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Poets and philosophers have long acknowledged moral sentiments as key motivators of human social
behavior. Prosocial sentiments, which include guilt, pity and embarrassment, enable us to care about others
and to be concerned about our mistakes. Functional imaging studies have implicated frontopolar,
ventromedial frontal and basal forebrain regions in the experience of prosocial sentiments. Patients with
lesions of the frontopolar and ventromedial frontal areas were observed to behave inappropriately and less
prosocially, which could be attributed to a generalized emotional blunting. Direct experimental evidence for
brain regions distinctively associated with moral sentiment impairments is lacking, however. We
investigated this issue in patients with the behavioral variant of frontotemporal dementia, a disorder in
which early and selective impairments of social conduct are consistently observed. Using a novel moral
sentiment task, we show that the degree of impairment of prosocial sentiments is associated with the degree
of damage to frontopolar cortex and septal area, as assessed with 18-Fluoro-Deoxy-Glucose-Positron
Emission Tomography, an established measure of neurodegenerative damage. This effect was dissociable
from impairment of other-critical feelings (anger and disgust), which was in turn associated with
dorsomedial prefrontal and amygdala dysfunction. Our findings suggest a critical role of the frontopolar
cortex and septal region in enabling prosocial sentiments, a fundamental component of moral conscience.

Published by Elsevier Inc.

Introduction

Moral sentiments are vital ingredients of moral conscience (Smith,
1759/1966; Frank, 1988). Guilt, pity, and embarrassment, in partic-
ular, are known as prosocial sentiments because they induce people to
seek forgiveness following misbehavior, to comfort those who suffer
and to abide to social standards (Eisenberg, 2000) (see Supplemen-
tary Information). The dominant role of prosocial sentiments is vividly
illustrated by Hamlet, who ponders whether it would be preferable to
die (“not to be”) than to live (“to be”) with his guilty conscience after
committing a murder (“to bear the whips and scorns of time”;
Shakespeare's Hamlet, Act III, Sc. I).

Clinical observations suggest that damage to several brain regions,
including ventral medial and polar sectors of the prefrontal cortex
(PFC) (Eslinger and Damasio, 1985; Koenigs et al., 2007), the anterior
temporal lobes (Edwards-Lee et al., 1997; Mendez, 2006; Rankin et al.,
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2006) and basal forebrain, including the septal area (Moll et al.,
2005b), may lead to impairments of moral judgment and conduct.
However, direct evidence for the neuroanatomical bases of prosocial
sentiments in patients with brain lesions is scarce, and very few
studies have employed stimulus-response tests in this context (e.g.,
Krajbich et al., 2009). Inferences about impaired prosocial sentiments
have relied on behavioral questionnaires, caregiver ratings, and
qualitative observations, which are heavily influenced by the
expectations of observers and by the frequency of socially inappro-
priate behavior during daily activities. Most importantly, studies using
caregiver ratings of prosocial sentiments have not reported whether
these were impaired relatively to other feelings. Therefore, the
purported prosocial impairment in such cases has been interpreted
as due to a general (i.e., nonspecific) emotional blunting (Bechara
et al.,, 2000). Naturally, impaired prosocial feelings, as compared to
impaired other-critical feelings (e.g., anger, disgust), should be
expected to cause severe antisocial behaviors.

Functional magnetic resonance imaging (fMRI) studies in healthy
participants have implicated ventral and dorsal sectors of the PFC and
the temporal lobes, as well as the amygdala, anterior insula and other


http://dx.doi.org/10.1016/j.neuroimage.2010.08.026
mailto:grafmanj@ninds.nih.gov
http://dx.doi.org/10.1016/j.neuroimage.2010.08.026
http://www.sciencedirect.com/science/journal/10538119

