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Scary symptoms? Functional magnetic resonance imaging
evidence for symptom interpretation bias in pathological health
anxiety
Zhimin Yan1 · Michael Witthöft2 · Josef Bailer1 · Carsten Diener3,4 · Daniela Mier1

Abstract Patients with pathological health anxiety (PHA)
tend to automatically interpret bodily sensations as sign of
a severe illness. To elucidate the neural correlates of this
cognitive bias, we applied an functional magnetic resonance
imaging adaption of a body-symptom implicit association
test with symptom words in patients with PHA (n = 32) in
comparison to patients with depression (n = 29) and healthy
participants (n = 35). On the behavioral level, patients with
PHA did not signiﬁcantly diﬀer from the control groups.
However, on the neural-level patients with PHA in comparison to the control groups showed hyperactivation independent of condition in bilateral amygdala, right parietal lobe,
and left nucleus accumbens. Moreover, patients with PHA,
again in comparison to the control groups, showed hyperactivation in bilateral posterior parietal cortex and left dorsolateral prefrontal cortex during incongruent (i.e., harmless)

versus congruent (i.e., dangerous) categorizations of body
symptoms. Thus, body-symptom cues seem to trigger hyperactivity in salience and emotion processing brain regions in
PHA. In addition, hyperactivity in brain regions involved in
cognitive control and conﬂict resolution during incongruent
categorization emphasizes enhanced neural eﬀort to cope
with negative implicit associations to body-symptom-related
information in PHA. These results suggest increased neural
responding in key structures for the processing of both emotional and cognitive aspects of body-symptom information
in PHA, reﬂecting potential neural correlates of a negative
somatic symptom interpretation bias.
Keywords Pathological health anxiety · Implicit
association test · Functional magnetic resonance imaging ·
Cognitive control · Emotional response
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Pathological health anxiety (PHA), formally termed hypochondriasis, is characterized by the conviction of suﬀering
from a severe illness. It is assumed that in PHA, bodily sensations trigger worries about having a severe illness. However, whether this worrying process is mainly driven by an
enhanced emotional response to body sensations or by the
cognitive inability to disengage from them or by the interaction of both is still an open question.
The central feature of healthy anxiety is a preoccupation
with the belief that one has, or is in danger of developing,
a serious medical condition based on the misinterpretation
of benign (or minor) bodily sensations [1]. PHA is highly
common in primary care with a prevalence of 0.8–9.5% [2,
3]. While it is beyond doubt that PHA represents a serious challenge for the patients, as well as for the health care
Vo
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system, the diagnostic classiﬁcation is still under debate [4,
5]. Thus, several classiﬁcation approaches have been proposed. Among the diﬀerent approaches, the so-called Fink
criteria [6] have the advantage that they provide promising
empirically based diagnostical criteria for PHA. In the combined cognitive bias hypothesis (CCBH), which is widely
applied in anxiety and aﬀective disorders, it is proposed
that cognitive biases (of attention, memory, and interpretation) inﬂuence each other and interact to maintain a mental
disorder [7]. In PHA, it is assumed that patients possess
illness-related schemata in their memory that guide attention to illness-related cues, leading to misinterpretations of
bodily sensations as risk of severe health threat [8, 9]. First
evidence for this assumption came from studies on PHA
using self-report questionnaires [10, 11]. Due to introspective limitations and response biases in explicit self-reports
[12], it seems important to also apply implicit (experimental)
tasks to investigate the biased processing of health-threatrelated information in PHA.
The IAT [13] represents a widely used paradigm to
explore automatic evaluative responses to critical stimuli
and has been successfully applied in several mental disorders
[14–16]. Reaction times (RT) are used to determine the relative strength of associations between concepts (e.g., illness
versus neutral words) and attributes (e.g., dangerous versus
harmless) based on the notion that faster processing (shorter
RT) is associated with stronger associations, and incongruent pairings causing longer RT [13, 17].
According to dual-process models [18, 19], there are two
modes of information processing: an implicit and an explicit
mode. The implicit mode allows fast and preconscious
information processing and the result can be perceived as
an aﬀective response to a stimulus. Conversely, the explicit
mode is a conscious process that is guided by rule-based
inferences, consuming individuals’ cognitive recourses. In
the IAT, the implicit and the explicit mode can be assumed
to interact; i.e., more controlled cognitive eﬀort is required
to produce a correct response under incongruent conditions
(reﬂecting the explicit mode) if there is a strong implicit
bias (e.g., a strong automatic emotional response, reﬂecting
the implicit mode). In the congruent condition, a correct
response relies on automatic associations, probably leading
to even faster responses with a more pronounced implicit
bias (emphasizing the implicit mode) [17, 20]. Thus, in particular, the incongruent condition represents a joint eﬀect
of automatic (probably implicit) stimulus evaluations and
cognitive control (probably explicit) processes in the IAT
[20, 21].
To disentangle this joint eﬀect, fMRI probably oﬀers
an eﬃcient way for observing both activation reﬂecting
automatic evaluation, as well as activation reﬂecting eﬀortful mechanisms to inhibit implicitly biased response tendencies. The IAT was used in several studies on implicit

