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a b s t r a c t

Human fear research has mostly applied exteroceptive stimuli to induce fear. Interoceptive sensations
however can also be very threatening and play a major role in a number of anxiety disorders. In this
study, we compared affective responses to inspiratory resistive loads with those to aversive pictures.
During repeated administrations of two loads, a light and a moderate one, and five aversive pictures we
measured electrodermal activity, startle blink responses, subjective fear and ratings on valence, arousal
and dominance. Results indicate that loads evoke affective reactions comparable or stronger than those
evoked by the pictures. Startle data did not follow this pattern with an absence of startle potentiation
during the moderate load, suggesting that fear potentiated startle does not occur when the background
aversive stimulus is of an interoceptive nature.

© 2010 Elsevier B.V. All rights reserved.

Human fear responses can be reliably identified on the basis
of peripheral physiological and somatic responses to a standard-
ized set of aversive stimuli (Lang et al., 2000). Heart rate changes,
the skin conductance response (SCR) and a fear potentiated star-
tle reflex are reactions regulated by subcortical and deep cortical
brain structures such as the amygdala and the areas it projects
to. Since these structures are neuro-anatomically and function-
ally similar across mammalian species, Lang et al. (1997) adopted
a well-validated animal model (Blanchard and Blanchard, 1989;
Fanselow, 1994; Gray and McNaughton, 2000) to explain human
defensive responses. The ‘defense cascade model’ describes fear
reactions along an ‘arousal’ continuum with arousal level being
influenced by features of the threatening stimulus and aspects of
the situation in which the danger is encountered (Blanchard et al.,
2001; Lang et al., 1997). The continuum starts at a pre-encounter
‘calm’ state where the possibility of threat is present, but no specific
danger has yet been noticed. This stage is followed by a post-
encounter ‘alert’ phase in which an actual threat has been perceived
and the magnitude of the danger is being monitored. ‘Freezing’
behavior is commonly observed in this stadium with the organism
being immobilized, hypervigilant and primed to undertake action.
The end of the continuum is characterized by massive bursts of
autonomic arousal in a circa-strike context where the inevitability
of a dangerous encounter with the threat has become clear and one
engages in an active fight or flight reaction. According to the defense
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cascade model, SCR rises along the continuum because it covaries
with arousal level (Bradley et al., 2001). Heart rate decelerates in
the orienting phase and accelerates once an organism prepares
for action. The eye blink startle reflex is modulated by sequen-
tial and sometimes concurrent sensory, attentional and affective
processes, with reflex magnitude reflecting the net effect of these
multiple influences (Bradley et al., 2006). When the reflex evok-
ing probe is released shortly (50–300 ms) after the administration
of a non-startling stimulus (a prepulse), sensory-gating and atten-
tional mechanisms dominate the modulation of the eye blink reflex
often resulting in ‘prepulse inhibition’ (PPI), a suppressed startle
response. Once the prepulse is encoded, the eye blink reflex is
affectively modulated by the content of the prepulse, with potenti-
ated responses for negative stimuli and reduced startle responses
for positive events (Bradley et al., 1999). In phobics, differentia-
tion between a fear state and a neutral state on the basis of eye
blink responding is present already at 300 ms after stimulus onset
(Globisch et al., 1999). In healthy persons, affective startle modula-
tion seems to appear only at 1300 ms (Bradley et al., 1993), although
other evidence did show modulation at shorter lead intervals (Volz
et al., 2003).