1736 J. Moll et al. / Neurolmage 54 (2011) 1735-1742

subcortical regions, in interpersonal and emotional contexts associ-
ated with autonomic arousal, mental state inference, empathic
responses and self-other distinction (Berthoz et al., 2006; Carr et al.,
2003; Critchley et al., 2004; Decety et al., 2004; Ochsner et al., 2004;
Singer et al., 2004; Lamm et al., 2007). Studies specifically addressing
prosocial feelings and behaviors have implicated the medial fronto-
polar cortex (FPC) and subgenual cortex, as well as the superior
temporal sulcus (STS) region and the ventral striatum, septal/basal
forebrain area and hypothalamus. These investigations employed
different study designs, including social scenarios evocative of guilt,
pity and embarrassment (Berthoz et al., 2002; Moll et al., 2002, 2007;
Takahashi et al., 2004; Zahn et al., 2009c), charitable donations
(Harbaugh et al, 2007; Hsu et al., 2008; Moll et al., 2006), and
economic decisions involving regret, trust and cooperation (Coricelli
et al., 2005; Krueger et al., 2007a; Rilling et al., 2002). In contrast,
stimuli linked to social and object aversion, such as injustice and gore,
typically evoke other-critical feelings (contempt, anger, disgust)
(Haidt, 2003; Rozin et al, 1999). Other-critical feelings tend to
promote interpersonal aggression and social disengagement (Moll
and Schulkin, 2009), and their anatomical bases are more well-
established; regions consistently associated with other-critical feel-
ings include the dorsomedial (dmPFC) and lateral sectors of the PFC
|especially the lateral orbitofrontal cortex (OFC) and the adjoining
agranular insula) and the amygdala (Buckholtz et al., 2008; Decety
et al., 2004; Mitchell et al., 2006; Moll et al., 2005a, 2007). However,
because functional imaging studies in normal individuals are
unsuitable to identify which brain regions are necessary for a given
cognitive ability (Price et al., 1999), studies in patients with brain
lesions are indispensable for establishing which brain regions are
necessary for representing prosocial and other-critical sentiments.

We investigated the neural basis of impaired prosocial and other-
critical sentiments in 21 patients with the behavioral variant of
frontotemporal dementia (bvFTD) and 30 normal controls with a
novel experimental test (the Moral Sentiment Task) and resting-state
18-Fluoro-Deoxy-Glucose Positron Emission Tomography (FDG-PET).
BVFTD is characterized by progressive frontotemporal neurodegenera-
tion and early social impairments (Neary et al., 1998). Inappropriate
social behavior and feelings in patients with bvFTD have been associated
with ventral, dorsomedial frontal and anterior temporal lobe atrophy
(Liu et al,, 2004; Rosen et al., 2005; Snowden et al.,, 2001; Williams et al,
2005). BVFTD offers a unique opportunity to investigate which regions
are specific for enabling prosocial sentiments due to differences in
regional distribution of neuropathology. We hypothesized that the
degree of impairment of prosocial feelings would be associated with the
degree of damage to frontopolar, ventral frontal and basal forebrain
regions, and that these effects would be at least partially dissociable
from the brain networks enabling general emotional arousal or the
other-critical emotions (anger/disgust). Although both prosocial and
other-critical sentiments were investigated, the main focus of the
present analyses was on prosocial sentiments because (1) their
neuroanatomical bases have been much less explored by both
functional imaging and lesion studies, and (2) reduced prosocial
feelings most likely play a crucial role in explaining callous and non-
empathic behaviors in brain-damaged patients.

Materials and methods
Patients and controls

Patients were referred by specialists to participate in a larger
observational study at the clinical center of the National Institutes of
Health (NIH) intramural program in Bethesda, Maryland, USA. Thirty-
one consecutive patients with a clinical diagnosis of bvFTD were
enrolled in the study. The diagnosis of bvFTD was made on the basis of
clinical and neuropsychological data, as well as on visual inspection of
MRI and FDG-PET, following the consensus criteria of the Lund-

