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Abstract: One of the functions of emotional vocalizations is the regulation of social relationships like
those between adults and children. Listening to infant vocalizations is known to engage amygdala as
well as anterior and posterior cingulate cortices. But, the functional relationships between these struc-
tures still need further clarification. Here, nonparental women and men listened to laughing and crying
of preverbal infants and to vocalization-derived control stimuli, while performing a pure tone detection
task during low-noise functional magnetic resonance imaging. Infant vocalizations elicited stronger
activation in amygdala and anterior cingulate cortex (ACC) of women, whereas the alienated control
stimuli elicited stronger activation in men. Independent of listeners’ gender, auditory cortex (AC) and
posterior cingulate cortex (PCC) were more strongly activated by the control stimuli than by infant
laughing or crying. The gender-dependent correlates of neural activity in amygdala and ACC may
reflect neural predispositions in women for responses to preverbal infant vocalizations, whereas the
gender-independent similarity of activation patterns in PCC and AC may reflect more sensory-based
and cognitive levels of neural processing. In comparison to our previous work on adult laughing and
crying, the infant vocalizations elicited manifold higher amygdala activation. Hum Brain Mapp 28:1007–
1022, 2007. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

Emotions play a key role in the regulation of social
behavior. Perceiving emotional vocalizations, for example,

engages a variety of brain regions not only involved in the
processing of their physical auditory attributes but also of
their social and biological relevance. Neural structures
underlying sensory, cognitive, and behavioral aspects of
emotional stimulus processing are regions of sensory and
association cortex, and limbic as well as paralimbic struc-
tures for evaluating and mediating autonomous and ex-
pressive-motor aspects of emotions and for associating
stimuli with adequate emotional responses. Brain struc-
tures, such as orbitofrontal, prefrontal, and cingulate corti-
ces play a role in regulating emotional behavior and repre-
senting one’s own social environment and relationships
[Adolphs, 2003; Gainotti, 2001].
Using functional magnetic resonance imaging (fMRI), it

was previously shown that listening to nonverbal emo-
tional vocalizations—laughing, crying, and expressions of
fear—elicited activation in the human amygdala besides
those in auditory cortex (AC) [Phillips et al., 1998; Sander
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and Scheich, 2001, 2005]. In addition to the amygdala,
infant crying activated anterior and posterior cingulate cor-
tices in mothers [Lorberbaum et al., 1999, 2002], brain
structures known to be relevant for caregiving behavior
[MacLean, 1993; Pedersen, 2004]. Elaborating on these find-
ings, Seifritz et al. [2003] showed that neural activation in
response to infant vocalizations was modulated by the
social (parental) state and gender of the listener. While
parents exhibited stronger amygdala activation in response
to infant crying, nonparents did so in response to infant
laughing; but only women showed decreases of anterior
cingulate cortex (ACC) activation in response to both
vocalizations, independent of parental state. Socially less
salient vocalizations like pleasant and unpleasant words
were also found to activate anterior and posterior cingu-
late cortices as well [Maddock et al., 2003]. Thus, a specific
ensemble of brain structures processing human verbal and
nonverbal vocalizations of emotional relevance comprises
AC, amygdala, and cingulate cortex [Lorberbaum et al.,
2002; Maddock et al., 2003; Phillips et al., 1998; Seifritz
et al., 2003]. This ensemble is not specific for humans,
since the same brain structures were also activated in
awake rhesus monkeys listening to species-specific calls as
recently shown with positron emission tomography (PET)
[Gil-da-Costa et al., 2004].
Gender differences in neural activity in various brain

structures during processing of various socially and biologi-
cally relevant information like human faces [Fischer et al.,
2004], speech [Kansaku et al., 2000; but see Lattner et al.,
2005; Shaywitz et al., 1995], and emotions are common.
They were observed during viewing facial expressions of
emotion [Killgore and Yurgelun-Todd, 2001; Schneider
et al., 2000] and erotic stimuli [Bradley et al., 2001; Hamann
et al., 2004; Sabatinelli et al., 2004], as well as in relation to
memory for negative emotions [Cahill et al., 2004a,b], and
in response to the nonverbal vocalizations laughing and
crying [Sander and Scheich, 2001; Seifritz et al., 2003].
Using low-noise fMRI, the present study aimed at further

investigating the involvement of the amygdala-cingulate-au-
ditory cortex ensemble in processing laughing and crying,
and especially the activity relationships between these struc-
tures. Our analysis focused on amygdala, cingulate cortex,
and auditory cortex because they are not only responsive to
human emotional vocalizations (see above) but also anatom-
ically interconnected [Amaral et al., 1992; Barbas et al., 1999;
Vogt and Pandya, 1987; Yukie, 1995, 2002].
Since we have previously studied adult laughing and cry-

ing [Sander and Scheich, 2001, 2005], we were interested in
assessing whether the infant vocalizations in some obvious
way produced different brain activation. It is a common
notion in biology that infant vocalizations are extremely sa-
lient for conspecifics whether parents or not. Therefore, we
first compared amygdala activation elicited by infant vocal-
izations in some of the same listeners who previously par-
ticipated in the studies on adult vocalizations.
Second, based on reported gender differences in ACC

[Seifritz et al., 2003] and amygdala activation [Cahill et al.,

2004b; Fischer et al., 2004; Hamann et al., 2004; Sander and
Scheich, 2001; Schneider et al., 2000] while processing emo-
tional stimuli, we hypothesized activation differences
between men and women in these two structures in
response to listening to laughing and crying of preverbal
infants. Vocalizations of preverbal infants were used
because they are primary means for communication and
rather reliable elicitors of (maternal) caregiving behavior
[Zeifman, 2001]. There may even be a disposition for proc-
essing preverbal infant vocalizations in women as sug-
gested by gender differences in opioid receptors, especially
during the reproductive state of women [Zubieta et al.,
1999]. This assumption is supported by animal studies
demonstrating that the presence of female sex hormones is
necessary for spontaneous pub retrieval by mice lacking
experience with pubs [Ehret and Koch, 1989]. In targeting
potential gender differences in ACC and amygdala activa-
tion by infant vocalizations we used a variety of laughing
and crying stimuli from different individuals to account
for influences related to infant or acoustic stimulus charac-
teristics.
Third, we tested for valence effects of stimuli (laughing

vs. crying) within the different structures. With respect to
our findings on adult laughing and crying [Sander and
Scheich, 2001, 2005] we did not expect observing valence
differences here.
Fourth, by introducing control stimuli that were acousti-

cally derived from the infant vocalizations by fragment
recombination and sounded somewhat alienated, but still
like laughing and crying, we attempted to force the brain
system to finer differentiations between natural and
unnatural stimuli.