associations (e.g., concerning gender and racial bias) that
revealed activation mainly in amygdala and fronto-parietal
network [22–25]. The amygdala is sensitive to salience [26]
and ambiguity [27, 28], and is a key structure in the processing of threat-related stimuli [29, 30], thus reﬂecting neural
mechanisms of initial automatic (implicit) stimulus evaluation [31, 32]. The fronto-parietal network, with the dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex
(PPC, especially superior parietal cortex and inferior parietal lobes), plays a crucial role in cognitive control [33, 34],
suggesting that activation in DLPFC and PPC during IAT
reﬂects cognitive control for overcoming implicit biases [25,
35]. However, most research focusing on the neural basis
of implicit associations used an indirect approach, applying
regression analyses between IAT scores measured outside
the scanner and neural activity from a separate task applied
within the scanner [36].
Applying a direct approach, Mier et al. [37] recently used
fMRI to investigate the neural correlates of implicit associations between body symptoms and the concept dangerous
with an IAT in healthy participants who varied in the extent
of health anxiety. Results of this body-symptom IAT showed
both enhanced activation in DLPFC and PPC during incongruency and an association between the degree of health
anxiety and incongruency-related activation in Nucleus
accumbens (Nacc), DLPFC, and PCC. A drawback of this
study was that participants fulﬁlling diagnostic criteria for
PHA (i.e., hypochondriasis) were not included. Hence, the
investigation of patients with PHA is pending. So far, only
two fMRI studies included participants with PHA [38, 39].
Both studies applied an emotional Stroop task. In the study
of van den Heuvel et al. [39], PHA patients had enhanced
fronto-striatal involvement when processing obsessive–compulsive disorder-related and panic disorder-related words in
comparison to a healthy control group. Although the results
indicate that patients with PHA show increased cognitive
elaboration for all disorder-related threats, the PHA group
was considered as a clinical control group and no PHAspeciﬁc word material was used. Mier et al. [38] used PHAspeciﬁc word materials. The PHA group showed amygdala
and rostral anterior cingulate hyperactivation in comparison
to patients with depression and healthy controls, suggesting
both an enhanced emotional reaction and a disability to cognitively disengage from potential health threats.
The aim of the present study was to investigate automatic evaluative processes of illness-related stimuli and its
neural correlates in patients with PHA. For this purpose,
we enrolled patients with PHA, a group of patients with
depression, as well as a non-patient control group, and
applied an fMRI adaption of a body-symptom IAT [37].
Since patients with PHA are characterized by high levels of
negative aﬀect and often present with comorbid depression
[40], a group of patients with depression can help controlling
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for the eﬀect of negative aﬀect on implicit processing. In
addition, recent evidence demonstrated the validity of the
CCBH for depression [41] by showing an interdependence
of interpretation, memory, and attention in participants with
subclinical depression. Furthermore, it was demonstrated
that patients with depression are sensitive to a depression
symptom IAT accompanied by aberrant activity in medial
prefrontal cortex and DLPFC [35]. These results suggest that
patients with depression represent an adequate clinical control group to investigate the speciﬁcity of an implicit bias for
body-symptom words in PHA. We assumed stronger implicit
associations between the concepts “symptom” and “dangerous” in the PHA group in comparison to both control groups
in terms of reaction times. In terms of brain activation, we
expected hyperactivity in amygdala and Nacc in response
to the body-symptom words in the PHA group compared to
the control groups, reﬂecting a stronger automatic emotional
response. Based on our previous study with the IAT [37], we
also expected to ﬁnd neural correlates of enhanced cognitive
control to inhibit implicitly biased response tendencies, as
well as implicit stimulus evaluations; i.e., we hypothesized
enhanced activation in DLPFC and PPC in the PHA group
in comparison to both control groups.

