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Existential neuroscience: a functional magnetic
resonance imaging investigation of neural
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A considerable body of evidence derived from terror management theory indicates that the awareness of mortality represents a
potent psychological threat engendering various forms of psychological defense. However, extant research has yet to examine
the neurological correlates of cognitions about one’s inevitable death. The present study thus investigated in 17 male partici-
pants patterns of neural activation elicited by mortality threat. To induce mortality threat, participants answered questions
arranged in trial blocks that referred to fear of death and dying. In the control condition participants answered questions
about fear of dental pain. Neural responses to mortality threat were greater than to pain threat in right amygdala, left rostral
anterior cingulate cortex, and right caudate nucleus. We discuss implications of these findings for stimulating further research

into the neurological correlates of managing existential fear.
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INTRODUCTION

Everybody is confronted with the transience of existence and
often people are exposed to reminders of mortality in every-
day life. As reflected in the oldest known self-referential text,
the Sumerian Epic of Gilgamesh, philosophers have long
claimed this existential awareness pushes its way through
diverse facets of a human’s life, engendering strong
cognitive—emotional reactions and psychological efforts to
overcome the reality of one’s finitude. But how does con-
frontation with awareness of death impact patterns of neural
activation? Despite considerable study of the psychological
consequences of mortality awareness, there is a paucity of
research that informs a question that has the potential to
bridge some of the oldest philosophical inquires with the
methods available to 21st century psychological science.
Extensive research derived from Terror Management
Theory (Greenberg et al., 1986) has demonstrated that re-
minders of mortality, or mortality salience, trigger psycho-
logical responses that bolster the individuals’ sense of
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culturally based meaning and personal value within that
enduring belief system. Specifically, mortality salience has
led to varied forms of self-esteem striving and securing
faith in one’s own cultural worldviews, thus offering ways
to achieve at least symbolic immortality (see e.g. Greenberg
et al., 2008, for review). For example, in response to experi-
mentally induced mortality cues individuals showed harsh
punishment and even aggression towards those criticizing
their worldview or holding incompatible worldviews and
values, and increased efforts or intentions to live up to the
standards of one’s worldview, even if those standards pre-
scribe risky health behavior, or threat to (physical) life. Such
effects have been replicated in approximately 20 different
countries with varied means of inducing thoughts of death
such as fear of death questionnaires, proximity to a funeral
home or cemetery, subliminal death primes and a range of
different naturally occurring stimuli.

A distinctive feature of these relatively subtle death re-
minders is that they tend to produce such effects when ac-
cessible, but outside of focal awareness, and do not induce
conscious experience of negative affective reactions
(e.g. Pyszczynski et al., 1999; Greenberg et al., 2003). This
follows from terror management theory’s dual model of de-
fense and is also compatible with the psychoanalytic notion
that defense mechanisms operate on a non-conscious level of
processing preventing potential affective reactions from
being experienced (also cf. the existentialist concept of
latent angst: Heidegger, 1977).
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Despite the breadth of research into the psychological re-
percussions of mortality awareness, studies have yet to exam-
ine the neurological correlates of this activation. Initial
research suggests that neural activation does indeed follow
reminders of death when participants confront relevant sti-
muli. Using EEG, Henry et al. (2010) found increased
event-related potentials after MS when participants viewed
pictures of in-group, rather than out-group, faces. Notably,
however, this study did not assess reactions to reminders of
death (but rather, reactions to faces), nor did it utilize ima-
ging techniques. The present study thus aims to investigate
neural correlates of mortality threat as compared to
non-mortality threat. Because the present study pioneers
into neural correlates of mortality threat, we have only ten-
tative hypotheses about specific activation patterns. As we
elaborate more fully later, given the centrality of the rostral
anterior cingulate cortex (ACC) and the amygdala to social,
emotional, and anxiety-related responses (e.g. Krendl et al.,
2008), we generally expected to see increased activation of
these areas with exposure to death-related ideation. Since
these areas have been linked to implicit or background feel-
ings rather than to conscious emotion (cf. Lane, 2008), this
would extend previous research showing that such mortality
threat typically does not lead to conscious emotional pro-
cesses. In addition, given effects of mortality salience on
stereotypical judgment (e.g. Schimel et al., 1999) and rela-
tional attachment (e.g. Mikulincer et al, 2003) as terror
management strategies, we were also interested in the possi-
bility of activation in neural structures implicating such pro-
cesses (e.g. ventral tegmental area and caudate nucleus (CN)
in attachment processes, Fisher et al., 2005 and caudate nu-
cleus in automatic thought, Packard and McGaugh, 1992).

