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Abstract
Prior research has shown that perceived social isolation (loneliness) motivates people to attend to
and connect with others but to do so in a self-protective and paradoxically self-defeating fashion.
Although recent research has shed light on the neural correlates of social perception, cooperation,
empathy, rejection and love, little is known about how individual differences in loneliness relate to
neural responses to social and emotional stimuli. Using functional MRI we show that there are at
least two neural mechanisms differentiating social perception in lonely and nonlonely young adults.
For pleasant depictions, lonely individuals appear to be less rewarded by social stimuli, as evidenced
by weaker activation of the ventral striatum to pictures of people than of objects, whereas nonlonely
individuals showed stronger activation of the ventral striatum to pictures of people than of objects.
For unpleasant depictions, lonely individuals were characterized by greater activation of the visual
cortex to pictures of people than of objects, suggesting their attention is drawn more to the distress
of others; whereas nonlonely individuals showed greater activation of the right and left
temporoparietal junction to pictures of people than of objects, consistent with the notion that they
are more likely to reflect spontaneously on the perspective of distressed others.

As a social species, humans create emergent organizations beyond the individual– structures
that range from dyads, families, and groups to cities, civilizations, and cultures. These emergent
structures evolved hand in hand with neural and hormonal mechanisms to support them because
the consequent social behaviors helped these organisms survive, reproduce, and care for
offspring sufficiently long that they too reproduced (Cacioppo & Patrick, in press; Dunbar &
Shultz, 2007). The multimodal neurophysiological processes involved in the execution of an
action, for instance, give rise to parallel neurophysiological sensorimotor processes in the
observer of these actions (Rizzolatti & Craighero, 2004). This mirror neuron system appears
to play a role in a variety of social processes including mimicry, synchrony, contagion,
coordination, and co-regulation (e.g., Rizzolatti & Fabbri-Destro, in press; Semin & Cacioppo,
in press).

Empathy for another person’s pain is also associated with many of the same neural mechanisms
associated with one’s personal experience, including activation of the dorsal anterior cingulate
(dACC), thalamus, and anterior insula (Decety & Lamm, in press-a; Jackson, Rainville, &
Decety, 2006). In an illustrative study, Jackson, Meltzoff, and Decety (2005) found that the
level of activity in the dACC was strongly correlated with ratings of the intensity of pain
experienced by the observed person, a result reminiscent of Eisenberger, Lieberman, and
Williams’ (2003) finding that the social pain participants felt during an episode of social
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exclusion was strongly correlated with activity in the dACC. In the case of empathy and of
social pain, evolutionarily older neural mechanisms appear to have been co-opted to serve
important social functions. This exaptation of mammalian neural mechanisms to serve social,
in addition to emotional, functions does not appear to be limited to the dACC (Norris &
Cacioppo, 2007).

Behavioral and neuroimaging studies suggest that establishing a sense of social connection is
fundamentally rewarding. For instance, a daily activity reconstruction method study to assess
how 909 employed women spend their time and experienced their life revealed that respondents
reported the most enjoyment from spending time with friends, relatives, and spouses, and
among the least enjoyment when alone (Kahneman et al., 2004). Neuroimaging studies indicate
that social cooperation (Rilling et al., 2002) and romantic love (Aron et al., 2005) are associated
with activation of the ventral striatum, a region involved in reward (Smith & Berridge, 2005),
expected reward (Knutson & Bossaerts, 2007), and motivational evaluation more generally
(Yeates et al., 2007).

Not everyone feels socially connected, however. The loss or absence of meaningful
relationships creates strong negative affect and hostility (Cacioppo et al., 2006b; Rotenberg,
1994), impairs self regulation (e.g., Baumeister, DeWall, Ciarocco, & Twenge, 2005; Cacioppo
et al., 2000), promotes a search for social information (Gardner, Pickett, Jeffries, & Knowles,
2005) and human connection (Baumeister & Leary, 1995; Epley et al., 2007), and predicts
adverse health outcomes (Adam et al., 2006; Hawkley et al., 2006; Seeman, 2000). This
debilitating psychological condition, termed loneliness (Weiss, 1973), has a significant
heritable component (Bartels, Cacioppo, Hudziak, & Boomsma, in press; Boomsma,
Willemsen, Dolan, Hawkley, & Cacioppo, 2005); is stochastically and functionally
distinguishable from other states (e.g., mood, perceived stress) and dispositions (e.g.,
extraversion, neuroticism, depressiveness, hostility, social support; Berscheid & Reis, 1998;
Cacioppo et al., 2006a, 2006b; Marangoni & Ickes, 1989); and describes a chronic experience
for more than 20% of the U.S. population (Davis & Smith, 1998).