Materials and methods
Participants
100 participants of a larger investigation of cognitive-emotional processing in PHA [40, 41] completed the IAT task.
Four of them had to be excluded, three due to response accuracy below chance level and one due to low quality of the
fMRI data. 96 participants, 32 participants with PHA, 29
with depression, and 35 healthy subjects were included in
the ﬁnal analyses. All participants were right-handed and
had normal or corrected-to-normal vision. Groups were
matched for age, gender, and education (see Table 1 for
details). The study was approved by the Ethics Committee

of the Medical Faculty Mannheim, University of Heidelberg,
Germany and conducted in concordance with the declaration
of Helsinki. Before participating in the study, participants
were informed about the study procedure and purposes and
provided written informed consent. Mental disorders were
assessed with the Structured Interview for DSM-IV Axis
I disorders (SCID-I) [42]. Patients were allowed to have
comorbidities, except for schizophrenia and addiction. Under
the comorbidities, the most prevalent was anxiety disorders
with 65.6% of the PHA patients and 34.5% of the depressive
controls having any anxiety disorder. 28.1% of participants
in the PHA group had a current aﬀective disorder (major
depression, or dysthymia). Further comorbidities were under
10% with the highest prevalence of somatic symptom disorder (9.4% in the PHA group and 0% in the depressive control
group). Additional items from the Schedules for Clinical
Assessment in Neuropsychiatry (SCAN) [43] were used
for the interview-based diagnosis of PHA according to the
diagnostic criteria introduced by Fink et al. [6]. The clinical interviews were conducted by six experienced clinical
psychologists specially trained by an expert in SCID and
SCAN. None of the participants of both control groups fulﬁlled diagnostic criteria for hypochondriasis according to the
SCID-I, or the Fink interview. Regarding the PHA group,
65.6% had hypochondriasis according to the SCID-I, and
68.8% severe health anxiety and 31.2% mild health anxiety
according to the Fink criteria. Participants completed the
Whiteley Index, Patient Health Questionnaire Depression,
and Patient Health Questionnaire Somatic to assess symptom characteristics and severity scores (see Table 1).
Questionnaires
The Whiteley Index (WI) is a widely used self-report questionnaire for the dimensional assessment of PHA that consists of 14 dichotomous items. A sum score of 8 or more
points serves as a cut-oﬀ score for the detection of clinically relevant health anxiety [44]. Cronbach’s ̀ coeﬃcient
of the WI in former research was 0.73. Reliability, validity,

Table 1 Sample characteristics

Gender (% of female)
Education (% Ȃ 12 years)
Age
PHQ-9
PHQ-15
WI

PHA

DEP

HC

F

̀2 value

Post-hoc

59
75
40.28 ± 12.11
9.38 ± 4.78
11.34 ± 4.93
10.47 ± 1.83

52
66
42.34 ± 12.54
16.79 ± 4.32
8.17 ± 4.76
1.59 ± 1.32

54
71
41.63 ± 13.72
1.86 ± 2.25
2.14 ± 1.73
0.91 ± 0.98

–
–
0.21
117.53***
45.86***
458.75***

0.38
0.67
–
–
–
–

–
–
–
DEP > PHA > HC
DEP > PHA > HC
PHA > DEP, HC

PHA pathological health anxiety group, DEP depression group, HC healthy control group, PHQ-9 Patient Health Questionnaire Depression,
PHQ-15 Patient Health Questionnaire Somatic, WI Whiteley-Index
*** p < 0.001
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and speciﬁcity for the measurement of PHA have also been
demonstrated [45].
The Patient Health Questionnaire Depression (PHQ-9)
is the 9-item depression module from the full PHQ. Each
of the nine PHQ depression items corresponds to one of the
DSM-IV Diagnostic Criteria for major depressive disorder
[1]. The optimal cut-oﬀ score for detecting major depressive
disorder is 10 [46].
The Patient Health Questionnaire Somatic (PHQ-15)
assesses somatic symptom severity and is used as a screening instrument for somatoform disorders. Somatic symptom
severity is reﬂected in a sum score of the 15 items (range
0–30 point), and classiﬁed as severe by scores from 15 to
30 [47].
The body-symptom implicit association task
(body-symptom IAT)
The suitability of the fMRI-adapted body-symptom IAT
has been demonstrated in a study on cognitive mechanisms
of PHA in healthy subjects [37]. The body-symptom IAT
involves two concept categories (ten body-symptom words
and ten neural words) and two attribute categories (ﬁve
harmless-related adjectives and ﬁve danger-related adjectives). In the concept categories, body-symptom words
related to common bodily complaints or sensations (such
as cough and sickness) that are potential triggers of illness
concerns for patient with PHA, as well as neutral words
related to household (such as basin and plate) were used (for
details see Supplementary Table 6). The congruent condition required participants to sort body-symptom words and
danger-related adjectives as a group, as well as household
words and harmless adjectives as the other group; on the
contrary, body-symptom words and harmless adjectives
Fig. 1 Body-symptom word
implicit association task