Human defensive reactions in the laboratory have mainly been
studied in response to exteroceptive aversive stimuli, such as pho-
tographic material of the International Affective Picture System
database (IAPS; Center for the Study of Emotion and Attention,
1999), unpleasant sounds, imagery scripts, or external warning sig-
nals that announce an aversive event (e.g., Hamm and Vaitl, 1996;
Neumann et al., 2008; Cook et al., 1988; Grillon et al., 1991). For
the majority of anxiety disorders such as specific phobias, social
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phobia and PTSD, external threats are indeed very relevant. How-
ever, a number of psychiatric disorders and somatic diseases may
benefit from a systematic study of defensive responses to intero-
ceptive aversive stimulation. For example, patients with asthma
often fear the sensation of breathlessness (dyspnea), because it may
be a predictor of a severe, possibly fatal asthma attack. Also in panic
disorder, interoceptive sensations are thought to play an important
role (Bouton et al., 2001) and exposure to interoceptive events has
been proposed and implemented as a therapeutic tool to reduce
complaints in panic disorder (Craske et al., 1997; Beck et al., 1997;
Smits et al., 2007; Esquivel et al., 2008).

The bodily sensations that panic disorder patients typically fear
(e.g. shortness of breath, warmth, a racing heart) can be induced in
the laboratory by administration of carbon dioxide (CO2)-enriched
air (e.g., Acheson et al., 2007; Fannes et al., 2008; Forsyth et al.,
1996; Sanderson et al., 1988). Unfortunately, the parameters of
this interoceptive stimulus are difficult to control: stimulus inten-
sity, onset and offset depend in part on the respiratory behavior of
the participant and the dead space in the breathing circuit, caus-
ing a variable delay in the amount and the time at which the CO2
reaches the participant (Fannes et al., 2008). Another difficulty
is that the effects of CO2-inhalation (increases in ventilation and
general arousal) appear only gradually and need a relatively long
time.

Whereas CO2-inhalation is a chemical stimulus acting upon
central, and to a lesser extent also upon peripheral chemorecep-
tors, adding extrinsic mechanical loads to the breathing circuit
acts primarily upon mechanoreceptors. When a mechanical load
is present, the respiratory muscles must work harder to venti-
late the lungs, inducing a subjective feeling of dyspnea which is
often also described as a feeling of “increased effort”. Inspiratory
resistive loads have been used extensively in the literature on
load magnitude estimation as a laboratory model for blunted per-
ception of bronchoconstriction in asthma patients (e.g., Webster
and Colrain, 2000; Bloch-Salisbury and Harver, 1994). Interest
in affective responses to resistive loads has risen only lately.
This is surprising, given that few sensations call more for imme-
diate defensive action than an acute limitation to breathe. In
one study (Van Diest et al., 2005a), it was found that an inspi-
ratory load of 1.47 kPa l−1 s elicited more breathlessness and
fear, and was evaluated as more aversive than a 20 s inhala-
tion of 20%-CO2-enriched air. A few studies have documented
that interindividual differences in anxiety or depression are pre-
dictive for subjective responses to inspiratory loads, but not
for the ventilatory responses to them (Lavietes et al., 2000;
Livermore et al., 2008). Subjective unpleasantness of inspiratory
loads is associated with activation of the anterior insula and the
amygdala (von Leupoldt et al., 2008), but the peripheral fear
response topography to inspiratory loads has not been described
yet.

It is likely that the lack of a standardized set of interoceptive
stimuli that can be easily applied and controlled in the labora-
tory has hampered the development of theory and research on
human interoceptive fear. A first important step is to system-
atically describe the fear response topography to interoceptive
threats and compare it with defense reactions to exteroceptive
threats. Some findings point to potentially important differences.
For example, when imagining their (external) object of fear, pho-
bic patients display increased skin conductance responses, more
heart rate acceleration and an enhanced startle blink response com-
pared to neutral imagery. In contrast, panic patients do not show
these elevated reactions when imagining their feared interocep-
tive sensations (Cuthbert et al., 2003). Also, Van Diest et al. (2005b)
found that (imagined) risk of suffocation is associated with a more
pronounced ventilatory increase than other (imagined) external
threats that evoked equal levels of subjective fear. Compared to

students, this effect was even more pronounced in patients with
medically unexplained dyspnea from whom 1/3 qualified for a diag-
nosis of panic disorder (Han et al., 2008).

To explore this issue further and to test whether the defense
cascade model is also applicable to interoceptive threats, the
present study aimed to study fear responses to dyspneic stimuli
as induced with inspiratory resistive loads and to compare them
with responses to aversive IAPS pictures.

