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Role of right pregenual anterior cingulate cortex in
self-conscious emotional reactivity
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Self-conscious emotions such as embarrassment arise when one’s actions fail to meet salient social expectations and are accompanied by marked
physiological and behavioral activation. We investigated the neural correlates of self-conscious emotional reactivity in 27 patients with behavioral
variant frontotemporal dementia (bvFTD), a neurodegenerative disease that disrupts self-conscious emotion and targets brain regions critical for
emotional functioning early in the disease course, and in 33 healthy older controls. Subjects participated in an embarrassing karaoke task in which
they watched a video clip of themselves singing. They also watched a sad film clip; these data were used to control for non-self-conscious emotional
reactivity in response to audiovisual stimuli. Using Freesurfer to quantify regional brain volumes from structural magnetic resonance imaging, right
pregenual anterior cingulate cortex (pACC) gray matter volume was the only brain region that was a significant predictor of self-conscious emotion.
Smaller pACC volume was associated with attenuated physiological and behavioral self-conscious emotional reactivity, and this relationship was not
specific to diagnosis. We argue that these results reflect the significant role that right pACC plays in the visceromotor responding that accompanies

self-conscious emotion and that neurodegeneration in this region may underlie the self-conscious emotional decline seen in bvFTD.
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It is not the simple act of reflecting on our own appearance, but
the thinking what others think of us, which excites a blush.
(Charles Darwin)

INTRODUCTION

Self-conscious emotions such as embarrassment, shame, guilt and
pride are social emotions in which the self stands at the forefront of
awareness. Our use of the term ‘self in this context refers to one’s
physical being, as well as the thoughts and feelings that constitute the
subjective sense of that being (James, 1890). These emotions serve
important interpersonal functions (Miller and Leary, 1992; Tangney,
1999; Lewis, 2000). Embarrassment, for example, typically arises when
heightened attention is paid to the self after violation of a social rule
(Keltner, 1995). Not only is embarrassment associated with autonomic
nervous system responding including increases in heart rate, blood
pressure, sweating (Keltner, 1995; Harris, 2001; Gerlach et al., 2003)
and peripheral vasodilation (producing characteristic facial blushing),
but it also has a characteristic behavioral display (e.g. smile control,
gaze aversion and face touching; Shearn et al., 1990; Keltner, 1995).
The physiological and behavioral changes that occur in embarrassment
signal to others that one regrets the offending action (Miller, 2007) and
may help motivate actions (e.g. apologizing) that redress social
transgressions.

Self-conscious emotions are complex emotions that arise following
measured comparisons of oneself against relevant social standards. As
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such, they likely rely upon a distributed neuroanatomical network that
obtains and evaluates information about the social context and relays
this information to structures involved in emotion generation. Patient
and neuroimaging studies offer converging evidence that a network
involving prefrontal cortex plays an important role in self-conscious
emotion. While some studies of patients with orbitofrontal lesions
secondary to traumatic brain injury suggest that this region may be
important for the regulation, and not generation, of self-conscious
emotion (Beer et al, 2003), others suggest that damage to this
region results in dampened self-conscious emotional reactivity
(Krajbich et al., 2009). Functional neuroimaging studies, which typic-
ally elicit self-conscious emotion by having subjects read embarrassing
vignettes (Berthoz et al., 2002; Takahashi et al., 2004), view unflattering
photographs of oneself (Morita et al., 2008) and recall guilt-inducing
memories (Shin et al, 2000), have consistently found that self-
conscious emotions (with perhaps the exception of pride; Takahashi
et al., 2008) activate medial prefrontal cortex (Shin et al, 2000;
Takahashi et al., 2004; Morita et al, 2008) and anterior insula (Shin
et al., 2000; Morita et al., 2008). Activity in anterior cingulate cortex
(ACC), a region within the medial prefrontal cortex that coordinates
synchronized, multisystem emotional responses to salient environmen-
tal stimuli (Patterson et al., 2002; Critchley, 2005; Wager et al., 2009),
has also been found during self-conscious emotional responding (Shin
et al., 2000; Morita et al., 2008).

Pregenual ACC (pACC) is a ventral subregion of ACC (i.e. Brod-
mann areas 24a—c, 25, 32 and 33) that coordinates the autonomic,
visceromotor and endocrine system activity that accompany emotion
(Vogt et al., 1992; Devinsky et al., 1995; Bush et al., 2000; Ongur and
Price, 2000; Saper, 2002; Kober et al., 2008). Through strong connec-
tions with orbitofrontal cortex, temporal pole and central pattern gen-
erators including the amygdala, periaqueductal gray and hypothalamus
(Saper, 2002), pACC is well-situated for receiving afferent input (from
prefrontal cortex and temporal pole, which are important for process-
ing the social milieu) and for initiating subsequent emotional respond-
ing (via efferent connections with central pattern generators, which
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activate autonomic and behavioral responding). Thus, this region may
be particularly important for self-conscious emotion because of its role
in relaying complex social appraisals, which are intrinsic to emotions
like embarrassment, to emotion generation structures.

