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Abstract: Several brain regions are involved in the processing of emotional stimuli, however, the con-
tribution of specific regions to emotion perception is still under debate. To investigate this issue, we
combined behavioral testing, structural and resting state imaging in patients diagnosed with behavior-
al variant frontotemporal dementia (bvFTD) and age matched controls, with task-based functional
imaging in young, healthy volunteers. As expected, bvFTD patients were impaired in emotion detec-
tion as well as emotion categorization tasks, testing dynamic emotional body expressions as stimuli.
Interestingly, their performance in the two tasks correlated with gray matter volume in two distinct
brain regions, the left anterior temporal lobe for emotion detection and the left inferior frontal gyrus
(IFG) for emotion categorization. Confirming this observation, multivoxel pattern analysis in healthy
volunteers demonstrated that both ROIs contained information for emotion detection, but that emotion
categorization was only possible from the pattern in the IFG. Furthermore, functional connectivity
analysis showed reduced connectivity between the two regions in bvFTD patients. Our results illus-
trate that the mentalizing network and the action observation network perform distinct tasks during
emotion processing. In bvFID, communication between the networks is reduced, indicating one
possible cause underlying the behavioral symptoms. Hum Brain Mapp 37:4472-4486, 2016.  © 2016 Wiley
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INTRODUCTION

One of the most critical components of social behavior is
the recognition of the emotional states of others. Conse-
quently, numerous cortical and subcortical brain regions
are involved in the processing of emotional signals from
conspecifics [Barrett and Satpute, 2013; Fusar-Poli et al.,
2009; Jastorff et al., 2015; Lindquist et al., 2012]. They are
components of various intrinsic brain networks such as
the salience network [Seeley et al., 2007], comprising ante-
rior cingulate cortex and anterior insula, the default or
mentalizing network [Buckner et al., 2008], including pre-
cuneus, temporo-parietal junction, medial prefrontal cortex,
and the temporal poles, the action observation network
[Grafton, 2009], including occipito-temporal, parietal and
premotor areas, and the limbic network [Yeo et al., 2011].
The above regions have been identified using primarily
functional imaging, contrasting emotional with neutral stim-
uli. To gain insights into the specific functions that individu-
al brain regions perform during emotion perception, we
investigated emotion processing in patients diagnosed with
the behavioral variant of frontotemporal dementia (bvFTD).
This condition is characterized by progressive deterioration
of personality, behavior, and cognition, with atrophy of
anterior temporal, mesio-frontal and subcortical areas [See-
ley et al., 2008; Whitwell et al., 2009]. The affected regions
include several brain areas involved in emotion processing,
located in frontal and anterior temporal cortex. Further-
more, numerous behavioral studies have shown impaired
emotion recognition in bvFTD patients, using faces [Baez
et al., 2014; Bediou et al., 2009; Bertoux et al., 2015; Couto
et al., 2013; Diehl-Schmid et al., 2007; Fernandez-Duque and
Black, 2005; Keane et al., 2002; Kumfor et al., 2011; Lavenu
etal., 1999; Lough et al., 2006; Miller et al., 2012; Rosen et al.,
2002; Snowden et al., 2008; Virani et al., 2013], bodies [Van
den Stock et al., 2015] and music [Downey et al., 2013; Omar
etal., 2011] as test stimuli.

In the present study, we were specifically interested in
two related tasks during emotion processing: emotion
detection and emotion categorization. As stimuli, we used
neutral and emotionally expressive (angry, happy, fearful,
and sad) gaits, presented as avatars animated with 3D
motion-tracking data. These stimuli have been used in our
previous study, where they elicited widespread fMRI sig-
nals in midline structures, the dorsolateral and ventrolater-
al prefrontal cortex, and the temporal lobes [Jastorff et al.,
2015]. Our hypothesis was that these two tasks, although
linked, might tap into different sub-systems. Intuitively,
one might be able to distinguish whether a specific body
motion appears emotional, but not able to identify the
exact emotion expressed. Two brain networks are of

particular importance in this process, the mentalizing net-
work and the action observation network. The mentalizing
network has been shown to be activated in tasks involving
a judgment of the emotional state of another [Ochsner
et al., 2004]. The action observation network, conversely, is
involved in the perception of others” motor actions [Abdol-
lahi et al., 2013; Jastorff et al., 2010]. Regions within both
networks are involved in emotion processing, and both
networks have been shown to be functionally impaired in
bvFTD patients [Filippi et al., 2013; Whitwell et al., 2011;
Zhou et al., 2010].

Because task-based functional imaging in bvFTD
patients has proved difficult, given their behavioral symp-
toms [but see Virani et al., 2013], we opted for a combina-
tion of behavioral testing with structural and resting-state
imaging in patients and age-matched controls, together
with task-based functional imaging in young, healthy vol-
unteers. Starting with the prediction that bvFTD patients
would be impaired in emotion detection as well as emo-
tion categorization, we intended to answer four specific
questions: (1) Does an individual’s impairment correlate
with gray matter atrophy in distinct regions involved in
emotion processing? (2) Is there an anatomical distinction
in the correlation between emotion detection and emotion
categorization impairment? (3) Do the localized brain
regions show differences in functional connectivity
between patients and controls after correcting for whole-
brain, voxelwise gray matter concentrations? And finally
(4), do those regions indeed contain information for emo-
tion detection and categorization at the multi-voxel
response pattern level in young healthy volunteers?

