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Affective Theory of Mind (ToM), an important aspect of ToM, involves the understanding of affective mental states. This ability is critical in the
developmental phase of adolescence, which is often related with socio-emotional problems. Using a developmentally sensitive behavioral task in
combination with functional magnetic resonance imaging, the present study investigated the neural development of affective ToM throughout adoles-
cence. Eighteen adolescent (ages 12–14 years) and 18 young adult women (aged 19–25 years) were scanned while evaluating complex affective mental
states depicted by actors in video clips. The ventromedial prefrontal cortex (vmPFC) showed significantly stronger activation in adolescents in com-
parison to adults in the affective ToM condition. Current results indicate that the vmPFC might be involved in the development of affective ToM
processing in adolescence.
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Theory of Mind (ToM), the ability to infer others’ mental states

(Perner, 1991; Frith and Frith, 2003) can be divided into: (i) cognitive

ToM encompassing inferences about ‘cold’ mental states such as in-

tentions and beliefs and (ii) affective ToM encompassing inferences

about ‘hot’ mental states, that is, emotions (Shamay-Tsoory et al.,

2010). Well-functioning skills of both ToM aspects are much needed

in the developmental period of adolescence (Steinberg and Morris,

2001). Surprisingly, studies have only recently begun to shed light on

the development of cognitive and affective ToM across adolescence

(Blakemore, 2008). Ongoing refinement of cognitive and affective

ToM across adolescence was indicated by first studies, mostly in reac-

tion time (RT) measures (Choudhury et al., 2006; Keulers et al., 2010).

An improvement in accuracy was demonstrated on both cognitive and

affective ToM within the same sample of adolescents (Vetter et al.,

2012). Moreover, this study suggested greater age differences between

adolescents and adults for affective ToM compared with cognitive

ToM. This finding together with previous developmental studies indi-

cates an extended developmental trajectory of affective ToM in con-

trast to cognitive ToM (e.g. Baron-Cohen et al., 1999). Conceptually,

affective ToM seems to be particularly complex requiring the integra-

tion of both cognitive ToM and empathy. Therefore, and while previ-

ous neural studies have largely focused on the development of

cognitive ToM (for a review, see Blakemore, 2008), the current study

focused on the development of affective ToM in adolescence. The

‘Faces test’ (Golan et al., 2006), a developmentally sensitive paradigm

(Vetter et al., 2012, 2013) presenting complex emotional mental states

was employed. By using this ecological valid measure of affective ToM

development in adolescence, the current functional magnetic reson-

ance imaging (fMRI) study investigated the neural basis of affective

ToM development across adolescence.

The adult neural ToM network (Van Overwalle, 2009) has consist-

ently been shown to comprise the posterior superior temporal sulcus

(pSTS; Puce et al., 1998), the temporal pole (TP; Frith and Frith, 2003)

and the temporo-parietal junction (TPJ; Saxe and Kanwisher, 2003).

These regions have also been confirmed for affective ToM (Hynes

et al., 2006; Völlm et al., 2006; Sebastian et al., 2012).

Another important ToM region is the medial prefrontal cortex

(mPFC; Van Overwalle, 2009; Abu-Akel and Shamay-Tsoory, 2011).

With respect to affective ToM, especially the ventromedial PFC

(vmPFC) has been observed. Strongest evidence comes from findings

of vmPFC-lesioned patients showing deficits specifically for affective

ToM. Concurrently, these patients appear to be impaired on recogniz-

ing affective mental states such as emotions (Heberlein et al., 2008), a

faux pas or irony (Stone et al., 1998; Shamay-Tsoory et al., 2006;

Shamay-Tsoory and Aharon-Peretz, 2007). Corroborating these find-

ings anatomically, the vmPFC has strong connections with affect-pro-

cessing regions such as the amygdala (Bandler et al., 2000; Price, 2007).

However, functional neuroimaging studies appear to support the im-

portance of vmPFC for affective ToM only partly. Whereas Hynes et al.

(2006) found differential vmPFC activity for affective ToM, other au-

thors observed activity in the dorsomedial PFC (dmPFC; Völlm et al.,

2006) or a cluster reaching from dorso- to ventromedial PFC

(Sebastian et al., 2012).