Behavioral variant frontotemporal dementia (bvFTD) is a neurode-
generative disease that affects anterior insula and pACC early in the
disease course (Schroeter et al., 2008; Seeley et al., 2008). Declines in
social and emotional behavior (e.g. disinhibition, apathy and loss of
empathy) are hallmark features of bvFTD that are sensitive to under-
lying pathology (Rascovsky et al., 2011). Patients with bvFTD have
trouble recognizing situations that would typically elicit self-conscious
emotion (Moll et al, 2011) and have diminished physiological and
behavioral self-conscious emotional reactivity when measured in a la-
boratory setting (Sturm et al., 2006, 2008).

In the present study, we measured self-conscious emotional reactiv-
ity in patients with bvFTD and in healthy control subjects. We exam-
ined whether neurodegeneration of pACC underlies the diminished
self-conscious emotion that we have found in bvFTD and whether
variability in pACC volume in control subjects is associated with
individual differences in self-conscious emotion. Subjects participated
in an embarrassing karaoke task in which they watched video record-
ings of themselves singing while their peripheral physiological
responding and facial behavior were monitored. To control for the
effects of non-self-conscious emotional reactivity in response to view-
ing a dynamic, audiovisual stimulus, subjects also watched a sad film
clip. Given its role in visceromotor emotional responding, we hypothe-
sized that, independent of diagnosis, smaller pACC volume would
predict lower physiological (i.e. autonomic and somatic) and behav-
ioral (i.e. emotional facial expressions) self-conscious emotional
reactivity.

METHODS

Subjects

Sixty subjects (including 27 patients with bvFTD and 33 healthy con-
trols) diagnosed according to standard research criteria (Neary et al.,
1998) were included in the study. We included both healthy subjects
and patients with a neurodegenerative disease to provide adequate
variability in our anatomical and emotional measures and thereby
increase the statistical power of our analyses. Table 1 presents the
age and sex data for each group.

Clinical evaluation

Subjects were evaluated by a multidisciplinary team at the University of
California, San Francisco Memory and Aging Center. Subjects under-
went a clinical interview; neurological examination; laboratory evalu-
ation; neuropsychological evaluation (Kramer et al, 2003) and a
functional assessment of dementia severity, the Clinical Dementia
Rating Scale (CDR; Morris, 1993). The total CDR score (scores
range from 0 to 3, with higher scores indicating greater functional
impairment) was computed for each subject (Morris, 1993). Table 1
presents CDR scores for each group.

Table 1 Characteristics of subjects classified by diagnostic group

HC bvFTD Overall
n 33 27 60
Age: M (s.d.) 65.0 (10.5) 60.4 (6.5) 63.0 (9.1)
Sex: M:F 16:17 20:7 36:24
(DR: M (s.d.) 0.0 (0.1) 1.2 (0.5 0.6 (0.7)

Notes: HC = healthy controls, bvFTD = behavioral variant frontotemporal dementia, (DR = Clinical
Dementia Rating Scale. Means (M) and standard deviations (s.d.) listed for each group.
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Emotional evaluation
Procedure

Subjects were assessed at the University of California, Berkeley.
Subjects signed consent forms and were then seated in a well-lit,
3m x 6m experiment room. All stimuli and instructions were pre-
sented on a 21-inch color television monitor at a distance of 1.75m
from the subject. Subjects participated in our standard day-long
assessment of emotional functioning that assesses a number of aspects
of emotional reactivity, regulation and empathy (Levenson et al.,
2008). For this study, data were used from two tasks that tested emo-
tional reactivity in response to dynamic visual stimuli.

Karaoke task. Self-conscious emotional reactivity was assessed with
a karaoke singing task (Shearn et al, 1990; Sturm et al., 2008), which
has been shown to elicit self-conscious emotions (e.g. embarrassment)
reliably in older adults (Sturm et al., 2008). Subjects were asked to relax
during a 60-s pretrial baseline during which an X’ appeared on the
television monitor. The song title (‘My Girl’) was then displayed on the
monitor for 9s followed by playing the song (the version by
The Temptations was used) for 2min and 33s (lyrics appeared on
the monitor and sound was presented over headphones). Subjects
were asked to sing along with the song but were not told that they
would later be viewing the tape of their performance. When the song
ended, the experimenter returned to the room and removed the head-
phones. The only instruction given for the next task was to watch the
television monitor. The videotape that had just been recorded was then
played on the television monitor (subjects saw themselves sitting
through the pretrial baseline and then heard and saw themselves sing-
ing without hearing The Temptations’ version in the background).

Sad film. Non-self-conscious emotional reactivity was assessed with
a film-viewing task in which subjects watched a sad film clip. The film
clip, which was excerpted from the film The Champ, depicts a young
boy crying as he watches his father die. This film has been shown to
elicit sadness reliably in older adults (Seider et al., 2011). Subjects were
asked to relax during a 60-s pretrial baseline during which an
X’ appeared on the television monitor. The sad film averaged 2 min
and 13s.