MATERIALS AND METHODS

Study I: Investigation of bvFTD Patients and Age
Matched Controls

Participants

Fourteen patients diagnosed with bvFTD and nineteen
age-matched controls participated in our study. Patients
were recruited from the memory clinic and the old age
psychiatry department of the University Hospitals Leuven
(Leuven, Belgium) as well as from the neurology depart-
ment at the regional Onze-Lieve-Vrouw Ziekenhuis Aalst-
Asse-Ninove (Aalst, Belgium). Diagnoses were made by
experienced neurologists or old age psychiatrists through
clinical assessment, medical history and cognitive neuro-
psychological testing, complemented with imaging results
consistent with bvFTD, that is, typical patterns of atrophy
on structural MRI. For 11 patients, diagnosis was also
based on a typical pattern of hypometabolism on "*FFFDG-
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TABLE I. Demographic and neuropsychological test results

bvFTD Controls

Mean (STD) Mean (STD) t(x2) P

Age 67.2 (8.4) 66.5 (6.3) 0.3 0.79

Sex (M/F) 7/7 11/8 0.2 0.65
MMSE 26.6 (1.5) 29.3 0.7) 6.6 0.001
RAVLT A1-A5 28.6 9.1) 50.9 (7.5) 7.7 0.001
% recall 493 (29.4) 80.4 17.7) 38 0.001
Recognition 7.2 (6.7) 14.0 (1.4) 4.3 0.001
BNT 411 11.7) 543 (3.0) 47 0.001
AVF 15.1 (5.9) 22.5 (5.8) 3.6 0.001
TMT A (secs) 66.3 (49.7) 32.6 9.7) 2.9 0.007

B (secs)” 195.4 (152.3) 90.5 (43.3) 2.7 0.01

BORB Length 88.3 (7.9) 90.2 (4.5) 0.9 0.39

Size 85.2 (7.2) 88.9 (6.3) 1.6 0.13

Orientation 80.5 9.9) 86.1 (6.0) 2.0 0.05
RCPMT 16.1 (4.0) 20.7 2.8) 39 0.001
AAT Comprehension 94.5 (12.2) 109.2 (5.3) 4.7 0.001

“Twelve patients.

Abbreviations: MMSE: Mini-Mental-State Examination; RAVLT: Rey AuditoryVerbal Learning Test (A1-A51: Sum of scores on trials Al
to A5 of the RAVLT; Recognition: Difference between number of hits and false alarms on the recognition trial); BNT: Boston Naming
Test; AVF: Animal Verbal Fluency; TMT: Trail Making Test; BORB: Birmingham Object Recognition Battery; RCPMT: Raven Colored

Progressive Matrices Test; AAT: Aachen Aphasia Test.

PET scan. Patients initially presented with changes in behav-
ior and personality, displaying disinhibition, apathy and/or
loss of empathy. One patient fulfilled the revised diagnostic
criteria of “behavioral variant FTD with definite FTLD Path-
ology,” based on a C9orf72 pathogenic mutation, while the
other patients fulfilled the criteria for “Probable bvFTD”
[Rascovsky et al., 2011]. In none of the patients, language dif-
ficulty was the most prominent clinical feature. Furthermore,
in none of the patients, aphasia was the most prominent defi-
cit at symptom onset and during the initial phase of the dis-
ease. These phenotypes do not comply with the current
diagnostic criteria for primary progressive aphasia [Gorno-
Tempini et al., 2011]. Additional information on individual
patients is presented in Supporting Information Table 1.

Age-matched control subjects were recruited through a
database of elderly volunteers as well as through adver-
tisements in a local newspaper. Exclusion criteria were
present or past neurological or psychiatric disorders
including substance abuse as well as use of medication
susceptible to affect the central nervous system.

The study was approved by the Ethical Committee of
University Hospitals Leuven and all volunteers gave their
written informed consent in accordance with the Helsinki
Declaration prior to the experiment. Demographic data
and neuropsychological test results of all participants are
presented in Table I.

Stimuli

The stimuli used in the study were identical to the ones
of our earlier imaging study [Jastorff et al., 2015]. In short,

we recorded motion-capture data of lay actors performing
emotionally neutral gaits and four emotionally expressive
gaits after a mood induction procedure (angry, happy,
fearful, and sad). This motion-capture data was used to
animate a custom-built volumetric puppet model rendered
in MATLAB (Fig. 1). To eliminate translational movement
of the stimulus, the horizontal, but not the vertical, transla-
tion at the midpoint between the two hip joints was
removed, resulting in a natural-looking walk as performed
on a treadmill. Extended psychophysical testing ensured
that the effect of the final stimulus could be easily identi-
fied [Roether et al., 2009]. These stimuli served as proto-
types for subsequent motion morphing (Fig. 1A).

We generated a continuum of expressions ranging from
almost neutral (90% neutral prototype and 10% emotional)
to almost emotional (10% neutral prototype and 90% emo-
tional) by means of motion morphing [Giese and Poggio,
2000; Jastorff et al., 2006]. Each continuum between neutral
and emotional was represented by nine stimuli with the
weights of the neutral prototype set to the values of 0.9,
0.75, 0.65, 0.57, 0.5, 0.43, 0.35, 0.25, and 0.1. The weight of
each emotional prototype was always chosen such that the
sum of the morphing weights was equal to one (Fig. 1B).
Stimuli were presented dynamically throughout the
experiments.

Behavioral assessment

Stimuli were displayed on an LCD screen (60 Hz frame
rate; 1,600 X 1,200 pixels resolution) that was viewed bin-
ocularly from a distance of 40 cm, producing a stimulus
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Stimuli. (A) Example frames taken from 4 prototypical stimuli
displaying the emotions angry, happy, fearful, and sad used in the
functional imaging experiment. (B) lllustration of the morphed
stimuli indicating different morph levels between neutral and
emotional (sad) gaits tested during the behavioral experiment.

size of about 7 degrees visual angle. Stimulus presentation
and recording of the participants’ responses was imple-
mented with the MATLAB Psychophysics Toolbox [Brai-
nard, 1997]. The stimuli were shown as puppet models
(Fig. 1) on a uniform gray background.