METHODS

Participants

Participants were 9 women and 9 men, all right-handed
[Edinburgh Handedness Inventory, Oldfield, 1971] and
with normal hearing. Except one man, who was excluded
from further data analysis, participants had no own chil-
dren at the time of investigation. Women (n ¼ 9; mean age
24.33 6 3.2 years; laterality quotient 89.97 6 15.05) and
men (n ¼ 8; age 27.75 6 6.41 years; laterality quotient
94.33 6 8.19) did not differ in age or handedness (P > 0.1
and P > 0.4, respectively). The study was performed in
compliance with the Declaration of Helsinki. The experi-
mental procedure was explained to the participants, and
all of them gave written informed consent to the study,
which was approved by the ethical committee of the Uni-
versity of Magdeburg.

Stimuli

Natural samples of continuous laughing and crying of
preverbal infants (2 female, 2 male; mean age 15.4 months,
range of 10.8–17.3 months) were recorded in the home
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environment by the parents. Recordings were assessed
with respect to acoustical quality and clearness of emo-
tional expression. Two representative examples of laugh-
ing as well as of crying were chosen from each infant and
cut to a length of 78 s, with linear rise/fall times of 250 ms
(CoolEditPro, Syntrillium Software Corporation, Phoenix).
The decision to create fragment recombinations of laugh-

ing and crying as control stimuli (see below) was driven
by two motives: (i) to preserve at least for these fragments
the spectral and temporal complexity and (ii) to avoid a
shift in stimulus category by introducing perceptually non-
emotional controls.
Control stimuli were generated by splitting each laugh-

ing and crying stimulus into 150 ms segments, which after
edge smoothing (linear rise/fall times of 5 ms) were
randomly recombined (fragment recombination). They sound-
ed laughing- and crying-like but with a touch of ‘‘alienation".
Compared to adult laughing and crying of our previous
study [Sander and Scheich, 2005], which were produced by
professional actors, these natural infant vocalizations were
assumed to be more salient. Examples of acoustical features
of infant and adult laughing are given in Figure 1 [Boersma
andWeenink, 1992–2003].

Stimulus Presentation, Task, and Procedure

Stimuli were presented alternating with a reference (see
below) in an fMRI block-design. Stimulus blocks consisted
of either continuous ‘‘Laughing’’ or ‘‘Crying’’ or of the
acoustical controls, ‘‘unnatural Laughing’’ or ‘‘unnatural
Crying", named in accordance with their origin. Stimulus
presentation was counterbalanced across emotional valence
(laughing, crying), gender of voice (female, male), and
sequence of presentation mode (natural laughing and cry-
ing followed by the unnatural versions or vice versa). No
information was given on the infants themselves, like gen-
der or attractiveness, or on how many stimuli were pre-
sented from one and the same infant. The experimental
session comprised 16 stimulus blocks, four blocks of each
stimulus class, and 16 ‘‘Reference’’ blocks without stimulus
presentation of 52 s each, resulting in total duration of 34
min 40 s.
To ensure attention to the acoustic stimuli across the

entire experiment, participants had to detect short sinus
tones (1 kHz, 100 ms), which randomly interrupted the
vocalizations. They had to count their number and to
report this after scanning. Sinus tones were introduced one
to four times within a stimulus block (in total 38). Further-
more, the occurrence of a sinus tone had to be reported by
key press within 2.3 s to count as a correct response.
Interactions between listening to emotional vocalizations

and participants’ change of mood were controlled for by
mood questionnaires filled out directly before and after the
experiment [Mehrdimensionaler Befindlichkeitsfragebogen,
Steyer et al., 1997]. Finally, participants were debriefed on
the pleasantness, emotionality, intensity, naturalness, and
evocation of positive feelings of all stimulus classes. Rat-

ings were given on a seven-point bipolar scale ranging
from ‘‘1’’ (the least value) to ‘‘7’’ (the strongest value).
In the scanner, participants’ heads were immobilized

with a vacuum cushion with attached ear muffs containing
the MRI-compatible electrodynamic headphones [Baum-
gart et al., 1998]. Stimuli were presented binaurally with
an individually adjusted, comfortable listening level (68–75
dBA SPL) under computer control.

Data Acquisition

Scanning was done in a BRUKER BIOSPEC 3T system
(Ettlingen, Germany) equipped with a quadrupolar head
coil and an asymmetrical gradient system (30 mT/m). A
volume of five axial slices, each 8 mm thick, oriented par-
allel to the Sylvian fissure was collected using a modified
noise-reduced FLASH sequence for functional imaging (58
dBA SPL) [Baumgart et al., 1999] with the following pa-
rameters: TR ¼ 214.89 ms, TE ¼ 30.33 ms, flip angle ¼ 158,
matrix 64 � 52, FOV 18 � 18 cm2. Since scan-time depends
on the recorded volume, two separate slice packages were
scanned to avoid tiring of participants. The ventral pack-
age comprised three contiguous slices covering amygdala,
AC, and in part posterior cingulate cortex (PCC) (Fig. 2A,
slices 1–3), and the dorsal package comprised two con-
tiguous slices covering parts of ACC and PCC (Fig. 2A,
slices 4 and 5).
The use of a low-noise FLASH sequence aimed at mini-

mizing confounding effects of stressful high-noise fMRI on
neural activity, especially in the amygdala. But this was at
the expense of resolution and total brain coverage [see
Sander et al., 2003]. To capture amygdala and AC together
in the ventral slice package a slice thickness of 8 mm was
chosen. This resulted in a relatively large voxel size for
which we accepted the existence of partial volume effects.
Thus, activation reported may underestimate actual activa-
tion, but not overestimate activation [Jezzard and Ramsey,
2003].
The temporal resolution of the measurement was opti-