as a group, as well as household words and danger-related
words as the other group in the incongruent condition. All
participants started with the congruent condition. As control
condition rows of lower case or capital letters were presented
as target stimuli [24, 37]. Participants were required to sort
the letter strings to the attributes “lower case” or “capital”.
The experimental design is shown in Fig. 1.
The IAT started with a session of 12 blocks of the congruent condition, followed by a session of 12 blocks of
the incongruent condition. Since a ﬁxed order was used,
the position of the control attributes on the screen was
exchanged for the incongruent condition to account for possible diﬀerences in reversal learning abilities and related
cognitive eﬀort between participants. Both the congruent
and the incongruent condition included six word and six
letter blocks in alternating order. A ﬁxation cross was presented between blocks for 13 s, followed by an instruction
for the new block for 2 s. Within each block, 20 stimuli were
presented with a ﬁxed duration of 1.5 s, separated by a ﬁxation cross of a mean duration of 300 ms. The total duration
of each block, including intertrial interval, was around 50 s.
In the present study, responses were recorded with a
Lumitiouch optical response device (Photon Control Inc
Burnaby, BC, Canada). The task was implemented with the
Presentation software, version 9.50 (Neurobehavioral Systems Albany, CA, USA). Stimuli were presented by VisuaStim video goggles (Resonance Technology Inc, Northridge, CA, USA). Prior to the IAT, participants completed
an emotional Stroop task [38].
Image acquisition
The study was performed on a 3 Tesla Siemens Tim TRIO
whole-body magnetic resonance imaging scanner (Siemens
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Medical Systems, Erlangen, Germany). Before functional
imaging, a T1-weighted anatomical scan was acquired (162
slices, 1 × 1 × 1 mm voxel size). Functional scans were
obtained using a T2*-weighted gradient echo planar imaging
sequence (TR = 2000 ms; TA = 100 ms; TE = 50 ms; ﬂip
angle 90 degree; ﬁeld of view = 224 mm; 64 × 64 matrix).
Each volume consisted of 28 slices, collected in a descending order with a slice-thickness of 3 mm with 1 mm gap
(resulting voxel size: 3 × 3 × 4 mm). Each session (congruent and incongruent) contained 189 scans, with 378 scans
for the whole experiment.
Data analyses
FMRI data analyses were accomplished with SPM8 (Wellcome Department of Imaging Neuroscience, Institute of
Neurology, London, UK). Data preprocessing included realignment, spatial normalization (MNI template) with resampling to a 3 × 3 × 3 mm voxel size, and spatially smoothing
with an 8 mm FWHM kernel.
Preprocessed data were subjected to a ﬁxed eﬀect ﬁrstlevel analysis including both sessions. Repressors for
each condition were deﬁned and convolved with a box car
function. To minimize the inﬂuence of movement-related
variance, we included the six movement parameters of the
realignment procedure as covariates of no interest. To investigate the eﬀect of the word material, the main eﬀect of the
words was analyzed with the contrast: (incongruent words,
congruent words) > (incongruent letters, congruent letters).
To investigate the implicit associations, the interaction contrast that compares incongruent word blocks with congruent
word blocks with reference to the control conditions was
used: (incongruent words > incongruent letters) > (congruent words > congruent letters). Additional analyses within
the sessions were conducted with the contrasts: incongruent condition (incongruent words > incongruent letters), as
well as congruent condition (congruent words > congruent
letters).
For second-level group analyses, we conducted one sample t tests across all participants to analyze the main eﬀect
of the word material, as well as of the implicit associations
between body-symptom words and the attribute dangerous.
The diﬀerences between groups for the word material, as
well as for implicit associations were analyzed with regressions, assuming that patients with PHA have the highest
activation, followed by patients with depression. Post-hoc
comparisons between groups were achieved by applying two
sample t tests. Diﬀerences between the two control groups
can be found in the Supplementary Materials (Supplementary Table 5). The signiﬁcance threshold for whole brain
analyses was p < 0.05 FWE-corrected, k = 5. In addition, we
applied region of interest analyses with the ROIs: DLPFC
(BA 46 and BA 9), PPC (BA 7 and BA 40), and amygdala.