The experiment started with a demonstration session
where subjects were allowed to familiarize themselves
with the stimuli for 10 trials without feedback. A single
trial consisted of the presentation of a motion morph at
the center of the screen for 10 s. No fixation requirements
were imposed. The subject had to first answer whether the
stimulus was emotional or neutral, and, dependent on this
answer, categorize the emotion as happy, angry, fearful, or
sad. Subjects were told to respond as soon as they had
made their decisions but we did not emphasize respond-
ing quickly. If the subject answered within the 10 s, stimu-
lus presentation was stopped immediately, otherwise, it
halted after 10 s and a uniform gray screen was shown
until the subject entered a response. After a 1.5 s intertrial
interval, the next trial started. No feedback regarding per-
formance was provided during the behavioral testing. In
total, the experiment contained 144 trials (4 actors per

emotion X 4 emotions X 9 morphing steps) that were
shown in random order.

We analyzed the responses of every subject indepen-
dently for each emotion and morph level, averaged over
the four actors. During the behavioral experiment, subjects
had to categorize not only whether the stimulus was
“neutral” or “emotional,” but also, where they responded
“emotional,” which emotion was expressed. The answer to
the first question was used to determine the subjects” emo-
tion detection performance, independently of whether they
subsequently correctly identified the emotion. Their
answer to the second question served to determine their
emotion categorization performance. Here, we were inter-
ested whether the participant correctly identified the emo-
tion. Behavioral data were fitted using psychometric
curves as described by Wichmann and Hill [2001]. The
goal of this experiment was to determine each subject’s
ambiguity point (AP), the morph level at which they
answered equally often “neutral” and “emotional” for the
emotion detection task and correctly identified the emotion
in half of the trials for the emotion categorization task. We
also determined their “discrimination sensitivity,” indicat-
ing their ability to discriminate between neutral and
emotional stimuli or between emotions, respectively,
which is given by the slope of the psychometric function.
Subsequently, the AP’s were used as covariates in regres-
sion analyses with voxel-wise gray matter volume. In
cases where the data satisfied the normality assumption
(Shapiro-Wilk W Test), statistical comparisons between
patients and controls were performed using two sample t-
tests. Otherwise, Mann-Whitney U tests were used.

Structural and resting state imaging and analysis

Scanning was performed using a 32-channel head coil
and a 3T MR scanner (Achieva; Philips Medical Systems)
located at the University Hospitals Leuven. In total, 250
resting state images (7 min) were acquired using gradient-
echo planar imaging with the following parameters: 31
horizontal slices (4 mm slice thickness; 0.3-mm gap), repe-
tition time (TR), 1.7 s; time of echo (TE), 33 ms; flip angle,
90°; 64 X 64 matrix with 3.59 X 3.59 mm in plane resolu-
tion, and SENSE reduction factor of 2. During acquisition,
subjects were asked to close their eyes and not to think of
anything in particular. A structural, high resolution, T1-
weighted image covering the entire brain was used for
voxel-based morphometry analysis and anatomical refer-
ence (TE/TR 4.6/9, 7 ms; inversion time, 900 ms; slice
thickness, 1.2 mm; 256 X 256 matrix; 182 coronal slices;
SENSE reduction factor, 2.5).

Structural images of patients and controls were tissue-
classified into gray and white matter using SPM8. Subse-
quently, we applied the DARTEL toolbox to warp all
images into a common space for normalization. The
warped gray matter segmentations were modulated to
account for local shape differences, re-sliced to an isotropic
voxel size of 1.5 mm and smoothed using a Gaussian
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kernel of 8 mm FWHM. To investigate regional differences
between patients and controls, we performed a two sam-
ple t-test comparing the amount of gray matter per voxel
across groups. Gray matter maps used for the regression
analysis with emotion detection/categorization perfor-
mance were generated likewise, however, the template
was generated using only the 14 bvFTD patients. We con-
fined the regression analysis to the patient group, as the
primary focus of this analysis was to investigate the neural
substrates of impaired emotion processing in bvFID
patients, not those of emotion processing per se, which we
have already addressed in our earlier study [Jastorff et al.,
2015]. This procedure, while reducing statistical power,
prevented contamination of the results by non-bvFTD
data.

Preprocessing of functional images was performed using
software packages SPM8 and FSL. Resting state scans
were acquired in 12 out of the 14 bvFID patients and the
scans of two patients could not be analyzed further due to
excessive head motion. After slice-time correction (SPM),
realignment (SPM) and co-registration (FSL), seed-based
functional connectivity maps were generated using the
REST toolbox and DPARSF for every participant [Song
et al.,, 2011]. The Friston 24-parameter model (i.e., 6 head
motion parameters, 6 head motion parameters one time
point before, and the 12 corresponding squared items) as
well as the signals from WM and CSF served as nuisance
covariates to remove head motion and potential effects of
physiological processes. Linear trends were removed to
account for scanner drift. In addition, volumes exceeding a
framewise displacement of 0.8 (derived with Jenkinson’s
relative root mean square algorithm [Jenkinson et al.,
2002]) were excluded from the analysis by introducing an
additional regressor for each “bad” volume. We also
included a regressor for the one volume before and the
two volumes following a “bad” one. The number of
excluded volumes did not differ between groups (t = 0.14,
P =0.89) and averaged 12 volumes for the bvFTD patients
and 13 volumes for the control subjects, that is, about 5%
of the total volumes. Finally, Fischer’s z-transformed con-
nectivity maps were normalized to MNI space using DAR-
TEL and smoothed with a Gaussian kernel of 6 mm
FWHM. To control for the confounding influences of gray
matter atrophy on resting-state BOLD signal, modulated
gray matter volumes obtained from the VBM analysis
were included as nuisance covariates in all tests compar-
ing functional connectivity between patients and controls
[Oakes et al., 2007].

