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Abstract
Arousal-related processes associated with heightened heart rate (HR) predict memory enhancement,
especially for emotionally arousing stimuli. In addition, phasic HR deceleration reflects “orienting”
and sensory receptivity during perception of stimuli. We hypothesized that both tonic elevations in
HR as well as phasic HR deceleration during viewing of pictures would be associated with deeper
encoding and better subsequent memory for stimuli. Emotional pictures are more memorable and
cause greater HR deceleration than neutral pictures. Thus, we predicted that the relations between
cardiac activity and memory enhancement would be most pronounced for emotionally-laden
compared to neutral pictures. We measured HR in 53 males during viewing of unpleasant, neutral,
and pleasant pictures, and tested memory for the pictures two days later. Phasic HR deceleration
during viewing of individual pictures was greater for subsequently remembered than forgotten
pictures across all three emotion categories. Elevated mean HR across the entire encoding epoch also
predicted better memory performance, but only for emotionally arousing pictures. Elevated mean
HR and phasic HR deceleration were associated, such that individuals with greater tonic HR also
showed greater HR decelerations during picture viewing, but only for emotionally arousing pictures.
Results suggest that tonic elevations in HR are associated both with greater orienting and heightened
memory for emotionally arousing stimuli.
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It is well established that emotional arousal at the time of encoding facilitates subsequent
memory (Cahill & McGaugh, 1998). When measured prior to or during memorization, elevated
heart rate (as one index of arousal) has been associated with better subsequent memory
performance (Jennings & Hall, 1980), particularly in subjects with a history of PTSD
(Nagamine, Matsuoka, Mori, Fujimori, Imoto, Kim, & Uchitomi, 2007). Pharmacological
agents that alter arousal and heart rate (e.g., beta-blockers or epinephrine) show commensurate
memory alterations, such that heightened heart rate (HR) is associated with memory
enhancement and reduced HR with memory impairment, especially for emotionally arousing
information (Cahill & Alkire, 2003; O’Carroll, Drysdale, Cahill, Shajahan, & Ebmeier,
1999). In these studies, HR may act as a proxy measure for peripheral (and possibly central)
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adrenergic and/or noradrenergic activation. Human and animal research suggests that central
noradrenergic activation, especially within the basolateral nucleus of the amygdala, is
necessary for enhancement of memory for emotionally arousing material (Cahill & McGaugh,
1998; van Stegeren, Everaerd, Cahill, McGaugh, & Gooren, 1998). Together, these studies
show that adrenergic and/or noradrenergic activation and associated increases in HR predict
heightened subsequent memory, especially for emotionally arousing information.

Phasic HR deceleration within seconds of apprehending a stimulus also predicts subsequent
memory enhancement (Buchanan, Etzel, Adolphs, & Tranel, 2006). HR deceleration upon
confrontation with a stimulus is one component of an orienting response (OR), which is a
constellation of physiological responses that reflects attentional and cognitive processing of
stimuli of low to moderate intensity (Cook & Turpin, 1997). Attention to the external
environment and heightened sensory receptivity (“stimulus intake”) is associated with cardiac
deceleration (Lacey, 1959, 1967). Early theorists argued that the OR is necessary for learning,
hypothesizing that it occurs when a match for a perceived stimulus is not found in memory
(e.g., Öhman, 1979). Indeed, orienting at the time of encoding (measured using a variety of
physiological indicators of the OR, including HR deceleration) predicts subsequent memory
performance (e.g., Buchanan et al., 2006; Palomba, Angrilli, & Mini, 1997; Siddle, Packer,
Donchin, & Fabiani, 1991).

It is currently unclear how heightened HR over an extended period of time (on the order of
minutes to hours) is associated with phasic decreases in HR during orienting (which occur for
only a few seconds). Theoretically, both tonic HR elevation and phasic HR deceleration during
picture viewing should predict memory enhancement. The current study included a 25-to-28
minute encoding period, in which subjects viewed pleasant, unpleasant, and neutral pictures.
We tested relations among the following: phasic HR deceleration during individual picture
viewing, mean HR during the entire encoding epoch, and subsequent recall for pictures.