These ROIs were taken from the WFU pickatlas. In addition, based on an anatomical atlas, a mask for the Nacc was
used that has also been used in the previous body-symptom
IAT [37]. Signiﬁcance threshold for the ROI analyses was
p < 0.05 small volume corrected (svc), k = 5. Furthermore,
we conducted group comparisons with ROI analyses for the
incongruent and the congruent condition separately. The
ﬁndings can be found in the Supplementary Materials (Supplementary Tables 3 and 4).
Behavioral data were analyzed with SPSS version 22.
According to Greenwald et al., the IAT eﬀect was analyzed
by the improved D-score algorithm (known as D4, or IAT
D600) [48]. The D-score for the IAT is a quotient of the difference between the mean latency of the incongruent condition and of the congruent condition divided by the pooled
standard deviation. Speciﬁcally for the IAT D600, the pooled
standard deviation (SD) is calculated only with latencies
of correct responses across conditions. Furthermore, the
latencies for each false response are replaced with the mean
latency for correct responses of that condition and an error
penalty (600 ms). The mean latencies for each condition are
calculated separately. Higher scores reﬂect stronger implicit
associations between the concept body symptoms and the
attribute dangerous. The IAT D600 scores and the reaction
times were subjected to ANOVAs. Paired t tests were used
for post-hoc analyses if interaction eﬀects were signiﬁcant.

Results
Behavioral data
Analyses revealed larger D600 scores for words than for letters. Furthermore, words in comparison to letters, as well as
the incongruent in comparison to the congruent categorization resulted in longer reaction times. However, no signiﬁcant group diﬀerences were found. Mean response latencies,
accuracies, and D600 scores across all participants, as well
as for the three groups separately and their comparisons
are presented in Supplementary Text and Supplementary
Table 1.
Functional imaging data
Task eﬀects across all participants
Word materials One sample t tests showed signiﬁcantly
enhanced activation for words compared to letters in bilateral middle temporal gyrus, bilateral posterior cingulate,
bilateral cerebellum, right inferior frontal gyrus (IFG), right
cuneus, left middle frontal gyrus, and left superior parietal lobe (see Table 2; Fig. 2a). In addition, ROI analyses
revealed bilaterally enhanced activation in PPC and DLPFC.
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Table 2 Activations in
response to the word materials
[(incongruent words, congruent
words) > (incongruent letters,
congruent letters)] across all
participants

Area

Whole brain analyses
Inferior frontal gyrus
Claustrum
Middle frontal gyrus
Superior parietal lobe
Superior Parietal Lobe
Precuneus
Middle temporal gyrus
Middle temporal gyrus
Middle occipital gyrus
Middle temporal gyrus
Posterior cingulate
Posterior cingulate
Cuneus
Cerebellum cluster
Declive
Declive
Culmen
Region of interest analyses
Posterior parietal cortex
Posterior parietal cortex
Dorsolateral prefrontal cortex
Dorsolateral prefrontal cortex

BA

L/R

47
46
7
7
7
22
20
18
20
23
23
30

7, 40
7, 40
9, 46
9, 46

Cluster

MNI

t value

p value

x

y

z

33
−30
−48
−30
−27
−12
−54
−57
−24
60
−6
6
3

23
20
29
−55
−67
−70
−43
−43
−97
−43
−28
−28
−73

−2
1
28
43
43
46
−2
−14
1
−11
28
28
−7

15.09
13.55
12.25
13.29
12.60
12.15
9.18
7.71
8.55
7.93
7.03
5.19
6.25

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.01
<0.001

R
L
L
L
L
L
L
L
L
R
L
R
R

5411

L
R
L

854

−9
9
−27

−76
−76
−61

−29
−29
−32

14.20
12.44
9.19

<0.001
<0.001
<0.001

L
R
R
L

948
925
398
375

−33
12
45
−51

−58
−37
44
29

46
49
22
28

12.66
11.86
11.08
11.99

<0.001
<0.001
<0.001
<0.001

2353

375
174
62
49
28

Signiﬁcance threshold for whole brain analyses is set to p < 0.05 FWE-corrected, k = 5, and for the ROI
analyses to p < 0.05 svc, k = 5, subcluster peaks are inserted