Measures

Physiological reactivity. Physiological measures were monitored
continuously using a Grass Model 7 polygraph, a computer with
analog-to-digital capability and an online data acquisition and analysis
software package written by Robert W. Levenson. The software com-
puted second-by-second averages for the following measures: (i) heart
rate (Beckman miniature electrodes with Redux paste were placed in a
bipolar configuration on opposite sides of the subject’s chest; the
inter-beat interval was calculated as the interval, in milliseconds, be-
tween successive R waves); (ii) finger pulse amplitude (a UFI photo-
plethysmograph recorded the amplitude of blood volume in the finger
using a photocell taped to the distal phalanx of the index finger of the
non-dominant hand); (iii) finger pulse transmission time (the time
interval in milliseconds was measured between the R wave of the elec-
trocardiogram (ECG) and the upstroke of the peripheral pulse at the
finger site, recorded from the distal phalanx of the index finger of the
non-dominant hand); (iv) ear pulse transmission time (a UFI photo-
plethysmograph attached to the right earlobe recorded the volume of
blood in the ear, and the time interval in milliseconds was measured
between the R wave of the ECG and the upstroke of peripheral pulse at
the ear site); (v) systolic and (vi) diastolic blood pressure (a blood
pressure cuff was placed on the middle phalanx of the middle finger
of the non-dominant hand and continuously recorded the systolic and
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diastolic blood pressure using an Ohmeda Finapress 2300); (vii) skin
conductance (a constant-voltage device was used to pass a small
voltage between Beckman regular electrodes [using an electrolyte of
sodium chloride in unibase] attached to the palmar surface of the
middle phalanges of the ring and index fingers of the non-dominant
hand); (viii) general somatic activity (an electromechanical transducer
attached to the platform under the subject’s chair generated an
electrical signal proportional to the amount of movement in any
direction); (ix) respiration period (a pneumatic bellows was stretched
around the thoracic region and the inter-cycle interval was measured
in milliseconds between successive inspirations); (x) respiration
depth (the point of the maximum inspiration minus the point of
maximum expiration was determined from respiratory tracing) and
(xi) finger temperature (a thermistor attached to the distal phalanx
of the little finger of the non-dominant hand recorded temperature
in degrees Fahrenheit). This array of measures was selected to
sample from major autonomic (cardiac, vascular, electrodermal and
respiratory) and somatic systems that are important for
emotional responding. Table 2 shows mean physiological levels for
each group.

Emotional behavior. Subjects’ behavior was videotaped continu-
ously using a remote-controlled, high-resolution video camera.
Subjects’ facial behavior during the karaoke and sad film tasks was
later coded by a team of trained coders. For the karaoke task, the
first 20 s of subjects watching themselves singing, the period which is
typically the most embarrassing, was coded. For the sad film, a highly
intense 20-s period of the film was coded. For both tasks, coders used a
modified version of the Emotional Expressive Behavior coding system
(Gross and Levenson, 1993) to code each second for nine emotional
behaviors (anger, disgust, happiness/amusement, contempt, sadness,
embarrassment, fear, surprise and confusion) on an intensity scale
ranging from 0 to 3. The code for embarrassment was based on
(Keltner and Buswell’s 1997) description, which includes gaze aversion,
smiling and laughter, smile suppression, blushing and face-touches.
The code for happiness/amusement included smiling and laughing.

Table 2 Groups means and standard deviations of the physiological and behavioral
measures of self-conscious emotional reactivity

HC bvFTD Overall

Standardized physiological composite score* 0.10 (0.58) —0.14 (0.33) —0.01 (0.50)

Non-standardized individual physiological
measures
Cardiac inter-beat interval (ms)** 848.5.0 (133.7)

7240 (116.8)  792.5 (140.0)

Finger pulse amplitude (U) 6.5 (5.9) 51 (4.7) 59 (5.4)
Finger pulse transit time (ms) 266.6 (27.0) 257.5 (29.6) 262.6 (28.3)
Ear pulse transit time (ms) 183.0 (31.9) 179.0 (22.5) 181.3 (28.1)
Systolic blood pressure (mmHg) 148.8 (26.2) 146.0 (18.1) 147.4 (22.6)
Diastolic blood pressure (mmHg) 81 9 (15.2) 85.8 (11.4) 83.7 (13.6)
Skin conductance (ptMhos) .5 (1.5) 26 (2.4) 26 (1.9
General somatic activity (U) 0 (2.1) 1.5 (1.3) 1.8 (1.8)
Respiration period (ms) 32597 (465.2) 34229 (1259.2) 3333.6 (908.1)
Respiration depth (U) 217.9 (105.3) 232.0 (113.9) 224.3 (108.4)
Finger temperature (degrees Fahrenheit) 85.7 (5.5) 87.4 (6.9) 86.4 (6.2)
Behavioral reactivity
Self-conscious emotional behavior 6.88 (8.6) 1.92 (3.1) 4.65 (7.1)

composite score**

Notes: For physiological reactivity, mean levels of individual channels (not corrected for baseline
levels) and standard deviations (in parentheses) during the karaoke task. Higher values indicate
greater physiological arousal for skin conductance, general somatic activity, systolic and diastolic
blood pressure, respiration depth and finger temperature; lower values indicate greater physiological
arousal for cardiac inter-beat interval, finger pulse amplitude, finger pulse transit time, ear pulse
transit time, and respiration period. For behavioral reactivity, mean levels of self-conscious emotional
behavior during the karaoke task. For abbreviations, see Table 1. *P <0.10, **P < 0.05.