Furthermore, we examined differences in the association of cardiac activity and memory for
neutral vs. emotionally arousing pictures. Previous research has shown that passively viewed
emotional pictures are both more memorable and result in greater orienting as measured by
HR deceleration than neutral pictures (Bradley, Greenwald, Petry, & Lang, 1992; Bradley &
Lang, 2000). In addition, arousal during encoding and tonic HR elevation is most predictive
of memory for emotionally arousing as opposed to neutral information (Cahill, Prins, Weber,
& McGaugh, 1994; O’Carroll et al., 1999). Thus, we hypothesized that both greater tonic HR
elevation and greater orienting, as measured by HR deceleration, would predict memory
enhancement specifically for emotionally arousing pictures.

Method
Participants

Sixty-one male undergraduate students at the University of Wisconsin were recruited for this
study. Participants were excluded if they were female, younger than 18 years old, had previous
experience with the slides used in this study, had a medical illness, history of head injury, self-
reported mental or substance use disorder, daily tobacco use, night shift work, inability or
unwillingness to complete the protocol, treatment with psychotropic medications, narcotics,
beta-blockers, steroids, or any other medication that affects nervous or endocrine systems.

Participants were subjected to a laboratory-based manipulation of endogenous cortisol levels
after encoding of stimuli (a 15-minute speech); including females was infeasible for the
following reasons: effects of oral contraceptive use and menstrual cycle on cortisol; sex
differences in the effects of cortisol on memory (Wolf, Schommer, Hellhammer, McEwen, &
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Kirschbaum, 2001); and inadequate funds for doubling of the sample size. Thus, findings
presented here may not be generalizable to women.

Eight participants were excluded from analyses because seven failed to return to the second
laboratory visit for memory tasks and one was excluded due to experimenter error (i.e.,
presentation of a subset of the stimuli twice). Thus, the final sample consisted of a total of 53
participants.

Design and Procedure
Participants arrived at the laboratory at either 1:30pm or 4:30pm. This timing was chosen
because a subset of the participants (who began at 4:30) were used to test hypotheses regarding
cortisol, negative affect, and memory, which required data collection at the same time of day
for all participants (see Abercrombie, Speck, & Monticelli, 2006). All procedures were
approved by University of Wisconsin Health Sciences Human Subjects Committee.

Participants viewed 21 pleasant, 21 neutral, and 21 unpleasant pictures (International Affective
Picture System; Lang, Bradley, & Cuthbert, 2001). Participants were randomly assigned to
view one of two affectively equivalent sets of pictures.1 Mean (SD) normative ratings for
pleasantness were as follows: Set 1, pleasant 7.0 (0.41), neutral 4.89 (0.36), unpleasant 2.37
(0.43); Set 2, pleasant 7.0 (0.63), neutral 4.93 (0.35), unpleasant 2.37 (0.38). Mean (SD)
normative ratings for arousal were as follows: Set 1, pleasant 5.95 (0.56), neutral 2.56 (0.32),
unpleasant 5.94 (0.59); Set 2, pleasant 5.93 (0.66), neutral 2.49 (0.31), unpleasant 5.91 (0.57).

Pictures were presented for six seconds followed by an Inter Trial Interval (ITI) of seventeen
seconds. Participants wore headphones that presented a 50ms blast of 95DB white noise (startle
probe) at 4.5 seconds during picture presentation for 18 pictures (6 of each valence) or at either
7 or 8 seconds during the ITI for 36 pictures. Nine trials did not include startle probes. Previous
research has shown that presence of a startle probe on a trial does not affect HR change in
response to stimuli (Bradley, Codispoti, Cuthbert, & Lang, 2001). Analyses of our data using
Repeated Measures ANOVA with the Huynh-Feldt correction with time, emotion category,
and the presence of a probe as predictors did not reveal an effect for the auditory startle probe
on HR deceleration (F[22, 52] = 1.68, n.s.); therefore, HR data were collapsed across probe
condition. Pictures were interspersed randomly and presented in 3 separate blocks, each of
which was slightly longer than 8 minutes with brief breaks in between blocks. Participants
were not told that memory for these stimuli would be tested.