Cluster size thresholding was performed using Alpha-
Sim, as implemented in the REST toolbox. Monte Carlo
simulations were carried out 1,000 times within the search
volume. The search volume encompassed the entire brain
in the VBM comparison between bvFTID and controls
(1,448,985 voxel, Gaussian filter width ~ 6 mm). For the
comparison of the connectivity of the anterior temporal
lobe (ATL) across groups, the search volume was

restricted to the resting state connectivity network of the
ATL with the rest of the brain in controls, thresholded at
P <0.001 uncorrected (35,995 voxel, Gaussian filter width
~ 13 mm). For the comparison of the connectivity of the
inferior frontal gyrus (IFG) across groups, the search vol-
ume was restricted to the resting state connectivity net-
work of the IFG in controls, thresholded at P <0.001
uncorrected (27,955 voxel, Gaussian filter width ~ 13 mm).

Study II: Task-Based Functional Imaging of Young
Healthy Volunteers

Participants

Sixteen volunteers (8 females, mean age 25 years, range
23-32 years) participated in the experiment. All partici-
pants were right-handed, had normal or corrected-to-
normal visual acuity and no history of mental illness or
neurological diseases. The study was approved by the Eth-
ical Committee of KU Leuven Medical School and all vol-
unteers gave their written informed consent in accordance
with the Helsinki Declaration prior to the experiment.

Stimuli

Instead of the morphed stimuli used in the behavioral
assessment of Study I, we presented the prototypical stim-
uli (Fig. 1A) in the task-based fMRI experiment. The com-
plete stimulus set contained 30 stimuli, six examples of
neutral prototypes (6 different actors) and six angry, hap-
py, fearful, and sad prototypes, respectively.

Procedure

Details concerning the scanning procedure and data
processing are outlined in Jastorff et al. [2015]. In short,
prototypical neutral or emotional stimuli were shown in
an event-related design. The stimulus set was composed
of 30 stimuli, comprising 5 different conditions (4 emo-
tions X 6 actors + 1 neutral X 6 actors), presented at two
different sizes within a single run. Subjects were required
to fixate a small red square superimposed on all stimuli
and asked to respond as to whether the preceding stimu-
lus was emotional or neutral by pressing a button on an
MR-compatible button box during the ISI. A single run
lasted 200 s and 8 runs were acquired in a single session.

Classification of the emotion based on support
vector machines

MVPA analyses were performed in each subject’s native
space. We used a linear support vector machines (SVM)
[Cortes and Vapnik, 1995] to assess performance in classi-
fication between emotional and neutral stimuli, as well as
across the four emotions, based on the f-scores. To this
end, every stimulus was modeled as a separate condition
(30 t-images; 4 emotions X 6 actors + 1 neutral X 6 actors).
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Figure 2.
Comparison of gray matter volumes in bvFTD patients and controls. Shown in yellow are signifi-
cantly atrophic voxels in the bvFTD group (P <0.001 uncorrected at P <0.05 FWE cluster size
correction). Red voxels indicate the regions involved in emotion processing as defined in Jastorff
et al. [2015], containing significantly less gray matter in patients compared to controls. [Color

figure can be viewed at wileyonlinelibrary.com]

The t-scores of all voxels of a given ROI for a particular
stimulus were concatenated across subjects, resulting in a
single activation vector per stimulus and per ROI across
subjects [Caspari et al., 2014]. The length of this vector was
given by the sum of the voxels included in the ROI over
subjects. The activations of four stimuli from each condition
were used for training the SVM. The remaining two stimuli
in each condition were used as test set. This analysis was
repeated each time with differently composed training and
test sets for all possible combinations. The SVM analysis
was carried out using the CoOSMoMVPA toolbox. As a con-
trol, the analysis was performed with shuffled category
labels (10,000 permutations), where all stimuli were

randomly assigned to the five conditions, assuring that the
shuffling did not exchange labels between subjects.

RESULTS

Study I: Investigation of bvFTD Patients and Age
Matched Controls

VBM comparison between bvFTD patients
and controls

Using VBM analysis, we determined regions with signif-
icant gray matter atrophy in our population of bvFID
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Figure 3.

Behavioral performance. Percent emotional responses (% SEM) as a function of morph level for
the emotion detection task (A), the emotion categorization task (B), and the control task (C).
Solid lines indicate the fit of the psychometric curve.

patients compared to age-matched controls. In Figure 2,
significantly atrophic voxels (P <0.001 uncorrected at
P <0.05 FWE cluster size correction) are highlighted in
yellow, confirming the typical pattern of atrophy in bvFTD
[Seeley et al., 2008; Whitwell et al., 2009].

In our earlier study [Jastorff et al. 2015], we identified 65
distinct brain regions located in midline structures, the dor-
solateral and ventrolateral prefrontal cortex, and the tempo-
ral lobes that were involved in the visual processing of
emotional gaits. These regions showed reliable brain-
behavior correlations between fMRI activation and sensitivi-
ty for emotion categorization in a group of 16 young,
healthy volunteers. The stronger the fMRI activation was in
these regions for the contrast emotional versus neutral stim-
uli, the more sensitive the subject was in a behavioral
emotion-categorization experiment identical to the one used
in the present study. To investigate whether any of these
regions were atrophic in our population of bvFTD patients,
we compared gray matter volume between patients and
controls within the 65 ROIs. The 18 ROIs showing signifi-
cantly lower gray matter volume in patients (two-sample ¢-
test, P <0.05) are highlighted in red (Fig. 2). These ROIs
were located in dorsolateral prefrontal cortex, ventral stria-
tum, hippocampus, insula, amygdala, anterior cingulate
cortex, and the ATL. This validated our approach of study-
ing bvFTD patients to gain insights into the contributions
made by individual brain regions involved in emotion proc-
essing to emotion recognition.