Participants received repeatedly two loads of a different inten-
sity and five threatening IAPS pictures, while the acoustic startle
reflex, SCR and subjective fear scales were being assessed.

Based on the defense cascade model (Lang et al., 2000) and on
previous findings regarding PPI (Bradley et al., 2001), the follow-
ing predictions were formulated. (1) Compared to the light load,
the moderate load will be associated with stronger SCRs, stronger
subjective fear and increased startle responses when probing at
1500 ms after stimulus onset. (2) Compared to the no stimulus con-
ditions, increased startle responses will occur for the light load,
the moderate load and the pictures when probing at 1500 ms after
stimulus onset. Because the literature does not allow for strong
predictions regarding affective startle modulation at short lead
intervals, we do not formulate any particular prediction for the
500 ms lead interval; startle responsivity in these conditions will
be explored.

1. Methods

1.1. Participants

Forty-one university students (24 women, M = 19.5 years, range 18–22 years)
participated in this study in return for course credit. Participants were only allowed
to participate if they confirmed not to smoke more than 10 cigarettes per day; not
to suffer from any respiratory or cardiac disease, epilepsy, or psychiatric disorder;
if they were not pregnant and had no signs of any current minor or major illness.

Because of equipment problems, the data from two participants were excluded
from the SCR and the EMG analyses. The data of another participant was not used
because he dropped out during the experiment. All subjects provided an informed
consent. The experiment was approved by the Ethics Committees of the Department
of Psychology and of the Faculty of Medical Sciences.

1.2. Materials

Pictures. Five fear-inducing images from the International Affective Picture Sys-
tem (IAPS; Center for the Study of Emotion and Attention, 1999) were selected
because of their high scores on the fear factor (Mikels et al., 2005). They depicted a
snake (1052), an aggressive dog (1302), a shark (1930), a masked man (6370) and a
sinking boat (9600).

Loads. Two linear Hans Rudolph loads were used: one of 0.49 kPa l−1 s and one of
1.96 kPa l−1 s. The former load can be considered as ‘light’ because the resistive effect
lies just above the perceptual threshold (Bloch-Salisbury et al., 1998). The latter is
‘moderate’ compared to loads used in other studies (e.g. von Leupoldt et al., 2007).

Breathing apparatus. Participants breathed through a mouthpiece and wore a
noseclip. The mouthpiece was connected to a microbial filter (MicroGard, VIASYS)
mounted on a heated pneumotachograph (Fleisch no. 2, Epalinges, Switzerland),
an instrument measuring airflow. The pneumotachograph was connected to a non-
rebreathing valve ensuring the separation of inspiratory and expiratory air. A vinyl
tube (inner diameter: 3.5 cm; length 100 cm) connected the inspiratory side of the
non-rebreathing valve with a 3-way Y-valve (stopcock type) enabling easy switching
between loaded (with load) and unloaded breathing (without load).

Both the signals from the sidestream infrared CO2-monitor (Poet II, Criticare,
Waukesha, WI), and from the pressure transducer (Sine Wave Carier Demodulator
CD15, Valydine EngineeringTM) were sampled at 50 Hz and were daily calibrated
using a 1 L syringe and a 7.5% CO2 mixture, respectively. CO2 was sampled close to
the mouthpiece.

EMG startle response. The eyeblink startle response was measured by record-
ing surface EMG activity over the m. orbicularis oculi just beneath the left eye,
using three Ag/AgCl Sensormedics electrodes (0.25 cm diameter) filled with elec-
trolyte gel. After cleaning the skin with peeling cream to reduce the inter-electrode
resistance, electrodes were placed on the left side of the face according to the site
specifications proposed by Blumenthal et al. (2005). The raw signal was amplified
by a Coulbourn isolated bioamplifier with bandpass filter (v75-04) and routed to
a Coulbourn contour-following integrator (S76-01) which rectified and smoothed
the signal (time constant = 50 ms). The recording bandwith of the EMG signal was
23 Hz–10 kHz. The EMG signal was transmitted through a labmaster card (12 AD
converter) to a personal computer. During the 500 ms before the onset of white
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noise until 1000 ms after onset of white noise, the EMG signal was sampled and
stored at 1000 Hz.