METHODS
Participants

Twenty healthy male students (German native speakers only)
from Osnabrueck University in Germany voluntarily parti-
cipated after giving informed consent. Three participants
were discarded because of heavy head movements during
the scanning session (>1mm and/or >1°). Thus, the final
analysis comprised 17 participants with a mean age of 23.7
years (s.d.=2.97). Participants reported no neurological or
psychiatric problems and met all MRI inclusion criteria re-
quested (no cardiac pacemaker or other electrical body de-
vices, no metallic implants, no vascular operations, no tattoo
or piercing above the navel). The protocol described below
was reviewed and approved by the local ethics committee.

Experimental design

Participants were scanned in one session consisting of a
within-subjects manipulation inducing mortality thoughts
and thoughts about dental pain. We chose dental pain as a
control condition because of its use in previous studies
(Greenberg et al., 2008) contrasting thoughts of death with
other types of unpleasant events. These conditions were
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organized in four mortality blocks (consisting of 3, 4, 5
and 9 trials) and four dental pain blocks (consisting of 3,
5, 5 and 8 trials) alternating in a pseudorandomized order. It
should be noted that in behavioral studies mortality salience
is typically manipulated in a between-subjects design (see
Greenberg et al., 2008). However, our experimental design
deviates from this to meet common fMRI standards given
the typically large individual variability that exists in these
types of data. We return to implications of this design deci-
sion in the Discussion section.

To induce thoughts of death, participants responded to 21
items taken from a fear of death scale (Boyar, 1964). In the
control condition, participants responded to 21 parallel
statements pertaining to dental pain. A typical statement of
the mortality condition was I am afraid of a painful death,
whereas a typical statement of the dental pain condition was
I am getting panicked, when I am sitting in the dentist’s wait-
ing room. This method of inducing thoughts of death has
been used in a number of terror management studies that
also demonstrate predicted behavioral effects (e.g. Greenberg
et al., 1995; Goldenberg et al., 2000; Florian et al., 2001;
Arndt et al., 2009; Cox et al., 2009). Stimuli were presented
using the stimulus presentation software e-prime 1 (http://
www.pstnet.com/).

Before scanning, participants completed a filler question-
naire, and were broadly informed about the experimental
procedure and MRI physics. Once in the scanner, partici-
pants received two response keys per hand and specific in-
structions were presented on the screen. Participants were
informed that they would be presented with statements that
refer to self-descriptions and that they should respond to
each statement conscientiously. Specifically, half of the par-
ticipants were told that the left (right) button should be used
for agreeing to the statement and that the right (left) button
should be used for disagreeing with the statement.

Each trial lasted 9s. At the beginning of each trial, a state-
ment was presented for 6s before it was joined by the re-
sponse alternatives ‘YES’ and ‘NO’, which appeared beneath
the statement until a key press initiated a blank screen for the
rest of the trial time. The anatomical scan was applied at the
end of the session. Once released from the scanner, partici-
pants were fully debriefed.

fMRI data acquisition and analysis

A 3 Tesla Siemens Allegra Head Scanner collected interleaved
saggital slices using an echo planar imaging (EPI) pulse se-
quence (echo time =30 ms, repetition time = 2000 ms, slice
thickness =3 mm, interslice skip=3mm, 80° flip angle,
19.2 x 15.6cm field of view, 64 x 52 acquisition matrix).
T1-weighted scans were acquired using a sagittal magnetiza-
tion prepared rapid acquisition gradient echo (MPRAGE)
sequence (echo time=4.38 ms, repetition time = 2300 ms,
inversion time=900ms, slice thickness=1mm, 8° flip
angle, 25.6 x 25.6cm field of view, 256 x 256 acquisition
matrix).
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Analysis followed established protocols using FSL (Smith
et al., 2004); preprocessing included motion correction, slice
timing, brain extraction, and spatial smoothing (5mm
full-width half maximum). In a general linear model, we
modeled six events: mortality-related thoughts with the par-
ticipant agreeing to the fear of death question (‘yes’) (M,),
mortality-related thoughts, participant disagreeing (M,),
dental pain-related thoughts inducing explicit fear (D,),
dental pain-related thoughts not inducing explicit fear
(Dy), and responses given by the participant (left vs right
key press). Head motion parameters were included as con-
found experimental variables.

