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Cognitions and emotions can be influenced by bodily physiology. Here, we investigated whether the processing of brief fear stimuli is
selectively gated by their timing in relation to individual heartbeats. Emotional and neutral faces were presented to human volunteers at
cardiac systole, when ejection of blood from the heart causes arterial baroreceptors to signal centrally the strength and timing of each
heartbeat, and at diastole, the period between heartbeats when baroreceptors are quiescent. Participants performed behavioral and
neuroimaging tasks to determine whether these interoceptive signals influence the detection of emotional stimuli at the threshold of
conscious awareness and alter judgments of emotionality of fearful and neutral faces. Our results show that fearful faces were detected
more easily and were rated as more intense at systole than at diastole. Correspondingly, amygdala responses were greater to fearful faces
presented at systole relative to diastole. These novel findings highlight a major channel by which short-term interoceptive fluctuations
enhance perceptual and evaluative processes specifically related to the processing of fear and threat and counter the view that baroreceptor afferent signaling is always inhibitory to sensory perception.
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Introduction
The internal state of the body influences our perceptions, cognitions, and emotions. However, the specific neural mechanisms
have yet to be elucidated. “Peripheral” theories of emotion emphasize the centrality of bodily responses to subjective experience
of emotion. Emotional feelings are proposed to arise from the
occurrence of physiological change and appraisal of its generating
context (James, 1890/1950; Lange, 1885; Schachter and Singer,
1962; Seth, 2013). Signals from the body, including movement of
facial muscles, can feedback to bias emotional judgments (Strack
et al., 1988). Increasingly, a dynamic relationship is recognized
between internal physiological state and cognition, in which
changes in bodily arousal affect decision making and memory
(Bechara et al., 2000; Garfinkel et al., 2013).
Brain areas implicated in the generation and representation of
bodily arousal also support emotional and attentional processes.
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These include anterior cingulate, insula, amygdala, and specific
brainstem nuclei (Fredrikson et al., 1998; Zhang et al., 1998; Gray
et al., 2007b). Among these, the amygdala is particularly linked to
the processing of threat (LeDoux, 2000), whereas its activation
also mediates enhanced memory of emotional information (Cahill and McGaugh, 1998) and arousal-induced attentional capture (Anderson and Phelps, 2001). Physiological arousal and
amygdala hyperactivation are a feature of anxiety disorders, notably posttraumatic stress disorder (PTSD), in which heightened
threat perception accompanies a sense of proximal danger (Garfinkel and Liberzon, 2009). Conversely, individuals with peripheral autonomic denervation show reduced amygdala responses to
threat stimuli, suggesting that this region, along with the “interoceptive” insular cortex, is sensitive to viscerosensory feedback
(Critchley et al., 2002a).
One experimental strategy to assess how bodily arousal influences cognitive and emotional processes is to capitalize on naturally
occurring bodily fluctuations such as cardiovascular rhythmicity
(Edwards et al., 2008; Gray et al., 2009). In the cardiac cycle, the
strength and timing of individual heartbeats is encoded by bursts of
afferent neural activity from arterial baroreceptors to brainstem during systole (the ventricular ejection period). This afferent signal is of
primary importance to the baroreflex control of blood pressure, yet
it also interacts with other types of sensory processing: Nociception
can be attenuated during systole (Edwards et al., 2002) and facial
expressions of disgust may be judged as more intense when presented at systole relative to diastole (Gray et al., 2012). Similarly,
electrocutaneous shocks presented at diastole and systole are as-
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sociated with distinct neural signatures, with enhanced amygdala
activation observed to shocks at systole (Gray et al., 2009). However, this type of cardiac-timing paradigm has not previously
been applied to assess alterations in subjective, behavioral, and
neural anatomical indices of fear processing.
Bodily states of arousal are particular relevant to fear and
anxiety. Fear states are strongly coupled to sympathetic nervous activation and highly anxious individuals manifest increased sensitivity to psychological threat that translates into
enhanced autonomic reactivity (Metzger et al., 1999; Tsunoda et
al., 2008) and superior detection of internal bodily sensations,
notably heartbeats (Domschke et al., 2010). Here, we report findings of two experiments that explored cardiac-timing effects on
fear perception and fear judgment.