Behavioral results

Emotion task. During a psychophysical session, partici-
pants had to first indicate whether the presented stimulus
was emotional or neutral (emotion detection). If the
response was “emotional,” they were then asked to

categorize the stimulus as angry, happy, fearful, or sad
(emotion categorization). This design was intended to tap
into two potentially different processing mechanisms. Par-
ticipants could answer “emotional” to the first question, if
they had the “feeling” that the stimulus expressed some
emotion, even if unsure which exact emotion it might be.
We, therefore, expected the APs for emotion detection to be
lower than the APs for the correct identification of the emo-
tion. APs and discrimination sensitivity (i.e., slope of the
function/ability to discriminate between the two conditions)
were determined by fitting the behavioral data using psycho-
metric curves as described by Wichmann and Hill [2001].
Behavioral results for the emotion detection task are
shown in Figure 3A. The average APs for the group of
bvFTD patients and the control group were 0.40 and 0.32,
respectively. Interestingly, this difference was not signifi-
cant across groups (P =0.27; Mann-Whitney U test), indi-
cating that patients and controls required similar levels of
the emotional prototype to be added the morph to judge
the stimulus as emotional in 50% of the trials. Thus, their
“intuitive feelings” about whether a stimulus was emo-
tional did not differ significantly. Nevertheless, both
groups differed with respect to discrimination sensitivity
(P <0.001; Mann-Whitney U test). The higher discrimina-
tion sensitivity obtained for patients (average: 0.47) com-
pared to controls (average: 0.21) indicates a shallower
slope fit and signifies that a greater change in stimulus is
required to affect performance. In other words, to increase
the number of “emotion” responses by the same amount
as in the controls, patients required a higher morph level.
Behavioral differences between the groups became more
apparent in the emotion categorization task. When tested
for correct identification (Fig. 3B), not only did discrimina-
tion sensitivity differ across groups (P <0.001;, Mann-
Whitney U test) but also the respective APs (P <0.01;
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Mann-Whitney U test). Thus, patients required higher
contributions from the emotional prototype to the morph to
correctly identify the emotion than controls. To test whether
identifications of all or only some of the emotions were
impaired in patients, we also compared APs for correct
identification per emotion between the groups. We obtained
significantly higher APs for angry (z= —3.85, P <0.001),
fearful (z= —2.09, P<0.05), and sad (z= —2.64, P <0.01)
expressions in patients compared to controls. Interestingly,
APs for happy expressions were not significantly different
(z=—1.77, P=0.08). Nevertheless, the difference in APs
between the average of the negative emotions (angry, fear-
ful, and sad) and happy across groups was not significant
(z=—1.58, P =0.11). This indicates that happy was the least
impaired emotion, but that performance was not significant-
ly better compared to negative emotions in general.

Control task. In the control task, participants had to cate-
gorize motion morphs derived from neutral walking and
neutral running prototypes as either running or walking. We
chose this task because it was very similar to the emotion
task in terms of stimuli, task instruction, display parameters
and overall complexity. Our reasoning was that if the proc-
essing deficit observed in patients would be specific to emo-
tional stimuli, then threshold and sensitivity for our control
task should not differ between groups. This was indeed
what we found (Fig. 3C). Neither APs (z = 0.63, P = 0.53), nor
discrimination sensitivity (z= —0.10, P =0.92) differed sig-
nificantly between patients and controls. Direct comparison
of the APs of the emotion and control tasks using a factorial
ANOVA confirmed our interpretation, showing a significant
interaction between group (patients/controls) and task
(emotion/control) (F(1,609) = 14.37, P < 0.001).

Imaging results: VBM

The bvFTID patients showed a reduced sensitivity in the
emotion detection task (Fig. 3A) and were significantly
impaired in the emotion categorization task (Fig. 3B). To
investigate potential neural correlates of these impairments,
we entered APs as covariates in an analysis of gray matter
volume in the group of bvFID patients. We limited this
analysis to the patient group because our intention was to
link impaired emotion processing with gray matter volume.
As controls differed with regard to both behavioral and
structural imaging variables, combining the two groups
might have led to results without significant within-group
brain-behavior correlations. We performed two indepen-
dent correlation analyses, one using the APs for emotion
detection and another using the APs for emotion categoriza-
tion. In both analyses, APs obtained from the control task
were included as variables of no interest, because we
assumed that this task was equally prone to any influences
arising from demographic and disease-related factors.

Results of the regression analysis are presented in Fig-
ure 4. Gray matter volume in the left ATL [—45, 13, —37]
correlated significantly (P <0.001 uncorrected) with APs
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Figure 4.

Brain regions showing a significant correlation between (A)
patients’ APs in the emotion detection task and gray matter vol-
ume and (B) patients’ APs in the emotion categorization task and
gray matter volume. Volumes are shown at P< 0.0l uncorrected
for illustration purposes. (C) Partial correlation between gray
matter volume of the ATL ROI and the detection APs, when cor-
recting for the influence of the APs obtained in the control task.
(D) Partial correlation between gray matter volume of the IFG
ROI and the categorization APs, when correcting for the influ-
ence of the APs obtained in the control task. (E) Comparison of
gray matter volume in the ATL ROI (P <0.0l) between patients
and controls. (F) Comparison of gray matter volume in the IFG
ROI (P = 0.33) between patients and controls.

obtained from the emotion detection task (Fig. 4A). Con-
versely, gray matter volume in the left opercular part of
the IFG [—52, 2, 14] correlated significantly (P <0.001
uncorrected) with the APs obtained for the emotion cate-
gorization task (Fig. 4B). The latter region is part of ventral
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premotor cortex, comprising areas BA 44 and ventral BA
6. These correlations remained significant (both P <0.05
FWE small volume correction, sphere of 5 mm radius)
after adding the categorization APs to the detection regres-
sion model as a nuisance variable and vice versa. As our
VBM analyses were performed using parametric statistics,
we validated that the unstandardized residuals of the
regression fulfilled the normality assumption. This was
the case in both regions as indicated by non-significant
Shapiro-Wilk tests (ATL: P = 0.21; IFG: P = 0.35).