The input waveforms were blurred and delayed.
Specifically, experimental variables were set up by separate
waveforms describing stimulus presentation (mortality
vs control), blank slide, or button-press. The input wave-
forms were defined by triplets, each of which described a
short period of time (onset and duration) and the value of
the model during that time. Thus, the corresponding basic
waveforms were exactly in time with the stimulation applied.
These original waveforms were blurred and delayed in an
attempt to match the difference between the stimulus wave-
forms and the output function (measured fMRI haemo-
dynamic response). For this convolution, a double-gamma
HRF (haemodynamic response function) was used, i.e. a
mixture of two gamma functions (a standard positive func-
tion at normal lag, and a small, delayed, inverted gamma
function that attempts to model the late undershoot).
Pre-whitening was used to increase the validity and efficiency
of the statistics. The main contrast of interest was mortality
salience (My + M,,) minus dental pain thoughts (D, + Dj,).

For multi-subject analyses, functional images were linearly
registered to the individual participant’s structural image
and subsequently non-linearly registered to a T1-weighted
image in standard space (MNI 152). Group analyses were
conducted using FLAME (Woolrich et al., 2004); the higher
level design matrix was applied to each of the lower level
contrasts, automatically detecting and deemphasizing out-
liers in the multi-subject statistics (Woolrich, 2008). The
Z-statistic threshold Z>3.6 (P=0.00016, uncorrected) was
used to define contiguous clusters (Worsley, 2001). The re-
sulting Z statistical images were thresholded to show which
clusters were significant at P<0.05. Activated regions were
determined using the MNI Structural Atlas and the
Harvard—Oxford Cortical and Subcortical = Structural
Atlases in combination with an anatomical brain atlas
(Mai, 2008).

RESULTS AND DISCUSSION

Table 1 and Figure 1 summarize the fMRI findings.
Death-related thoughts led to significantly greater activation
in comparison to dental pain-related thoughts in the right
amygdala (Figure 1a) and in the left rostral ACC (Figure 1b).
In addition, we found significantly increased activity in a
cluster centering around the tail of the right CN and
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Table 1 Clusters of activation for death greater dental pain reminders

Anatomical Region®  Peak” Extend  P-level
Z-score X Y z

Right Amygdala 4.50 8 0 -2 & <0.05

Left ACC 4.08 -2 38 -2 4 <0.05

Right CN 4.06 16  —20 16 8 <0.01

?Based on MNI Structural Atlas and the Harvard—Oxford Cortical Subcortical Structural
Atlases.

PMNI coordinates in millimeter,

RFT-corrected.

including the dorsomedial thalamic nucleus (Figure 1c).'
There were no significant activations for the reversed con-
trast. The ratio between ‘agree’ and ‘disagree’ responses to
the fear statements did not significantly differ between the
death and pain conditions, #16) =0.93, P> 0.36.

The present study offers the first investigation of the
neural correlates of exposure to thoughts of death.
Cognition about mortality as compared to pain produced
significantly greater activation in right amygdala, left rostral
ACC, as well as right CN. Finding significant activity in
limbic system areas is consistent with the notion that mor-
tality threat functions as a potential for anxiety rather than
experienced anxiety (Greenberg et al., 2003).

The amygdala is typically involved in detecting and
attending to threatening stimuli in general (e.g. Phan et al.,
2002) and to socially relevant stimuli such as threatening or
foreign faces in particular (e.g. Adolphs et al., 1998), even
when presented outside of conscious awareness (e.g. Morris
et al., 1998). The rostral ACC plays an important role in
anticipating aversive stimuli (e.g. Petrovic et al, 2005;
Nitschke et al, 2006) and its activity is associated with
levels of anxiety (e.g. Simpson et al, 2001). It has also
been implicated in responses to socially oriented threats
such as failure and negative evaluation feedback (Pruessner
et al., 2008). Consequently, albeit not specifically, amygdala
and rostral ACC activity may represent non-conscious, latent
markers of threat aroused by mortality salience.

However, a range of studies as well as meta-analytic work
indicate that awareness of mortality engenders unique psy-
chological defenses (Burke, Martens, & Faucher, 2010;
Greenberg et al., 2008; Hayes et al., 2010). Thus, it is unlikely
that activation of theses areas alone mediate effects of mor-
tality threat on such reactions as cultural worldview defense.
It is in this light that we observed with particular interest the
strong activation in the CN after reminders of death. The CN
has been associated with stereotypical, habitual behavior
(e.g. Packard and McGaugh, 1992), automatic thought

"Additional analyses correlating activity in these clusters with fear of death versus dental pain scores (ie. the
sum of responses indicating fear of death versus dental pain, respectively) were not significant, all p’s > 0.26.
This is consistent with previous research suggesting that people do not necessarily have conscious access to
fears of mortality (e.g. Pyszczynksi et al., 1999)
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RIGHT AMYGDALA (8; 0; -20)

RIGHT CAUDATE NUCLEUS (16; -20; 22)
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Fig. 1 Higher activation for mortality versus dental pain reminders. Panel A: right amygdala (P < .05); Panel B: left anterior cingulate cortex (P <.05); Panel C: right cingulate

nucleus (P <.01). The results are visualized on the samples’ mean structural T1 image.