Loneliness also influences how people perceive and think about the world. For instance, in
addition to feeling unhappy, lonely, compared to nonlonely, individuals feel unsafe. They are
more likely to construe others as threatening, appraise stressors as threats rather than
challenges, and cope with stressors in a passive, isolative fashion rather than an active fashion
that includes actively seeking the help and support of others (Berscheid & Reis, 1998; Cacioppo
& Hawkley, 2005). In a study of college students, lonely individuals did not differ from their
nonlonely counterparts in the number of major life stressors they experienced or the number
of uplifts they encountered during the course of a day, but lonely individuals reported that these
uplifts were less intense than nonlonely individuals (Cacioppo et al., 2000). An experience
sampling study demonstrated that these lonely and nonlonely individuals did not differ in the
frequency of social contacts or in the profile of activities in which they were engaged (Hawkley
et al., 2003), suggesting that lonely compared to nonlonely individuals may derive less pleasure
from social observations and encounters. To investigate this possibility, we used functional
magnetic resonance imaging (fMRI) to investigate differences in the neural responses to social
stimuli with emotional content, relative to matched nonsocial stimuli, in individuals differing
in loneliness. We hypothesized that the lower the loneliness (greater social connection), the
greater the activation in reward areas of the brain that would be observed in the pleasant social
minus nonsocial picture contrast. This pattern of brain activation was not expected to occur in
the unpleasant social minus nonsocial picture contrast.
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METHODS
Participants

Twenty-three female University of Chicago undergraduates participated in the study. All were
right-handed, had normal or corrected-to-normal vision, and were not diagnosed with a chronic
disease (including any psychopathology). Participants were required to either have completed
a previous fMRI study or to undergo an fMRI simulation session prior to their participation to
minimize any individual differences in anxiety attributable to the scanner. Participants gave
informed written consent before the experiment in accordance with the University of Chicago
Health Sciences Institutional Review Board and were compensated for their time at the rate of
$20/hour. Participants completed four tasks in the scanner; the picture viewing task was
included to test the current hypotheses.

Stimulus Materials, Tasks, and Study Design—In the scanner, participants viewed a
series of pictures that varied in their emotional (i.e., negative/unpleasant, positive/pleasant)
and social (i.e., nonsocial, social) content. Pictures were chosen from the International
Affective Picture System (Lang, Bradley, & Cuthbert, 1999). Sample stimuli include: a roach
(IAPS #: 1270) and explosion (9630) as unpleasant nonsocial pictures; a soldier (9160) and
man slapping a woman (6360) as unpleasant social pictures; money (8502) and a rocket liftoff
(5450) as pleasant nonsocial pictures; and a roller coaster (8490) and a man and dog running
(8460) as pleasant social pictures. Note that social pictures were not chosen to present social
relationships or interactions; rather, we were interested in investigating basic social perception
as a function of loneliness and pictures were chosen accordingly. The target pictures were
embedded in a larger set of filler pictures. Each picture was presented for 6 s. Intertrial intervals,
consisting of a white crosshairs on a black background, were jittered to allow for deconvolution
of the hemodynamic response and ranged from 1.5 – 29 s in duration. Participants were asked
simply to view each picture for the entire duration that it was presented and to make a
categorical judgment regarding the valence of each picture by using their right hand to press
one of three buttons on a response box to indicate whether it was negative (index finger), neutral
(middle finger), or positive (ring finger). Pictures were presented in one of two pre-determined
random orders that were counterbalanced across subjects.