Regarding developmental findings on affective ToM processing, re-

sults of brain regions showing a stronger activation in adolescents in

comparison to adults are 3-fold: while one study observed dmPFC

involvement (Wang et al., 2006), another found both the dmPFC

and the vmPFC (Gunther Moor et al., 2012) and a third one observed

an activation of the vmPFC (Sebastian et al., 2012). Moreover, add-

itional regions were found such as the right pSTS (Wang et al., 2006)

or the right TP (Gunther Moor et al., 2012). Thus, until now, there is

no clear-cut picture as to which neuronal structures underlie the con-

tinued development of affective ToM.

Heterogeneous findings of the aforementioned developmental stu-

dies might be due to three possible reasons. First, studies investigated
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different aspects of affective ToM, requiring more or less putting one-

self into other’s emotional shoes (i.e. empathy). Wang et al. (2006)

asked whether statements were meant sincere or ironic in cartoons,

which might require less empathy and instead rather perspective

taking, that is, cognitive ToM. In contrast, in vignettes, participants

had to choose the correct reaction of one character to her companion’s

affective state (Sebastian et al., 2012), which might require more

empathy. In eye regions, participants needed to evaluate the correct

affective expression probably also requiring more empathic processes

(Gunther Moor et al., 2012).

Second, studies rather employed children’s tasks, which may not be

performance sensitive for adolescents. For example, Wang et al. used a

children’s task and found ceiling effects in accuracy. Supporting this

notion, significant behavioral differences were only observed in

Sebastian et al. using more complex social material: adolescents per-

formed lower than adults in the vignette paradigm.

Third, another reason for the heterogeneous results for neural affect-

ive ToM development seems to be large differences between investigated

age spans: while Wang et al. (2006) included 9- to 14-year olds,

Sebastian et al. (2012) investigated 11- to 16-year-old adolescents.

Thus, these studies recruited adolescent groups with a wide age range

of 5 years. However, it is desirable to trace developmental changes in

narrow age ranges given the gross developmental changes in brain struc-

ture observed during adolescence (Giedd, 2008). This was done by

Gunther Moor et al. (2012) who differentiated between early (10–12

years) and middle adolescents (14–16 years) in narrow age clusters.

The current study aimed at extending previous findings by address-

ing these challenges. First, the affective ToM paradigm required more

robust empathy skills because it assesses the ability to evaluate subtle

mental states in realistic video clips. Second, this paradigm is develop-

mentally sensitive since performance differences in adolescents and

adults have been shown (Vetter et al., 2013). Moreover, the method

of performance matching was applied. Controlling for performance

systematically has become a demand of neurodevelopmental studies

(Schlaggar et al., 2002; Church et al., 2010). Otherwise, it is unclear

whether neural differences are due to age or just due to performance

differences (Ernst and Mueller, 2008). Adolescent participants were

matched to adults with similar performance leading to comparable

performance across age groups (e.g. Schlaggar et al., 2002). Although

in other developmental areas, performance matching has been em-

ployed successfully (Schlaggar et al., 2002; Braet et al., 2009), to our

knowledge, the current study is the first in the area of developing ToM

employing a performance-matching strategy. Third, narrow age ranges

for both the adolescent (12–14 years) and the adult group (19–25

years) were chosen. By using a developmentally sensitive affective

ToM paradigm requiring empathy in narrow age groups and by

using a performance-matching procedure, the aim of the current

fMRI study was to further explore age-related changes in functional

activity associated with affective ToM processing in adolescence rela-

tive to adulthood. We hypothesized to find a stronger vmPFC activa-

tion in adolescents in comparison to adults because the vmPFC might

be most sensitive for affective ToM development as indicated by lesion

studies and first developmental studies.

METHODS

Participants

Originally, 32 adolescent and 20 adult female volunteers were recruited

via flyers (preuniversity education and undergraduate university stu-

dents). We measured only females since structural and functional brain

development is related to gender (Giedd, 2008). Adolescents received

monetary compensation and university students participated for

course credit. Informed consent was obtained from each participant

and additionally for adolescents from one of their legal guardians. The

study was approved by the local ethics committee. Three adolescents

and one adult were excluded due to excessive movement and one

adolescent and one adult due to technical problems. This resulted in

28 adolescent and 18 adult participants with no record of neurological

or psychiatric illness. All participants were right handed, as assessed by

the Edinburgh Handedness Inventory (Oldfield, 1971), spoke German

as their first language and had normal or corrected to normal vision.

Performance in terms of accuracy in the affective ToM condition dif-

fered significantly across groups, t(44)¼�2.76, P < 0.01; meanadoles-

cents¼ 79.83, s.d.adolescents¼ 10.58; meanadults¼ 87.27, s.d.adults¼ 5.24.