V.E. Sturm etal.

Inter-coder reliability was high (intraclass correlation coeffi-
cient=0.82). Table 2 shows mean levels for each group.

Data reduction

Physiological reactivity. Physiological reactivity scores were com-
puted for the karaoke and sad film tasks. For the karaoke task, we
subtracted the average level of each physiological measure while
subjects watched themselves during the pre-singing baseline period
(the first 50s of the baseline) from the average level while they
watched themselves singing (the first 20s that they watched them-
selves singing). For the sad film, we subtracted the average level of
each measure during the first 50s of the baseline period from the
average level during a 20-s period that included the most intense
portion of the film.

To control for Type I error due to multiple dependant measures,
we calculated a single composite measure of physiological reactivity
for each task (e.g. Sturm et al., 2006, 2008). To calculate these
scores, we computed standardized scores for each physiological re-
activity score and reverse-scored as needed (i.e. cardiac inter-beat
interval, finger pulse amplitude, finger pulse transmission time, ear
pulse transmission time and respiration period) so that larger values
reflected greater physiological arousal. The standardized scores were
then averaged, which produced two composite physiological reactiv-
ity scores for each subject (one for the karaoke task and one for the
sad film). Although correlations among measures of autonomic and
somatic nervous system activity are typically low at rest, we have
found much higher coherence among these measures when subjects
are in the throes of emotion (Mauss et al., 2005; Sze et al., 2010).
Consistent with this, in control subjects, the individual physiological
measures exhibited an acceptable level of internal consistency during
the karaoke task (Cronbach «=0.76) and sad film (Cronbach
a=0.62).

Emotional behavior. For each emotional code, we summed the in-
tensity scores for each occurrence during the karaoke task and sad film.
We computed a behavioral composite score for self-conscious emo-
tional behavior for each task (by averaging the embarrassment and
happiness/amusement codes) and for negative emotional behavior
(by averaging the anger, disgust, sadness, fear and surprise codes).

Brain imaging

Structural neuroimaging acquisition

All subjects underwent a structural magnetic resonance imaging (MRI)
at the San Francisco Veterans Administration Hospital. MR images
were acquired on a 1.5 T Magnetom VISION system (Siemens 75
Inc., Iselin, NJ, USA) using a standard quadrature head coil. A volu-
metric magnetization-prepared rapid gradient echo (MP RAGE) MRI
(repetition time/echo time/inversion time 10/4/300 ms) sequence was
used to obtain images of the entire brain-in a coronal orientation, with
1.0 mm? in-plane and 1.5 mm through-plane resolution.

Freesurfer volumes of interest

MR images were analyzed using Freesurfer, http://surfer.nmr.mgh.har-
vard.edu, (Dale et al., 1999; Fischl et al., 1999, 2001; Segonne et al.,
2004), a surface-based structural MR image analysis tool that segments
white matter and tessellates both gray and white matter surfaces.
Non-brain tissue is removed using a hybrid watershed/surface deform-
ation procedure (Segonne et al, 2004) and intensity normalization
(Sled et al., 1998), followed by automated Talairach transformation
and volumetric segmentation of cortical and subcortical gray and
white matter, subcortical structures, basal ganglia and ventricles,
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used to calculate total intracranial volume (Fischl et al., 2002, 2004).
The LONI Pipeline environment (http://pipeline.loni.ucla.edu) was
used to distribute Freesurfer processing tasks to an offsite CPU cluster
located at UCLA-LONI. Cortical regions of interest were defined as
described by Desikan et al. (2006).

Because the neurodegenerative diseases in our sample may produce
diffuse brain atrophy, we took a whole-brain approach and examined
79 cortical and subcortical regional volumes that were generated by
Freesurfer. These included brainstem volumes and volumes in the right
and left insula, pACC, anterior mid-cingulate cortex, superior frontal
gyrus, rostral middle frontal gyrus, caudal middle frontal gyrus, pars
opercularis, pars orbitalis, pars triangularis, lateral orbitofrontal cortex,
medial orbitofrontal cortex, frontal pole, precentral gyrus, paracentral
lobule, entorhinal cortex, parahippocampal gyrus, temporal pole,
fusiform gyrus, superior temporal gyrus, middle temporal gyrus, in-
ferior temporal gyrus, transverse temporal cortex, banks of the super-
ior temporal sulcus, postcentral gyrus, superior parietal cortex, inferior
parietal cortex, precuneus, lingual gyrus, pericalcarine cortex, cuneus,
lateral occipital cortex, amygdala, hippocampus, accumbens area, cere-
bellar cortex, thalamus, caudate, putamen and pallidum.

Manual data quality checks were completed for each MR image to
determine whether Freesurfer had accurately segmented gray from
white matter in the ACC (Figure 1). A total of four bvFTD patients
were excluded from our original sample of 65 subjects due to poor
image quality or problems with gray—white segmentation of the ACC.