Skin conductance. Electrodermal activity was recorded with Fukuda standard
Ag/AgCl electrodes (1 cm diameter) filled with KY gel and attached to the hypothenar
palm of the left hand, which was first cleaned with tap water. The inter-electrode
distance was 2.5 cm. The Coulbourn skin conductance coupler (V71-23) provided
a constant 0.5 V across the electrodes. The analogue signal was passed through a
12-bit AD converter and digitized at 10 Hz.

Software. The airflow, end-tidal CO2, EMG and the skin conductance signals
were recorded using Affect 4.0 software (Hermans et al., 2005). The signals were
treated off-line with PSychoPHysiological Analysis (PSPHA – De Clerck et al., 2006),
a modular script-based program which we further developed to generate and apply
calibration factors for each signal. All waveforms were visually inspected off-line and
technical abnormalities and movement artifacts were eliminated using the PSPHA
software. Parameter extraction (see later) from each signal was also performed by
PSPHA.

Self-report measures. After each stimulus presentation, participants rated their
fear on an online computerized VAS-scale (0, not at all scared – 100, extremely
scared). Following the experiment the participant had to choose which picture
he/she found most aversive. The language-free Self-Assessment Manikin (SAM-
Scale, Bradley and Lang, 1994) was then administered retrospectively to evaluate the
participant’s response to the light load, the moderate load and the most aversive pic-
ture. With the SAM-Scale it is possible to measure the emotional state of subjects on
three pictographic dimensions: valence, arousal and dominance. We administered a
5-step SAM-scale (1–5), leaving out the ratings between the pictograms. The valence
scale rated how pleasant (1) or unpleasant (5) participants felt during the stimuli.
The arousal scale measured how calm (1) or excited (5) participants felt during the
stimuli and the dominance scale assessed whether participants felt in (5) or out (1)
of control during the stimuli.

1.3. Procedure

Participants were seated in a comfortable chair in front of a computer moni-
tor. They read an information sheet explaining the purpose of the study and the
stimuli and measures used and subsequently signed the informed consent form.
After attachment of the electrodes, participants were instructed to breathe through
a mouthpiece with the noseclip on. They were instructed to move as little as possible
during the experiment in order not to disturb the measurements. We demonstrated
how to use the online fear scale and asked them to leave their hand close to the fear
scale button during the whole experiment. We informed them that they could stop
their participation at each moment during the experiment.

Before starting the experiment we administered ten acoustic startle probes in
a habituation phase with 30 s intertrial intervals (ITI). The habituation phase was
followed by a 2 min baseline measurement. The experiment itself consisted of 60
trials with 30 s ITI’s.

The following stimuli were presented in a randomized order: three times each
of the five threat pictures from the IAPS, 15 times a load of 0.49 kPa l−1 s and 15
times a load of 1.96 kPa l−1 s. The pictures were presented for 8 s and the loads were
administered for one full inspiration. A within-individual control condition without
stimulus (neither inspiratory load, neither picture) was administered 15 times as
well, allowing to investigate whether the experimental stimuli (flow resistors and
fear pictures) evoke unpleasant feelings in addition to those related to experimental
context (e.g., breathing through a mouth piece).

The breathing cycle was monitored online by Affect 4.0. Loads were manually
turned on and off at the inspiratory side of the non-rebreathing valve during the
expiratory phase prior and following the targeted inspiration. As a consequence,
participants could sense the load application at inspiratory onset. Also the pictures
were presented around inspiratory onset. When the respiratory flow reversed from
expiration to inspiration, the experimenter manually triggered the presentation of
the picture (in the picture condition) by pressing the space bar on a computer. Also
the timing of the startle probe lead interval was started upon this manual signal from
the experimenter. An acoustic startle probe (an instantaneous binaural 95 dB white
noise probe of 50 ms) was administered through the headphones in two thirds of
the trials. Half of the acoustic startle probes were presented at 500 ms following the
(manually signaled) start of inspiration; the other half were presented at 1500 ms
after the inspiratory onset – signal.1 In one third of the trials no startle probe was
administered. The light load, the moderate load and the no stimulus condition were
administered five times in each of the three probe conditions. Each of the five IAPS
pictures was presented once in each probe condition.