Manchester Group (Neary et al, 1998) and the Work Group on
Frontotemporal Dementia and Pick's Disease (McKhann et al., 2001).
Dementia severity was assessed with the Mattis Dementia Rating
Scale-2, a reliable and valid measure of global cognitive dysfunction
(Kertesz et al., 2003). Normal controls were also evaluated with the
Mattis scale in order to rule out cognitive impairment. Patients stayed
at NIH for 1 week and were accompanied by their main caregiver (for
further details on the patient cohort see Zahn et al., 2009b). They were
clinically assessed by a senior neurologist and a senior neuropsychol-
ogist (J.G.) and underwent extensive neuropsychological testing as
well as MRI and resting FDG-PET. General inclusion criteria were
strong right-handedness and English as first language. The leading
symptoms of bvFTD were progressive behavioral abnormalities with
an early loss of insight as noted by caregivers. All patients showed
abnormalities within frontotemporal areas on visual inspection of
FDG-PET, MR, or both. Substance abuse was ruled out by a negative
history antedating the onset of the behavioral changes and by close
monitoring over the 1-week period of the study. Ten patients were
excluded prior to statistical analysis due to technical problems with
imaging (n=28) or MST (n=2) data. The final bvFTD sample therefore
included 15 men and 6 women (age=160.6+ 8.0 years; educa-
tion=15.4 4 3.2 years). Thirty age- and education-matched volun-
teers (15 men) served as controls for standardization of the MST (age:
61.5 £ 8.5 years; education: 16.9 £ 2.6 years). FDG-PET scans were
obtained from 12 controls matched in gender, age and education. All
controls had a normal neurological examination and no history of
psychiatric or neurological disorders. Controls were compensated for
participation according to NIH standards. Written informed consent
was obtained from all participants according to the NINDS Institu-
tional Review Board procedures.

Moral sentiment task

The MST (obtainable from the first author [jorge.moll@idor.org]
upon request) was designed as a self-paced computerized test
programmed on Experimental Run Time System (Berisoft Coopera-
tion, Germany, http://www.erts.de). Ninety-eight written scenarios
(“stimuli”) were presented, one at a time, at the top of a screen for
participants to decide which of four words at the bottom (choice
options) best described the feeling they would experience in that
given situation. Each stimulus was associated with a “target”, based on
normative data from controls. Targets included the following classes of
sentiments: guilt, pity and embarrassment (prosocial sentiments),
anger and disgust (other-critical sentiments), fear, and neutral (Fig. 1).
A previous study on moral sentiments showed these stimuli to be
powerful elicitors of experienced moral sentiments (Moll et al., 2007).
Non-target feelings belonged to the same list of targets. All items were
presented in fixed randomized order (14 stimuli for each sentiment
plus 14 neutral stimuli). Colors and positions were counterbalanced
across the different sentiments. A NEUTRAL tag was present in each trial
as one of the four options. Instructions for the MST are provided in the
Supplementary Methods.

The accuracy of each stimulus category was assessed with an index
score which penalized scores for a given category in case of omission
or commission “errors” (these errors are statistical deviations from
the healthy control group norm, being otherwise compatible with a
patient's subjective experience). To that aim, we first computed the
number of correct choices for a given category (e.g., number of times
“GuUILT” was assigned to a scenario that is known to be consistently
associated with guilt in controls) and then weighted this result by the
inverse of the number of times that same option was assigned to a
wrong category (e.g., number of times cGuiLT was erroneously
associated with a scenario belonging to a different class) plus one
(to avoid division by zero). For example, if a participant chose cuiLT
appropriately in 12 out of the 14 guilt scenarios, and mistakenly chose
GuILT instead of the correct target in two other scenario categories, her
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Your mom called you and said she didn’t feel well.
You ignored her, and the next day she died.
g ysned Target:
Guilt
EMBARR GUILT NEUTRAL
You had breakfast at a hotel restaurant. The waiter
brought the check and you billed it to your room. Target:
Neutral
GUILT ANGER PITY
You talked to an old lady on a bus. She told you how
she lost her husband and children in an accident. Target:
Response key color code Fity
MEUTRAL EMBARR DISGUST
At a formal dinner, someone told a funny joke.
While laughing you suddenly burped loudly. Target:
Embarrassment
PITY NEUTRAL EMBARR

Fig. 1. Moral sentiment task design. Participants viewed 98 social scenarios on the screen, together with response options: the target (correct choice, based on normative data) and
three non-targets (“distracters”). They were told to report what they would feel in each given situation. A fixed color coding of keyboard keys and response options helped to
minimize task-related visuomotor load. The position of the target word option was randomized across trials. The neutral option (with equal frequency as the other options) was
present in all trials. Any given word could be the target on each trial with equal probability. The scenario examples do not include samples from all experimental conditions.