mized by the use of a keyhole procedure. For image for-
mation highly phase-encoded echoes contribute mostly to
object limits and size, while low phase-encoding steps are
dominantly responsive for object and image contrast, and
their temporal change. The functional contrast is therefore
most dominant in the least phase-encoded echoes. The
keyhole scheme reduces the update-rate of highly phase-
encoded echoes, while for image reconstruction missing
phase-encoding steps are taken from a completely phase-
encoded reference image which itself is updated at a lower
rate. The frequency with which the raw-data matrix is
completely actualized defines the keyhole block-size. The
following specifications were used here: keyhole block-size
¼ 4, keyhole factor (number of regularly phase-encoding
steps divided by the number of completely phase-encoding
steps) ¼ 23/52 ¼ 0.442, complete position ¼ 3. The choice
of the position of the reference image has to assure that
there is no confoundation between image recordings under
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different neuronal states [Gao et al., 1996; van Vaals et al.,
1993; Zaitsev et al., 2001].
Twelve images were recorded during each stimulus

block and eight images during each reference block result-

ing in a total of 320 images for the measured volume.
Directly following fMRI, anatomical images were recorded
with the same orientation as the functional images and
with high T1-contrast (MDEFT).

Figure 1.

Spectrograms of excerpts from

adult female laughing (top) and

infant female laughing (bottom),

with a total duration of 2,820 ms

for each adult and 3,379 ms for

each infant laughing. The first

row shows waveforms of natural

laughing (left) and time-reversed

or fragment-recombined laughing

(right). Oscillograms and sono-

grams for the sound selections

outlined in the first rows (rec-

tangles) are shown in the second

rows. They have durations of

673 ms for the adult and 774 ms

for the infant stimulus.
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Data Analysis

Using the AIR package, functional data were checked
for motion [Woods et al., 1998a,b]. Data were excluded
when continuous head movements exceeded 18 in one of
the three angles or a translation of more than half a voxel
in any direction. This was not the case. Second, functional
images were checked for short movement artifacts (for
example, due to swallowing) [see Brechmann et al., 2002].

The mean gray value of all voxels in the region of AC,
defined in two slices across all repetitions, was analyzed
because movements can lead to large deviations from the
grand average. Functional images of which gray values
deviated of more than 2.5% from the grand average were
excluded from further analysis. A minimum of 20 images
has to be left for each condition to perform cross-correla-
tions with an alpha error of 5% and a corresponding beta
error of �30% for an effect value of 0.8 as recommended

Figure 2.

A: Slice orientation parallel to

the Sylvian fissure as shown in

sagittal view. The ventral slice

package covered amygdala (slice

1), auditory cortex, and parts of

posterior cingulate cortex (PCC;

slices 2 and 3), and the dorsal

package parts of anterior cingu-

late cortex (ACC) and PCC

(slices 4 and 5). B: Overview of

the analyzed regions of interest

(ROI) in axial-oblique view

according to slice orientation.

Slice numbers are the same as in

(A). Slice 1 shows the amygdala

ROI (left: yellow, right: red), slice

5 ACC (left: green, right: pink)

and PCC ROI (left: blue, right:

lilac). The border between ACC

and PCC was drawn at the level

of the sulcus precentralis (SP).

Individual activation in response

to laughing, compared with ref-

erence, is shown for a woman

listening to adult laughing (C) as

well as to infant laughing (D)

and for a man listening to infant

laughing (E). Significance level of

activated voxels: yellow P <
0.05, red P < 0.00001. L, left

hemisphere; R, right hemisphere.
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for small sample sizes, that is, for small numbers of pairs
of comparison (stimulus versus reference) [Gaschler-Mar-
kefski et al., 1997]. Therefore, a significance level of 5%
error probability was chosen. None of the data sets fell
below the limit of 20 images. Thereafter, the matrix size of
functional images was increased to 128 � 128 by pixel
replication followed by spatial smoothing to reduce in-
plane noise with a Gaussian filter (FWHM ¼ 2.8 mm, ker-
nel width ¼ 7 mm). After mean intensity adjustment of
each slice, data sets were corrected for in-plane motion
between successive images using the three parameter in-
plane rigid body model of BrainVoyager2. Functional
activation was determined by correlation analysis to
obtain statistical parametric maps [Bandettini et al., 1993;
Gaschler-Markefski et al., 1997]. A trapezoid function,
roughly modeling the expected blood-oxygen-level-de-
pendent (BOLD) response, served as correlation vector
with the time series of gray value change of each voxel.
Because the development of the BOLD response and its
return to baseline take a few seconds, the first image of
each stimulus and reference block was set to half-maxi-
mum. Images of stimulus blocks were set to maximum
value and those of reference blocks to minimum value.
Functional data analysis was carried out with the custom-
made software package KHORFu [Gaschler et al., 1996]
using cluster-pixel-analysis of a cluster size of 8 pixels to
exclude false single-point activation.
In each participant, regions of interest (ROIs) were

defined in the two hemispheres for the amygdala complex
including some periamygdaloid surrounding, ACC, and
PCC (Fig. 2A,B) as well as for the four functional–anatomi-
cal territories of AC as previously described [Brechmann
et al., 2002] (Fig. 6A, left). ROIs for ACC comprised parts
of Brodmann areas (BA) 24, 32, and 33, those for PCC
parts of BA 23 and 31, and of retrosplenial cortex areas 29
and 30. The border between ACC and PCC was drawn at
the level of the most lateral extension of the sulcus precen-
tralis in the most dorsal slice (Fig. 2B, slice no. 5).
Although this border might be slightly biased in favor to
PCC [Vogt et al., 1995], it was a reliably identifiable, ana-
tomical landmark in our data. Functional confoundation
was assumed to be negligible at the present state of inves-
tigation. To exactly identify the different ROIs in a single
participant, its individual 3D anatomical data set was used
as reference (spatial resolution 1 � 1 � 1.5 mm3). Signifi-
cantly activated voxels (P < 0.05 over all cycles) were
determined in each ROI and participant for the four exper-
imental conditions, laughing versus reference, unnatural
laughing versus reference, crying versus reference, and
unnatural crying versus reference, as well as for natural
laughing and crying lumped together versus reference and
unnatural laughing and crying lumped together versus ref-
erence (see Results). Further analyses were based on the
correlative measure of neural activity, namely, intensity
weighted volumes (IWVs) representing the product of the
absolute number of significantly activated voxels and their
mean change in signal intensity between stimulus and ref-
erence blocks in a given ROI. To compute signal intensity