1 The manual starting of the startle probe lead interval upon inspiratory onset
may have caused some jitter in the timing of the startle probes. However, given
the knowledge that in healthy persons, affective modulation of the startle reflex
is unlikely when probing 1300 ms after stimulus onset (Globisch et al., 1999), this
jitter does not pose a major problem for the testing of our main hypotheses regarding
startle, being that we expect affective modulation when probing around 1500 ms
after stimulus onset, but not when probing around 500 ms.

Skin conductance, startle blink responses and airflow were registered. Following
each trial the participant rated how much fear he/she had experienced during the
stimulus presentation on a VAS-scale that appeared on the monitor. At the end of
the experiment the participant had to choose retrospectively which picture he/she
found most aversive and then filled out a SAM-scale for the most threatening picture,
the moderate and the light load.

1.4. Data reduction and statistical analysis

Electrodermal parameter extraction. Electrodermal responses were calculated by
subtracting the mean skin conductance level (SCL) during 1 s prior to stimulus onset
from the maximum SCL during 4 s following stimulus (pictures or loads) onset. The
data were log transformed [Log(SCR + 1)] in order to obtain a normal distribution.
Only data from trials without acoustic startle probes were included in the analyses
of electrodermal responses.

Eye blink parameter extraction. Startle blink responses were calculated by tak-
ing the difference between the peak value in the 21–175 ms time window and the
mean value from the 0–20 time window following probe onset. For each probe con-
dition (500 ms/1500 ms), mean EMG responses per stimulus across presentations
were calculated for each person. These responses were then T-transformed within
persons. Only the data of participants showing a startle blink in more than 30% of
the trials were included, resulting in N = 27 for the analyses on the startle data.2

Respiratory parameters extraction. Inspiratory time (TI , in s), expiratory time (TE,
in s), tidal volume (VT, in ml), minute ventilation (V ′

E) and fractional end-tidal CO2

(FetCO2) were calculated for each first breath during each stimulus application for
every trial.

Statistical analyses. Electrodermal and subjective fear responses were analyzed
in a Repeated Measures ANOVA (RM ANOVA) with ‘stimulus’ (picture, light load,
moderate load, no stimulus) and ‘block’ (5 levels for SCR; 15 levels for subjective
fear) as within subject variables.

Startle magnitudes and respiratory parameters were analyzed in a RM ANOVA
with ‘stimulus’ (picture, light load, moderate load, no stimulus) as a within subject
variable.

A RM ANOVA with ‘stimulus’ (most aversive picture, light load, moderate load) as
within subject variable was performed on the pleasantness, arousal and dominance
ratings (SAM-scales).

Tukey HSD tests were used for post hoc comparisons. Statistical significance
was accepted at the p < .05 level (2-tailed). Greenhouse–Geisser corrections were
applied where appropriate. Uncorrected degrees of freedom and corrected p’s will
be reported together with ε. Statistical analyses for all measures were accomplished
with Statistica 8.

2. Results

2.1. Skin conductance response

Post hoc comparisons of the main effect of stimulus (F(3,
111) = 5.12, p < .01, ε = .72, see Table 1) showed that the moder-
ate load evoked a higher SCR than the light load and than the no
stimulus control condition. The SCR to the aversive pictures was
increased compared to the no stimulus condition, but did not differ
from the SCR to either of both loads. Other post hoc comparisons
were not significant.

A main effect of block (F(4, 148) = 10.4, p < .001, � = .81) indicated
decreasing SCRs over time.