In order to achieve equal performance on the affective ToM task in

both groups, adolescents with the highest performance in the affective

ToM task were chosen to match performance of the adult age group

(Table 1). The performance-matched groups contained 18 adolescents

(range 12.07–14.61 years) and 18 adults (range 19.1–25.77 years;

Table 2). According to the Pubertal Development Scale (Petersen

et al., 1988) used in a German version (Watzlawik, 2009), 22.2%

(n¼ 4) of the adolescent sample was midpubertal and 77.7%

(n¼ 14) late pubertal, which is in line with findings by Watzlawik.

Given the small group of midpubertal adolescents, we did not inves-

tigate neural changes due to pubertal status, which could be aimed at

in future studies. Groups did not differ with respect to socioeconomic

status and age-corrected verbal and non-verbal abilities (Table 2).

Stimuli, design and procedure

We developed an affective ToM task adapted from the ‘facial scale’ of the

Cambridge Mindreading Face-Voice Battery (Golan et al., 2006) and

added a physical control task. The facial scale has been employed be-

haviorally with adolescents of the target age group to ensure that it

covered the dynamic range of performances in the adolescent group

(Vetter et al., 2013). Silent film clips of different actors expressing

mental states in the face and torso (from the shoulders upward) were

presented (Figure 1). In the affective ToM task, participants were in-

structed to choose the adjective that best describes the actor’s mental

state out of four affective adjectives. Different target and distractor ad-

jectives were used for each film clip. Examples of adjectives are resentful,

uneasy and subdued. In the physical control task, participants were in-

structed to report on either the color of the actor’s T-shirt, hair or skin.

Each correctly solved film clip yielded one point, resulting in a max-

imum raw score of 48 for the affective ToM; respectively, the physical

control condition. Performance at chance would be a raw score of 12.

Forty-eight film clips were shown once for the affective ToM and the

same 48 film clips were shown once for the physical control task. In the

physical control condition, each question (color of T-shirt, hair or

skin) was given 16 times. The film clips were controlled systematically

in terms of gender and age group of the actor; there were three age

groups (adolescents, young adults, middle- to old-aged adults) so that

16 actors (8 females and 8 males) per stimulus age group were de-

picted. The film clips were presented in a pseudorandom order to

assure that an individual film clip was not immediately repeated.

Each trial (Figure 1) began with the instruction screen displayed for

1.5 s consisting of a cue word (‘emotion’ for the affective ToM condi-

tion, respectively, ‘body’ for the physical control condition). The cue

word ‘body’ signaled to concentrate on the three physical features of

the person leaving open which physical component would be de-

manded until the choice screen, that specified the question, was pre-

sented. This was to assure that the participant concentrated on the film

clip continuously since she had to consider three different features.

After the instruction screen, exponentially jittered interstimulus inter-

vals (ISIs) were employed varying randomly from 2 to 6 s (Serences,

2004). This enabled the separation of the neural response of the
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instruction from that of the film clip. The ISI was followed by the film

clip lasting 5.5 s and by the choice screen presented for 6.5 s. During

the presentation of the choice screen, the participant gave an answer

via button press. After the button press, participant’s choice was high-

lighted with a color change of the selected word, which remained col-

ored until the end of the 6.5 s period. There was no feedback given to

the participant. Each trial varied from 15.5 to 19.5 s and the whole

functional run lasted about 30 min. Behavioral data were collected by

ResponseGrips (�NordicNeuroLab) with two buttons for each hand.

The correct response alternative was equally distributed among the

buttons. Task presentation and recordings of the behavioral responses

were performed using Presentation� software (version 11.1,

Neurobehavioral Systems, Inc., Albany, CA, USA).

The scanning session was preceded by a short introductory session

outside the scanner, followed by a practice session inside the scanner

(including eight additional film clips not included in the main task). In

addition, adolescent participants were made familiar with the scanning

environment by use of a mock scanner (Galvan et al., 2012). A hand-

out was provided before the scan containing all affective adjectives to

ensure that they were known to the participants. Participants were

instructed to report if they did not know any of them. The experi-

menter then gave standardized definitions.

Moreover, partial trials (Ollinger et al., 2001) were employed for

separately estimating the hemodynamic response to neural events

occurring in a fixed sequence (i.e. film clip followed by the choice

screen). Therefore, six additional film clips followed by a fixation

cross, presented twice per condition were employed. However, analysis

concentrated on the film clip.