change, the first image of each stimulus and reference
block was excluded from data analysis to compensate for
the delay of hemodynamic responses. The correlation vec-
tor for this computation was therefore similar to a c-box
function. As defined above for the trapezoid function that
served as correlation vector for computing significantly
activated voxels, differences between images (percent sig-
nal change) of stimulus blocks, which were set to maxi-
mum value, and those of reference blocks, which were set
to minimum value, were calculated.
Since the region of the amygdala is prone to susceptibil-

ity effects (signal loss) due to the vicinity of sinus cavities
and air-filled bone structures [Merboldt et al., 2001] we
calculated the signal-to-noise ratio (SNR) of the T2* images
for amygdala and, for reasons of comparison, also for au-
ditory cortex (AC) ROIs. The SNR was calculated in ac-
cordance with the following formula:

SNR ¼ Sm=Nm; ð1Þ

where Sm denotes the mean of the signal intensity of the
ROI and Nm the mean of the background noise. For both
amygdala and AC ROIs the SNRs were above 20:1 (range
of 22:1–170:1) and generally better for the AC than amyg-
dala ROI. However, we cannot exclude the presence of
susceptibility effects; therefore, the observed (amygdala)
activation in the present study may still be underesti-
mated.
First, differences in neural activity were analyzed for the

comparison of adult versus infant vocalizations by testing
influences of the factors source (adult, infant) and stimulus
(natural, unnatural) on amygdala and AC activation. IWVs
were comparable across the two studies, since data acqui-
sition details like slice thickness (8 mm) and orientation
(parallel to the Sylvian fissure) were the same in the pres-
ent as well as in the previous study [Sander and Scheich,
2005].
Second, differences in neural activity elicited by the

infant vocalizations were analyzed for influences of the
factors stimulus (natural and unnatural as well as laugh-
ing, unnatural laughing, crying, and unnatural crying sep-
arately) and gender of listeners (men, women) on amyg-
dala, ACC, PCC, and AC activation. Tests were done with
an analysis of variance with repeated measurements. Post-
hoc tests were t tests. The level of significance used
throughout was 5% error probability, Greenhouse-Geisser
epsilon corrected or Bonferroni adjusted for multiple com-
parisons if necessary. Correlation analyses were done by
two-tailed Pearson tests.
Analyses of (i) the reported number of heard sinus

tones, (ii) target detection rate, (iii) reaction time, (iv)
scores of the three scales of the mood questionnaire (see
Results), and (v) subjective stimulus ratings were per-
formed using t tests or analyses of variance with repeated
measurements. Reported values are mean 6 standard
deviation, if not stated otherwise.

r Sander et al. r

r 1012 r



RESULTS

Behavioral Data

Mean detection rate of randomly presented sinus tones
was 85% (619.2%), which did not differ between the dif-
ferent stimulus classes (laughing 83%, crying 87%, unnatu-
ral laughing 89%, and unnatural crying 81%; P > 0.4) and
was not influenced by participants’ gender (P > 0.5). Mean
reaction time was 745 ms (6 384 ms), without any differ-
ences between stimulus classes (laughing 718 ms, crying
749 ms, unnatural laughing 734 ms, unnatural crying 759
ms; P > 0.2) or men and women (P > 0.2).
With respect to participants’ mood, there was an interac-

tion of mood-scale by time-point (F(1.582, 30) ¼ 7.310, P ¼
0.006), specifying the main effects of mood-scale (F(2, 30) ¼
31.370, P < 0.0001) and time-point (F(1, 15) ¼ 12.814, P ¼
0.003). Post-hoc tests revealed no differences before and
after the experiment for the scales ‘‘good/bad mood’’ and
‘‘rest/restlessness’’ (both comparisons P > 0.2), whereas
participants felt somewhat tired afterwards (T(16) ¼ 4.026,
P ¼ 0.001), with a mean score (11.5) close to the mean of
the scale ‘‘awakeness/tiredness’’ (12). Listener’s gender did
not influence the scores at any time-point (P > 0.5). Appa-
rently, there was no influence of a change of mood on the
perception of infant laughing and crying or of their
unnatural versions.
Figure 3 shows that subjective stimulus ratings of pleas-

antness, emotionality, intensity, naturalness, and evocation
of positive feelings differed across stimulus classes. The
interaction of stimulus by rating was significant (F(4.347, 168)
¼ 6.538, P < 0.0001), specifying the main effects of stimu-
lus (F(1.484, 42) ¼ 15.926, P < 0.0001) and rating (F(2.568,
56) ¼ 7.197, P ¼ 0.001). Post-hoc tests revealed that infant
laughing was rated as the most pleasant and positive feel-
ings evoking stimulus (pleasantness: T � 3.427 (16/15),

P � 0.004; positive feelings evoking: T � 5.230 (16/15), P <
0.0001). Laughing was rated as similar emotional, intense,
and natural as crying, but more so than the two acoustical
controls (naturalness: T � 4.140 (15), P � 0.001). Infant cry-
ing was rated as unpleasant and negative feelings evoking
as the control stimuli, but as more emotional, intense, and
natural than the controls, although significantly only for
naturalness in comparison to unnatural laughing (T ¼
3.066 (15), P ¼ 0.008). Unnatural laughing and unnatural
crying were rated as similar unpleasant, less emotional,
middle intense, unnatural, and negative feelings evoking.
Stimulus ratings were also influenced by participants’ gen-
der (interaction of stimulus by gender: F(3, 42) ¼ 4.958,
P ¼ 0.005). Ratings of laughing and crying did not differ
between genders, but women rated both control stimuli as
more unpleasant than men (T � �2.366 (14), P � 0.033).
To summarize, in accordance with their emotional valence,
infant laughing and crying were assessed as pleasant,
unpleasant, respectively and as evoking positive, negative
feelings, respectively, but as similarly emotional, intense,
and natural. Interestingly, both acoustical control stimuli
were assessed as unpleasant, not emotional, being of mid-
dle intensity, unnatural, and negative feelings evoking.