score would be 12/(2 4 1) =4. These raw scores were z-normalized
for the whole sample (21 bvFTD patients and 30 controls). The
normalized scores for guilt, pity and embarrassment were averaged to
generate a composite prosocial sentiment score for each subject.
Normalized scores for anger and disgust were averaged to generate a
composite other-critical score for each subject. This was done to
increase the power of the measures, based on psychological and
functional imaging evidence that prosocial and other-critical senti-
ments rely on partially separate neural networks, which are
nonetheless consistent among feelings belonging to each of these
categories (Moll et al., 2007). Fear was left out of the analyses because
(1) fearful stimuli in our task did not invoke social fear, (2) current
theoretical models of other-critical emotions include anger and
disgust (Haidt, 2003; Rozin et al., 1999), and (3) we had previous
evidence from social script studies linking the neural representations
of anger and disgust, but not fear (Moll et al., 2005a,b, 2007). Mean
number of words and characters per statement were equivalent for
the prosocial and other-critical categories (respectively: mean word
count=20.0 vs. 20.1, t=—-0.14, p=0.89; mean character
count=283.9 vs. 84.8, t=—1.01, p=0.31). Mean correct category
assignment of social scenarios by controls (0.89 4+ 0.12) was similar to
our previous study on normal controls (Moll et al., 2007). Controls
scored the prosocial and other-critical categories with comparable
accuracy, indicating that these categories were matched in difficulty
(t=0.36, p=0.74).

Behavioral data analysis

Neuropsychological data were analyzed with SPSS v. 16 (www.
spss.com) and R v. 2.8.0 (www.r-project.org). The z-normalized
scores on prosocial and other-critical sentiments from patients and
controls were assessed by Welch t-tests, with the alpha level set to
p=0.05. All variables were assessed for multicollinearity (see
Supplementary Methods). Two-tailed significances were adopted for
all analyses. Clinical and behavioral symptoms were assessed with
standard instruments (for further details, see Zahn et al., 2009b).

Image acquisition and analysis

Image acquisition

Structural MR imaging was performed on a General Electric 1.5
Tesla scanner (3D-T1-SPGR sequence, 120 contiguous slices, slice
thickness = 1.5 mm, in-plane resolution=0.9375 mm x 0.9375 mm,
flip angle =20°). All FDG-PET scans were acquired with a GE Advance
PET Scanner. Subjects were fasting since midnight before the scan and
had no caffeine, alcohol, or nicotine for 24 h before the scan. An
arterial line was inserted for arterial blood sampling. The subjects
were given an intravenous injection of 5 millicuries of FDG while they
wore eye patches and ear plugs. Starting with the time of injection and
continuing through the cerebral uptake period and subsequent scan,
25 arterial blood specimens were taken at fixed intervals for assay of
plasma radioactivity and glucose content. A transmission scan was
used to correct the emission data. At the end of the 45-min uptake
period, the emission PET scan was performed (15 min for one set of 35
brain slices).

Imaging analysis

Imaging data were analyzed using Statistical Parametric Mapping
(SPM5, http://www.fil.ion.ucl.ac.uk/spm/software/spm5). The fol-
lowing pre-processing steps were applied: normalization with
2x2x2mm (8 mm?) voxel size and smoothing (FWHM =12 mm).
Normalization was performed by first normalizing the 3D MRI using
the SPM5 T1- template and then applying the same transformation to
the FDG-PET images. Global normalization was performed using
cerebellar metabolism as a scaling factor. Three statistical models
were used to assess inter-group and intra-group PET metabolism
differences. In the first model, bvFTD and controls were entered as
categorical variables and t-tests were used to compare the regional
metabolism between groups (voxel-level significance threshold:
p<0.001, uncorrected). This statistical map was used as an inclusive
mask for the subsequent parametric analysis, to minimize the number
of comparisons over the whole brain. The second model (parametric)
employed multiple regression (SPM5 design matrix) to probe the
association between regional cerebral metabolism in bvFTD with
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(i) prosocial scores (adjusting for other-critical and dementia severity
scores) and (ii) other-critical scores (adjusting for prosocial and
dementia severity scores). The relationship between metabolism and
the combined (additive) effects of prosocial and other-critical scores
was also investigated (see Supplementary Results). An additional
analysis explored the correlations between FPC and septal metabo-
lism with guilt, pity and embarrassment separately, controlling for
dementia severity.