After picture viewing, participants completed a social stress task to manipulate endogenous
cortisol levels. Participants were told to spend five minutes preparing a speech in which they
described their emotional reactions to the pictures they had just viewed in front of a two-person
evaluative audience for 15 minutes.

Memory testing—Participants returned to the laboratory two days later in the evening for a
free recall test, in which they were given ten minutes to write down descriptions of as many
of the pictures as they could remember. Two independent raters showed reliable scoring of
free recall responses (IC = .99).

1Set A included pictures 1450, 1650, 2495, 2840, 2850, 2870, 3000, 3030, 3053, 3064, 3168, 3180, 3230, 3400, 5390, 5470, 5480, 5510,
5600, 5628, 5740, 6260, 6312, 6570_1, 6838, 7004, 7025, 7035, 7050, 7175, 7233, 7234, 7350, 7380, 7490, 7491, 7502, 7600, 7700,
7705, 7950, 8030, 8040, 8060, 8090, 8120, 8161, 8170, 8180, 8185, 8250, 8340, 8502, 8531, 9040, 9050, 9210, 9400, 9410, 9570, 9810,
9920, 9921. Set B included pictures 1640, 2190, 2320, 2340, 2580, 2880, 3010, 3015, 3062, 3063, 3071, 3150, 3160, 3170, 3220, 3261,
3350, 5450, 5534, 5621, 5629, 5700, 5731, 5890, 5910, 6250, 6540, 7000, 7002, 7006, 7009, 7020, 7030, 7031, 7040, 7080, 7090, 7140,
7150, 7217, 7224, 7235, 7289, 7501, 8080, 8160, 8190, 8232, 8260, 8280, 8300, 8380, 8470, 8490, 8503, 9180, 9250, 9300, 9520, 9560,
9630, 9800, 9910.
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Physiological Data Collection and Processing
Electrodes for measurement of HR were affixed to the distal end of the right collarbone and
the lower left rib cage. Interbeat interval (IBI) series were derived from the ECG series and
were hand corrected for artifacts. Mean HR for each of the 3 picture viewing blocks was
calculated and averaged to create an overall mean HR score during encoding (hereafter referred
to as mean HR).

In order to measure HR changes during orienting, HR during presentation of each picture was
estimated for every ½ second using the procedures detailed by Graham (1978). The last ½
second of the ITI prior to picture presentation was used as the baseline and change scores for
each ½ second of the total six seconds were calculated by subtracting the baseline from each
½ second estimate. The maximum HR deceleration from baseline in the first 3 seconds of
picture viewing was determined for each trial for each participant, using the methods of Bradley
et al. (2001). Thus, “HR deceleration” refers to the maximum HR deceleration during the 1st

3 seconds of picture viewing for each trial.

Salivary cortisol levels were obtained throughout the encoding session by having participants
chew briefly on cotton swabs using the Salivette sampling device (Sarstedt Inc., Newton, NC).
Cortisol samples were processed using Salimetrics (State College, PA) cortisol enzyme
immunoassay kits as described in Abercrombie et al. (2006). Assay results were considered
acceptable only if the coefficient of variation for the duplicate measurement of a sample was
less than or equal to 20%. The mean inter-assay CV% was 7.4%, and the mean intra-assay CV
% was 3.8%. The detection limit for this assay was 0.007 μg/dl. Raw cortisol data were log
transformed.

Data Analysis
First, we conducted a Two-Way Repeated Measures ANOVA with the Huynh-Feldt correction
with time and emotion category as predictors to test whether HR deceleration during picture
viewing varied in response to unpleasant, pleasant, and neutral pictures. This was to ensure
that the HR response to emotional stimuli conformed to previous research (Bradley et al.,
2001; i.e., with the greatest deceleration observed for emotionally arousing pictures).