Statistical analysis of behavioral data

Statistical analyses were performed using SPSS for Windows (Version

18) applying mixed model repeated measures ANOVAs with a 2� 2

factorial design: age group (adolescents, adults) as the between-subjects

factor and condition (affective ToM, physical control) as the within-

subjects factor. The percentage of correct responses and the RTs were

used as the dependent variables and a threshold of P < 0.05 was

applied.

Functional imaging

Image acquisition

Scanning was performed with a 3 T whole-body MR tomograph

(Magnetom TRIO, Siemens, Erlangen, Germany) equipped with a

12-channel head coil. For functional imaging, a standard echo planar

imaging sequence was used (TR: 2410 ms; TE: 25 ms; flip angle: 808).

fMRI scans were obtained from 42 transversal slices, tilted up 308
clockwise from the anterior commissure–posterior commissure line

to improve signal in the orbitofrontal cortex and minimize suscepti-

bility artifacts. A thickness of 2 mm (1 mm gap), an field of view (FOV)

of 192� 192 mm and an in-plane resolution of 64� 64 pixels resulted

in a voxel size of 3� 3� 3 mm. Only marginal sections of the most

superior part of the parietal cortex and the most inferior part of the

cerebellum were omitted for subjects with a larger brain that did not fit

into the field of view. All ToM relevant regions such as the TPJ were

included. Moreover, a 3D T1-weighted magnetization prepared rapid

acquisition gradient echo (MPRAGE) image data set was acquired (TR:

1900 ms; TE: 2.26 ms; field of view (FOV): 256� 256 mm; 176 slices;

1� 1� 1 mm voxel size; flip angle¼ 98). Images were presented via

magnet-compatible goggles (VisuaStimTM, Resonance Technology,

CA, USA or Nordic Neurolab, Bergen, Norway).

fMRI data analysis

Functional images were preprocessed and statistically analyzed using

SPM 8 (Wellcome Department of Imaging Neuroscience, London,

UK). For each participant, functional images were first slice-time cor-

rected by using the middle slice as reference, then realigned to the

mean image by 68 rigid spatial transformation (Friston et al., 1995),

spatially normalized (Ashburner and Friston, 1999) to the standard

space defined by the Montreal Neurological Institute (MNI) template

and smoothed with a Gaussian kernel of 8 mm at full-width half max-

imum. Adolescents and adults did not differ regarding movement

parameters.

In the Erst-level analysis, a Exed effects analysis was computed for

each subject on the basis of the general linear model (GLM) within

each voxel of the whole brain. The analysis focused on amplitude

changes in the hemodynamic response function associated with affect-

ive ToM processing in the experimental film clip condition contrasted

with processing physical appearance in the control film clip condition

(Figure 1). We did not examine activation during choice because it

might be confounded by motor activation and reading/mere choice

processes. The GLM included as the main regressor of interest the film

clip in the two conditions modeled with its duration of 5500 ms. In

addition, the instruction period was modeled with 1500 ms as a regres-

sor of no interest. Furthermore, the response phase was split into

three separate regressors of no interest. This enabled to estimate the

underlying psychological processes more accurately since they were

assumed to differ. These regressors comprised the choice screen

(duration¼RT), the button press (event with no duration) and the

color change of choice feedback (duration¼ 6500 ms minus RT). All

regressors were modeled as boxcar functions convolved with a canon-

ical hemodynamic response function (except the button press modeled

as a stick function). Additionally, six subject-specific movement regres-

sors were included as covariates of no interest. Each component of the

model served as a regressor in a multiple regression analysis. A high-

pass filter with cut-off 128 s for removing low-frequency physiological

Table 2 Means (s.d.’s) for sample characteristics

Adults Adolescents
N¼ 18 females N¼ 18 females Age group comparison

Mean (s.d.) Mean (s.d.) t P

Age 21.24 (1.55) 13.7 (0.77)
Verbal ability 14.67 (2.22) 13.89 (2.11) �1.08 0.29
Non-verbal ability 11.94 (1.62) 12.11 (2.03) 0.27 0.79
Socioeconomic status 15.39 (3.78) 14.08 (5.11) �0.87 0.39

Verbal and non-verbal ability were measured with the subtests of the Wechsler Adult Intelligence Scale
for adult participants (German adaptation; von Aster et al., 2007) and the Wechsler Intelligence Scale For
Children for adolescent participants (WISC-IV, German adaptation; Petermann and Petermann, 2007). For
both verbal and non-verbal ability, scores are age corrected (mean¼ 10, s.d.¼ 3). Calculation of
socioeconomic status included parents’ school education, professional education, recent professional
status and family income following the procedure suggested by Winkler and Stolzenberg (2009). Scores
for mothers and fathers were averaged into a family-based measure of socioeconomic background. The
score ranges from 3 to 21 with higher values indicating higher socioeconomic status.