2.2. EMG startle response

A main effect of stimulus was observed when probing at
1500 ms, (F(3, 78) = 2.82, p < .05, ε = .98), but not when probing at
500 ms (F(3, 78) = .29, p = .83, ε = .94) following stimulus onset. Fur-
ther testing of the former effect (see Table 1) showed that both the
light load and the pictures resulted in higher startle responses than
the ‘no stimulus’ condition. Startle responses during the moderate
load did not differ from the no stimulus condition.

2 Importantly, the number of trials in which no startle response was observed did
not differ between stimulus types (pictures versus loads). To explore the impact of
excluding the non-responders on the results, we ran the EMG startle response anal-
ysis with the non-responders included (resulting in N = 38). This analysis showed a
similar pattern of results than the one in which the non-responders were excluded.
Results of these analyses are available upon request.
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Table 1
Means (SD) of SCR, startle magnitude, respiratory parameters and subjective ratings during aversive picture viewing, light and moderate resistive breathing and the no
stimulus period.

Picture Light load Moderate load No stimulus

SCR .36 (.37)bc .25 (.28)ab .38 (.30)c .22 (.24)a

Startle
500 ms probe 50.39 (7.65) 50.72 (7.47) 50.25 (9.37) 48.64 (9.16)
1500 ms probe 52.33 (8.11)b 52.67 (8.03)b 48.97 (8.63)ab 46.03 (8.75)a

TI 1.62 (.39)a 1.98 (.49)b 2.49 (.93)c 1.65 (.4)a

TE 2.35 (.63)a 2.18 (.57)b 1.72 (.72)c 2.37 (.61)a

VT 703 (175)c 781 (236)a 616 (314)b 746 (207)ac

V ′
E 10,775 (2072)a 11,890 (2467)a 8367 (2708)b 11,183 (1966)a

FetCO2 5.36 (.48)b 5.31 (.48)ab 5.2 (.67)a 5.33 (.44)b

Subjective fear 23.71 (18.28)a 18.38 (16.78)b 23.91 (18.82)a 15.18 (14.42)b

Dominance 3.44 (1.14)b 3.41 (1.07)b 2.46 (1.12)a

Valence 3.41 (.71)c 2.93 (.91)b 4.02 (.79)a

Arousal 2.51 (.90)b 2.32 (.76)b 3.32 (.99)a

Note. SCR = Log transformed skin conductance response; startle = startle blink magnitude (T-score); TI = inspiratory time (in s); TE = expiratory time (in s); VT = tidal volume (in
ml); V ′

E = minute ventilation (in ml/min); FetCO2 = fractional end-tidal CO2; higher ratings on dominance, valence and arousal (1–5 scale) indicate more feelings of control,
higher unpleasantness and higher arousal, respectively. Different subscripts depict significant differences (Tukey HSD) between conditions p < .05.

2.3. Respiration

Inspiratory (TI) and expiratory time (TE). The moderate load was
associated with an increased TI compared to the light load and TI
was increased for both loads compared to the no stimulus and
the picture conditions (main effect of stimulus: F(3, 114) = 52.96,
p < .001, ε = .41; see Table 1). A similar pattern was observed for
TE (main effect of stimulus: F(3, 114) = 67.6, p < .001, ε = .75; see
Table 1).

Tidal volume (VT). Tidal volume was significantly reduced during
the moderate load compared to every other stimulus condition.
Furthermore, VT was lower during picture viewing than during the
light load (main effect of stimulus: F(3, 114) = 11.7, p < .001, ε = .60;
see Table 1).

Minute ventilation (V ′
E). Participants breathed with a lower

minute ventilation during the moderate load compared to all other
stimuli conditions (main effect of stimulus: F(3, 114) = 32, p < .001,
ε = .59; see Table 1).

FetCO2. Fractional end-tidal CO2 was lower during the moderate
load than during aversive picture viewing and during the no stim-
ulus condition, but did not differ from the FetCO2 during the light
load (F(3, 114) = 4.00, p < .01, ε = .52; see Table 1).