Statistical analyses

Although we hypothesized that pACC volume would predict
self-conscious emotional reactivity, we took a broad approach in
order to determine whether any other brain regions were also asso-
ciated. We ran two-tailed partial correlations (controlling for total
intracranial volume) between self-conscious emotional reactivity
(i.e. the physiological and behavioral composite scores) and 79
regional brain volumes generated by Freesurfer (specific regions are
detailed above in the Brain Imaging section). We planned to include
any regions for which 7, values were greater than 0.20 [a small to
medium effect size (Cohen, 1992), which is a permissive inclusion
threshold], as additional candidate predictor variables in our multiple
regression analyses.

Fig. 1 pACC as delineated by Freesurfer. The figure is the composed of a standardized average MRI
coregistered with average regions representing the pACC (dark gray).
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Next, we ran multiple regression analyses in order to examine
whether: (i) right or left pACC gray matter volume predicted self-
conscious physiological or behavioral reactivity above and beyond
multiple demographic and clinical variables and (ii) any other brain
regions were also significant predictors of self-conscious emotion. This
is a conservative test of our hypothesis that pACC is important for
self-conscious emotion because this region must emerge as a signifi-
cant predictor from a group of candidate predictor regions. In step
one, we forced age, sex, CDR total (to control for disease severity), sad
film reactivity (i.e. the physiological or negative emotional behavioral
composite score, to control for effects of non-self-conscious emotional
reactivity), study wave (to account for subtle differences in data pro-
cessing of the sad film that occurred between subjects who were stu-
died early or late in our data collection), diagnosis (parameterized
0=bvFTID, 1=controls; to rule out the possibility that significant
findings held true only in one diagnostic group) and total intracranial
volume (a total of gray matter, white matter, and cerebrospinal fluid
volume, to control for individual differences in head size) into the
model. In step two, we used a ‘forward’ entry model to let the statistical
program determine which regions accounted for a significant amount
of variance above and beyond the control variables; variables that did
not account for significant variance were thus excluded from the
model. In this second step, we included as predictor candidates the
right or left pACC gray matter volume in addition to all of the other
ipsalateral brain regions that passed the 0.2 inclusion threshold from
our partial correlation analyses. We favored a ‘forward’ entry model
instead of a ‘backward’ entry model because of sample size limitations.
We also examined our models to insure that there was only weak
multicollinearity among variables (VIF < 4).

Finally, to determine whether any potential findings between
self-conscious emotional reactivity and right pACC held in the
bvFTD and healthy control groups independently, we repeated the
multiple regression analyses in each diagnostic group separately.

RESULTS
Physiological reactivity
Right hemisphere

Partial correlation analyses found that physiological reactivity during
the karaoke task correlated with right pACC gray matter volume,
1,(57) =0.35, P=0.01. Gray matter volume in right pars triangularis,
1,(57) =0.22, P=0.10; right lateral orbitofrontal cortex, r,,(57) =0.23,
P=0.08; right precentral gyrus, r,(57) =0.20, P=.13; right temporal
pole, rp(57) =0.22, P=0.10; right lateral occipital cortex, rp(57) =0.21
P=0.12; right caudate, r,(57)=0.20, P=0.13; right putamen,
7,(57) =0.23, P=0.08, also emerged as associated regions (i.e. 7,
values greater than 0.2). Table 3 shows volumes for each group.

In the multiple regression analysis, right pACC was the only
brain region (standardized B=0.32, P<0.05, R change =0.08,
N=60) that was a significant predictor of physiological reactivity
during the karaoke task above and beyond other predictor variables.
Since no other brain regions (i.e. pars triangularis, lateral orbitofrontal
cortex, precentral gyrus, temporal pole, lateral occipital cortex, caud-
ate, putamen) explained a significant portion of the variance above and
beyond the contribution of right pACC, they were not included in the
final model. No other clinical or demographic variables were signifi-
cant predictors. Overall, the final model (which included age, sex, CDR
total, sad film reactivity, study wave, diagnosis, total intracranial
volume and right pACC volume) accounted for 6.6% (adjusted
R?) of the total variance in physiological reactivity during the karaoke
task.
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Table 3 Group means and s.d.’s for regional brain volumes

HC bvFTD Overall

Right hemisphere
pACC*® 1722.9 (329.8)
Anterior mid-cingulate cortex’ 2000.5 (374.2)
Pars triangularis® 3880.9 (1018.8)
Pars orbitalis 2673.4 (493.9)
Medial orbitofrontal cortex 4926.0 (670.6)
Lateral orbitofrontal cortex™ 7527.0 (860.6)
Superior frontal gyrus 21221.8 (2963.5)
Precentral gyrus® 125603 (1601.8)
Superior temporal gyrus® 11339.6 (1277.0)
Middle temporal gyrus® 121109 (1648.2)
Entorhinal cortex 1689.3 (439.1)

( 1499.7 (354.2) 1622.5 (356.1)
(
(
(
(
(i
(
(
(
(
(
Parahippocampal gyrus 1863.0 (245.8)
(
(
(
(
(
(
(
(
(
(
(i