(Schwartz et al., 1996), and more recently, the experience of
love (Fisher et al, 2005), rather than threat processing.
Although these varied associates of CN render present inter-
pretations speculative, we suggest this may be a generative
finding that merits further study. Activation in this region
may point to a complimentary clue to understanding the
neural processes underlying the ways in which people
manage existential fear. Both existential philosophy and
terror management theory interpret cultural worldview de-
fense as an unconscious attempt to relieve mortality threat
by identifying with attitudes and values of a larger social
group (Heidegger, 1977; Pyszczynski et al., 1999) that devel-
opmentally come to be associated with existential security.
Therefore, finding a region active that is engaged in habitual
behaviors may be worth further consideration. Moreover,
reminders of death have been found to spontaneously acti-
vate romantic attachment cognition (Arndt et al., 2002) and
affiliation motivation (Wisman and Koole, 2003; see
Mikulincer et al., 2003), which further implicates an inter-
esting role of the CN. Of course, we emphasize that future
research is needed to assess these speculations, especially be-
cause our within-subjects design thwarted the possibility of

validating CN activity with behavioral measures of defensive
processes.

Indeed, this is a limitation of the present work that war-
rants focused study in future research. We exposed each par-
ticipant to the two conditions of mortality and pain threat,
arranging the trials in several blocks. This was done to maxi-
mize statistical power in this first study on neural correlates of
mortality threat given the well-documented variability that
exists across individuals in fMRI data. However, such a
design renders it difficult to assess and distinguish different
types of psychological defenses (e.g. proximal vs distal defense
mechanisms) resulting from mortality salience, as well as the
relations between neurological activity and subsequent be-
havioral manifestations of defense. Moreover, duration of
death reminders and distraction from them can have a
strong influence on the type of defensive processes expressed
(Pyszczynski et al., 1999). Future research may therefore
employ alternative designs to enable the investigation of
neural correlates of psychological consequences of mortality
threat such as cultural worldview defense.

Inferences about the current findings are also limited to
the particular control condition used. We drew on thoughts
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of dental pain to investigate correlates of mortality threat
because dental pain refers to physical but not
mortality-related threat. A number of prior studies have
used this as a control condition and thus it seemed an ap-
propriate starting point for investigating the neural correl-
ates of mortality salience. However, a variety of additional
control topics have also been examined in terror manage-
ment research, and thus future studies including threat con-
ditions other than thoughts of dental pain may prove useful
for distinguishing mortality threat from other social threats.
Likewise, including a condition unrelated to threat might be
useful to determine how neural responses to the threat of
death are not just different from other threats but also
similar.

Given the nature of the control topic, it is worth consider-
ing whether differential affective consequences (e.g. in dis-
tress) may be responsible for the effect observed. Although
we did not include a separate measure of reported distress,
there are two sources of information that inform this possi-
bility. First, participants did not differ in the ratio of agree/
disagree responses that they offered to the death and pain
items. This offers some indication that overall levels of dis-
tress may not have differed between conditions. Second,
considerable amounts of prior research have included affect-
ive measure after MS manipulations (using various tech-
niques to induce MS including fear of death scales, and
including dental pain as a control topic) and generally do
not find affective differences. Thus, both the present results
and the available literature do not provide support for
attributing the neurological differences to general distress.
Nonetheless, it will be important to continue to examine
this and related issues.

Future research might also explore the extent to which
self-referential processes underlie how people respond to
mortality awareness, as studies show that threats referring
to a high level of self-reference engage anterior cortical mid-
line regions such as the medial PFC or rostral ACC (Northoff
et al, 2005; Amodio and Frith, 2006, for reviews). Thus,
activity in rostral ACC or even in amygdala may reflect, in
part, higher levels of self-reference for mortality than for
dental pain threat.

We hope that these issues illustrate the generative capacity
of the present research. The present study pioneers the inter-
section between a well established body of work on terror
management and the emerging insights affordable through
neuroimaging techniques. Taken together, the present study
thus furthers the invitation to explore the underlying neural
sensitivity to processes involved with psychological defense
against existential fear.
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