Next, we used two approaches to analyze the data, both of which examined the associations
among memory performance, cardiac activity, and emotionally arousing content of pictures.
First, we separated remembered vs. forgotten trials, and determined whether pictures associated
with greater HR deceleration were more often remembered than forgotten. Second, we
examined overall memory performance; i.e., we examined the relations among cardiac
variables and total number of pictures recalled, number of neutral pictures recalled, and number
of emotionally arousing pictures recalled. For HR deceleration, we used a mixed model analysis
predicting memory performance with both emotion category (unpleasant, pleasant, and neutral)
and maximum HR deceleration entered into the model. We also examined the association
between phasic HR deceleration and tonic mean HR during encoding, and we examined
whether the individuals with greatest tonic mean HR during encoding showed better memory
performance.

Because subjects completed a laboratory-based stressor after encoding, we examined the
relations among HR during encoding, HR during the speech stressor, and memory
performance. We were also interested in whether variation in cortisol levels altered the relation
between cardiac activity during encoding and memory. Previous research has shown that
cortisol elevations affect memory and interact with arousal-related processes in the prediction
of memory (e.g., Abercrombie et al., 2006; Roozendaal, Okuda, de Quervain, & McGaugh,
2006). Thus, we tested the relations among cardiac activity, memory, and cortisol output during
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encoding and the speech (using area under the curve, both with respect to ground and increase;
Pruessner, Kirschbaum, Meinlschmid, & Hellhammer, 2003).

Results
Across all participants, HR during encoding ranged from 52.2 to 88.9 beats per minute (BPM).
The average (SD) HR during encoding, 70.8 (9.1) BPM, was within the range of typical resting
HR for men (average resting HR typically ranges between 60–80 BPM; Brownley, Hurwitz,
& Schneiderman, 2000). Average (SD) HR during the speech stressor was 87.1 (13.5) BPM,
and ranged from 55.1 to 117.7 BPM.

Consistent with prior research, emotion category predicted free recall scores (F[2, 52] = 139.89,
p < .001; see Table 1). Post hoc Tukey analyses revealed more unpleasant pictures were recalled
than pleasant pictures (see Table 1; mean difference = 5.68, p < .001) and neutral pictures
(mean difference = 6.96, p < .001) and more pleasant pictures were recalled than neutral
pictures (mean difference = 1.28, p < .01). Also consistent with prior research is our finding
that HR deceleration during the first three seconds of picture viewing varied by emotion
category, F(2, 52) = 26.84, p < .001 (Figure 1 & Table 1). Least significant difference pairwise
comparisons revealed HR deceleration was greatest for unpleasant pictures, followed by
pleasant and then neutral pictures (all p’s < .01).

HR Deceleration and Memory
Remembered vs. forgotten trials—Across emotion category, HR deceleration was
greater for trials that were subsequently remembered vs. those that were forgotten, F(1, 52) =
7.99, p < .005 (Figure 2). No interaction was found, such that the difference in HR deceleration
for remembered vs. forgotten stimuli did not differ for neutral, pleasant, and unpleasant pictures
F(2, 52) = 0.10, n.s. (Figure 2).

Prediction of total memory scores—When predicting total memory scores, average HR
deceleration predicted recall of pictures (F[1, 52] = 20.43, p < .001), such that greater HR
deceleration predicted better memory performance (i.e., the more deceleration on average, the
more pictures remembered). As stated above, emotion category predicted recall scores, such
that emotionally arousing pictures were better remembered than neutral pictures. However, the
emotion category by HR deceleration interaction was not significant. These results for total
memory scores are consistent with the results based on analysis of remembered vs. forgotten
stimuli, which suggest that greater phasic HR deceleration predicts better memory performance
regardless of emotion category.

Mean Heart Rate
HR deceleration and mean heart rate—Mean HR during encoding was associated with
phasic HR deceleration, r(52) = −.30, p < .05, such that individuals with the highest mean HR
across the entire encoding epoch (approximately 27 minutes) showed the greatest average HR
deceleration in response to viewing pictures (Figure 3a). However, the relation between mean
HR and phasic HR deceleration was not apparent across all three emotion categories. Those
individuals with higher mean HR showed greater HR deceleration in response to unpleasant,
r(52) = −.35, p < .01, and pleasant pictures, r(52) = −.30, p < .05, but not neutral pictures, r
(52) = −.06, n.s. These data suggest that individuals with higher tonic HR showed a stronger
orienting response to emotionally arousing pictures, but not neutral pictures.