(

1873.0 (355.5) 1943.1 (368.4)
2971.0 (828.0) 3471.5 (1036.1)
2011.0 (597.3) 23753 (632.4)
3594.2 (925.4) 4326.7 (1033.3)
5743.4 (1198.2) 6724.4 (1354.7)
16278.1 (3805.0)  18997.1 (4158.7)
11145.4 (27013)  11923.6 (2260.8)
9530.7 (2090.9)  10525.6 (1906.5)
8582.7 (2861.4)  10523.2 (2866.1)
1190.0 (461.7) 1464.6 (511.1)
1610.7 (376.6) 1749.5 (333.6)
1529.4 (680.7) 1955.5 (684.9)
) 7272.1 (1336.3) 8203.5 (1647.5)

14265.8 (2385.4)  12193.4 (2670.9)  13333.2 (2703.9)
12798.8 (1896.9)  11219.7 (2510.4)  12088.2 (2314.4)
12804.5 (1527.3)  12927.6 (2543.8)  12859.9 (2029.9)

Temporal pole®” 2304.1 (458.2)
Fusiform gyrus

Inferior parietal cortex”
Superior parietal cortex”
Lateral occipital cortex®

8965.6 (1490.7

Caudate™ 3517.7 (445.4) 2740.7 (735.8) 3168.1 (526.1)
Putamen®” 4805.5 (662.7) 3735.0 (836.5) 4323.8 (913.8)
Pallidum® 1505.1 (374.3) 1285.7 (356.2) 1406.4 (379.5)

Amygdala®
Hippocampusb
Accumbens area”
Left hemisphere
pACC 2310.0 (449.4)
Anterior mid-cingulate cortex 1797.8 (374.9)
Pars triangularis 3721.9 (705.4)
Pars orbitalis® 2065.7 (423.3)
Medial orbitofrontal cortex™® 4326.3 (574.8)
Lateral orbitofrontal cortex™® 7522.6 (973.4)
Superior frontal gyrus™ 22607.6 (3512.0)
Precentral gyrus 123422 (1811.7)
Superior temporal gyrusb 12658.9 (1799.2)
Middle temporal gyrus 11052.7 (1544.6)
Entorhinal cortex” 1833.4 (301.8)
Parahippocampal gyrus® 2088.2 (294.7)
(
(
(
(
(
(
(
(
(
(
(

1717.2 (246.1)
4026.0 (412.3)
517.8 (86.9)

1322.5 (454.8)
3057.8 (834.5)
338.3 (109.6)

1539.6 (404.0)
35903 (796.9)
437.1 (1323)

1963.3 (571.9)
1626.1 (474.9)
3274.1 (771.0)
1686.7 (379.7)
3609.8 (715.7)
5963.4 (1450.1)
18403.2 (3566.2)
10 889.9 (2500.1)
10599.4 (2057.2)
9348.2 (2341.1)
1344.8 (438.8)
1868.0 (500.9)
1889.9 (610.5)
8086.3 (1803.7)
10828.2 (2327.4)
12802.3 (2036.4)
13719.3 (2129.6)

2154.0 (532.9)
1720.5 (427.8)
35204 (763.1)
1895.1 (443.7)
4003.9 (730.8)
6821.0 (1432.6)
20715.6 (4091.8)
11688.67 (2250.7)
11732.1 (2165.2)
10285.7 (2107.3)
1613.5 (440.8)
1989.2 (412.2)
2172.7 (553.4)
8687.7 (1664.1)
11261.2 (2145.5)
12865.7 (1954.0)
13290.5 (1985.2)

Temporal pole™® 2404.2 (372.9)
Fusiform gyrus® 9179.8 (1381.1)
Inferior parietal cortex 11615.5 (1949.0)
Superior parietal cortex 12917.6 (1914.2)
Lateral occipital cortex 12939.7 (1816.4)

Caudate” 3538.3 (428.0) 3216.0 (586.0) 3393.3 (526.1)
Putamen® 5010.2 (596.5) 4166.7 (881.6) 4630.6 (845.3)
Pallidum®” 1573.1 (298.8) 1411.7 (317.1) 1500.5 (315.1)

1690.5 (260.7)
3795.2 (374.3)
482.8 (114.5)

1339.5 (380.8)
3086.7 (714.7)
398.5 (160.4)

1532.6 (363.0)
3476.4 (653.8)
444.9 (142.2)

Amygdala®
Hippocampus®
Accumbens area

Notes: Mean volumes (in cubic millimeters) and s.d.’s (in parentheses) for brain regions that were
associated with °physiological or "behavioral reactivity during the karaoke task in the partial cor-
relation analyses (r, >0.20). For abbreviations, see Table 1.