Following the scanner protocol, participants viewed the same series of pictures and rated how
negative and positive they felt about each using a 5 (negativity: 0 = not at all negative, 4 =
extremely negative) × 5 (positivity: 0 = not at all positive, 4 = extremely positive) grid, and
how arousing they found each using a 9-point arousal scale (1 = not at all arousing, 9 =
extremely arousing. A valence rating was calculated by subtracting the negativity rating from
the positivity rating (Larsen, Norris, McGraw, Hawkley, & Cacioppo, in press).

Individual Differences in Loneliness—At the end of the experimental session
participants completed a set of questionnaires including the UCLA Loneliness Scale (Russell,
1996). The UCLA Loneliness Scale consists of 20 items measuring general loneliness and
degree of satisfaction with one’s social relationships. An example statement is, “How often do
you feel that there is no one you can turn to?” Participants are instructed that the statements
describe how people sometimes feel, and that for each statement they should indicate how often
they feel the way described by the statement (1 = never, 2 = rarely, 3 = sometimes, 4 = always).
After reverse scoring appropriate items, the UCLA loneliness score is calculated by summing
the scores of all items (α = 0.88).

fMRI Image Acquisition—A PC was used to present stimuli and to record participants’
responses. Visual stimuli were presented using binocular goggles mounted on the head coil
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approximately two inches above the participant’s eyes. Button-press responses were made on
an fMRI-compatible response box.

Imaging was performed on a 3T GE Signa scanner (GE Medical Systems, Milwaukee, WI)
with a standard quadrature GE head coil. High-resolution volumetric T1-weighted spoiled
gradient-recalled (SPGR) images were obtained for each subject in 124 1.5-mm sagittal slices
with 10° flip angle and 24 cm field of view (FOV) for use as anatomical images. Functional
images were acquired using a gradient-echo spiral-in/out pulse sequence (Glover & Law,
2001) with 33 contiguous 5-mm coronal slices in an interleaved order spanning the whole brain
(TR = 2.5 s, TE = 26 ms, flip angle = 77°, FOV = 22 cm; 64 × 64 matrix size, fat suppressed).

fMRI Image Preprocessing and Analyses—Spiral-in and spiral-out images were
reconstructed first separately and then combined using a weighted-average algorithm that
maximizes signal-to-noise ratio while reducing signal loss (Glover & Law, 2001; Preston et
al., 2004). Further image processing was performed using AFNI software. For each subject,
motion detection and correction were undertaken using a six-parameter, rigid-body
transformation. Functional images were temporally smoothed using a low-pass filter consisting
of a 3-point Hamming window; and were spatially smoothed using a 5 mm full-width at half-
maximum (FWHM) Gaussian filter.

Individual-subject analyses were conducted using a deconvolution analysis to generate impulse
response functions (IRFs) of the BOLD signal on a voxel-wise basis (Ward, 2001). This
approach produces an estimate of the hemodynamic response for each condition relative to a
baseline state without a priori assumptions about the IRF. The deconvolution analysis uses a
separate regressor for each time point of each condition, and fits these regressors using a linear
least squares model to each time point of the hemodynamic response. Each of the four
conditions (i.e., unpleasant nonsocial, unpleasant social, pleasant nonsocial, pleasant social)
had seven regressors, one for each TR. Output from the deconvolution analysis conducted for
each participant was converted to Talairach stereotaxic coordinate space (Talairach &
Tournoux, 1988) and interpolated to volumes with 3 mm3 voxels. Estimated signal intensity
for the four TRs under the peak of the hemodynamic response (i.e., a measure of area under
the curve [AUC]; TRs 2–5) was averaged for each voxel in each condition for use in group
analyses.

Whole brain voxel-wise regressions
For each subject, two contrasts were conducted for use in group-level analyses. The first
contrast was calculated as the difference in average percent signal change when viewing
pleasant social minus pleasant nonsocial pictures; the second contrast was between unpleasant
social minus unpleasant nonsocial pictures. The ventricles, cerebellum, brainstem, and white
matter were masked.