Materials and Methods
Experiments. In a first experiment, we examined behaviorally how the
cardiac cycle alters the detection and attentional capture of threat stimuli
at the limit of conscious perceptual awareness (Experiment 1). We used
an emotional attentional blink paradigm time locked to specific phases of
the cardiac cycle and quantified the detection breakthrough of emotional
stimuli (fear, happy, disgust, and neutral faces). To maximize power to
detect the impact of cardiac cycle on attentional breakthrough, we chose
a threshold that was located within the “blink” period, which is on the
cusp of conscious detection (Anderson and Phelps, 2001; De Martino et
al., 2009). In Experiment 2, which was performed during functional
neuroimaging, we tested for cardiac-induced alterations in the subjective
emotional intensity of explicit fear and neutral stimuli while assessing
underlying neural substrates. We specifically tested the hypothesized role
of the amygdala in mediating heart-timing effects on fear processing.
Individual differences in anxiety were used to investigate whether they
affect cardiac modulation of fear intensity ratings.
Participants. Both studies were approved by the Brighton and Sussex
Medical School Research Governance and Ethics Committee. Healthy
control participants were recruited from advertisements posted on community websites and around campus. For Experiment 1, 23 participants
took part (15 females, eight males); three were removed from analyses
because of synchronization failure of the equipment used for heart timing and one was excluded because of resting tachycardia (110 bpm at
rest). The mean age of participants was 26.7 ⫾ 8.6 years. For Experiment 2, a
separate cohort of participants underwent structured independent screening
for health problems before MRI scanning, resulting in 19 healthy control
participants (seven females, 12 males). The mean age of participants was
28.2 ⫾ 5.4 years. All participants provided informed consent.
Detection of heartbeat. Physiological waveforms were recorded on PC
(power 1401, Spike2 v7 software; CED). For Experiment 1, cardiac cycle
was ascertained using electrocardiography (ECG) and, for Experiment 2,
which took place in the MRI scanner, heartbeats were monitored using
MRI-compatible finger pulse oximetry (8600Fo; Nonin Medical). Following calibrations made in previous studies, using similar methods and
recruiting from the same population, an estimated mean pulse transit
time of ⬃200 ms was used (Gray et al., 2012). Physiological waveforms
were recorded on PC (power 1401, Spike2 v7 software; CED). Timing of
stimulus presentation was controlled by a real-time script running on
the CED-power1401 unit, identifying the QRS complex with millisecond temporal accuracy. Stimulus presentation was time locked to
either the R-wave (end of cardiac diastole) or delayed ⬃300 ms from
the R-wave peak to coincide with the T-wave at systole, when baroreceptor impulses are processed centrally (Edwards et al., 2007; Edwards et
al., 2009; Gray et al., 2009). See Figure 1A for a histogram detailing the
precision of face stimulus presentation in relation to cardiac cycle in the
MRI scanner.
Stimuli. Face stimuli were taken from the Karolinska Directed Emotional Faces: (Lundqvist et al., 1998) and the Ekman set (Ekman and
Friesen, 1974). Experiment 1 included 60 fear, 60 disgust, 60 happy, and
90 neutral faces. Experiment 2 focused on fear and neutral faces only (40
fear, 40 neutral) as the key stimuli of interest. The attentional blink
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paradigm (Experiment 1) also included stimuli comprised of buildings
(both inside and outside), which were adapted from digital catalogs displaying houses and rooms. All pictures were grayscale and standardized
to form 305 ⫻ 305 squares. Distractor images were comprised of scrambled images formed of two face and house stimuli randomly chosen on a
trial by trial basis. For each trial, these were fractured into 25 squares (5 ⫻
5) and “scrambled” together through random shuffling to form 13
unique composite images.
Paradigms and procedure. For Experiment 1, a behavioral attentional
blink paradigm using pictures (De Martino et al., 2009) was modified to
ensure that the rapid serial visual presentation (RSVP) was time locked to
either the R-wave (end of cardiac diastole) or delayed ⬃300 ms from the
R-wave peak to coincide with the T-wave at systole, when baroreceptor
impulses are processed centrally (Edwards et al., 2007; Edwards et al.,
2009; Gray et al., 2009). Each participant performed 180 trials, formed of
60 neutral, 40 fear, 40 disgust, and 40 happy face presentations, half of
which were presented at diastole, half at systole. RSVPs were comprised
of 13 scrambled “mask” items, an initial target (T1), which always depicted an image of a house, either inside or outside, and a second target
(T2), which was always a face (fear, disgust, neutral, or happy). T2 served
as our variable of interest and T1 acted as a control stimulus. During the
RSVP, these 15 items (13 scrambled, T1, and T2) appeared on the screen
for 70 ms each. To ensure that an attentional blink masking effect was
optimized (De Martino et al., 2009), in the majority of trials (⬎80%), the
T2 was presented 5 items after the T1. The placement of the T1 and T2
items were randomized on a within-participant basis, with T1 presented
as item 3, 5, or 7 and T2 on respective trials presented as item 8, 10, or 12.
All mask items were formed of a house and face item chosen from a fully
randomized database and scrambled “online” on a trial-by-trial basis
(Fig. 1B). Therefore, each trial lasted 1050 ms, during which the participant attended to a stream of largely scrambled pictures and attempted to
perceive a house and a face stimulus. Each trial was immediately followed
by a test phase in which the participant was required to make recognition
decisions regarding which T1 (house) and which T2 (face) was presented.
Once for the T1 identification and once for T2 identification, the participant was presented with three options composed of the target and two
distractor stimuli of the same class (i.e., if T1 was an outdoor house,
distractor items were also outdoor images of houses). The participant
was required to make a forced choice, denoting which target stimulus
was presented in the preceding RSVP. Because this study was concerned with cardiac modulation of emotional processing, all results
focus on the masked T2 face stimuli.
For Experiment 2, which took place in the MRI scanner, presentation
of all emotional face stimuli was kept brief (100 ms) to ensure that they
occurred at specific points in the cardiac cycle. Face stimuli were timed to
coincide with the end of cardiac diastole (indexed by the ECG R-wave)
and with the end of cardiac systole (approximately at the ECG T-wave),
when baroreceptor impulses are processed centrally. Emotion intensity
judgments were obtained using a modified forewarned reaction time task
(Gray et al., 2012) in which the face cue provided an emotional context
for the delayed intensity judgment decision. Each face was kept on the
screen for a brief 100 ms period, followed by a 150 ms fixation cross and a
“Ready…” preparation signal lasting between 3 and 4 s which was followed
by the “GO” command and simultaneous appearance of a visual analog scale
(VAS) that subjects used to signal their perceived emotional intensity of the
face depicted previously (Fig. 1C). The VAS ran from 0 to 50; all values were
multiplied by two for display and analysis purposes within the results section.
The experiment was separated into two functional runs and each participant
had 80 trials (40 fear and 40 neutral faces), half of which were randomized to
coincide with systole and the other half diastole.
Anxiety. State anxiety was assessed immediately before the experimental session using the “state” subscale of the Spielberger State-Trait Anxiety Inventory (Spielberger, 1983).
MRI acquisition and preprocessing. Participants underwent structural
MRI imaging using a Siemens Avanto 1.5 tesla MRI scanner. Functional
echoplanar datasets sensitive to BOLD contrast were acquired with axial
slices (anterioposterior phase encode direction) tilted 30 degrees from
intercommissural plane to minimize T2* signal dropout from orbitofrontal and anterior temporal regions. Thirty-five 3 mm slices with a 0.75
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Figure 1. A, Histogram detailing fear and neutral face presentation in relation to cardiac cycle within the MRI scanner. For Experiments 1 and 2, stimulus presentation was time locked to coincide
with distinct points of the cardiac cycle. B, For Experiment 1, participants were required to detect two targets (T1 and T2, outlined in green for illustrative purposes in this diagram only) embedded
within an RSVP. T2 (face) detection served as the variable of interest, as determined by a subsequent forced-choice recognition test. C, For Experiment 2, face presentation (fear and neutral) were
time locked to diastole and systole. Participants made subsequent trial-by-trial emotion intensity judgments using a VAS.
mm interslice gap were acquired, providing full brain coverage with an
in-plane resolution of 3 ⫻ 3 mm (TE ⫽ 42 ms, TR ⫽ 2620 ms). Because
stimulus presentation was contingent on heart timing, the experiment was
variable in duration depending on the individual participant’s heart rate. On
average, 411 volumes were collected and task duration was 18 min in total,
divided into 2 functional runs of ⬃9 min each (range 8.08 –10 min). After
acquisition of the functional dataset, full brain T1-weighted structural scans
were also acquired from each participant (MPRAGE, 0.9 mm 3 voxels, 192
slices, 1160/4.24 ms TR/TE, 300 ms inversion time, 230 ⫻ 230 mm 2 FOV).
Images were preprocessed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/).
The initial four functional volumes were discarded to allow for equilibration
of net magnetization. Images were then spatially realigned, unwarped, spatially normalized to standard MNI space, and movement regressors were
added. Normalized functional scans were smoothed with an 8 mm Gaussian
smoothing kernel (Friston et al., 2000).
Data analysis. For Experiment 1, a repeated-measures 2 ⫻ 4 ANOVA
was conducted to explore the effect of cardiac timing on correct detection
of faces during the emotional attentional blink. Heart timing (diastole,
systole) ⫻ emotion (fear, disgust, neutral, happy) were entered as withinparticipant variables. The main effect of emotion was broken down using
standard t tests in accordance with the hypothesis that the detection of
emotion items (fear, disgust, and happy) would be enhanced relative to
neutral stimuli. The significant cardiac cycle by emotion interaction was
explored using post hoc t tests corrected for multiple comparisons using
the Bonferroni method ( p-value adjusted based on eight post hoc tests).
For Experiment 2, we tested for a cardiac induced shift in emotional