Imaging Data

Adult versus infant laughing and crying

Since our previous work analyzed activations by adult
laughing and crying [Sander and Scheich, 2001, 2005], it
was of great interest to obtain first a general orientation
whether the infant vocalizations produced largely different
activation patterns. For this purpose, a comparison was
made in a subgroup of the present sample (2 men, 4
women) in which amygdala and AC were previously ana-

Figure 3.

Mean scores (6 SEM) of subjec-

tive stimulus ratings. Laughing,

crying, unnatural laughing, and

unnatural crying were rated on a

seven-point scale ranging from 1

(the least value) to 7 (the stron-

gest value) with respect to pleas-

antness, emotionality, intensity,

naturalness, and the evocation of

positive feelings.
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lyzed with adult vocalizations [Sander and Scheich, 2005].
This subgroup may be regarded as representative for both
studies with respect to age (23 6 3.1 years) and similarity
of rating the emotional impact of the stimuli, which did
not differ between the two studies and which reflected the
mean stimulus rating patterns of each of the two studies;
but the gender distribution was only representative for the
study using adult vocalizations.
Influences of the factors source (adult, infant) and stimu-

lus (natural, unnatural) on activation in amygdala and AC
were assessed (with respect to the factor hemisphere see
below). The activation was lumped together according to
subjective classifications of stimulus naturalness with laugh-
ing and crying forming the natural, the control stimuli, the
unnatural stimulus class. The mean time between the two
studies was 4 months (range of 2–10 months), and the
detection performance (spectral shifts, pure tone) did not
differ between the two experiments (P > 0.9).
In the amygdala, the main effect of source was signifi-

cant (F(1/10) ¼ 5.022, P ¼ 0.049; Fig. 4A): The infant vocal-
izations elicited much stronger amygdala activation than
the adult vocalizations, all stimuli compared to resting
condition (reference). A similar main effect of source was
obtained when the complete samples of the two studies
were analyzed (N ¼ 17 for the present and N ¼ 20 for the
previous study), with stronger amygdala activation by
infant than adult vocalizations (F(1, 35) ¼ 9.482, P ¼ 0.004;
Fig. 4B). Although the natural stimuli elicited stronger
amygdala activation, the main effect of stimulus was not
significant (P > 0.1).
A different pattern of factor influences was observed in

AC (data not shown). There was no main effect of source
on AC activation in the subgroup (P > 0.7). But the main
effect of stimulus was significant with stronger activation
by the unnatural than natural stimuli (F(1, 10) ¼ 6.041,
P ¼ 0.034). Like for the amygdala, similar results were
obtained when the complete samples of the two studies
were analyzed, without any differences in AC activation
by the factor source (P > 0.9), with a main effect of stimu-
lus: stronger activation by unnatural than natural stimuli
(F(1, 35) ¼ 11.246, P ¼ 0.002), and with a significant inter-
action of source by stimulus (F(1, 35) ¼ 7.384, P ¼ 0.010),
reflecting the difference of activation evoked by infant nat-
ural and unnatural stimuli, not adult stimuli.
To summarize, activation of the amygdala was modu-

lated by the source of vocalizations (adult, infant), whereas
activation of AC was modulated by the discriminative
properties of the two stimulus classes (natural, unnatural).

Effects of infant laughing and crying on amygdala

and anterior and posterior cingulate cortex

Since left and right hemispheres responded similarly to
the infant vocalizations as well as to the control stimuli,
activations were collapsed across hemispheres. Results
therefore cover effects of gender and stimulus properties
on global activity in amygdala, cingulate gyrus, and AC.

The first analysis addressed the stimulus naturalness–
unnaturalness distinction. The effect exerted by the present
acoustical control stimuli (fragment recombinations of
infant laughing and crying) on emotional ratings bears sim-
ilarities to the effect of adult laughing and crying played
backwards on corresponding ratings [Sander and Scheich,
2005]. Again, the clearest differentiation between the exper-
imental stimuli and their alienated acoustical controls was
observed for ratings of stimulus naturalness. Since both
control stimuli were rated as less natural than laughing
and crying, we denote them as unnatural. Therefore, in ac-
cordance with subjective classifications of stimulus’ natural-
ness, activations by infant (natural) laughing and crying
were lumped together and contrasted to the lumped activa-
tion by unnatural laughing and crying. This ignored the
emotional valence difference between laughing and crying.

Figure 4.

Mean amygdala activation (IWV 6 SEM) elicited by adult and

infant vocalizations. A: A subgroup of the present sample (N ¼
6), which participated also in the previous study with adult

vocalizations. B: The two complete groups (N ¼ 17 for the

infant vocalizations and N ¼ 20 for the adult vocalizations). IWV

(intensity weighted volume) ¼ product of the absolute number

of significantly activated voxels and their mean change in signal

intensity.
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In women, amygdala and ACC were more strongly acti-
vated by the natural than unnatural stimuli (Fig. 5A,B). The
reverse was observed in amygdala and ACC of men, with
stronger activation by the unnatural than natural stimuli
(Fig. 5B). The interaction of stimulus by gender was signifi-

cant in ACC (F(1, 15) ¼ 5.197, P ¼ 0.038), but not in amyg-
dala (P > 0.2). Post-hoc comparisons were not significant
(gender differences P < 0.1, stimulus differences P > 0.07).
The similarity of activation patterns in amygdala and