Panels C and D of Figure 4 plot the partial correlation
between gray matter volume and the APs for emotion
detection and emotion categorization respectively, after
correcting for the influence of the APs obtained from the
control task. Panels E and F compare the gray matter vol-
ume between patients and controls in left ATL and the left
IFG, respectively. Whereas gray matter volume in the tem-
poral lobe was significantly reduced in the patient group
(tg1y=3.44, P<0.01), the IFG showed no difference
between groups (tz1) = 1.0, P =0.33).

Imaging results: resting state connectivity

ATL and IFG are nodes in different functional brain net-
works, with the ATL involved in the mentalizing network
and the IFG in the action observation network. To investi-
gate whether the two regions showed differences in func-
tional connectivity in our sample of bvFTD patients, we
directly compared resting state functional connectivity
between the groups, using a sphere of 5 mm radius around
the peak coordinates of the ROIs as seeds. Indeed, connec-
tivity between the left ATL (Fig. 5, red sphere) and the mid-
and posterior temporal cortex was significantly reduced in
the patient population, as was connectivity between ATL
and IFG and between ATL and medial orbito-frontal cortex
(Fig. 5, red colored voxels). The left IFG (Fig. 5, blue sphere),
conversely, showed significantly reduced connectivity with
the contralateral anterior insula, the contralateral amygdala
and the contralateral ATL in the bvFTD patients (Fig. 5,
blue colored voxels). For both ROIs, results were thresh-
olded at P<0.001 with a FWE cluster size correction of
P <0.05 (see Methods). The analyses included modulated
gray matter volumes obtained from the VBM analysis to
control for confounding influences of gray matter atrophy
on resting-state BOLD signal [Oakes et al., 2007]. At a more
liberal threshold (P < 0.001, no cluster size correction), left
IFG also showed reduced functional connectivity with the
ipsilateral anterior insula, amygdala, and ATL.

Study II: Task-Based Functional Imaging of Young
Healthy Volunteers

Our results indicate that the left ATL and the left IFG
play different roles during emotion processing, with the
ATL involved in emotion detection and the IFG in emotion
categorization. To test this specific hypothesis, we re-

Figure 5.

Resting state analysis. Red and blue spheres illustrate the ATL
and IFG ROIs shown in Figure 4. Red and blue voxels exhibit
significantly (P <0.001 uncorrected at P < 0.05 FWE cluster size
correction) reduced functional connectivity between the ATL
ROI and the rest of the brain, and the IFG ROI and the rest of
the brain, respectively. [Color figure can be viewed at wileyonli-
nelibrary.com]

investigated the fMRI results obtained in our earlier study
[Jastorff et al., 2015]. In that study, healthy volunteers
observed prototypical neutral and emotional (angry, hap-
py, fearful and sad) stimuli in the fMRI scanner in an
event-related design. The stimuli were identical to the pro-
totypes used to generate the morphed stimuli in the pre-
sent study. Using the ATL and IFG as a priori regions of
interest (ROIs), we investigated whether the multi-voxel
fMRI response pattern within these ROIs contained suffi-
cient information to reliably discriminate between emo-
tional and neutral stimuli or between the four emotional
stimuli. This was accomplished by means of SVM, trained
on 2/3 of the data and tested with the remaining 1/3 (see
Methods). ROIs were back-projected to each subjects’
native space for analysis.

Figure 6A,B shows classification results for emotional
and neutral stimuli in the ATL and IFG, respectively. For
this classification, all emotional stimuli were treated as one
category and the SVM was trained to discriminate the
fMRI response patterns obtained for those stimuli from
those of the neutral stimuli. Classification performance
was almost perfect in the ATL (A) and reached 83% cor-
rect in the IFG ROI. Both ROIs contained information to
reliably discriminate between neutral and emotional stim-
uli, as determined by permutation testing with 1,000 per-
mutations (both P <0.001, chance level: 50%). Panels C
and D illustrate the classification performance when the
SVM was trained to discriminate between the four emo-
tion categories. Here, average classification performance
for the ATL was not significantly better than chance level
(P=0.07). In contrast, average classification performance
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Figure 6.
Classification performance levels of the ATL ROI (A, C) and the
IFG ROI (B, D) discriminating emotional and neutral stimuli and
identifying the four emotions in young healthy volunteers. [Col-
or figure can be viewed at wileyonlinelibrary.com]

in the IFG was highly significant (P < 0.001, chance level in
both cases 25%).

Taken together, classification results obtained from rean-
alyzing fMRI data obtained in an earlier study confirmed
our hypothesis inspired by the patient data. Whereas the
fMRI signal in both areas contained information that could
discriminate emotional from neutral stimuli, only the ven-
tral premotor cortex also contained information capable of
categorizing the four different emotions.

DISCUSSION

The main goal of our study was to investigate the contri-
butions of regions involved in emotion processing to emo-
tion detection and emotion categorization from dynamic
body expressions. To this end, we studied behavioral per-
formance for emotion detection and categorization in
bvFTD patients, who exhibited significant gray matter atro-
phy in several of the anterior brain regions involved in
emotion processing. Such regions included the dorsolateral
prefrontal cortex, ventral striatum, hippocampus, insula,
amygdala, anterior cingulate cortex, and the ATL. In agree-
ment with earlier studies, patients were found to be

impaired in emotion processing compared to controls (see
Kumfor and Piguet, 2012 for review). Interestingly, this
impairment was more pronounced for emotion categoriza-
tion than for detection per se. In the following section, we
will discuss our results for the two tasks independently and
subsequently summarize the implications for emotion proc-
essing in general and with respect to bvFTD in particular.