intensity using a 2 cardiac cycle (diastole, systole) ⫻ 2 emotion (neutral,
fear) repeated-measures ANOVA on intensity ratings. Standard t tests
were used to break down significant interactions to pursue our hypothesis of enhanced fear processing at systole.
Functional neuroimaging data were analyzed with the standard hierarchal model approach (Penny and Friston, 2003) and modeled in a
stochastic-event-related manner. Individual first-level models were constructed coding for heart timing (diastole, systole), and emotion (fear,
neutral). Contrasts were constructed detailing main effects of heart timing (diastole vs systole) and interaction effects (fear diastole ⫺ neutral
diastole vs fear systole ⫺ neutral systole). To correct for multiple comparisons, we conducted 10,000 Monte Carlo simulations using custom
software written in MATLAB (Slotnick, 2008). For individual thresholds
set at p ⬍ 0.01, these were corrected for multiple comparisons at the
stringent threshold of p ⫽ 0.0001, limiting analyses to 33 contiguous
voxels to avoid type I error rates and to achieve a significance level of p ⬍
0.05 (Slotnick and Schacter, 2006; Slotnick, 2010; Thakral, 2011). This
correction approximates to a Bonferroni correction. For FWE-corrected
ROI analyses, anatomical masks were constructed using the anatomical
toolbox in SPM (Tzourio-Mazoyer et al., 2002) for bilateral amygdala,
insula, and hippocampus, and a function ROI was constructed for the
periaqueductal gray (PAG) using a 7 mm sphere around the coordinates
(6, ⫺32, ⫺14; Gray et al., 2012).
Poststimulus time histogram (PSTH) plots were computed with the
RFX toolbox implemented in SPM (Gläscher, 2009) using an anatomical
ROI of bilateral amygdala to derive peak activity. Stimulus onset was set
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Figure 2. We tested the hypothesis that the cardiac cycle influences the processing of emotional stimuli using an RSVP task to present emotional and neutral stimuli periliminally (i.e., subceiling
for detection). We extend the established findings that emotional stimuli are detected (i.e., “break through to awareness”) more than neutral stimuli by showing that, for fear faces only, this effect
is modulated by the cardiac cycle, with enhanced detection of fear faces observed at systole relative to diastole. All other emotions (happy, neutral, disgust) were not significantly affected by cardiac
cycle (A). Cardiac modulation of fear detection is documented at the subject level to illustrate individual shifts in fear face detection (each separate subject is represented as a diamond). The y-axis
represents the percentage of fear faces detected at diastole ⫺ systole. The majority of participants were more likely to correctly identify fear faces at systole relative to diastole, as marked by a
negative shift (B).