Implicit bias The incongruent versus congruent words
condition (see Table 3; Fig. 2b) showed signiﬁcantly
increased activation in bilateral superior parietal lobe, bilateral middle frontal gyrus, bilateral cerebellum, bilateral
thalamus, right insula, left inferior temporal gyrus, left middle occipital gyrus, and left middle temporal gyrus. ROI
analyses revealed bilaterally enhanced activation in the PPC
and DLPFC during the incongruent in comparison to the
congruent condition.
Group eﬀects
Word materials Whole brain analysis with a regression for
group comparison (PHA > depression > healthy controls,
see Table 4) for words versus letters revealed no signiﬁcant
group diﬀerences. ROI analyses, however, showed signiﬁcantly enhanced activation in bilateral amygdala (Fig. 3),
right PPC, as well as a trend for higher activation in the
PHA group in left Nacc.
Post-hoc two sample t tests revealed no signiﬁcant differences between groups, when applying whole brain analyses. ROI analyses, however, revealed that patients with PHA
showed hyperactivation in bilateral amygdala and right PPC

as well as in left Nacc at a trend level in comparison to the
healthy subjects. However, there was no signiﬁcant diﬀerence between the two patient groups (Table 5).
Implicit bias Whole brain analysis with a regression for
group diﬀerences (PHA > depression > healthy controls,
see Table 6) in implicit associations revealed no signiﬁcant group diﬀerences, but ROI analyses revealed signiﬁcantly higher activation in bilateral PPC (Fig. 4), and in left
DLPFC at a trend level.
Again, post-hoc two sample tests revealed no diﬀerences
between groups, when applying whole brain analyses. ROI
analyses, however, showed that patients with PHA had signiﬁcantly enhanced activation in left PCC and at a trend
level in right PPC and left Nacc in comparison to the healthy
control group. ROI analyses revealed no signiﬁcant diﬀerences between the two patient groups (Table 7).

Discussion
The present study aimed at investigating the neural basis of
the negative automatic interpretation bias of body symptoms
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Fig. 2 Condition eﬀects across
all participants. a Higher
activation for word than letter
processing (words > letters). b Enhanced activation
in the incongruent condition
in comparison to the congruent condition [(incongruent
words > incongruent letters) > (congruent words > congruent letters)]. Activation
diﬀerences are displayed with
a signiﬁcance threshold of
p < 0.05 FWE-corrected, k = 10

that represents a central feature of PHA. To investigate the
speciﬁcity of this bias in patients suﬀering from PHA, two
control groups, i.e., healthy participants and patients fulﬁlling diagnostic criteria for a depressive disorder, were
included. In general, patients with PHA showed aberrant
processing of body-symptom words in the IAT on the neural
but not on the behavioral level. The ﬁndings elucidate aberrant neural activation patterns in patients with PHA compared to clinical as well as non-clinical comparison groups
and contribute to the growing knowledge on biased information processing in PHA [9].
Behavioral results showed that across all participants,
word materials attracted more attention than letters and that
the association between the concepts “body symptoms”
and “dangerous” was stronger than the association between
“body symptoms” and “harmless”. For the word materials in
comparison to the letters, we found increased activation in
IFG, and structures associated with fronto-parietal network
(FPN, including DLPFC and PPC). The IFG plays a crucial role in response inhibition [49] and is closely linked to
executive control [50]. The PPC is related to proprioception
[51], attentional processing [52], working memory [53] and
various cognitive functions, including attention, and action
processing [54, 55]. The DLPFC is highly correlated with
working-memory processes [56]. The FPN in general is
linked to cognitive control and working memory [57, 58],

and is involved in top–down control of visual attention [34].
Taken together, these results indicate that word material
attracted subjects’ visual attention and executive functions
more than letters as used in the control condition of the IAT.
Regarding the implicit association eﬀect, we found increased
activation in the FPN. Thus, the incongruent condition in
comparison to the congruent condition resulted in a stronger
involvement of an executive network, most likely due to the
necessity to inhibit pre-potent responses, suggesting the suitability of our task to assess the neural correlates of implicit
associations.
In contrast to our hypothesis, group comparisons
revealed no evidence of a signiﬁcantly stronger bias in
patients with PHA on the behavioral level (neither in the
raw RTs nor in case of the D600 score). However, regarding brain activation, hyperactivation in bilateral amygdala,
right PPC, and on a trend level in left Nacc was found in
response to the word stimuli in the PHA group in comparison to both control groups. The amygdala is a key structure in the processing of threat-related stimuli in terms of
rapid pre-attentive detection of threat-related stimuli and
in the processing of emotional stimuli [59]. As a part of
the FPN, the PPC is not only involved in visuospatial processing [60], but also related to attention processes [61], as
well as cognitive control [34]. The hyperactivation in right
PPC is in line with the lateralization theory proposing the
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Table 3 Activation
during the assessment of
implicit body-symptom
associations [(incongruent
words > incongruent
letters) > (congruent
words > congruent letters)]
across all participants