ACC was substantiated by significant positive correlations
of activity between these brain structures (both genders)
for natural (r ¼ 0.527, P ¼ 0.030) and unnatural stimuli
(r ¼ 0.564, P ¼ 0.018). None of the two structures showed
activation correlations with PCC or AC.
Men showed similar activations across amygdala, ACC,

and PCC, with an advantage for the unnatural stimuli. In
PCC, however, women, like men, showed stronger activa-
tion in response to the unnatural than natural stimuli (Fig.
5C). This overall stimulus effect in PCC did not reach sig-
nificance (P > 0.2). Thus, in amygdala and ACC the natu-
ral–unnatural distinction was reflected in opposite ways
by the men and women.
The second analysis assessed valence effects of the stim-

uli. Activations differed between men and women in amyg-
dala and ACC (Figs. 2D,E, and 6A,B). Women exhibited
stronger activation in response to laughing than unnatural
laughing and to crying than unnatural crying. In contrast,
stronger ACC activation was elicited in men by unnatural
laughing and unnatural crying than laughing and crying,
respectively. These gender differences were reflected by a
significant interaction of stimulus by gender in ACC (F(3,
45) ¼ 3.703, P ¼ 0.018), but not in amygdala (P > 0.1).
None of the post-hoc comparisons reached significance (gen-
der differences P > 0.08, stimulus differences P � 0.06).
Similar to the analysis of stimulus naturalness–unnatur-

alness distinction, significant positive correlations of activ-
ity (both genders) were observed between amygdala and
ACC for laughing (r ¼ 0.496, P ¼ 0.043) and crying (r ¼
0.745, P < 0.0001), while those for unnatural laughing (P ¼
0.056) and unnatural crying (P ¼ 0.058) failed to reach sig-
nificance. No activation correlations were observed for
amygdala and ACC with PCC or AC.
Activations in men were similar in ACC and PCC with

respect to larger activation by the two unnatural stimuli (Fig.
6C). This pattern was also observed for women in PCC; but
this stimulus effect was not significant (P > 0.1). It is of note
here that no valence differences were observed between nat-
ural laughing and crying and unnatural laughing and crying.

Effects of infant laughing and crying on

auditory cortex

Similar to amygdala and cingulate cortex, AC was acti-
vated by infant laughing and crying and the unnatural
stimuli (see Fig. 7). Since all auditory territories exhibited
similar effects, data shown in Figure 7B,C comprise all
four territories.
Interestingly, total AC activation by unnatural stimuli,

irrespective of gender, was significantly stronger than acti-
vation by natural stimuli as compared to reference (F(1,
15) ¼ 11.499, P ¼ 0.004) (Fig. 7B). This main effect of stim-
ulus was also observed when each of the four stimuli was

Figure 5.

Mean activation (IWV 6 SEM) elicited by infant vocalizations in

amygdala (A) and cingulate cortex (B, C). Activations for laughing

and crying, as well as for, the alienated control stimuli are col-

lapsed, which corresponds to subjective ratings of stimulus’ natural-

ness. In women, natural laughing and crying elicited stronger activa-

tion in amygdala and ACC than unnatural stimuli. In men, unnatural

laughing and crying elicited stronger activation in ACC and PCC

than natural stimuli, and to a lesser extent in the amygdala.
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considered separately (F(1.285, 45) ¼ 10.804, P ¼ 0.002)
(Fig. 7C). Post-hoc comparisons revealed stronger activa-
tion in response to unnatural laughing than laughing and
to unnatural crying than crying (T(16) � �2.999, P �
0.008). The activation in response to the two unnatural
stimuli was larger in men than women but the interaction
of the factors gender and stimulus failed to reach signifi-

cance (P ¼ 0.070). No valence differences were observed
for natural or unnatural laughing and crying. Overall, the
patterns of AC activation resembled those of PCC more
than those of amygdala and ACC, namely, unnatural stim-
uli produced strongest activation.
The similarity of activation patterns in AC and PCC was

underpinned by significant positive correlations (both gen-
ders) between activities of these two structures for the natu-
ral (r ¼ 0.543, P ¼ 0.024) and unnatural stimuli (r ¼ 0.510,
P ¼ 0.037), and for crying (r ¼ 0.661, P ¼ 0.004) and unnatu-
ral laughing (r ¼ 0.576, P ¼ 0.015). But neither AC nor PCC
showed activation correlations with amygdala or ACC.

DISCUSSION

Activation Modulation by Adult and Infant

Vocalizations

It is a tenet in ethology that infant schemes (Kindchen-
schema) are particularly salient as signals in intraspecies
communication and elicit numerous almost reflex-type
behaviors. Therefore, we made some preliminary compari-
sons of amygdala activations by adult and infant laughing
and crying testing the assumption that infant vocalizations
as compared to less salient information elicit stronger amyg-
dala activation. Indeed, in a subgroup of our sample, 900%
more activation on average by infant than adult vocaliza-
tions was observed in the amygdala. Contrary to the amyg-
dala, the AC did not follow the biological, emotional dis-
tinction of adult versus infant vocalizations. Therefore, the
same activation by adult and infant vocalizations and the
natural–unnatural distinction found in AC suggest that
rather familiar versus unfamiliar sound patterns were dis-
tinguished. Moreover, this same activation suggests that the
large amygdala difference of activation is not due to a gen-
eral activation difference by the two classes of stimuli, adult
versus infant vocalizations, but specially related to the dif-
ferent emotional (biological) implication.
However, despite the impressive amygdala activation

difference in favor of infant vocalizations, this finding
clearly needs to be replicated in further studies since it
was not obtained in one and the same study but in two
distinct studies, which limits its generalizability.
The question of differential amygdala activation by va-

lence differences appears here in an interesting light,
namely, although the amygdala is dramatically activated
by salient infant vocalizations and differentially with
respect to listener’s gender, no valence effect was ob-
served. The amygdala is generally responsive to emotional
stimuli [Zald, 2003], and if small activations are produced
valence effects may occur by chance. The strong activation
by infant laughing and crying should allow a reliable dis-
crimination of valence, but this is not the case here. Thus,
not valence but the social relevance of these emotional
vocalizations seems to modulate neural activity in the
human amygdala.

Figure 6.

Mean activation (IWV 6 SEM) elicited by infant laughing and cry-

ing and by the control stimuli, unnatural laughing and unnatural

crying, in amygdala (A), anterior cingulate cortex (ACC; B), and

posterior cingulate cortex (PCC; C). Women exhibited stronger

activation by laughing and crying in amygdala and ACC, and men

by unnatural laughing and unnatural crying in ACC and PCC.
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Amygdala Activation and Habituation

Similar to our previous studies with adult laughing and

crying we observed considerable amygdala activation by

(preverbal) infant vocalizations. This might seem astonish-

ing with respect to fMRI findings showing habituation of

amygdala activation elicited by emotional stimuli and in
emotional learning paradigms [Breiter et al., 1996; Büchel
et al., 1999; LaBar et al., 1998], but not with respect to
fMRI findings of amygdala activation that persisted even
after the end of presentation of emotionally negative stim-
uli as a consequence to maintain the previously elicited

Figure 7.