Left hemisphere

Partial correlation analyses revealed that physiological reactivity during
the karaoke task was associated with left superior frontal gyrus,
1,(57) =0.25, P=0.06; left pars orbitalis, r,(57) =0.22, P=0.10; left
lateral orbitofrontal cortex, 7,(57) =0.24, P=0.07; left medial orbito-
frontal cortex, rp(57) =0.25, P=0.05; left temporal pole, rp(57) =0.23,
P=0.08; left putamen, r,(57)=0.24, P=0.07 and left pallidum,
7,(57) =0.20, P=0.13, and not left pACC, r,(57) =0.06, P=0.65. In
the multiple regression analysis, there were no significant clinical or
demographic predictors. Neither left pACC gray matter volume
(P=0.71) nor any other brain regions were significant predictors of
physiological reactivity during the karaoke task. The final model
included age, sex, CDR total, sad film reactivity, study wave, diagnosis
and total intracranial volume but no brain regions (P=0.48, R’
change =0.11, N=60).

V.E. Sturm etal.

Emotional behavior
Right hemisphere

Partial correlation analyses revealed associations between emotional
behavior during the karaoke task and right pACC gray matter
volume, rp(58) =0.50, P=0.001. Right anterior mid-cingulate
cortex, rp(57) =0.29, P=0.03; right lateral orbitofrontal cortex,
1,(57) =0.31, P=0.02; right temporal pole, r,(57) =0.28, P=0.04;
right superior temporal gyrus, rp(57):O.31, P=0.02; right middle
temporal gyrus, 1,(57)=0.40, P=0.002; right superior parietal
cortex, 1,(57)=0.30, P=0.02; right inferior parietal cortex,
15(57) =0.30, P=0.02; right amygdala, 7,(57) =0.20, P=0.13; right
hippocampus, 7,(57)=0.27, P=0.04; right accumbens area,
1,(57) =0.32, P=0.01; right caudate, 7,,(57) = 0.31, P=0.02; right pu-
tamen, 7,(57)=0.23 P=0.08 and right pallidum, 7,(57)=0.36,
P=0.01, also emerged as associated regions.

The multiple regression analysis revealed that right pACC gray
matter volume was the only significant predictor of emotional behav-
ior during the karaoke task above and beyond other variables (stan-
dardized 8 =0.35, P<0.01, RrR? change =0.09, N=60). Since no other
brain regions (i.e. anterior mid-cingulate cortex, lateral orbitofrontal
cortex, right temporal pole, superior temporal gyrus, middle temporal
gyrus, superior parietal cortex, inferior parietal cortex, amygdala,
hippocampus, accumbens area, caudate, putamen, pallidum) explained
a significant portion of the variance above and beyond the contribu-
tion of right pACC, they were not included in the final model. Total
intracranial volume (standardized = —0.33, P<0.05) was the only
other significant predictor of self-conscious emotional behavior.
Overall, this final model (which included age, sex, CDR total, sad
film reactivity, study wave, diagnosis, total intracranial volume and
right pACC volume) accounted for 33.4% (adjusted R?) of the total
variance in emotional behavior during the karaoke task.

Left hemisphere

Partial correlation analyses revealed that left superior frontal gyrus,
,(57) =0.25, P=0.06; left lateral orbitofrontal cortex, r,(57) =0.24,
P=0.07; left medial orbitofrontal cortex, 7,(57) =0.25, P=0.06; left
entorhinal cortex, r,(57) =0.29, P=0.03; left parahippocampal gyrus,
,(57) =0.31, P=0.02; left temporal pole, r,,(57) =0.22, P=0.10; left
fusiform gyrus, 7,(57) =0.22, P=0.10; left superior temporal gyrus,
7,(57) =0.27, P=0.04; left amygdala, 7,(57)=0.21, P=0.12; left
hippocampus, 7,(57) =0.25, P=0.06; left caudate, 7,(57)=0.32,
P=0.01 and left pallidum, 7,(57) =0.26, P=0.05, were associated
with emotional behavior during the karaoke task. Left pACC was
not associated with self-conscious emotional behavior, 7,(57) =0.11,
P=0.43. In the multiple regression analysis, there were no significant
clinical or demographic predictors. Neither left pACC gray matter
volume (P=10.95) nor any other brain regions were significant pre-
dictors of emotional behavior during the karaoke task. The final model
included age, sex, CDR total, sad film reactivity, study wave, diagnosis
and total intracranial volume but no brain regions (P<0.01, R’
change =0.33, N=60).

Follow-up regression analyses in the bvFTD and healthy
control groups separately

Patients with bvFTD

For physiological reactivity during the karaoke task, right pACC gray
matter volume continued to be the only brain region that was a sig-
nificant predictor above and beyond other variables (standardized
B=0.42, P<0.05, R* change=0.13, N=27). Physiological reactivity
during the sad film was also a significant predictor in this model
(standardized B=—0.58, P<0.05). For emotional behavior during
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Self-conscious emotion and ACC

the karaoke task, right pACC gray matter volume continued to be the
only brain region that was a significant predictor (standardized
B=0.52, P<0.05, R? change=0.16, N=27). CDR (standardized
B=-047, P<0.05) and study wave (standardized B=0.60,
P<0.05) were also significant predictors in this model.