Table 1 Means (s.d.’s) for percentage of correct responses and RTs

Mean (s.d.)

Adults, N¼ 18 females Adolescents, N¼ 18 females

Percentage correct
Affective ToM 87.27 (5.24) 85.53 (5.55)
Physical control 88.08 (6.5) 84.37 (3.93)

RT
Affective ToM 2517 (301) 2649 (398)
Physical control 1810 (190) 1971 (201)

RT is given in milliseconds for correct-only trials. Groups did not differ on percentage of correct
responses or RT.
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noise and an AR(1) model for the residual temporal autocorrelation

were employed (Henson, 2006). Statistical parametric maps (SPMs)

were generated for each subject by t-statistics derived from contrasts

utilizing the HRF. Three contrasts of interest were computed within

each subject: affective ToM minus baseline (Contrast 1), physical con-

trol minus baseline (Contrast 2) and affective ToM minus physical

control (Contrast 3). The Erst-level contrast images from the weighted

beta images were introduced into second-level whole-brain random-

effects analysis to allow for population inference.

In order to investigate the main effect of condition, an ANOVA was

computed using a 2� 2 flexible factorial model1 with the factors group

(adolescents, adults) and condition (using Contrasts 1 and 2). A sub-

ject factor was used in the flexible factorial model. The resulting set of

signiEcant voxel values constituted an SPM map. The SPM maps were

thresholded at P� 0.001 (uncorrected voxel level). We report regions

that survive a threshold of P� 0.05 (corrected for multiple tests on the

cluster level). All brain coordinates are reported in MNI atlas space.

We followed three streams of analysis: first, related to our hypoth-

esis, we analyzed the vmPFC and dmPFC, which have previously most

robustly shown developmental effects in affective ToM studies. We

expected to find clusters of vmPFC and dmPFC in the main effect of

condition. We analyzed these clusters for a significant group (adoles-

cents, adults)� condition (affective ToM, physical control) inter-

action. Second, we analyzed the regions of interest (ROIs) of TP and

pSTS, which have shown age effects for affective ToM in Wang et al.

(2006) and Gunther Moor et al. (2012) for interaction of group by

condition. Third, we computed a whole-brain SPM and analyzed the

interaction of group by condition.

In detail, we explored the response profile of the resulting clusters of

vmPFC and dmPFC from the main effect of condition (affective

ToM > physical control). Therefore, masks of these clusters were created.

Applying these masks percent-signal change was extracted with rfxplot

(Glaescher, 2009). We calculated an ANOVA (condition� group) of the

percent-signal change values in the vmPFC and dmPFC cluster.

We further converted the pSTS peak voxel of Wang et al. from

Talairach (x, y, z¼ 42, �44, 16) to MNI space (x, y, z¼ 47, �45, 17)

using the Tal2ICBM function (Lancaster et al., 2007). Then, we used

the peak voxels of the pSTS and the TP (x, y, z¼ 33, 12, �30; Gunther

Moor et al.) and built a 10 mm sphere around it to analyze interaction

of condition� group in the main effect of condition.

RESULTS

Behavioral results

Behavioral results are displayed in Table 1. Regarding response accur-

acy, the ANOVA revealed no main effects of condition

[F(1,34)¼ 0.029, P¼ 0.87] or group [F(1,34)¼ 3.37, P¼ 0.08] and

no significant group by condition interaction [F(1,34)¼ 0.94,

P¼ 0.34]. For RTs, the ANOVA showed no main effect of group

[F(1,34)¼ 3.17, P¼ 0.08] and no significant group by condition inter-

action [F(1,34)¼ 0.09, P¼ 0.77]. However, there was a significant

main effect of condition [F(1,34)¼ 211.61, P < 0.001]. Post hoc t-tests

revealed that this was driven by slower RTs in the affective ToM con-

dition compared with the physical control condition [t(35)¼ 14.74,

P < 0.001] across both groups.

fMRI results

Main effect of condition

There was no main effect of group in the full factorial model. The

main effect of condition for affective ToM > physical control revealed

activity across both groups in bilateral TPJ/pSTS, extending from

middle to anterior STS and to the TP (Table 3). Furthermore, the

inferior frontal gyrus, the ventral striatum, the superior frontal

gyrus, the parahippocampal gyrus extending to the amygdala, the

cuneus and the cerebellum were activated bilaterally. Additionally,

the left thalamus was activated. Importantly, both the vmPFC and

dmPFC were activated.