To examine the relationship between loneliness and patterns of neural activation to pictures
that varied in emotional and social content, we conducted two whole-brain voxel-wise
regression analyses predicting neural activation for each contrast from subjects’ scores on the
UCLA Loneliness Scale. The β1 term from each regression at each voxel represents the
relationship between loneliness and neural activation. Results from each whole brain regression
were subjected to a cluster analysis, using an individual voxelwise threshold of p < 0.025, a
minimum cluster connection radius of 5.2 and a cluster volume of 459 μL (corresponding to
48 active, contiguous voxels). Minimum cluster volume was determined using a Monte Carlo
simulation with 10,000 iterations, and assuming some interdependence between voxels (5 mm
FWHM), resulting in a corrected whole-brain p-value of .05. Outliers were identified on a
cluster-by-cluster basis, and the analyses were repeated without the outliers.
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RESULTS
Behavioral Data

Valence ratings were subjected to a Valence (pleasant, unpleasant) × Content (social,
nonsocial) × Loneliness (continuous) general linear regression model (GLM) analysis. Any
effect involving the Loneliness factor was interpreted using estimates at one standard deviation
above and below the mean in our sample. The Valence main effect, F(1, 21) = 45.86, p < .001,
confirmed that unpleasant stimuli (M = −2.67, SE = 0.13) were rated more negatively than
pleasant stimuli (M = 1.92, SE = 0.14). In addition, the Social main effect, F(1, 21) = 6.60, p
< .05, showed that social stimuli (M = −0.48, SE = 0.10) were rated more negatively than
nonsocial stimuli (M = −0.27, SE = 0.12). This main effect, however, was qualified by a Social
× Loneliness interaction, F(1, 21) = 4.96, p < .05, which indicated that nonlonely individuals
rated social stimuli more negatively than nonsocial stimuli whereas lonely individuals rated
social and nonsocial stimuli equally (see Figure 1, top panel). Importantly, no differences were
found in the ratings of the pleasant stimuli.

Analyses of the arousal ratings produced a main effect for Valence, F(1, 21) = 9.69, p < .01,
a marginal Valence × Loneliness interaction, F(1, 21) = 4.23, p = .052, a Valence × Social
interaction, F(1, 21) = 6.87, p < .05, and a Valence × Social × Loneliness interaction, F(1, 21)
= 4.80, p < .05. Social stimuli generally were rated as more arousing than nonsocial stimuli,
and this difference was particularly pronounced for nonlonely participants in response to
unpleasant social stimuli (Figure 1, bottom panel).

fMRI Data
Loneliness and Pleasant Social – Pleasant Nonsocial Picture Processing—The
whole brain regression analyses of loneliness scores against the BOLD signal detected in the
pleasant social minus pleasant nonsocial contrast revealed five significant regions of
covariation (see Table 1). The largest region was centered in the ventral striatum, part of the
neural reward network, and showed that the lower the loneliness, the greater the BOLD signal
in this contrast, r(21) = −.75, p < .001 (Figure 2). To better understand this relationship, we
examined correlations between loneliness scores and neural activation to pleasant social
pictures and to pleasant nonsocial pictures separately. These correlations indicated that
loneliness was negatively related to neural activation in the region centered in the ventral
striatum when viewing pleasant social pictures, r(21) = −.46, p < .05, and positively related to
neural activation in this region when viewing pleasant nonsocial pictures, r(21) = .69, p < .001.
That is, the less the participant felt socially isolated the greater the activation of the ventral
striatum when viewing pleasant social pictures, whereas the more the participant felt socially
isolated the greater the activation of the ventral striatum to pleasant nonsocial pictures.