2.4. Subjective measures

Fear scale. The main effects of stimulus (F(3, 117) = 13.5, p < .001,
ε = .69) and of block (F(14, 546) = 3.83, p < .001, ε = .26) were both
significant, as well as their interaction (F(42, 1638) = 1.95, p < .001,
ε = .26; see Table 1). A significant decreasing linear trend in self-
reported fear was observed for the light load (F(1, 39) = 5.91, p < .05),
the moderate load (F(1, 39) = 12.79, p < .001) and the no stimu-
lus condition (F(1, 39) = 6.82, p < .05), but not for the pictures (F(1,
39) = 0.42, n.s.).

Participants reported more fear to the pictures than to the light
load and the no stimulus condition. Subjective fear in response to
the moderate load was equal to fear in response to pictures, but was
enhanced relative to the light load and the no stimulus condition.

Dominance, valence and arousal. Participants reported more
unpleasantness and lower dominance to the moderate load than
to the light load and the most aversive picture; they also rated the
most aversive picture as more unpleasant than the light load (main
effect of stimulus: for unpleasantness: F(2, 80) = 28.18, p < .001,
ε = .78; for dominance: F(2, 80) = 19.05, p < .001, ε = .87; see Table 1).
Similarly, they reported more arousal when confronted with the
moderate load than with light load or the most aversive pic-

ture (main effect of stimulus: F(2, 80) = 22.87, p < .001, ε = .87; see
Table 1).

3. Discussion

The present study documents psychophysiological and subjec-
tive responses to inspiratory loads and compares these responses
with those to aversive IAPS pictures. Compared to other intero-
ceptive stimulations, such as inhalation of CO2-enriched air, the
use of resistive loads has a few advantages. First, the on- and off-
set of the dyspneic stimulus is easier to control with loads than
with CO2. Second, in contrast with CO2, the application of loads is
not associated with a taste or smell sensations, which in fact is an
exteroceptive feature of CO2-inhalation. Third, discrete, short and
repeated stimulus applications are very feasible with loads, allow-
ing for fear paradigms that are structurally very similar than the
ones used with exteroceptive aversive stimuli.

Generally, results on electrodermal activity parallel those on
self-reported fear. A moderate load (1.96 kPa l−1 s) presented for
only one inspiration, is associated with subjective fear and a pha-
sic sympathetic arousal response, as reflected in an elevated SCR.
Subjective fear and SCR to this moderate load are equal to those
evoked by an aversive picture presented for 8 s, but higher than
those observed during a no stimulus condition or during the appli-
cation of a light load just above perceptual threshold (0.49 kPa l−1 s).
In contrast to the moderate load and the aversive pictures, the lat-
ter stimulus does not evoke subjective fear or an enhanced SCR
relative to the no stimulus condition. These results are in line with
predictions based on the defense cascade model (Lang et al., 1997),
which would predict increasing SCRs with increasing arousal. A
new finding is that SCRs also occur when an interoceptive stim-
ulus is presented. Therefore, the generally accepted idea that SCR
reflects a response to an external event (Dawson et al., 2007) may
be extended to include interoceptive events, although one may
argue that the observed SCR to the loads may also be related to the
participants knowing that this ‘interoceptive event’ was externally
initiated by the experimenter.

A potentiated startle blink is not observed when an acoustic
startle probe is presented 500 ms after onset of the loads or the
pictures, consistent with the idea that sensorimotor gating and
attentional processes inhibit startle responding when a prepulse
stimulus (load or picture) is applied shortly before a probe. Similar
results have been found in a number of studies (Bradley et al., 1993,
2006; Vanman et al., 1996), although other studies demonstrate
that affective startle modulation can sometimes be observed also
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at short lead intervals both in phobics (e.g., Globisch et al., 1999)
and healthy persons (Volz et al., 2003; Asli et al., 2009). Future stud-
ies may further explore PPI with interoceptive prepulses. However,
when inspiratory flow resistors are used to this end, a precise time-
locking of the startle probe lead interval with inspiratory onset is
recommended. A limitation of the present study is the absence of
such exact time-locking.