Figure 3. Graph depicting the interaction between cardiac timing and emotion intensity, with an increase in perceived subjective intensity of fear faces at systole and a (nonsignificant) tendency
for neutral faces to be perceived as more intense at diastole (A). Cardiac modulation of fear intensity documented on the subject level to illustrate individual shifts in perceived fear intensity (each
separate subject is represented as a diamond). The y-axis represents fear intensity ratings for faces at diastole ⫺ systole. The majority of participants were more likely to rate fear faces as more
intense if seen at systole relative to diastole, as marked by a negative shift (B).
to time 0 and the percent signal change over time was plotted in multiples
of TR (2.62 s) separately for fear faces at diastole, neutral faces at diastole,
fear faces at systole, and neutral faces at systole.

Results
Experiment 1: behavioral emotional attentional blink (EAB)
A main effect of emotion (F(3,54) ⫽ 8.8, p ⬍ 0.001) signaled the
emotional blink effect, showing that emotional faces were better
identified relative to neutral faces. This effect reached significance
for all emotion categories: fear (mean 0.57 ⫾ 0.037) versus neutral faces (mean 0.48 ⫾ .026; t(18) ⫽ 2.6, p ⫽ 0.019), disgust
(mean 0.63 ⫾ 0.039) versus neutral (t(18) ⫽ 6.0, p ⬍ 0.001), and
happy (mean 0.53 ⫾ 0.031) versus neutral (t(18) ⫽ 2.1, p ⫽ 0.046).
There was no overall main effect of cardiac cycle (F(1,18) ⫽ 2.1,
n.s.), indicating that, when collapsed across all emotion categories, items were not better detected at either diastole (mean
0.54 ⫾ 0.03) or systole (mean 0.57 ⫾ 0.031).
We observed a significant cardiac cycle by emotion interaction (F(3,54) ⫽ 3.0, p ⫽ 0.038). Therefore, the perception accuracy

for fear faces was significantly modulated by cardiac cycle (t(18) ⫽
⫺3.3, p ⫽ 0.032), with a significantly greater detection breakthrough of fear faces occurring at systole (mean 0.61 ⫾ 0.036)
relative to diastole (mean 0.52 ⫾ 0.042). No significant detection
differences were found between disgust (t(18) ⫽ ⫺0.7, n.s.; systole
mean 0.64 ⫾ 0.036, diastole mean 0.62 ⫾ 0.046), neutral (t(18) ⫽
1.5, n.s.; systole mean 0.46 ⫾ 0.029, diastole mean 0.50 ⫾ 0.027),
and happy (t(18 )⫽ ⫺0.5, n.s.; systole mean 0.54 ⫾ 0.039, diastole
mean 0.53 ⫾ 0.029) faces as a function of cardiac cycle (Fig. 2).
Perception of fear faces at systole was significantly enhanced relative to neutral faces at both diastole (t(18) ⫽ 3.5, p ⫽ 0.024) and
systole (t(18) ⫽ 3.4, p⫽0.024). In contrast, there was no difference in
the detection of fear faces at diastole compared with neutral faces
either at diastole (t(18) ⫽ 0.2, n.s.) or systole (t(18) ⫽ 1.0, n.s.). These
findings clarify that the detection advantage normally afforded to
fear, relative to neutral, faces was eliminated at diastole.
T1 “breakthrough” (i.e., correct identification of house stimuli) did not differ with our cardiac cycle manipulation. There was
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Figure 4. The interaction between cardiac cycle and emotion correlated significantly with state anxiety (A). This was largely driven by cardiac modulation of fear (diastole ⫺ systole), which
displayed a trend relationship with state anxiety (B). Therefore, the relative inhibition of threat processing at diastole was aberrant with anxiety, suggesting a potential mechanism contributing to
sustained overreactivity to fear signal and threat in anxiety.
Table 1. Main effect of cardiac cycle