In addition to this large cluster in ventral striatum, other regions of covariation between
loneliness and pleasant social – pleasant nonsocial picture processing were the dorsal mPFC,
r(21) = −.79, p < .001; right medial frontal gyrus, r(21) = .67, p < .001; left fusiform gyrus, r
(21) = −.68, p < .001; and left anterior insula, r(21) = −.68, p < .001. Follow-up correlations
for the dorsal mPFC cluster indicated that loneliness was negatively related to neural activation
when viewing pleasant social pictures, r(21) = −.60, p < .01, and positively related to neural
activation when viewing pleasant nonsocial pictures, r(21) = .68, p < .01. Follow-up tests for
the right medial frontal gyrus, left fusiform gyrus, and left anterior insula revealed the same
pattern of effects, such that loneliness was unrelated to the BOLD signal change when viewing
pleasant social pictures, r(21) = −.13, −.03, & −.19, respectively, all ns; whereas loneliness
was significantly related to the BOLD signal change when viewing pleasant nonsocial pictures,
r(21) = −.58, .55, & .43, ps < .05.
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Loneliness and Unpleasant Social – Unpleasant Nonsocial Picture Processing
—The whole brain regression analyses of loneliness scores against neural activation in the
unpleasant social minus unpleasant nonsocial contrast revealed six significant regions of
covariation (see Table 1). Four of these clusters included regions of bilateral visual cortex (left
visual cortex, r(21) = .83, p < .001; right visual cortex, r(20) = .71, p < .001) and bilateral
temporoparietal junction (left TPJ, r(20) = −.43, p < .05; and right TPJ, r(21) = −.57, p < .01).
Follow-up tests revealed that lonely individuals tended to show greater activation of the
bilateral visual cortex when viewing unpleasant social pictures than did nonlonely individuals,
rs(21) = .35 & .39, for the left and right visual cortex, ps < .10; whereas loneliness was unrelated
to neural activation when viewing unpleasant nonsocial pictures, rs(21) = −.06 & −.10, ns. In
contrast, follow-up tests for the bilateral TPJ clusters revealed that nonlonely individuals
tended to show greater activation of the TPJ to unpleasant social pictures than did lonely
individuals, r(20) = −.31, ns, for the left TPJ and r(21) = −.46, p < .05, for the right TPJ.
Loneliness scores were unrelated to the BOLD signal change in the TPJ when viewing
unpleasant nonsocial pictures, r(20) = .17 and r(21) = .25, ns.

The remaining two clusters that survived whole brain correction for multiple comparisons were
the right caudate and the right inferior frontal gyrus. Loneliness was inversely related to neural
activation in the unpleasant social – unpleasant nonsocial contrast for the right caudate, r(21)
= −.67, p < .001, and the right inferior frontal gyrus, r(20) = −.47, p < .05. Follow-up tests
showed weak patterns for both of these clusters, such that loneliness tended to be negatively
related to neural activation when viewing unpleasant social pictures, r(21) = −.41, p = .053,
and r(20) = −.28, ns, respectively; and loneliness was unrelated to neural activation when
viewing unpleasant nonsocial pictures, r(21) = .40 & r(20) = .28, respectively, both ns.

DISCUSSION
The present study provides further evidence that neural mechanisms that serve emotional
functions can be co-opted to serve important social functions, as well. The ventral striatum, a
key component of the mesolimbic dopamine system, is rich in dopaminergic neurons and is
critical in reward processing and learning (e.g., Delgado, Miller, Inati, & Phelps, 2005;
O’Doherty, 2004). The ventral striatum is activated by primary rewards such as stimulant drugs
(Leyton, 2007) and food (O’Doherty, Deichmann, Critchley, & Dolan, 2002), abstinence-
induced cravings for primary rewards (Wang et al., 2007), and secondary rewards such as
money (Seymour, Daw, Dayan, Singer, & Dolan, 2007). Evidence that social rewards also
activate the ventral striatum has begun to accumulate in studies of romantic love (Aron et al.,
2005), social cooperation (Rilling et al., 2002), social comparison (Fliessbach et al., 2007), and
punitive altruism (DeQuervain et al., 2004). In the present study, the lonelier the participant
the less the activation elicited by pleasant pictures of people than of objects in a brain region
centered in the ventral striatum and extending to the right amygdala, subgenual region of the
ACC, caudate, thalamus, insula, lentiform, and putamen. Follow-up analyses indicated that
participants who were low, compared to those who were high, in loneliness tended to show
stronger activation of the ventral stratum in response to pleasant pictures of people, whereas
the opposite pattern was observed when they were exposed to pleasant pictures of objects. Prior
research has found that social interactions are more rewarding for individuals low than high in
loneliness (Hawkley, Preacher, & Cacioppo, 2007), but the current study adds to this literature
by showing that the simple exposure to pleasant depictions of people elicits stronger reward-
related brain activity in the ventral striatum in nonlonely than lonely individuals. Differences
in the rewarding qualities of others would explain prior findings such as daily uplifts – most
of which involve other people –having less impact on lonely than nonlonely individuals
(Cacioppo et al., 2000).
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The association between individual differences in loneliness and activation of the ventral
striatum in response to nonsocial stimuli indicates the reach of loneliness may not be limited
to social stimuli. Given their feelings of social isolation, lonely individuals may be left to find
relative comfort in nonsocial rewards. Recent work on anthropomorphism shows, for instance,
that loneliness influences how people respond to a variety of nonsocial stimuli (Epley et al.,
2007), and the present results show loneliness predicted greater reward-related brain activity
in response to pleasant pictures of objects than of people. But the causal direction may also
point in the other direction. Given the heritability of loneliness, the present study raises the
intriguing possibility that loneliness may result from reduced reward-related brain activity in
the ventral striatum in response to social (relative to nonsocial) rewards. If pleasant social
stimuli do not serve as particularly powerful reinforcers, then subjugating self-interests to the
interests of the pair bond or social group in exchange for the possibility of long term benefits
or a greater good may be less compelling.