Percent-signal change of clusters vmPFC and dmPFC from the
main effect of condition. Percent-signal change analysis of the

vmPFC mask obtained from the main effect of condition revealed a

significant interaction of condition by group, F(1,34)¼ 9.83, P < 0.01,

Figure 2. Post hoc t-tests revealed that the interaction was driven by the

adolescent group, showing significantly more activation during the

affective ToM relative to the physical control condition, t(17)¼ 6.14,

P < 0.001, while adults’ activation in this area did also differ between

conditions but less strongly, t(17)¼ 2.53, P < 0.05, Figure 2.

Furthermore, a significant difference of affective ToM between adults

and adolescents emerged: adolescents showed more activation in the

affective ToM condition than adults, t(34)¼ 3.51, P < 0.01, Figure 2.

There was no difference between adults’ and adolescents’ vmPFC ac-

tivation for physical control, t(34)¼ 0.73, P¼ 0.47. The percent-signal

change analysis in the dmPFC cluster showed that the interaction of

condition by group was not significant, F(1,34)¼ 0.003, P¼ 0.95,

Figure 2.

Fig. 1 Example trials for the affective ToM and the physical control condition.

1 We decided to use the full factorial model instead of the flexible factorial model for the main effect of group

because the error term might be incorrect for the group effect in the flexible factorial model (see SPM Mailinglist in

June 2009 or January 2010, see also Donald McLarren’s Poster on this issue: http://www.nmr.mgh.harvard.edu/

martinos/publications/posters/HBM-2011/HBM11-McLaren.pdf).

Adolescent affectiveToM SCAN (2014) 1025

http://www.nmr.mgh.harvard.edu/martinos/publications/posters/HBM-2011/HBM11-McLaren.pdf
http://www.nmr.mgh.harvard.edu/martinos/publications/posters/HBM-2011/HBM11-McLaren.pdf


To directly test the differential involvement of the vmPFC and

dmPFC in the development of affective ToM, we conducted a three-

factorial ANOVA on the percent-signal change values with factors

region (vmPFC, dmPFC), group (adolescents, adults) and condition

(affective ToM, physical control). This revealed a significant main

effect of region, F(1,34)¼ 47.33, P < 0.001, arising from the higher

activation of dmPFC across groups and conditions. Importantly, it

also revealed a significant region by condition by age group inter-

action, F(1,34)¼ 5.28, P < 0.05, arising from the difference of regions

between groups only in the affective ToM condition.

Table 3 Functional activity associated with the main effect of condition (affective ToM vs physical control)

Brain region L/R BA Peak voxel (mm) t-value Cluster corrected P-value Cluster size

x y z

vmPFC L 11 0 40 �18 6.39 0.013 183
dmPFC L 9 �8 58 32 5.92 0.007 218
Inferior frontal gyrus L 47 �48 26 �4 15.74 <0.001 14 606

R 45 58 26 12 8.71 Part of same cluster
TP L 38 �48 14 �26 11.81 Part of same cluster

R 38 48 14 �32 10.73 Part of same cluster
Anterior STS L 21 �58 0 �16 10.84 Part of same cluster

R 21 54 4 �22 10.32 Part of same cluster
Middle STS R 22 48 �36 2 10.46 Part of same cluster

L 22 �56 �40 4 8.16 Part of same cluster
TPJ/pSTS L 21 �60 �48 8 10.56 Part of same cluster

R 22 64 �50 12 6.76 Part of same cluster
Parahippocampal gyrus L 28 �22 �14 �14 7.01 Part of same cluster

R 28 20 �16 �16 6.53 Part of same cluster
Ventral striatum L �10 6 9 7.59 Part of same cluster

R 14 10 0 6.64 Part of same cluster
Thalamus L �2 �6 8 8.55 Part of same cluster
Fusiform gyrus L 36 �42 �38 �20 5.79 0.045 110
Cuneus/lingual gyrus R 17 20 �92 �4 7.79 <0.001 591
Cerebellum R 26 �86 �36 10.94 <0.001 538

L �20 �76 �38 11.72 <0.001 1779
Superior frontal gyrus R 6 8 14 72 6.50 <0.001 656

Brodmann areas (BAs) are approximate. Some clusters showed activation in multiple brain regions and BAs. P < 0.05, corrected cluster level.