Auditory cortex (AC) activation by infant

vocalizations.A: AC territories TA, T1, T2,

and T3 are shown for the left and right

hemisphere of a single male participant (left

panel). In the same participant, activation

(P < 0.05) in response to infant vocaliza-

tions is shown for the contrasts laughing

versus reference (middle panel) and

unnatural laughing versus reference (right

panel); the latter elicited stronger activa-

tion. Panels (B) and (C) show activations

collapsed across the four territories. B:

Mean AC activation (IWV 6 SEM) elicited

by natural and unnatural laughing and cry-

ing, and (C) by each of the four stimuli,

laughing, unnatural laughing, crying, and

unnatural crying, separately. Significance

level of activated voxels: yellow P < 0.05,

red P < 0.00001. L, left hemisphere; R,

right hemisphere.
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emotional response [Schaefer et al., 2002]. Most impor-
tantly in this context is the recent finding of long-lasting
increases in spontaneous firing rates of basolateral amyg-
dala neurons because of emotional arousal [Pelletier et al.,
2005]. The firing rates accelerated in two forms, one
delayed after tens of minutes, the other fast within seconds,
but both returned to control levels after 100–160 min,
which provides a profound basis for observing amygdala
activation that does not habituate rapidly. Thus, differences
in the time course of amygdala activation, habituation ver-
sus prolonged activity increases, may presumably depend
on variations of the biological significance of encountered
(emotional) stimuli as, for example, evidenced in the cat’s
amygdala by relatively fast habituation of responses to
repeated clicks but not to repeated meows [Sawa and Del-
gado, 1963], or the predictability of their occurrence in cor-
responding learning paradigms, besides difference in task
demands.

Influence of Listener’s Gender on Brain Areas

of Activation

On the basis of previous reports of gender differences in
amygdala or ACC activation [Sander and Scheich, 2001;
Seifritz et al., 2003], we hypothesized gender-dependent
activation patterns in these structures while perceiving
stimuli with high biological significance, like laughing and
crying of preverbal infants. Such vocalizations are primary
means of infants for communication and rather reliable
elicitors of caregiving behavior [Zeifman, 2001]. Indeed,
preverbal infant vocalizations activated amygdala and
ACC of listening men and women differently: Women
showed stronger activation by laughing and crying, but
men for the unnatural stimulus versions, especially in
ACC. In PCC, however, activation patterns were similar
for women and men and characterized by stronger activa-
tion in response to unnatural stimuli.
These gender-of-listener-dependent results bear similar-

ities but also differences to the study by Seifritz et al. [2003]
on parent and non-parent listeners, which also used trans-
formed laughing and crying as a control. In both studies,
laughing and crying activate amygdala, ACC, and AC of
both genders. But in the Seifritz et al. study AC in both gen-
ders was activated most strongly by the natural stimuli,
while we found strongest activation by the unnatural stim-
uli (comparisons with reference blocks). In ACC, Seifritz
et al. found signal decreases in women by natural stimuli,
while we found activation in both genders by natural stim-
uli, which was stronger in women. In men, Seifritz et al.
found no natural–unnatural differences, while we found
stronger activations by unnatural stimuli. In the amygdala,
we also observed stronger activation by natural stimuli in
women. Although this effect was not supported by an inter-
action of gender by stimulus, positive activation correlations
were exclusively seen with ACC and not with any of the
other two structures. The reliability of this observation,
however, clearly needs to be tested in further studies.

As a general conclusion, both studies showed gender
differences of activations in the analyzed brain structures,
but the exact relationships are hard to compare because of
different control stimuli and methods of analysis. We used
a control stimulus, which still sounded laughing- and cry-
ing-like even though definitely strange (listeners’ judg-
ment). The control in the Seifritz et al. study was an audi-
tory construct composed of spectral components of laugh-
ing and crying together, thus not recognizable as the
natural categories. Since only direct activation contrasts
between natural and control stimuli were determined and
no activations versus rest (baseline), no information is
available about the activation produced by this auditory
control construct. Consequently, whether natural stimuli
produced activations or deactivations different from our
results cannot be decided upon.
The fact that gender differences of results are quite sen-

sitive to details of the experimental design is also shown
by a comparison with our previous study on adult laugh-
ing and crying [Sander and Scheich, 2001]. There we found
stronger activation of women’s amygdala by laughing and,
as a trend, stronger activation of men’s amygdala by cry-
ing. Like in the present study, where we did not find this
gender-effect activations were determined with respect to
rest (reference), thus cannot explain the difference. How-
ever, in the previous work we had no auditory control.
Thus, the perceptual emphasis was on the laughing–crying
distinction and not on an additional natural–unnatural
contrast.
Gender differences of brain structure in amygdala and

ACC are controversial [Filipek et al., 1994; Franklin et al.,
2000; Gur et al., 2002; Pruessner et al., 2000; Pujol et al.,
2002; Tebartz van Elst et al., 2000; Yucel et al., 2001], and
are also found for primary AC volume [Rademacher et al.,
2001]. But even if there were structural differences they
may not be reflecting fMRI activation differences depend-
ent on small changes in experimental design. PET studies
have revealed, e.g., gender differences of opioid receptors
and differential responsiveness of opioid neurotransmission
with emotions in amygdala and ACC, but not PCC
[Zubieta et al., 1999, 2003]. Further studies in this direction
might find explanations for differential gender responsive-
ness to emotional stimuli as shown by fMRI.
On the other hand, emotional ratings of laughing and

crying did not show strong gender-dependence [also not in
our previous study, data not reported, Sander and Scheich,
2005]. Such a divergence of gender-independent rating data
but gender-dependent physiological measures was previ-
ously reported for parents as well as nonparents listening to
infant laughing and crying [Brewster et al., 1998; but see
Frodi, 1985; Seifritz et al., 2003], and also for viewing
broader sets of emotional pictures [Bradley et al., 2001;
Kemp et al., 2004; Wrase et al., 2003]. This suggests the pos-
sibility that men and women do not activate brain struc-
tures differently because of different emotional attitudes
towards laughing and crying, but because of different be-
havioral dispositions as a consequence of hearing such stim-
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uli. This might be particularly plausible with respect to
infants’ vocalizations [care-giving tendency in women, Lor-
berbaum et al., 2002; MacLean, 1993; Zeifman, 2001]. This is
also compatible with studies on separation calls of mouse
pups and gender-specific effects [Ehret and Koch, 1989].
Although we interpret our findings as reflecting (neural)