no main effect of T1 perception as a function of trials time locked
to systole (mean 0.44 ⫾ 0.084) versus diastole (mean 0.44 ⫾
0.068; F(18) ⫽ 0.3, p ⫽ 0.619) and no emotion by cardiac cycle
interaction for T1 detection (F(18) ⫽ 0.4, p ⫽ 0.740), thus establishing that the effect of the cardiac cycle was specific to T2 fear
stimuli.
Experiment 2: cardiac modulation of emotion intensity
When participants viewed supraliminal face stimuli, a main effect
of emotion was observed (F(1,18) ⫽ 334.9, p ⬍ 0.001), reflecting
greater intensity ratings for fear faces relative to neutral faces.
There was no overall main effect of cardiac cycle (F(1,18) ⫽ 0.4,
n.s.), signifying that, collapsed across emotion categories, faces
presented at diastole were rated equally intense as those on systole. There was, however, a significant cardiac cycle by emotion
interaction (F(1,18) ⫽ 8.2, p ⫽ 0.01), which reflected the propensity for fear faces to be judged as more intense at systole (mean
73.8 ⫾ 1.42) than at diastole (mean 70.03 ⫾ 1.53; t(18) ⫽ ⫺2.7,
p ⫽ 0.016). Ratings for neutral faces showed a trend in the opposite direction, where they were more likely to be judged as more
intense at diastole (mean 27.93 ⫾ 2.34) relative to systole (mean
25.13 ⫾ 2.82; t(18) ⫽ ⫺2.1, p ⫽ 0.055; Fig. 3).
Relationship to anxiety
Individual differences in state anxiety correlated with the magnitude of the behavioral interaction between cardiac cycle and
emotion-specific intensity judgments as follows: (fear diastole ⫺
neutral diastole) ⬎ (fear systole ⫺ neutral systole) (r ⫽ 0.5, p ⫽
0.041). This interaction was principally driven by a correlation
between the simple effect of cardiac cycle on the perception of
fear stimuli (fear at diastole ⫺ fear at systole) that was approaching
significance (r ⫽ 0.47, p ⫽ 0.052). The correlation with neutral stimuli as a function of cardiac timing (neutral at diastole ⫺ neutral at
systole) was going in the opposite direction, although was nonsignificant (r ⫽ ⫺0.38, p ⫽ 0.136). Therefore, background anxiety reduced the attenuation of fear ratings to stimuli presented at
diastole (Fig. 4).

Brain area
Diastole ⬎ systole
Parahippocampal gyrus
Middle frontal gyrus
Anterior insula/Inferior frontal gyrus
Middle frontal gyrus
Middle frontal gyrus
Insula
Angular gyrus
Parahippocampal gyrus
Superior frontal gyrus (medial)
Systole ⬎ diastole
Hippocampal formation
Middle insula
Inferior occipital gyrus
Precentral gyrus
Occipital pole
Precuneus
Cerebellum
Angular gyrus
Precuneus
Cerebellum

Side

Coordinates (mm)

Voxels

t-score

L
L
L
R
L
R
R
R
R

⫺18, ⫺24, ⫺26
⫺24, 14, 46
⫺34, 20, ⫺6
50, 8, 40
⫺48, 6, 38
34, 12, ⫺14
58, ⫺48, 34
18, ⫺26, ⫺26
6, 40, 42

107
137
132
42
54
63
43
34
34

5.4
5.3
4.7
3.6
3.5
3.4
3.4
3.3
3.1

L
L
L
L
R
R
R
L
L
R

⫺38, ⫺8, ⫺26
⫺34, 4, 2
⫺24, ⫺86, 10
⫺28, ⫺14, 48
32, ⫺90, ⫺20
20, ⫺80, 42
22, ⫺64, ⫺38
⫺30, ⫺52, 52
⫺20, ⫺92, 28
10, ⫺56, ⫺10

124
104
101
97
86
82
44
50
167
35

5.8
4.9
4.9
4.8
4.3
4.1
4.0
3.7
3.6
3.4

Shown is the brain activation underlying the main effect of cardiac modulation of emotion processing collapsed over
specific emotion type.

Neuroimaging findings
Main effect of cardiac cycle
Activity within a set of specific brain regions showed a significant
main effect of heart timing during the processing of face stimuli
(regardless of emotion; for faces presented at systole ⬎ diastole
and diastole ⬎ systole; Table 1). In particular, subregions of anterior insula (Fig. 5A) and prefrontal cortex, medial temporal
lobe, and middle frontal gyrus were sensitive to cardiac cycle
effects on face processing.
Emotion and cardiac cycle
To investigate how baroreceptor afferent information differentially affected fear processing, we tested for an interaction between cardiac timing and emotion category (for fear systole ⬎
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Figure 5. Main effect of cardiac cycle on emotion processing, documenting increased activity in left anterior insula (⫺34, 4, 2) for faces at systole ⬎ diastole (A). Brain activity illustrating the
interaction of cardiac timing on emotion processing (fear systole ⬎ neutral systole vs fear diastole ⬎ neutral diastole). Notably, significant activation was observed in bilateral amygdala, with
activity in right amygdala meeting FWE correction (circled). See Table 2 for a complete listing of activity during interaction (B).
Table 2. Interaction between cardiac cycle and emotion
Brain area