We report only areas surviving a family-wise error (FWE)
corrected threshold of p=0.05 either across the whole brain or
across the following regions of interest defined a priori on the basis of
coordinates from previous studies and used as the center of spheres
(see Supplementary Methods for details on the regions of interest).
For the purpose of visual displays only, a threshold of p=0.05,
uncorrected, and a cluster threshold =20 voxels was employed.

Anatomical localization

Localization was performed using anatomical landmarks and by
looking at activations in the Montreal Neurological Imaging (MNI)
space projected onto a standard MNI template. Talairach transformed
coordinates using Brett's formula (http://www.mrc-cbu.cam.ac.uk/
Imaging /common/mnispace.shtml) were used to identify corre-
sponding Brodmann areas (BA) using the Talairach Daemon software
version 2 (http://ric.uthscsa.edu/projects/ talairachdaemon.html). All
coordinates are in Montreal Neurological Institute Standard Space.
MRIcron (http://www.sph.sc.edu/comd/rorden/mricron/) was used
to display statistical masks overlaid on a high-resolution T1-weighted
MRI template (Rorden and Brett, 2000).

Results
Behavioral results

As expected, bvFTD patients showed pronouncedly reduced
prosocial sentiment scores as compared with controls (mean-+
standard deviation (SD): —0.76+£0.82 vs. 0.524+0.49, t=6.4,
p<0.000001; Fig. 2a). Patients also showed reduced other-critical
scores (combined anger and disgust scores) compared with controls
(—0.54+0.61 vs. 047+0.71, t=5.4, p<0.00001; Fig. 2b). These
results indicate that, as a group, patients were markedly impaired
both on prosocial and other-critical sentiments.

Neuroimaging results

Patients showed the expected frontotemporal and subcortical
hypometabolism in comparison to controls (see supplementary
information). However, our main analyses aimed at exploring
whether regional brain dysfunction (FDG-PET regional hypometabo-
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lism) would be parametrically associated with impaired performance
on the MST within the bvFTD group. For this purpose, a multiple
regression design was first employed within the patient group to
explore the effects of regional hypometabolism on prosocial senti-
ment impairment, controlling for other-critical scores and dementia
severity. Lower scores on prosocial sentiments were associated with
hypometabolism in the medial FPC [Brodmann's area (BA) 10], mainly
in the right hemisphere, and in the septal area (Fig. 3a, b and Table 1),
supporting the prediction that these regions are necessary and
selective for prosocial sentiments.

One related issue is whether the above brain regions are equally
important for guilt, pity and embarrassment, as emphasized by recent
fMRI studies (Moll et al., 2007). As a further differentiation of the PFC,
the FPC performs an important role in the prospective assessments
and valuation of social choices (Christoff and Gabrieli, 2000; Moll
et al,, 2007), key abilities for the successful engagement of prosocial
behaviors (Moll et al., 2006). The septal area, in turn, is believed to be
involved in social attachment and empathic concern for others (Insel
and Young, 2001; Moll et al., 2006), which are important for feelings
of guilt and pity, but not for embarrassment, a prosocial sentiment
that it is associated with concerns about one's own self-image related
to violations of social conventions (Einsenberg, 2000). This aspect was
investigated by computing the correlations between FPC and septal
metabolism with guilt, pity and embarrassment separately, control-
ling for dementia severity. Individual scores on each of these three
sentiments were significantly correlated with the degree of FPC
hypometabolism. Hypometabolism in the septal area was significantly
correlated with impaired guilt and pity, but not with embarrassment
(Fig. 3¢).

Next, the relationship between brain hypometabolism and other-
critical sentiments were explored with multiple regression, entering
prosocial scores and dementia severity as control variables. Lower
other-critical scores were associated with reduced metabolism in two
predicted frontal and limbic regions, the dmPFC (mainly in the right
hemisphere; BA 8/9; p=0.016, FWE-corrected) and the right
amygdala (p=0.022, FWE-corrected) (Fig. 4, Table 1). Hypometabo-
lism in the lateral OFC / anterior insula correlated both with other-
critical and prosocial scores (Supplementary Fig. 2). These effects
support the notion that the dmPFC and amygdala play an important
role in social aversion (Buckholtz et al., 2008; Decety et al., 2004; Moll
et al., 2005a; Sanfey et al., 2003).