differences between genders, one might ask whether the
present results could also be determined by some
unknown mediating variables unrelated to the listener’s
gender. Differences in the individual experience with
infants may be such a variable. Ratings of the emotional
impact of infant crying, laughing, or smiling did neither
differ between parents and nonparents [Leger et al., 1996;
Seifritz et al., 2003] nor between parents and children
[Frodi, 1985]; whereas differences in experience with
infants were reflected by differences in amygdala activa-
tion [see Introduction, Seifritz et al., 2003]. Another candi-
date for a mediating variable may be differences in attribu-
tion to an infant. Indeed, infants described as being of a
difficult versus easy temperament led to poorer perform-
ance of terminating crying in mothers within a learned
helplessness paradigm [Donovan and Leavitt, 1985]. Simi-
larly, describing an infant as premature versus being a
term baby influenced not only ratings of crying in parents
but also physiological measures [Frodi, 1985]. In line with
this, infants described as high versus low attractive re-
ceived higher preference ratings from parents and nonpar-
ents especially in combination with syllabic sounds [Bloom
and Lo, 1990]. The latter points to a further mediating vari-
able, namely, differences related to the infant stimuli them-
selves. Crying of 6-months-old infants was rated as more
intense and was correlated with a different set of acoustic
parameters than that of 1-months-old infants [Leger et al.,
1996]. In contrast to this age dependency, cry characteris-
tics seem to be independent of infant’s gender or cultural
background [Wasz-Höckert et al., 1968].
Taken together, with respect to our own findings we

may exclude differences in experience with infants or per-
ceiver’s age as generator of the observed activation differ-
ences in the analyzed brain structures. Since we did not
vary attributions to the infants producing laughing and
crying or inform listeners about infant’s gender, these
potentially mediating variables may not account for our
results, although we cannot control for attributions made
by the listeners themselves. But we cannot and do not
want to rule out that the present results are specific to the
stimuli we used. As mentioned above, emotional intensity
ratings of infant crying differed with infant’s age. Laugh-
ing and crying of the present study were produced by
older, but still preverbal infants (parents’ report). Thus,
one might assume that activation patterns vary with
respect to the faculty of speech, which is related to the age
of the vocalizer. The differences in amygdala activation
observed here by comparing adult versus infant vocaliza-
tions may reflect this. In fact, this assumption was one of
the driving motives for the present study, in as much as
we assumed that nonverbal infant vocalizations by being

infants’ primary means for communication have a higher
biological significance than adult vocalizations.
According to these distinctions amygdala and ACC

might have a common functional denominator in process-
ing the emotional aspects of emotional stimuli. Under the
terms of a model by Vogt [2005] (see below) the PCC is
involved in processing cognitive aspects of emotional stim-
uli. Cognitive analysis of auditory stimuli seems to be a
function that strongly influences activity distributions also
in AC [Brechmann and Scheich, 2005]. Thereby, similar
responses of PCC and AC and with respect to the distinc-
tion of naturally and unnaturally sounding stimuli might
be explained.

Similarity of Activation Patterns and its

Implications

Activation patterns elicited by preverbal infant vocaliza-
tions seem to be similarly gender-dependent in amygdala
and ACC. This is in line with the suggestion of concordant
functions of amygdala and ACC in producing emotional
behavior [Vogt et al., 1992], and with the previously
shown independence of amygdala activation from emo-
tional valence [Sander and Scheich, 2005]. In contrast, acti-
vation patterns in PCC and AC were independent of lis-
tener’s gender, and both were more strongly activated by
the acoustical controls than natural laughing and crying.
Furthermore, the similarity of activation patterns first
between amygdala and ACC, and second between AC and
PCC was corroborated by corresponding positive correla-
tions of activation in response to the infant vocalizations.
Recently, Vogt [2005] suggested a four-region model of

the cingulate cortex. Summarizing emotion studies with
respect to this model demonstrated that, contrary to mid-
cingulate cortex (MCC), ACC and PCC are strongly acti-
vated by emotional stimuli. Anatomical connections bet-
ween amygdala and cingulate cortex are restricted to ACC
and anterior MCC [Vogt and Pandya, 1987]. Since emo-
tional and control stimuli activated PCC to similar
amounts, the interpretation was suggested that PCC is
involved in assessing the self-relevance of emotional
events, thereby gating emotional information to cingulate
areas processing emotions [Vogt, 2005]. In analogy to the
connections between amygdala and ACC, the reciprocal
connections between PCC and AC [Yukie, 1995] may
explain their similar activation patterns observed here.
With cognitive tasks, unrelated to emotion and memory,

the PCC exhibits in general decreases of activation or
‘‘deactivations’’ [for review see Maddock, 1999]. The PCC
activations reported here may therefore reflect the reverse,
namely, the change from cognition to perception of emo-
tional stimuli. In addition to its involvement in emotional
processing and cognitive analyses, the PCC also plays a
role in the distinction of naturalness–unnaturalness. Thus,
the possibility arises that PCC activation by emotional
stimuli is also influenced by the novelty and strangeness
of emotional stimuli.
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But, although our results support the hypothesis of gen-
der-dependent activation patterns in amygdala and ACC,
and point to a functional segregation between amygdala
and ACC on the one hand and AC and PCC on the other
hand, they have to be considered as preliminary. Their
generalizability has to be shown by further studies directly
incorporating statistical approaches that allow the extrapo-
lation of results to the population.
In conclusion, the present study shows that the degree

of saliency or biological significance of emotional vocaliza-
tions like laughing and crying, strongly modulates neural
activity in the human amygdala. Furthermore, processing
preverbal infant vocalizations activates amygdala and
ACC in a gender-dependent concordant manner, presum-
ably reflecting neural predispositions in women for
response preference to such sounds. In contrast, the gen-
der-independent similarity of activation patterns in PCC
and AC might reflect more sensory-based and cognitive
levels of neural processing.
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