Side

Coordinates (mm)

Voxels

t-score

Amygdala
Cluster incorporating superior temporal
gyrus/amygdala
Dorsal posterior cingulate cortex
Occipital temporal gyrus
Angular gyrus
Supplementary motor area
Middle cingulate cortex incorporating
anterior cingulate
Temporal parietal junction
Precentral gyrus
Precentral gyrus
Superior frontal gyrus (medial)
Anterior insula
Middle insula
Cuneus
Superior frontal gyrus (anterior)
Temporal pole
Inferior frontal gyrus pars orbitalis
Supplementary motor area
Middle frontal gyrus (anterior)

R
L

32, 0, ⫺24
⫺26, 10, ⫺34

36
156

4.3
4.6

L
R
L
R
L

⫺10, ⫺42, 28
24, ⫺26, ⫺26
⫺34, ⫺54, 40
4, ⫺26, 58
⫺8, ⫺6, 30

123
93
91
66
36

4.7
4.6
4.4
4.3
4.2

R
R
R
R
R
R
L
L
R
L
R
L

40, ⫺46, 20
40, ⫺10, 30
56, ⫺2, 30
12, 28, 48
28, 8, 12
32, 0, 14
⫺4, ⫺78, 20
⫺14, 62, 28
30, 16, ⫺26
⫺38, 50, ⫺12
2, 0, 52
⫺40, 52, 18

33
42
97
60
46

4.2
3.8
3.8
3.8
3.8
3.2
3.7
3.6
3.6
3.6
3.4
3.4

62
41
97
57
35
34

Shown is the interaction effect of cardiac timing on emotion (fear systole ⬎ neutral systole vs fear diastole ⬎
neutral diastole).

neutral systole verses fear diastole ⬎ neutral diastole; Fig. 5B,
Table 2). These analyses showed that the response of the
amygdala was enhanced to fear stimuli (relative to neutral stimuli) presented at systole compared with diastole. Also consistent
with a facilitation of fear processing, insular, extrastriate, motor,
and supplementary motor, cingulate and medial temporal lobe
cortices also showed corresponding activity changes during this
interaction.
A small volume correction in the anatomically defined
amygdala ROI revealed that right amgydala activity met this
stringent threshold (T ⫽ 4.31, 28 voxels, p ⫽ 0.05 FWE correction). Activity in the left amygdala did not meet reach this criterion (T ⫽ 2.94, 3 voxels, n.s.; Fig. 5B). We also extracted the mean
activation from bilateral anatomical ROIs for offline analyses,
which showed that activity within both right (t(18) ⫽ 4.2, p ⫽
0.001) and left (t(18) ⫽ 2.9, p ⫽ 0.01) amygdalae manifest the
interaction (fear systole ⬎ neutral systole vs fear diastole ⬎ neutral diastole). The parameter estimates derived from bilateral
amygdala demonstrate enhanced activity for the contrast fear
systole ⫺ fear diastole and hypoactivation for the contrast neutral
systole ⫺ neutral diastole (Fig. 6A). Elevation of the hemody-

namic response was observed in bilateral amygdala after fear
faces at systole, with attentuation of amygdala activity to fear
faces at diastole and neutral faces at systole (illustrated in
separate PSTH plots of percentage signal change over time
after face presentations; Fig. 6B). These observations add to
evidence showing the integration of cues concerning environmental threat with information concerning physiological disposition (from cardiac afferent signals) in the human amygdala
(Figs. 5B, 6 A, B).
A series of additional anatomical small volume corrections
were performed in bilateral hippocampus, bilateral insula, and a
functional ROI in PAG. None of these ROIs were sensitive to the
interaction between cardiac cycle and emotion processing (all
FWE p ⬎ 0.2).
Demographic analyses
When we tested for effects of age and sex on the cardiac modulation of emotion/fear processing, we observed no significant effects of sex on intensity judgments of fear stimuli (i.e., fear
systole ⫺ fear diastole, for males vs females, t(17) ⫽ 0.4, p ⫽ 0.69)
or neutral systole ⫺ neutral diastole (t(17) ⫽ 0.5, p ⫽ 0.61; Experiment 2). Analyses including age as a covariate also did not reveal
any additional significant findings. The cardiac modulation of
intensity ratings (ratings at diastole ⫺ systole) did not correlate
with age for fear (r ⫽ ⫺0.3, p ⫽ 0.289) or neutral (r ⫽ 0.1, p ⫽
0.703) faces.