Area

Whole brain analyses
Superior parietal lobe
Precuneus
Superior parietal lobe
Middle frontal gyrus
Middle frontal gyrus
Middle frontal gyrus
Middle frontal gyrus
Middle frontal gyrus
Inferior frontal gyrus
Middle frontal gyrus
Superior frontal gyrus
Middle frontal gyrus
Insula
Claustrum
Inferior temporal gyrus
Middle occipital gyrus
Lingual gyrus
Middle frontal gyrus
Middle temporal gyrus
Lentiform nucleus
Thalamus
Thalamus
Thalamus
Cerebellum clusters
Declive
Tuber
Cerebellar tonsil
Declive
Declive
Uvula
Inferior semi-lunar lobe
Cerebellar tonsil
Cerebellar tonsil
Region of interest analyses
Posterior parietal cortex
Posterior parietal cortex
Dorsolateral prefrontal cortex
Dorsolateral prefrontal cortex

BA

L/R

7
19
7
10
6
9
46
9
6
6
6
6
13
20
18
18
11
37

7, 40
7, 40
9, 46
9, 46

Cluster

L
L
R
R
R
R
L
L
L
L
L
L
R
L
L
L
L
R
L
R
R
L
L

2004

L
L
L
L
R
R
R
R
R

227

R
L
R
L

1501
1329
506
455

880

583

219

92
77
54
28
26
17
16
9

191
140
21

MNI

t value

p value

x

y

z

−12
−27
15
42
30
57
−45
−54
−42
−30
−24
−27
33
−27
−54
−24
−12
33
−45
15
9
9
12

−70
−67
−67
47
−1
23
38
20
−1
−1
5
−1
20
20
−16
−97
−100
50
−64
−7
−13
−19
−10

55
40
58
31
64
31
31
31
34
64
58
49
7
1
−14
4
−8
−8
−5
1
1
4
1

9.39
9.27
7.62
8.35
7.73
7.12
8.40
7.33
6.93
7.12
6.40
6.03
6.14
7.03
8.08
6.05
4.97
5.44
5.46
5.19
5.10
5.02
5.02

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
0.001
0.030
0.005
0.005
0.014
0.019
0.025
0.025

−36
−33
−24
−6
9
30
39
18
27

−67
−58
−43
−76
−79
−64
−67
−46
−43

−29
−38
−47
−26
−26
−32
−47
−50
−47

6.65
6.42
5.98
6.79
6.32
6.85
5.72
5.51
5.07

<0.001
<0.001
0.001
<0.001
<0.001
<0.001
0.002
0.004
0.021

15
−12
42
−45

−67
−70
44
38

58
55
34
31

7.62
9.39
8.35
8.40

<0.001
<0.001
<0.001
<0.001

Signiﬁcance threshold for whole brain analyses is p < 0.05 FWE-corrected, k = 5, and for the ROI analyses
to p < 0.05 svc, k = 5, subcluster peaks are inserted

right hemisphere to be mainly involved in the processing
of negative aﬀective information [62]. It is assumed that
stimulation of projections from the amygdala to the ventral striatum interrupts goal-directed processes in favor
of responding to unexpected threats [63]. Furthermore,
the Nacc is linked to emotional arousal, salience processing, as well as behavioral or self-related stimuli [64, 65].

Hyperactivation of left Nacc in PHA might be explained,
in contrast to assumptions of the lateralization theory, by
an animal study showing that especially left Nacc responds
to negative stimuli [66]. Taken together, these ﬁndings
most likely indicate that the word stimuli were more salient for the PHA group compared to the control groups and
resulted in a stronger emotional response.
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Table 4 Group comparisons
(pathological health
anxiety group > depression
group > healthy control
group) of brain activation in
response to the word materials
[(incongruent words, congruent
words) > (incongruent letters,
congruent letters)]

Area

BA

Whole brain analyses
None
Region of interest analyses
Posterior parietal cortex
7, 40
Nucleus accumbens
Amygdala
Amygdala

L/R

R
L
L
R

Cluster

93
61
17
14

MNI
x

y

z

18
−12
−21
21

−67
17
−4
−7

64
−5
−26
−23

t value

p value

3.90
2.89
3.03
2.74

0.04
0.06+
0.02
0.04

Signiﬁcance threshold for whole brain analyses is set to p < 0.05 FWE-corrected, k = 5, and for the ROI
analyses to p < 0.05 svc, k = 5, trends are indicated by +