Mean HR and memory performance—As predicted, individuals with higher mean HR
showed better memory performance for emotionally arousing pictures (unpleasant and pleasant
combined), r(52) = .29, p < .05 (Figure 3b). However, there was no association between mean
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HR and memory scores for neutral pictures, r(52) = .03, n.s. Regression analysis (examining
whether HR deceleration in response to arousing pictures accounts for additional variance in
memory scores over and above variance accounted for by mean HR) showed that HR
deceleration does not account for significant variance over mean HR, F(2, 52) = 1.79, n.s.
When HR deceleration is placed in the model first, mean HR does not account for significant
variance over HR deceleration, F(2, 52) = 2.4, n.s. These findings are consistent with the
positive association between mean HR and phasic HR deceleration reported above, and suggest
that mean HR and HR deceleration account for overlapping portions of variance in memory
scores. In sum, individuals with higher tonic HR orient more to emotionally arousing pictures
and subsequently remember more emotionally arousing pictures than individuals with lower
tonic HR.

HR Response to Stress
HR during the speech (which took place approximately 10 minutes after the encoding period)
was significantly positively related to mean HR during encoding, r = .67, p < .01. HR response
to the speech stressor (HR during speech minus HR during encoding) was highly related to
HR during the speech, r = .74, p < .001, but was not related to HR during encoding, r = −.01,
n.s. Unlike HR during encoding, HR during the speech stressor and HR response to stress were
unrelated to subsequent memory performance (all p’s > .15). In addition, HR during the speech
and HR response to stress were not significantly related to phasic HR deceleration during
picture encoding (p’s > .11 for HR deceleration during all pictures combined across emotion
category). However, there was a trend for greater HR during the speech predicting greater HR
deceleration during encoding of pleasant pictures, (r = −.25, p = .08). This trend was not
apparent when examining the relation between HR deceleration to pleasant pictures and HR
response to speech (i.e., HR during speech minus HR during encoding), r = −.05, n.s.

Cortisol, Cardiac Variables, and Memory
In the current sample, cortisol levels during encoding and cortisol output during the speech
stressor (which occurred after encoding) were related neither to memory performance nor to
cardiac variables (all p’s > .27). Furthermore, when entered into regression equations
examining the relations between memory performance and either mean HR or HR deceleration,
cortisol output neither added significant variance nor abolished the relation between cardiac
variables and memory (all p’s < .46). Thus, neither cortisol levels during encoding nor cortisol
response to the speech stressor alter or account for the observed relations between cardiac
variables and memory performance.

Discussion
This study replicated prior research showing that greater phasic HR deceleration during picture
viewing was greater for subsequently remembered than forgotten stimuli (Buchanan et al.,
2006). These data suggest that a larger orienting response (as reflected in greater HR
deceleration in response to a picture) is related to deeper encoding and better subsequent
memory for the stimulus. We also found that individuals with higher tonic HR across the entire
picture encoding epoch showed better subsequent memory for emotionally arousing pictures.
Furthermore, we found that higher tonic HR predicted greater phasic HR deceleration during
viewing of emotionally arousing (but not neutral) pictures. This finding suggests that
individuals who were more autonomically aroused (as measured by mean HR) showed stronger
orienting responses to emotionally arousing pictures (as measured by HR deceleration). In sum,
those individuals with elevated HR and greater orienting responses subsequently remembered
more emotionally arousing pictures than individuals with lower mean HR. Elevated tonic HR
may reflect a state of physiological and emotional arousal, which is associated with increased
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attentional processing of emotionally salient material, reflected in enhanced phasic slowing of
HR and deeper encoding of emotionally salient information.

