, future studies with approaches that
include both single and multiple stimulus levels will be
necessary in order to further explore this question.

CONCLUSION

In conclusion, our initial data demonstrate that dyspnea
and heat pain can be compared within one study in which
stimuli of similar magnitudes are presented. Changes in
PET((, are minimal in response to both dyspneic and
painful sensations, which should allow an adaptation of
the present design for future fMRI studies.
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