Discussion

The main finding of this investigation was that the resting PET
hypometabolism, a sensitive marker of neurodegeneration (Kanda
et al., 2008), in the medial FPC and in the septal area was associated
with the level of prosocial sentiment impairment in patients with
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Fig. 2. (a) Box plots showing normalized scores for prosocial sentiments, compared between bvFTD patients and controls. Patients with bvFTD were significantly impaired in
prosocial sentiments. (b) Box plots showing normalized scores for other-critical sentiments, compared between bvFTD and controls. Patients with bvFTD were also significantly

impaired in other-critical sentiments.
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Fig. 3. (a) Areas of PET hypometabolism associated with reduced prosocial sentiments in bvFTD patients (adjusted for dementia severity and other-critical feelings). The FPC and the
septal area were the only regions surviving FWE-correction over the whole-brain or a priori ROIs. Statistical maps are overlaid onto an anatomical template, with display threshold of
uncorrected p<0.05, k>20 voxels for visualization purposes. (b) Linear regression plots (not adjusted for dementia severity and other-critical sentiments) of regional PET
metabolism and prosocial scores for the FPC (r=0.45, p=0.041) and septal area (r = 0.60, p = 0.004). These scatter plots are for the purpose of display only, and were not the basis of
any inferences in this study. (c) Correlations between FPC and septal metabolism with guilt, pity and embarrassment scores. FPC metabolism was significantly correlated with guilt
(r=0.65, p=0.002), pity (r=0.44, p=0.052) and embarrassment (r=0.53, p=.016). Septal metabolism was significantly correlated with guilt (r=0.46, p=0.039) and pity

(r=0.50, p=0.025), but not with embarrassment (r=0.26, p=0.26).

bvFTD. The specific role of the FPC and septal area in this regard was
further corroborated by the finding that decreased other-critical
scores resulted from hypometabolism in distinct PFC and subcortical
regions, namely the dmPFC and the right amygdala.

Table 1
Effects of regional hypometabolism on prosocial sentiment impairment.
Cluster (k) p (FWE-cor) T p (unc)  MNI local
maxima (x, y, z)

Prosocial
FPC (BA 10) 51 0.009 3.71 0.001 4 68 22
Septal region 23 0.047 227 0.018 2 0 6
Other-critical
dmPFC (BA 8/9) 38 0.016 338 0.002 4 48 40
Amygdala 34 0.022 2.82  0.006 20 6 —18

Relationship between regional PET hypometabolism and impaired prosocial or other-
critical sentiments were assessed using multiple regression analyses. Prosocial effects
were evaluated by entering prosocial scores as the variable of interest, and other-
critical and dementia scores as covariates. Other-critical effects were evaluated by
entering other-critical scores as the variable of interest, and prosocial and dementia
scores as covariates. Results of FWE-correction over a priori regions of interest defined
on the basis of previous studies are reported (see Materials and methods).

The role of the frontopolar cortex in prosocial sentiments

The role of FPC in social cognition has received growing attention
(Christoff and Gabrieli, 2000; Heekeren et al., 2003; Greene et al.,
2004; Wood and Grafman, 2003; Krueger et al., 2007b; Young et al.,
2007). Remarkably, virtually all fMRI studies addressing neural
responses to moral judgments (Moll et al., 2005b) and to social
scenarios evocative of guilt, pity and embarrassment (Moll et al.,
2007; Zahn et al., 2009¢) found medial FPC activation. Furthermore,
the FPC has been implicated in decisions involving costly punishment
(de Quervain et al., 2004) and donation (Moll et al., 2006), as well as
in inferring the emotional states of others (Amodio and Frith, 2006).
Although the FPC is often affected in cases of vmPFC damage (Eslinger
and Damasio, 1985; Koenigs and Tranel, 2007), few lesion studies
investigated its role in the genesis of social and emotional impair-
ments (Hornak et al.,, 2003; Moll and de Oliveira-Souza, 2007). A
recent study on a similar patient group indicated reduced behavioral
responses to embarrassment, but not to startle (Sturm et al., 2006). In
addition, another recent study engaged six patients with vmPFC
lesions in different economic decision tasks (dictator, ultimatum and
trust games) and demonstrated that, relative to control subjects, they
donated less, were less trustworthy and relatively insensitive to guilt
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Fig. 4. (a) Areas of PET hypometabolism associated with reduced other-critical sentiments (adjusted for dementia severity and prosocial sentiments). The right amygdala and the
dmPFC were the only regions surviving FWE-corrected p=0.05 over the whole-brain or a priori ROIs. Statistical maps are overlaid onto an anatomical template, with display
threshold of uncorrected p<0.05, k> 20 voxels for visualization purposes. (b) Linear regression plots (not adjusted for dementia severity and prosocial sentiments) of regional PET
metabolism and other-critical scores for the dmPFC (r=0.54, p=0.011) and right amygdala (r=0.50, p=0.022). These scatter plots are for the purpose of display only, and were