Healthy controls

For physiological reactivity during the karaoke task, neither right
pACC gray matter volume (standardized B=0.35, P<0.09, R’
change =0.09, N=33) nor any other variables or brain regions were
significant predictors in the model. For emotional behavior during the
karaoke task, right pACC gray matter volume continued to be the only
brain region that was a significant predictor above and beyond other
variables (standardized f=0.41, P<0.05, R? change =0.14, N=33).
No other variables were significant predictors in this model.

DISCUSSION

Self-conscious emotions are complex emotions that arise when the self
is compared with social standards (Lewis, 1995; Miller and Leary,
1992). The majority of prior research on the neuroanatomy of
self-conscious emotion has been based on either functional neuroima-
ging studies (Shin et al., 2000; Berthoz et al., 2002; Takahashi et al,
2004; Morita et al., 2008) or studies of patients with acquired brain
lesions (Beer et al., 2003). In the present study, we related regional
brain volumes to direct measurements of physiological and behavioral
responding that occurred during an embarrassing karaoke task. Our
sample included both patients with bvFTD, a neurodegenerative dis-
ease that targets pACC and anterior insula early in the disease course
(Schroeter et al., 2008; Seeley et al., 2008), and healthy control subjects.
We included both of these groups to provide us with sufficient vari-
ability in emotional reactivity and regional brain volumes to detect
meaningful brain—emotion relationships. We found that, across the
groups, smaller right pACC gray matter volume predicted lower
physiological and behavioral self-conscious emotional reactivity. This
relationship held above and beyond multiple other variables (i.e. age,
sex, CDR total, diagnosis, study wave, sad film reactivity and total
intracranial volume). Since the findings held while accounting for
the control task, this suggests that the relationship cannot be explained
by an association between right pACC and more generalized emotional
reactivity.

Our results suggest that right pACC plays an important role in both
the physiological and behavioral aspects of self-conscious emotion.
Finding that diagnosis was not a significant predictor in the regression
models provides some indication that the relationship between right
PACC volume and self-conscious emotional reactivity is not limited to
either group. Additional support for this conclusion derives from the
follow-up analyses of the bvFTD and control groups separately, which
revealed that the findings for emotional behavior were consistent with
those found in the total sample: smaller right pACC volume predicted
lower levels of self-conscious emotional behavior. For physiological
reactivity, smaller right pACC volume predicted lower physiological
reactivity in the bvFTD group only. In the healthy controls, the pattern
of results was the same; however, it fell to trend levels, likely reflecting
the lower anatomical and physiological variability in the normal group
and lower power in these follow-up analyses.

Although the present study highlights the particular importance of
PACC in self-conscious emotion, it is apparent that this region works
in concert with other cortical and subcortical structures that support
emotion (Devinsky ef al., 1995; Bush et al., 2000; Kober et al., 2008).
The pACC, via its strong neuroanatomical connections with both pre-
frontal regions and central pattern generators (Vogt et al, 1992;
Devinsky et al., 1995; Bush et al., 2000; Saper, 2002), is well-configured
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to play a particularly important role in self-conscious emotion
by helping relay social-cognitive information to emotion generation
systems. In our partial correlation analyses, we found evidence that
cortical (e.g. anterior mid-cingulate cortex, lateral orbitofrontal cortex,
superior temporal gyrus, middle temporal gyrus, temporal pole) and
subcortical (e.g. amygdala, pallidum, caudate, accumbens, hippocam-
pus, putamen) structures that are important for emotion in general
may also be important for self-conscious emotion. Although regression
models that included pACC and other relevant brain regions did not
reveal significant contributions of these additional brain regions above
and beyond that of right pACC, it is still likely that these regions play a
role in self-conscious emotional reactivity.

Limitations

There are limitations inherent in the present study. First, results indi-
cate that the pACC plays an important role in a specific self-conscious
emotion (i.e. embarrassment). It remains to be determined whether
pACC volume influences other self-conscious emotions (e.g. pride,
guilt) and other emotions that are thought to activate pACC [e.g.
disgust, fear, anger (Phan et al, 2002; Murphy et al., 2003; Kober
et al., 2008)]. Second, our regional brain volumes were based on struc-
tural MRI. Given that some regional volumes encompass multiple
subregions (e.g. the insula volumes includes anterior, middle and pos-
terior insula regions and the pACC region could be further subdivided
into pregenual and subgenual subregions), it is possible that these
subregions have different levels of involvement with self-conscious
emotion. Future work that utilizes imaging techniques that allow for
more detailed whole-brain analysis (e.g. voxel-based morphometry)
may enable us to elucidate with more specificity the subregions that
are involved in different types of emotion.

CONCLUSION

The results of the present study indicate that right pACC plays an
important role in physiological and behavioral aspects of self-
conscious emotional reactivity. These findings have implications for
basic affective neuroscience and speak to the neuroanatomical basis of
self-conscious emotion dysfunction in bvFTD. In patients and healthy
controls, variation in right pACC gray matter volume is associated
with individual differences in behavioral (for both groups) and physio-
logical (significantly for patients) reactivity when exposed to an
embarrassing situation. In bvFTD, pACC is an early target for neuro-
degeneration, and loss in this region may help to explain patients’
attenuated self-conscious emotion.
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