Discussion
The neural processing and conscious experience of sensory
stimuli are influenced by visceral state. Here, we demonstrate
that fear processing is modulated by cardiac timing. Specifically, the processing of fear faces was enhanced at systole and
attenuated at diastole. Behaviorally, during an attentional
blink task, the detection advantage typically afforded to emotional stimuli was seen for fear faces presented at systole, but was
suppressed at diastole. Likewise, intensity ratings of fear faces
were significantly greater at systole relative to ratings of fear faces
presented at diastole. Using fMRI, we show that activity within
regions, notably the amygdala, was sensitive to phase of the cardiac
cycle and predicted shifts in emotional judgments timed with natural baroreceptor discharge. Moreover, these effects were weighted by
individual differences in the expression of anxiety symptoms. Specifically, the relative inhibition of fear at diastole was perturbed by
heightened anxiety, suggesting a potential mechanism through
which altered heart– emotion coupling could contribute to sustained threat processing in highly anxious individuals.
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Figure 6. Patterns of bilateral amygdala activity correspond to emotion specific cardiac shifts in intensity, with increases for fear stimuli at systole and increases for neutral faces at diastole.
Parameter estimates extracted from peak voxels in right (32, 0, ⫺24) and left (⫺16, 0, ⫺28) amygdala as defined by the interaction (fear systole ⬎ neutral systole vs fear diastole ⬎ neutral
diastole; A). PSTH plots were computed using an anatomical ROI of bilateral amygdala to derive peak activity. Stimulus onset was set to time 0 and PSC over time was plotted in multiples of TR (2.62
s) separately for fear faces at diastole, neutral faces at diastole, fear faces at systole, and neutral faces at systole (B).

These findings provide novel insight into neural mechanisms
through which emotion is shaped by bodily state. Importantly,
they show a facilitation of fear processing at systole and this observation counters a broad assumption, based on previous studies, that the activation of arterial baroreceptors results in a general
inhibition of sensory processing and cortical excitability (Lacey
and Lacey, 1970; Gahery and Vigier, 1974; Koriath and Lindholm, 1986). Many of these earlier studies focused on pain processing, noting the attenuation of neurophysiological responses
to pain stimuli presented at systole, including dampening of the
nociceptive flexion reflex and a reduction in pain evoked potentials.
Here, noxious laser stimulation at systole elicits smaller N2-P2 amplitude compared with stimulation at diastole (Edwards et al., 2008),
which we interpreted to reflect objective differences in the degree of
induced pain. P2 amplitude is also associated with pain anticipation
and is larger for cued nociceptive skin stimuli, an effect that is abolished for stimuli presented during baroreceptor activation (Gray et
al., 2010).
Our findings therefore refute this notion that there is always
an inhibitory effect of systole and baroreceptor afferent firing on
the processing of sensory stimuli. We demonstrate that, in the