In our data, deceleration was greatest for unpleasant pictures and least for neutral pictures.
However, the difference in HR deceleration for remembered vs. forgotten pictures is stable
across emotion category. These data imply that greater orienting increases the likelihood that
a stimulus will be later remembered, regardless of whether the stimulus is emotionally arousing.
On the other hand, the relations among tonic HR elevation, phasic HR deceleration, and
subsequent memory performance were observed only for emotionally arousing pictures. Thus,
autonomic arousal appears to predict the degree of orienting and subsequent memory only for
emotionally arousing events. Other factors (e.g., novelty) have been shown to determine the
degree of orienting to neutral stimuli (Cook & Turpin, 1997).

At first glance, it may seem paradoxical that individuals with elevated tonic HR are more likely
to show greater HR deceleration during processing of emotional stimuli. However, neurogenic
control of HR is complex. The two-component model of attention proposed by Porges
(1992) can aid in the understanding of these relationships. This model partitions the
physiological response to a stimulus into two components, reactive and sustained. The reactive
portion involves a short-latency vagally-mediated heart rate deceleration occurring within one
second of stimulus perception. This is followed by a longer latency period that lasts four to
five seconds where heart rate response varies as a function of the stimulus. The coupling of
vagal withdrawal and sympathetic activation causes this longer latency heart rate acceleration
in response to important or intense stimuli whereas the response to mild stimuli involves vagal
activation to cause more prolonged heart rate deceleration. The model also describes a longer
duration parasympathetically-mediated response. When sustained attention is required, heart
rate stabilizes and heart rate variability diminishes, which facilitates information processing.
Further, the relationship between the sympathetic and parasympathetic branches of the
autonomic nervous system in terms of controlling heart rate is one of “accentuated antagonism”
such that sympathetic activity is partly a function of background vagal activity as recently
demonstrated non-invasively in humans by Uijtdehaage and Thayer (2000).

Furthermore, autonomic activation is associated with priming of attention to stimuli promoting
avoidance (Lang, Bradley, & Cuthbert, 1990). Phasic bradycardia is the typical HR response
to passively viewed emotionally arousing (particularly aversive) stimuli, and represents
attentional orienting to a stimulus (Bradley et al., 2001; Bradley & Lang, 2000). Thus, greater
tonic HR may represent a priming of attentional systems, and therefore may promote greater
heart rate deceleration to emotionally arousing stimuli.

Porges’ research has examined individual differences in vagal tone and information processing
(reviewed in Porges, 1992). Their research suggests that individuals with higher baseline vagal
tone show greater HR reactivity to stimulation as well as better sustained attention. While our
study did not measure resting vagal tone, our data are consistent with Porges and colleagues’
data in that the individuals with the more extreme task-related HR responses (i.e., greater phasic
slowing and greater tonic HR during stimulus viewing) were the individuals with the deepest
encoding and best subsequent memory performance.

Past research implicates additional centrally mediated relations among arousal, orienting, and
memory. For instance, the locus coeruleus-norepinephrine (LC-NE) system maintains
behavioral and neuronal states that determine the level of arousal of the organism (spanning
from sleep to quiet waking to arousal; Berridge & Waterhouse, 2003). The LC-NE system also
plays an important role in modulating the orienting response to salient stimuli. In addition to
HR deceleration, the P300 component of the human event-related potential (ERP) serves as an
index of an OR (Palomba et al., 1997). P300-like components are also observed in monkeys.
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Pharmacological manipulation of LC firing as well as bilateral LC lesions alter the magnitude
of these P300-like components in monkeys (Pineda, Foote, & Neville, 1987). Thus, the LC-
NE system appears to modulate these P300-like components, and may be an important
modulator of the orienting response. The LC-NE system therefore appears to modulate states
of arousal as well as processing of salient sensory information, which suggests that the level
of arousal (even within states of attentive waking) should predict degree of orienting. Our data
showing a positive relation between heightened tonic HR (reflecting a heightened state of
arousal) and greater phasic HR deceleration (reflecting greater orienting) are consistent with
this view.