Emotion Detection

Gray matter volumes in the left ATL correlated with
individual emotion detection performance in bvFID
patients. That is, the more sensitive a patient was in detect-
ing an emotion, the less atrophy his/her left ATL pre-
sented. Consistent with the general pattern of atrophy in
bvFID, the ATL averaged significantly less gray matter
than controls. Our results also showed reduced resting-
state connectivity between the ATL and middle temporal
regions, between ATL and IFG, and between ATL and
medial orbito-frontal cortex in these patients. Whereas
altered resting-state connectivity within the salience,
default mode, and fronto-parietal network has been
reported in the case of bvFTD [Filippi et al., 2013; Whitwell
et al., 2011; Zhou et al., 2010], no study specifically investi-
gated altered connectivity with the ATL in bvFTD. None-
theless, the reduced connectivity of the ATL with sensory
areas, motor association regions and areas involved in
decision-making observed in our study, matches well with
its anatomical connections. The ATL is connected to middle
and posterior temporal cortex through the inferior longitu-
dinal fasciculus, providing access to a wide variety of pri-
marily visual and auditory information. Moreover, it is
closely connected to the amygdala and medial orbito-
frontal cortex through the uncinate fasciculus and to lateral
prefrontal cortex through the inferior fronto-occipital fascic-
ulus [Blaizot et al., 2010; Morecraft et al., 1992; Thiebaut de
Schotten et al., 2011]. This connectivity pattern establishes
the ATL as an important node within a network often
referred to as the mentalizing network or “social brain,”
that allows us to make predictions about people’s actions
based on their mental states [Frith, 2007].

Numerous neuropsychological studies support the role
of the ATL in social behavior. Bilateral resection of anteri-
or temporal cortices in monkeys led to withdrawal and
inappropriate responses to social behaviors of other mon-
keys [Franzen and Myers, 1973]. bvFID patients having
only limited frontal damage still exhibit social behavioral
changes such as lack of empathy, social awkwardness or
disinhibition [Edwards-Lee et al., 1997, Liu et al., 2004;
Miller et al.,, 2003; Rankin et al., 2005]. Patients with
semantic dementia, the variant of FTD that is associated
with mainly temporal atrophy, exhibit important social
cognitive deficits on verbal as well as non-verbal tasks
[Duval et al., 2012; Kumfor et al.,, 2016]. Although right
temporal variant FTD has been proposed as a distinct sub-
type characterized by personality change and
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inappropriate behaviors [Chan et al., 2009; Josephs et al.,
2009], left-sided anterior temporal hypo-perfusion and
atrophy in FTD has been associated with interpersonal
changes and specific emotion recognition deficits as well
[Kumfor et al., 2013; McMurtray et al., 2006]. Also, patients
with ATL epilepsy have problems with identifying facial
expressions and attributing mental states to others [Amler-
ova et al.,, 2014; Wang et al., 2015].

Among other tasks, the ATL is frequently activated in
neuroimaging experiments involving emotion processing
(see Olson et al., 2007 for review). In our earlier study testing
healthy participants [Jastorff et al., 2015], the left ATL
showed the highest correlation between fMRI activation and
emotion sensitivity. In this study, participants performed a
behavioral task identical to that in the current study and
subsequently viewed the same stimuli in the MRI scanner.
Analogous to the present study, the more sensitive a partici-
pant was in detecting an emotion in the behavioral task, the
higher the fMRI activation for emotional compared to neu-
tral stimuli proved to be in the left ATL. Even though the
relationship between cortical thickness and fMRI signal is
not straightforward [Hegarty et al., 2012], reanalysis of our
2015 data showed that the ATL ROI determined in the pre-
sent study, located slightly more anterior than in our earlier
study, contained information sufficient to reliably discrimi-
nate between emotional and neutral stimuli in healthy vol-
unteers. The mentalizing system has been implicated in
tasks requiring an understanding of why a person behaves
in a particular way [Spunt and Lieberman, 2012]. The fact
that participants in our studies were not required to inte-
grate action and context shows ATL is also involved in a
more general processing of social stimuli.

Emotion Categorization

Gray matter volume in the left posterior IFG correlated
significantly with individual APs for emotion categoriza-
tion in bvFTD patients. The more sensitive the patient was
in identifying the emotion presented, the less atrophic his/
her IFG gray matter was found to be. Interestingly, even
though average gray matter volume was reduced, it was
not significantly lower than in controls. Nevertheless, the
left IFG showed reduced resting state connectivity with
the anterior insula, the amygdala and the ATL in bvFTD
patients, mainly contralaterally. This fits with the reported
connectivity pattern, showing that the base of the opercu-
lar part of the IFG is connected to the limbic system
[Anwander et al., 2007], whereas the lateral components
are connected to the superior frontal gyrus, parietal and
posterior temporal regions [Bernal et al., 2015].

The posterior IFG is part of ventral premotor cortex,
including BA44 and the ventral aspect of BA6. This region
has been implicated in language functions such as seman-
tic retrieval [Binder et al., 2009]. With respect to emotion
perception, language might help to acquire and use emo-
tion concept knowledge by binding different sensorimotor

representations of a single emotion. Thus, two different
representations of the same emotion category might be
linked by one common label [Borghi and Binkofski, 2014;
Lindquist et al., 2015].