Fig. 2 (A) Left and right lateral renderings as well as a sagittal slice (B), overlaid on the MNI T1 template of the main effect of condition (affective ToM > physical control) in all 36 participants, thresholded at
p < 0.001 uncorrected voxel level, P < 0.05 corrected cluster level and (C) analysis of percent-signal change of the vmPFC and dmPFC cluster taken from (B).
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Analyses of TP and pSTS ROIs. In the ROI analyses of the clusters

derived from Gunther Moor et al. (2012) and Wang et al. (2006), there

was no significant interaction of group� condition.

Whole-brain interaction of condition� group. For the interaction

of group� condition in the direction of (adolescents > adults)� (af-

fective ToM > physical control), there were no significant activations

on a corrected cluster level of P < 0.05.

For the reverse interaction, adults showed higher activation in af-

fective ToM vs physical control compared with adolescents in one

cluster in the right dorsolateral PFC (dlPFC, x, y, z¼ 48, 8, 44;

k¼ 237, t¼ 5.26, P < 0.05 corrected cluster level; Figure 3).

Post hoc t-tests conducted on the percent-signal change values

showed that the interaction was driven by the difference of affective

ToM and physical control in both age groups: adults showed a greater

response of the dlPFC during affective ToM in contrast to physical

control, t(17)¼ 3.3, P < 0.01, whereas adolescents did show the reverse,

namely a lower response during affective ToM than physical control,

t(17)¼�3.41, P < 0.01 (Figure 3).

Overall, results did not differ when only those film clips that were

rated correctly were included in the analyses.

Comparison of performance matched and non-matched
groups. We additionally compared the matched and non-matched

groups on behavioral measures (Supplementary Table S1). Taken to-

gether, groups did not differ, that is, the matched group does not seem

to have better cognitive skills in general. By definition, groups differed

in affective ToM performance. Thus, we analyzed fMRI data of the full

sample of adolescents (Supplementary Tables S2 and S3). For the main

effect of the condition, the overall pattern of activation (affective

ToM > physical control; Supplementary Table S2) replicated findings

of the performance-matched groups (Table 2). For the vmPFC, the

full-sample analysis trended into the same direction, it just did not

reach significance on a cluster corrected level (P¼ 0.06). Percent-signal

change analysis of the ROI cluster resulting from the main effect in the

matched sample revealed no significant interaction. Taken together,

the vmPFC results were at trend (main effect), but did not fully rep-

licate findings of the matched group (ROI analysis). In contrast, the

interaction of condition and group in the dlPFC held for the full

sample (Supplementary Table S3). Overall, we largely replicated the

matched-group results. However, differences of processing affective

ToM emerged in the vmPFC in the matched and full sample in com-

parison to adults (Supplementary Tables S2 and S3). Taken together,

activity of vmPFC seems to vary with age.

DISCUSSION

This study aimed at investigating the neural development of affective

ToM processing during adolescence using a dynamic and developmen-

tally sensitive paradigm. Furthermore, we controlled performance via

post hoc performance matching. Consistent with previous ToM studies

(for a recent meta-analysis, see Mar, 2011), processing the affective

ToM film clips across groups resulted in ToM network activation

including the vmPFC and dmPFC, the bilateral pSTS/TPJ, the TP,

the inferior frontal gyrus, the thalamus and the parahippocampal

gyrus. The vmPFC finding is in accordance with both fMRI (Hynes

et al., 2006; Sebastian et al., 2012) and lesion studies (Shamay-Tsoory

et al., 2006; Shamay-Tsoory and Aharon-Peretz, 2007; Heberlein et al.,

2008; Zald and Andreotti, 2010), and the dmPFC finding is in line with

Sebastian et al. Most importantly, developmental changes in neural

activation were observed in the vmPFC with adolescents showing

more activation. In contrast, adults activated the right dlPFC more

strongly for affective ToM.