Noradrenergic activation of the basolateral nucleus of the amygdala may partly determine
positive relations among arousal, orienting to emotional stimuli, and emotional enhancement
of memory. Amygdala activation during memory formation underlies the superiority of
memory for emotional information (Cahill, Haier, Fallon, Alkire, Tang, Keator, Wu, &
McGaugh, 1996; Canli, Zhao, Brewer, Gabrielli, & Cahill, 2000). In particular, noradrenergic
activation in the basolateral nucleus of the amygdala is necessary for memory enhancement
associated with emotionally provocative events and stimuli (Liang, Juler, & McGaugh, 1986;
McGaugh, 2000). In sum, norepinephrine plays a crucial role in the emotional enhancement
of memory (McGaugh, 2000), and contributes to long-term alterations in synaptic strength,
gene transcription, and other processes necessary for learning (Berridge & Waterhouse,
2003).

Furthermore, the amygdala plays a role in central regulation of HR, as projections from the
central nucleus of the amygdala innervate the nucleus tractus solitarius (Brownley, Hurwitz,
& Schneiderman, 2000). Noradrenergic activation of the amygdala may be partly responsible
both for alterations in HR and heightened memorability of emotional information. Future
research examining central nervous system activation is needed to further test whether
amygdala activation mediates the relations between HR and memory.

Most likely, HR alterations that accompany emotionally laden events do not play a major causal
role in the greater memorability (Öhman, Hamm, & Hugdahl, 2000). HR and other peripheral
alterations likely reflect (rather than cause) central nervous system processes involved in the
strength of encoding stimuli and events. Indeed, manipulation of central but not peripheral
adrenergic systems is necessary for enhancement of memory for emotional material (van
Stegeren et al., 1998).

However, various data suggest that central mechanisms may not be sufficient, and that
autonomic arousal is necessary for emotional enhancement of memory. Cardiovascular
responses may play a causal role in cortical sensitivity to stimuli via afferent connections from
the heart to the brain (Lacey, 1967; see Öhman et al., 2000 for review). For instance, an intact
nucleus tractus solitarius (NTS), which can be viewed as an integration center for afferent
autonomic signals, is necessary for arousal-related memory improvement (Miyashita &
Williams, 2003, 2004; Williams & McGaugh, 1993). Stimulation of afferents to the NTS during
memory formation improves retention (Clark, Naritoku, Smith, Browning, & Jensen, 1999;
Clark, Smith, Hassert, Browning, Naritoku, & Jensen, 1998). Thus, it appears that peripheral
activation plays an important contributory role in emotional enhancement of memory, and is
not merely a proxy measure for central mechanisms (see also Anderson, Yamaguchi, Grabski,
& Lacka, 2006). Pharmacological blockade of parasympathetic, sympathetic, and dual
blockade of parasympathetic and sympathetic influences on cardiac variation (e.g., Berntson,
Cacioppo, & Quigley, 1994) could be used to test whether blocking stimulus-related variation
in HR alters the differential memorability of emotionally laden vs. neutral stimuli.

Abercrombie et al. Page 8

Neurobiol Learn Mem. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Research has shown that alterations in arousal and emotion-related information processing are
associated with the symptomatology of depression and anxiety. For instance, Shalev, Sahar,
Freedman, Peri, Glick, Brandes, Orr, and Pitman (1998) showed that trauma victims with
higher heart rates in the hospital emergency department following a traumatic incident are more
likely to develop PTSD than trauma survivors with lower emergency room heart rates. Shalev
and colleagues (1998) also showed that higher emergency department heart rates predicted a
higher rate of intrusive memories of the traumatic incident at 4 months following the event.
Furthermore, alterations in emotion-related information processing and heightened memory
for negative information is often observed in depression (Mineka, Rafaeli, & Yovel, 2003;
Shestyuk, Deldin, Brand, & Deveney, 2005). Measuring HR deceleration and other
electrophysiological indices of information processing (e.g., ERPs) during processing of
negative vs. neutral stimuli may serve as an important physiological index of alterations in
emotion-related information processing in future research investigating PTSD, depression, and
other forms of psychopathology. In addition, electrophysiological measures during cognitive
processing of emotional material may serve as important indicators of treatment progress in
cognitive behavioral therapy. Future research on clinical samples should further investigate
both central and peripheral responses to emotionally evocative material and their relationships
to memory and symptomatology.