Prior functional neuroimaging work on thinking about the characteristics of people has reliably
shown the dorsal mPFC to be involved (e.g., Mitchell, in press). The finding that individuals
low in loneliness showed greater activity in the dorsal mPFC to pleasant social stimuli, whereas
individuals high in loneliness showed the greatest activity in this region to pleasant nonsocial
stimuli is consistent with individuals high in loneliness maintaining a psychological distance
from others. Interestingly, the activity in regions that reflect more mandatory aspects of social
perception (e.g., fusiform gyrus/face processing) was comparable for individuals high and low
in loneliness when viewing social stimuli. It was when participants viewed nonsocial stimuli
that individuals low compared to high in loneliness showed less activity in these regions.

The results of the present study also suggest that individual differences in loneliness do not
map onto the activation of qualitatively different brain regions during the viewing of
emotionally evocative social and nonsocial pictures. Instead, loneliness appears to modulate
the extent to which a network of brain regions is activated and the circumstances in which a
network is activated. The latter is evidenced by the different set of brain regions whose
activation was found to vary as a function of loneliness in response to unpleasant social minus
nonsocial pictures. Loneliness in this contrast was associated with regions involved in attention
and first-person perspective taking. Specifically, the differences in neural activation in the
visual cortices during the presentation of unpleasant social pictures suggest increased visual
processing by individuals high, in contrast to low, in loneliness. These results are generally
consistent with Gardner, Pickett, Jeffries, and Knowles’ (2005; Pickett & Gardner, 2005) social
monitoring theory.

Our results may appear inconsistent with one aspect of Gardner et al.’s (2005) research. In their
study, participants were instructed to form an impression of a person based on excerpts they
read from a (hypothetical) person’s daily diary. They found lonely individuals showed
heightened incidental social memory regardless of the valence of the behavioral description
they read in the diary. In the present study, we found loneliness was related to the activation
of the visual cortices in response to unpleasant pictures of people, relative to objects. Using a
modified emotional Stroop task, Shintel, Cacioppo, and Nusbaum (2006) found that lonely,
compared to nonlonely, individuals showed a greater interference effect in response to negative
social words but comparable (and smaller) interference effects to positive social words. The
diaries used as stimulus materials in Gardner et al. (2005) have greater personal relevance and
behavioral implications than the IAPS pictures used in the current study or the words used in
the Stroop task by Shintel et al. (2006). Together, the results suggest that negative social
associations may be more accessible in memory in lonely than nonlonely individuals, as
reflected by attentional indices, whereas tasks and stimulus materials that permit more
extensive self-relevant processing may produce better recall for social information more
generally.
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We also found that individuals high in loneliness show less activity in the TPJ than individuals
low in loneliness when they view unpleasant pictures. Activation of the TPJ has been associated
with tasks involving theory of mind (Saxe & Kanwisher, 2003), inferences of social intentions
(Ciaramidaro et al., 2007; Decety & Grezes, 2006), attentional reorienting (Decety & Lamm,
2007), and the sense of agency (Decety & Lamm, 2007). The results for the TPJ may imply
that the lower an individual’s loneliness the more likely they may be to reorient their attention
to consider the perspective of the people pictured in an unpleasant circumstance.