Developmental differences in brain activations

Adolescents� stronger activation of the vmPFC for affective ToM

Results show that adolescents had more activation of the vMPFC for

affective ToM in contrast to physical control relative to adults. It has

been suggested that the vmPFC generates affective meaning (Roy et al.,

2012). Specifically, this integrative region recombines complex infor-

mation from sensory systems, long-term memory and interoceptive

cues into future-oriented models of the self and drives decision-

making (Roy et al., 2012). This interpretation fits with Shamay-

Tsoory et al. (2007, 2010), who also describe the vmPFC as a highly

integrative region of cognitive and affective information. The current

task might require the integration of sensory input by the film clip with

past experience of affective ToM states into an affective meaning,

Fig. 3 (A) Result of the interaction group (adults vs adolescents)� condition (physical control vs affective ToM) in the dlPFC. (B) The shape of the interaction using the mask of the resulting cluster was further
explored extracting percent-signal change.
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which might facilitate decision making regarding the correct affective

state. The observed group difference in vmPFC activity indicates de-

velopmental differences in this integration process.

With regard to previous affective ToM studies, our results are in line

with Sebastian et al. (2012) and Gunther Moor et al. (2012) in repli-

cating developmental changes in the vmPFC for affective ToM and are

in contrast to Wang et al. (2006) because we did not find develop-

mental differences in dmPFC. We could not replicate previous findings

of the ongoing development of temporal areas (pSTS, TP; Gunther

Moor et al. and Wang et al.). This might be due to our adolescent

participants, who had higher than average affective ToM skills. Most

similar to the current Faces test is the Eyes test. Golan et al. (2006)

showed that the Faces test highly correlated with the Eyes test (r¼ 0.74,

P < 0.01). In both tests, the participant needs to evaluate facial features

of other people and infer the correct affective expression. However, the

current task is more realistic since it uses film clips of actors’ (i.e.

interaction partners’) expression of affective ToM.

Adults� stronger modulation of dlPFC resources for
affective ToM

We further observed that adults activated the dlPFC more for the

affective ToM relative to the physical control condition while adoles-

cents activate this region less for affective ToM relative to physical

control. Overall, participants had to keep information in working

memory when the stimulus had already disappeared. The dlPFC has

been suggested to be implicated in working memory, or more general

for monitoring and manipulating cognitive representations (Miller and

Cohen, 2001; Koechlin et al., 2003). The demands for working memory

between conditions seem to differ. For affective ToM, the information

was rather vague: participants needed to form their own impression of

the actor’s mental state even before the possible choices were shown

(which was corroborated by postscanning interviews). In contrast, for

physical control, participants knew beforehand the three physical fea-

tures (colors) that they had to keep in mind. These different demands

on working memory seem to modulate dlPFC dependent on age: while

adults modulated the dlPFC more in the impression formation of af-

fective ToM, adolescents engaged this region to a greater extent for

extracting and remembering of physical features. It is an open question

what this developmental pattern means. Future studies could explore if

the ongoing development of cognitive resources might lead to the

observed pattern.

A limitation of the current study is that the selection of adolescents

with same performance as adults might introduce a selection bias.

However, if age groups would differ in performance, activation differ-

ences in vmPFC might be due to this confound and not actually due to

age. Individuals were selected who have higher affective ToM skills

than other adolescents with similar age, IQ estimates, socioeconomic

background and pubertal status. Therefore, neural age differences be-

tween adolescents and adults arise when those individuals, who might

develop faster in the affective ToM domain, are included in a sample.

Our findings are in line with Sebastian et al. (2012). The dlPFC finding

appeared robustly in both performance-matched and full sample.

Thus, it is age-related, independent of performance between age

groups and independent of inter-individual affective ToM differences

within the adolescent group. Future studies could investigate how

inter-individual differences in affective ToM and age differences

interact.

The current fMRI study together with the previous behavioral study

(Vetter et al., 2012) follows up on findings of Sebastian et al. (2012) in

showing ongoing development on both the behavioral and neural level

using the same type of affective ToM tasks. Findings suggest that af-

fective ToM continues to develop throughout adolescence. This has

been shown using a performance-sensitive task and subsequent control

of performance achieved by performance matching. Higher activation

in affective ToM vs physical control in the vmPFC for adolescents in

comparison to adults has been observed. These findings might impli-

cate that adolescents used different neural strategies when performing

the task than adults. Overall, one possible reason for the observed

functional development might be the prolonged structural develop-

ment, that is, synaptic pruning of the prefrontal cortex (Giedd,

2008). Specifically, vmPFC and dlPFC undergo gray matter reduction

in the course of adolescence (Gogtay et al., 2004; Sowell et al., 2004).

Future studies could directly investigate this relationship.

SUPPLEMENTARY DATA

Supplementary Data are available at SCAN online.
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