Future research must also examine potential sex differences in the association between HR and
emotional memory. Because the current study was conducted on men only, the results presented
here may not be generalizable to women. Women often show greater enhancement of memory
for emotional information than men (Canli, Desmond, Zhao, & Gabrieli, 2002). In addition,
women generally show greater resting HRs than men (Taneja, Windhagen Mahnert, Passman,
Goldberger, & Kadish, 2001). It should be determined whether women’s higher resting HRs
are related to priming of attentional systems, and enhanced orienting and/or emotional memory.

In the sample presented here, HR and cortisol responses to the stressor were not related to
memory performance and do not appear to alter the relations between HR during encoding and
subsequent memory. However, because all subjects participated in the stressor immediately
following encoding the results presented herein may depend on exposure to emotional arousal
and stress immediately following encoding. Future research, in which exposure to a stressor
is experimentally manipulated, is needed in order to determine whether an emotionally
arousing stressor immediately following encoding alters relations between cardiac activity
during encoding and subsequent memory.

Summary
Because emotional pictures are more memorable and cause greater HR deceleration than
neutral pictures, we predicted that the relations between cardiac activity and memory
enhancement would be most pronounced for emotionally-laden compared to neutral pictures.
We found that elevated mean HR across the entire encoding epoch predicted better memory
performance for emotionally arousing pictures. Phasic HR deceleration during viewing of
individual pictures was greater for subsequently remembered than forgotten pictures across all
three emotion categories. Tonic HR and phasic HR deceleration were associated, but only for
emotionally arousing pictures, such that those individuals with greater tonic HR also showed
greater HR decelerations during viewing of emotionally arousing pictures. Results suggest that
tonic elevations in HR are associated both with greater orienting and heightened memory for
emotionally arousing stimuli. These data imply that greater orienting predicts the memorability
of an event, and that autonomic arousal may be associated with enhancement of the orienting
response and depth of encoding during an emotionally arousing event. Future research is
needed to examine the central nervous system mediators of these effects as well as their
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ramifications for treatment of emotion-related information processing alterations in
psychopathology.
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Figure 1.
HR deceleration in response to emotional pictures. Baseline HR (beats per minute) was
subtracted from each subsequent half second HR estimate.
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Figure 2.
Bar graph of average maximum HR deceleration (in beats per minute) for remembered vs.
forgotten trials for neutral, pleasant, and unpleasant pictures. Across emotion category, HR
deceleration was greater for trials that were subsequently remembered vs. those that were
forgotten, F(1, 52) = 7.99, p < .005. Also apparent in this graph is the enhancement of HR
deceleration for emotionally-laden compared to neutral pictures (also shown in Table 1 and
Figure 1). Error bars represent standard error of the mean.
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Figure 3.
a. Scatter plot of the relation between mean HR during encoding (Tonic HR) and maximum
phasic HR deceleration during viewing of emotionally-laden and neutral pictures (in beats per
minute; r[52] = −.30, p < .05). Individuals with the highest mean HR show the greatest average
HR deceleration in response to viewing pictures.
b. Scatter plot of the relation between mean HR during encoding (Tonic HR) and number of
pleasant and unpleasant pictures recalled (r[52] = .29, p < .05).
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Table 1
Average (SD) HR Deceleration & Memory Performance

Average maximum HR deceleration (Δ BPM) Free recall performance (number of pictures recalled)
Neutral Pictures −3.60 (1.67) 4.21 (1.97)

Pleasant Pictures −4.71 (2.18) 5.49 (2.04)
Unpleasant Pictures −5.52 (2.66) 11.17 (2.76)
Note. HR values (beats per minute; BPM) were obtained by using the maximum HR deceleration from baseline in the first 3 seconds of picture viewing,
modeled on methods of Bradley et al. (2001).
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