not the basis of any inferences in this study.

(Krajbich et al., 2009). It should be emphasized that PFC lesions in
Krajbich et al.'s study ranged from the vmPFC proper to the medial
FPC in virtually all cases, as judged by visual inspection of the lesion
overlap maps. Our study thus helps establish the FPC as an important
neural component for enabling prosocial sentiments, including guilt,
pity and embarrassment, and extends previous findings by improving
anatomical localization of these effects within the PFC.

Social affiliation and the septal area

In addition to the FPC, we found a decrease in septal hypometa-
bolism with increasing impairments on prosocial sentiments. Ana-
tomically, the septal region contains the septum pellucidum,
composed of thin layers of fibrous tissue and slender fascicles, and
the septum verum, a collection of eleven small nuclei located
anteriorly and inferiorly to the septum pellucidum (Andy and Stephan,
1968). Contrary to the notion that limbic structures are evolutionarily
ancient or vestigial in humans (MacLean, 1973), the septal nuclei may
actually have increased in size and complexity during hominin
phylogenesis (Andy and Stephan, 1968; Joseph, 1996). The role of
the septal area in social behavior is highlighted by the fact that septal
damage can produce drastic behavioral abnormalities, leading to
predatory aggression and changes in sexual behavior in humans and
animals (Gorman and Cummings, 1992). Stimulation of this region, in
contrast, induces pleasurable experiences and decreases intraspecies
aggression (Bishop et al., 1963; Irvin et al., 1990). Some researchers
have proposed that septal dysfunction may underlie the lack of
empathy, guilt and remorse that is typically observed in psychopathy
(Gorenstein and Newman, 1980). The septal region and adjacent
subgenual cingulate, preoptic and ventromedial hypothalamic areas
are the main binding sites for oxytocin and vasopressin, which play
central roles in social bonding (Insel and Young, 2001). Functional
imaging studies looking at mother-offspring and romantic attach-
ment, charitable donations and economic cooperation based on trust
(Bartels and Zeki, 2004; Harbaugh et al., 2007; Hsu et al., 2008;
Krueger et al., 2007a,b; Moll et al., 2006; Mobbs et al., 2009) found
activation in the septal region. The putative role of the septal area in
enabling prosocial sentiments has so far remained under-recognized,
however. Our finding that septal hypometabolism is associated with
reduced guilt and pity supports a mutual role of the septal area and
the FPC in prosocial behaviors, including empathic concern, altruism
and related affiliative inclinations.

Previous fMRI studies implicate additional brain regions in
prosocial sentiments, especially the subgenual cortex (Hsu et al.,
2008; Moll et al., 2006; Zahn et al., 2009c). Our prediction that

subgenual neurodegeneration would be associated with prosocial
sentiment impairment was not confirmed, however. It is possible that
the subgenual cortex plays a more elaborated role in prosocial
sentiments, a notion supported by the role of the subgenual cortex in
the pathophysiology of major depression (Drevets et al., 1998),
decisions involving altruistic donations (Moll et al., 2006) and coding
for individual differences in guilt-proneness and empathic concern
(Zahn et al., 2009a).