domain of fear, subjective, behavioral, and neural responses are
greater at systole and attenuated at diastole. In both of our experiments, there was an effect of enhanced fear processing at systole.
Therefore, our behavioral effects are not simply due to an interaction, but have merit in terms of their simple effects, especially
with regard to fear. Indeed, our results are consistent with emerging work suggesting exaggerated subjective emotional and neural
responses at systole for specific threatening stimuli, illustrated by
enhanced amygdala and pontine activation to electric shock at
systole (Gray et al., 2009) and augmented ratings of unpleasantness and pain intensity during unpredicted pain stimulation at
systole relative to diastole (Martins et al., 2009). We used the
attentional blink paradigm as a means of showing cardiac timing
(baroreceptor activation) effects on perceptual breakthrough of
emotional stimuli. We anticipate that the finding of “systoleenhanced fear perception” generalizes to other masking and attentional tasks sensitive to attentional grab and pop-out effects of
emotive stimuli. Nevertheless this prediction needs to be confirmed empirically.
The amygdala is one region involved in translating psychological stress into bodily arousal (Gianaros et al., 2008). Our evi-
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dence shows that this relationship is bidirectional. Afferent
signals of physiological arousal are represented within the
amygdala and integrated with the processing of threat stimuli
(Critchley et al., 2002b). Here, we show that this integration is
present for viscerosensory signals occurring with each heartbeat
to enhance psychological measures of fear intensity. Using the
emotional attentional blink paradigm, we also show that detection sensitivity to fear stimuli is modulated as a function of cardiac cycle. This finding informs the interpretation of earlier
research also implicating amygdala, which demonstrates that the
detection breakthrough of masked stimuli is influenced by emotional state (Anderson and Phelps, 2001) and that the perception
of threat relates to the degree of physiological arousal (Lang et al.,
2000). Our findings also suggest that cardiac modulation of emotion as mediated through amygdala may display a particular
functional specificity to fear stimuli. Breakthrough of emotional
stimuli into consciousness within emotional attentional blink
tasks is known to be gated by amygdala (Anderson and Phelps,
2001).
Beyond amygdala, our neuroimaging findings provide further
insight with respect to the interaction between short-term fluctuations in bodily state and processing of salient emotional stimuli. Regardless of emotional valence (i.e., for both neutral and
fear), cardiac timing modulated the pattern of neural responses
to face stimuli. Within medial temporal lobe, systole enhanced
hippocampal responses and decreased more posterior parahippocampal activity. Systole also enhanced responses within early
visual areas and decreased responses within medial prefrontal
cortices. Activity within insula was also shifted by the timing of
visual stimuli in relation to these phasic internal signals. Speculatively, such effects may subtly alter the degree to which stimuli
access conscious awareness. However, within both of our experiments, the behavioral impact emerged only for processing fear
relative to neutral faces. This interaction, which clearly involved
the amygdala as hypothesized, was also expressed within “viscerosensory” anterior and middle insula, “visual” occipital and
temporal areas (implicated in representing salient facial features), and, of particular note, within dorsal posterior cingulate cortex. Arguably, the perceptual interaction with visceral
state is tied to “self-representational” default mode processes
(this may also account for involvement of regions implicated
in somatic self-representation). Whereas amygdala responses
tracked cardiac modulation of intensity ratings, activation of
other regions in parallel may have “normalized” this activity,
particularly pertaining to neutral stimuli, in the production of
fear states. This is entirely consistent with a cognitive contextual appraisal of the stimuli that is modulated by physiological
signals in a manner that is mediated in part by the amygdala
alongside regions such as insula (Critchley et al., 2002b). Cingulate, principally the anterior cingulate cortex, could have
served as a punitive source of interoceptive regulation (Medford and Critchley, 2010), along with prefrontal regions involved in emotion regulation, notably superior frontal gyrus
(Ochsner et al., 2002).
Delineating the neurocircuitry through which cardiac afferent
signaling modulates fear is important for a mechanistic understanding of how physiological arousal interacts with psychological (attentional and emotional) processing. This is particularly
relevant to anxiety disorders, which are typically accompanied by
enhanced cardiovascular reactivity (Pollatos et al., 2007), increased threat detection (Bradley et al., 1998; Mogg et al., 2004),
and hyperactivity of threat-related neurocircuitry such as
amygdala (Phan et al., 2006). Indeed, anxiety conditions such as
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PTSD are characterized by feelings of imminent danger, which
prevail even in clear safety contexts (Garfinkel and Liberzon,
2009), contributing to hyperarousal, hypervigilance, and reduced
fear inhibition (Jovanovic et al., 2010). Consistent with this, we
observed that individual differences in reported anxiety affected
the magnitude of the cardiac influence on emotion processing.
The shift in fear perception as a function of cardiac cycle was also
directly affected by state anxiety, with low anxiety individuals
inhibiting fear perception at diastole. This relative inhibition of
fear processing at diastole is impaired in individuals with high
anxiety, suggesting a potential mechanism that could contribute
to sustained fear responding associated with anxiety. This observation links the physiological component of threat processing to the expression of anxiety and, by extension, to the
individual’s vulnerability to anxiety disorders. Nevertheless,
the effects of anxiety on cardiac modulation of emotion, and
fear specifically, are at this stage preliminary and require further testing, replication, and extension into clinical populations. Further research is needed to establish whether aberrant
interactions among visceral state, brain, and emotion are central to the exaggeration of fear processing in patients with
anxiety disorders.
In our experiment, fear was the only emotion for which stimulus detection was reliably affected by cardiac cycle: Fear detection was enhanced at systole, but detection of stimuli conveying
disgust and happiness (which can be viewed as valence and intensity controls) were not affected by heart timing. Therefore, the
present study demonstrates fear specificity for stimulus detection
in relation to the cardiac cycle. Intensity judgment of fear stimuli
was also affected by cardiac cycle, but the specificity for this is less
clear. In some circumstances, explicit appraisal of disgust faces
can be affected by cardiac cycle, but this is not associated with
amygdala engagement (Gray et al., 2012). Moreover, our results
also point to a less pronounced, opposite effect for neutral stimuli, suggesting that the effect between cardiac cycle and emotion
is not a simple monotonic exaggeration of intensity at systole,
but rather an interaction with specific emotions. Neutral items
tended to be judged as more intense at diastole relative to systole,
when amygdala activation was also greater for neutral items at
diastole relative to systole. This observation extends previous results reporting changes in intensity and unpleasantness of neutral
items across the cardiac cycle (Martins et al., 2009). In anxiety,
there is typically an enhanced amygdala response to neutral faces
(Somerville et al., 2004). The motivational ambiguity associated
with neutral facial expressions can be interpreted as threatening
by people with raised negative affectivity, including highly anxious individuals (Gray et al., 2007a). Intact neutral processing is
also necessary for the learning of safety signals, which is also
impaired in individuals with anxiety (Lohr et al., 2007). Further
research is needed to detail how processing of neutral information relates to visceral state, with further implications for understating the mechanisms underlying anxiety.
This is the first work to demonstrate that individual heartbeats
improve the perception of fear and intensify the emotional impact of fearful faces, as shown behaviorally and with complementary neuroimaging analyses. This research study was motivated
by a desire to understand the contribution of peripheral bodily
arousal to emotional experience, particularly fear and anxiety, for
which the processing of threat signals has an established relationship to symptom expression. We exploited the phasic nature of
cardiac afferent signaling to access the channel of viscerosensory
information that encodes the timing and strength of individual
heartbeats. Our observations can thus be extrapolated to mecha-
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nisms through which general states of cardiovascular arousal (increased heart rate and blood pressure) influence the detection
and experience of fear. Research in patients could usefully explore how individual differences in the magnitude of “heart–
fear interactions” relate to the clinical expression of anxiety
disorders. Ultimately, these findings point to a potential target
for novel treatment approaches for the management of anxiety
symptoms.
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