Conversely, the IFG is also presumed to house “mirror
neurons” [Rizzolatti and Sinigaglia, 2010]. In the monkey,
these neurons become active when the monkey performs a
particular movement, as well as when he observes that same
movement. This holds true not only for manual actions [Gal-
lese et al., 1996] but also for communicative actions such as
lip smacking [Ferrari et al., 2003]. Furthermore, it has recent-
ly been shown that mirror neurons in monkey ventral pre-
motor cortex are modulated by social cues such as gaze
direction [Coude et al., 2016]. Human fMRI experiments
report ventral premotor cortex activation for the visual pre-
sentation and imitation of emotional facial expressions
[Leslie et al., 2004; Wicker et al., 2003] and have suggested
that it acts as a relay station for observed movements to lim-
bic areas [Carr et al., 2003]. Moreover, Shamay-Tsoory et al.
[2009] showed that patients with lesions in the IFG are selec-
tively impaired in emotional empathy. The proposed link
between observation and execution in the ventral premotor
cortex has culminated in the theory of embodied simulation,
a mechanism that may allow us to directly decode the emo-
tions and sensations experienced by others [Bastiaansen
et al., 2009; Gallese, 2007].

Average gray matter volume in the left IFG of our popu-
lation of bvFTD patients was not significantly reduced
compared to controls. This agrees with previous findings
indicating a correlation between gray matter volume and
emotion-matching in the left IFG of bvFTD patients [Van
den Stock et al., 2015] and reduced fMRI activation for
emotional faces in the same region of patients with Alz-
heimer’s disease [Lee et al., 2013]. In both cases, gray mat-
ter volume of the left IFG was not significantly reduced
compared to controls. A possible interpretation here is
that, apart from reduced functionality in the area itself,
altered communication between the IFG, coding motor
information, and the anterior insula, receiving affective
information from the rest of the insula and the limbic sys-
tem, leads to behavioral impairments in emotion categori-
zation. This possibility fits well with our observed reduced
resting state connectivity between IFG and anterior insula,
amygdala, and ATL. Thus, our results are in line with the
hypothesis that nominally motor regions also play an
important role in emotion perception.

Functional Implications

Our results showed dissociation between brain regions
primarily involved in emotion detection and emotion cate-
gorization, providing support for the existence of two
processing streams for the analysis of emotional body
expressions. The first may involve regions of the social
brain, with the left ATL playing an important role in rep-
resenting and retrieving social knowledge. This route may
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provide an intuitive feeling that could be used to infer, for
example, the valence or the level of arousal induced by the
stimulus. The second pathway may recruit regions of the
action observation network for precise analysis of the move-
ment pattern and for subsequent integration of this informa-
tion with the limbic system. This analysis may help to
discriminate between different emotions with similar valen-
ces. Enhanced communication between the IFG and the
ATL during social inference has been previously described
[Spunt and Lieberman, 2012]. Dissociation between ATL
and IFG is also supported by our functional imaging results
from young, healthy controls. Whereas the ATL almost per-
fectly distinguished between emotional and neutral stimuli,
but did not contain information sufficient to discriminate
between emotions, the IFG ROI performed significantly
above chance in both tasks. In young, healthy participants,
with intact communication between the two processing
streams, APs for emotion detection and emotion categoriza-
tion were highly correlated [Jastorff et al., 2015]. This
implies that when healthy participants judged a stimulus as
emotional, they were generally correct in identifying the
emotion. While this was also the case for our control popula-
tion in the present study (7 = 0.67), emotion detection and
emotion categorization APs did not correlate significantly in
bvFTD patients (r = 0.37). This, together with the finding of
reduced resting-state connectivity between ATL, limbic
regions and IFG, may indicate that communication between
the two streams is impaired in the case of bvFTD. Support
for this interpretation comes from a study by Virani et al.
[2013], reporting reduced functional fMRI activation in
bvFTD patients compared to controls in the IFG, insula and
amygdala for viewing emotional facial expressions.

Interestingly, our behavioral data showed that bvFTD
patients were less impaired for emotion detection than for
emotion categorization. This result suggests that bvFTD
patients may be able to detect that the other person is in
some kind of emotional state, but have difficulties correctly
identifying exactly what state it is. Nevertheless, this inter-
pretation should be taken with caution, as our method of
single stimuli used to determine perceptual sensitivity does
not allow us to investigate a possible response bias. Howev-
er, our finding is in line with Lavenu et al. [1999], who
noticed that FTD patients were able to detect an emotional
face when shown next to a neutral one; however, patients
were strongly impaired when they had to label the emotion.
A similar dissociation was also reported by Lindquist et al.
[2014] in the case of semantic dementia. The fact that the
ATL was significantly atrophic in our patient sample,
whereas the IFG was not, might indicate a possible compen-
sation mechanism in the IFG, also containing information
for emotion detection in healthy volunteers.

Possible Limitations

We would like to mention that our results should be
interpreted with some degree of caution because of the
small sample size. Nevertheless, given the behavioral
symptoms of bvFITD patients, many of the studies

investigating emotion processing in FTD rely on sample
sizes between 6 and 13 patients, even fewer than the 14
participants tested here [Bediou et al., 2009; Fernandez-
Duque and Black, 2005; Keane et al., 2002; Kessels et al.,
2007; Rosen et al., 2002; Snowden et al., 2008; Zhou et al.,
2010].

The atrophy pattern in our patient sample indicates
strong temporal rather than frontal atrophy. This may
reflect the possibility that temporal dominant bvFTD
patients [Whitwell et al., 2009] are more likely to comply
with requirements related to imaging protocols. This limi-
tation may have led to an inclusion bias with a higher pro-
portion of temporal dominant bvFTD patients.

Conclusion

In conclusion, our results indicate that the mentalizing
network as well as the action observation network are
involved in processing emotional body expressions and
that both networks perform distinct tasks in such opera-
tions. In the case of bvFTD, communication between the
two pathways seems to be reduced, which might be one
deficit underlying the behavioral symptoms observed in
this disease.
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