Finally, the regression analyses for the unpleasant pictures revealed nonlonely participants
showed greater activation in the right caudate and right inferior frontal gyrus. Follow-up
analyses indicated the neural activation in response to unpleasant social pictures tended to be
greater in the caudate and right inferior frontal gyrus for nonlonely than lonely individuals,
whereas the neural activation in both of these areas in response to unpleasant nonsocial pictures
tended to be greater for lonely than nonlonely individuals. Loneliness was unrelated to
activation in the right inferior frontal gyrus in response to unpleasant nonsocial pictures.
However, the right caudate was the only region to be predicted by loneliness in response to
pleasant and unpleasant social stimuli after controlling for the neural responses to equally
emotional nonsocial stimuli. The neural activation of the caudate has been shown to be involved
in reward-based learning (Galvan et al., 2005) and in incentive-based learning more generally
(Tricomi et al., 2006). The reduction in neural response in the caudate observed for individuals
high, relative to low, in loneliness may reflect the down-regulation of this system based on
prior experience regarding the relatively less rewarding outcomes of social interactions or it
may reflect less ability to learn from their social encounters.

In sum, social interactions are replete with opportunities for trust, understanding, hope, support,
and cooperation just as they are full of opportunities for treachery, betrayal, conflict, and
disappointment. Loneliness operates in part by shaping what people expect and think about
other people. Lonely individuals seek to fulfill unmet needs but generally are less forgiving of
minor hassles and transgressions than nonlonely individuals. The present results raise new
questions about the role of the ventral striatum, TPJ, and caudate in differences in social
cognition between lonely and nonlonely individuals, and about the brain mechanisms that
enable skillful social interactions.
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Figure 1.
Results from 2(Valence: unpleasant, pleasant) × 2(Content: nonsocial, social) × UCLA
(continuous) GLMs conducted on participants’ valence ratings (top panel) and arousal ratings
(bottom panel). Estimates at 1 SD above and below the mean UCLA score in our sample are
presented; error bars represent one SE.
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Figure 2.
A cluster of voxels centered in the ventral striatum, but extending to the amygdala and portions
of the anterior thalamus, showed an inverse relationship between loneliness and activation in
the Pleasant Social – Pleasant Nonsocial contrast. The scatterplots demonstrate the association
between loneliness and activity in this cluster in response to pleasant social pictures, r(21) =
−.46, p < .05, and in response to pleasant nonsocial pictures, r(21) = .69, p < .001. Estimated
impulse response functions and mean percent signal change AUC for participants lower and
higher in loneliness (estimates at 1 SD above and below the mean UCLA score in our sample
are presented) shows a crossover interaction for the relationship between loneliness and brain
responses to pleasant social and pleasant nonsocial stimuli, such that nonlonely participants
exhibit greater activation to pleasant pictures that contain social content and lonely participants
exhibit greater activation to pleasant nonsocial pictures.
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Figure 3.
(a) Clusters of voxels in the left and right visual cortices exhibited a positive relationship
between loneliness and activation in the Unpleasant Social – Unpleasant Nonsocial contrast;
whereas clusters of voxels in the left and right TPJ exhibited a negative relationship between
loneliness and activation in the Unpleasant Social – Unpleasant Nonsocial contrast. (b) The
scatterplot depicts the relationship between loneliness and activation of the left visual cortex
in response to Unpleasant Social – Unpleasant Nonsocial pictures, r(21) = .83, p < .001.
Estimated IRFs (and AUC values) show that individuals with higher loneliness showed greater
activation to unpleasant social pictures. Results were comparable for the right visual cortex.
(c) The scatterplot shows the inverse relationship between loneliness and activation of the right
temporoparietal junction (TPJ) in response to Unpleasant Social – Unpleasant Nonsocial
pictures, r(21) = −.58, p < .01. Estimated IRFs show that individuals lower in loneliness showed
greater activation of the right TPJ to unpleasant social pictures in particular. Results were
comparable for the left TPJ.
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