Brain regions mediating other-critical feelings

In contrast to our findings regarding prosocial sentiments,
hypometabolism in the right amygdala and dmPFC was associated
with reduced other-critical scores. The amygdala, dmPFC (and
neighboring paracingulate cortex) and lateral OFC / adjoining
agranular anterior insula have been consistently implicated in
imaging studies on the mechanisms of social punishment, social
response reversal, racial bias, and competition (Decety et al., 2004;
Kringelbach and Rolls, 2003; Lieberman et al., 2003; Moll et al., 2005a;
Sanfey et al., 2003; Singer et al., 2006). A shared feature of these
conditions is that they all involve some kind of external aversive
signaling, inducing an agent to act upon the behavior of another agent
or object (e.g., through punishment). Our data show that the right
amygdala and dmPFC are necessary for appropriate other-critical
sentiments.

While the role of the amygdala in other-critical sentiments is
supported by several studies on social disapproval, prejudice and lack
of trust (Calder et al., 2001; Lieberman et al., 2003; Sanfey et al., 2003),
the theoretical basis for the association of dmPFC hypometabolism
with impaired other-critical feelings is uncertain. fMRI studies found
activity in this region in response to social feedback and when
evaluating others, mainly when “others” are categorized as members
of an out-group or dissimilar (Mitchell et al., 2006; Schiller et al.,
2009; Takahashi et al., 2009). A recent fMRI study using scenarios
similar to the ones herein employed showed a remarkable agreement
with our findings: whereas the dmPFC showed increased responses to
“other-anger,” the more anterior FPC responded more strongly to guilt
and compassion or pity (Kédia et al., 2008). Nonetheless, lesion
studies investigating the impact of dmPFC damage on moral cognition
and emotion are lacking. One interesting possibility is whether other-
critical sentiments could be reduced by modulating dmPFC activity, a
finding that could have potential therapeutic implications for
managing aggressive and antisocial behaviors.

A notable exception for the brain regions predicted to be selectively
associated with other-critical scores was the lateral OFC/ anterior insula.
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Instead, we found that hypometabolism in this region was strongly but
similarly associated with other-critical and with prosocial impairments.
One possible explanation is that the lateral OFC / anterior insula are
involved with more general aspects of behavioral reinforcement,
response reversal and unpleasantness in social contexts, such as when
observing other's pain (Decety et al., 2004; Kringelbach and Rolls, 2003;
Lamm et al.,, 2007; Singer et al., 2006), which might be important not
only for other-critical feelings but also for certain aspects of prosocial
sentiments (e.g., restraining from an action that could evoke feelings of
guilt or embarrassment).

Emotional dysfunction and PFC-subcortical damage

Our results did not support the alternative hypothesis that the
association between FPC-septal hypometabolism and reduced proso-
cial sentiments emerged from an overall emotional blunting in bvFTD
because this association remained robust after controlling for other-
critical ratings. This is in keeping with the hypothesized role of
specific PFC and subcortical sub-regions in enabling prosocial
sentiments (Moll and de Oliveira-Souza, 2007). Studies on patients
with rostral ventromedial lesions, which often encompass the FPC,
speak for a complex interplay of emotional impairments: while these
patients have an increased preference for “utilitarian” choices in
moral dilemmas (Koenigs et al., 2007), indicating reduced emotion-
ality, they show increased costly punishment of non-cooperators in an
economic game (Koenigs and Tranel, 2007), suggestive of heightened
emotionality. On a more cautionary note, although the observed
relationships between impairments of feelings and localized meta-
bolic dysfunction go a step beyond fMRI evidence by implying
possible causal effects, these associations are still correlational in
nature and future prospective studies are needed to further support
causal inferences. Taken together, these results support a functional
subspecialization of PFC-subcortical regions in enabling distinct
aspects of prosocial and other-critical subjective emotional states
and behavioral inclinations.

Conclusions

The FPC and the septal area are necessary for prosocial sentiments.
These effects are likely selective because other-critical impairments
seem to be associated with a distinct pattern of regional dysfunction
affecting the dmPFC and the right amygdala. These findings are in line
with the role of prosocial sentiments as the affective hub of moral
conscience, given the prominence of their association with the FPC
and the septal area—brain regions that have shown both allometric
and non-allometric increases in humans (Stephan, 1983).

Supplementary data to this article can be found online at
doi:10.1016/j.neuroimage.2010.08.026.
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