In contrast with the SCR-results, the startle blink-results do
not follow the predictions based on the defense cascade model
of Lang et al. (1997). When probing 1500 ms after stimulus onset,
this model would predict increased potentiation with more aver-
sive and more arousing background stimuli. This is not observed in
the present study when interoceptive stimuli were applied. First,
although the light load is rated less unpleasant and evokes less sub-
jective fear than an aversive picture, both stimuli are associated
with an equally potentiated startle blink relative to a no stimulus
condition when an acoustic probe is presented 1500 ms after stim-
ulus onset. Moreover, a moderately intense load that is rated as
more unpleasant than the aversive pictures is not associated with
a potentiated startle blink relative to the no stimulus condition,
whereas the aversive pictures are. Finally, although the moderate
load evokes more subjective fear, it is rated more unpleasant and
more arousing than the light load, the former is not associated with
a larger startle blink than the latter.

Breathing against a load requires an increased muscle effort
and a strong breathing restriction (i.e., an inspiratory occlusion)
may induce a startle blink (Webster et al., 2004). Both processes
may affect the startle responsivity to an acoustic probe during a
load application. However, we could not find any evidence in our
data supporting these explanations. First, we did not observe an
increased occurrence of startle blinks during the baseline period
prior to the startle probe for the moderate load condition com-
pared to the other stimulus conditions. Also, baseline EMG levels
during the moderate load were not elevated relative to baseline
EMG levels during any other stimulus condition, excluding the pos-
sibility that the m. orbicularis was tonically activated because of
the increased effort associated with breathing against a moderate
load.

A speculative explanation for the lack of startle potentiation dur-
ing the moderate load is that interoceptive aversive stimulation
may not easily lead to the defensive attentional mode for which
fear potentiated startle is characteristic. In other words, when con-
fronted with the moderate load, participants may not have been in
the post-encounter phase, but may have entered the circa-strike
phase of the defensive continuum. Self-report measures indeed
show relatively high fear ratings and SAM-ratings for the moder-
ate loads. Unfortunately, there is no systematic research on how
startle responses behave during the circa-strike mode, but find-
ings suggest that startle potentiation is no longer present if one is
engaged in a (covertly) action-oriented defensive mode (Lang et al.,
1997; Löw et al., 2008). Because heart rate decreases or increases
are thought to allow for a distinction between defensive attention
(post-encounter phase) and defensive action (circa-strike phase),
future studies may want to implement heart rate measures as well.

An alternative explanation may be that fear potentiated startle
does simply not occur during interoceptive aversive stimulation,
supporting the idea that startle is a reflex primarily dealing with
unexpected, potentially dangerous, environmental stimuli. Inter-
estingly, Craig (2003) proposed a model of ‘homeostatic’ emotions,
such as dyspnea, hunger, and visceral pain. These emotions alert
the organism of a possible homeostatic threat and, more impor-
tantly, would be associated with specific autonomic and behavioral
reactions that aim to re-establish the homeostasis. It is conceivable
that startling to an external event may not be a hard-wired adaptive
response in the context of a homeostatic threat. Yet another, related
explanation may be that participants directed sustained attention

to the interoceptive aversive event, thereby limiting processing
capacities for the acoustic startle probe.

Although the results of the present study are promising and
challenging, they need to be replicated and extended to other types
of interoceptive aversive stimuli, e.g., balloon distensions in the
gastrointestinal tract (Van Oudenhove et al., 2007). To explore the
possible role of an interoceptive versus exteroceptive attentional
orientation in the (lack of) startle potentiation during interocep-
tive aversive stimulation, it may be fruitful to add a reaction time
task in response to the acoustic startle probes.

In summary, our findings demonstrate that fear potentiated
startle does not occur for a moderate inspiratory load that is asso-
ciated with self-reported fear. Furthermore, mild loads applied for
only one single inspiration lead to electrodermal and subjective fear
responses comparable with those to IAPS pictures shown for 8 s.
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