Regarding an implicit bias in terms of more negative
body-symptom evaluations in PHA group, inconsistent with
Witthöft et al. [9], we found no signiﬁcant group diﬀerences
in RTs. The present sample is a subsample of the study by
Witthöft et al. [9] and might lack the power to reveal the
group diﬀerences in response times (N = 96 in the fMRI
study and N = 192 in the behavioral study). However, with
respect to the neural mechanism of implicit body-symptom
associations, in consistence with Mier et al. [37], the PHA
group showed hyperactivation in the PPC, namely, in superior parietal lobe (BA 7) and inferior parietal lobe (BA 40).
Moreover, the PHA group showed a trend for hyperactivation in the left DLPFC. As mentioned above, the PPC and
DLPFC play crucial roles in the FPN [34]. This hyperactivation might indicate that patients with PHA required more
controlled cognitive eﬀorts to show a correct response under
the incongruent condition, compared to the control groups.
Patients in the PHA group in comparison to the healthy controls had hyperactivation in bilateral PPC and left Nacc. This
might suggest that PHA patients had both stronger emotional
response, and higher need for recruitment of cognitive control and executive functions. In light of dual-process models
[19], these results suggest enhanced processing of the word
stimuli both within the implicit and explicit mode in PHA.
In a nutshell, we found evidence for aberrant processing in patients with PHA (a) emotionally, as reﬂected in
increased activation in amygdala and Nacc that are linked
to salience and processing of threat-related stimuli and (b)
cognitively, as reﬂected in increased activation in DLPFC
and PPC which are linked to cognitive control and executive
functions.

Limitation
Fig. 3 Hyperactivation in the pathological health anxiety group for
the word materials (words > letters) in comparison to both control
groups. a Hyperactivation in the amygdala. b Hyperactivation in
PPC. Activation diﬀerences are displayed with a signiﬁcance threshold of p < 0.001, k = 10

This study did not conduct explicit measures of attitudes
toward body symptoms and was thus unable to explore
corresponding neural correlates. Future symptom-relevant
fMRI studies in PHA might prefer to combine explicit and
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Table 5 Post-hoc two sample
t tests for group diﬀerences in
brain activation in response
to the word materials
[(incongruent words, congruent
words) > (incongruent letters,
congruent letters)]

Area

PHA > HC
Whole brain analyses
None
Region of interest analyses
Posterior parietal cortex
Nucleus accumbens
Amygdala
Amygdala
PHA > DEP
Whole brain analyses
None
Region of interest analyses
None

BA

L/R

7, 40

R
L
L
R

Cluster

92
75
17
13

MNI
x

y

z

18
−15
−21
21

−67
20
−4
−7

64
−2
−26
−23

t value

p value

3.99
2.84
3.12
2.73

0.04
0.07+
0.02
0.05

Signiﬁcance threshold for whole brain analyses is p < 0.5 FWE-corrected, k = 5, and for the ROI analyses
is p < 0.05 svc, k = 5, trends are indicated by +
PHA pathological health anxiety group, DEP depression group, HC healthy control group

Table 6 Group comparisons
(PHA > depression > healthy
controls) of brain activations
during the assessment of
implicit body-symptom
associations [(incongruent
words > incongruent
letters) > (congruent
words > congruent letters)]

Area

Whole brain analyses
None
Region of interest analyses
Posterior parietal cortex
Posterior parietal cortex
Dorsolateral prefrontal cortex

BA

L/R

7, 40
7, 40
9, 46

L
R
L

Cluster

1080
920
115

MNI
x

y

z

−63
60
−48

−34
−28
44

40
28
16

t value

p value

3.98
4.24
3.46

0.03
0.01
0.06+

Signiﬁcance threshold for whole brain analyses is p < 0.5 FWE-corrected, k = 5, and for the ROI analyses
is p < 0.05 svc, k = 5, trends are indicated by +

implicit attitude measures to ﬁgure out their potential associations. Furthermore, consistent with most former research
[24, 25], the ﬁndings of this study are based on a block
design that combines the categorization of the target words
(i.e., body-symptom words) with the categorization of nontarget words (i.e., household words). Thus, the results reﬂect
a mixed eﬀect of both trial types. Future studies may use an
event-related design to ﬁgure out the speciﬁcity of the target
trials [23]. The present study did not ﬁnd (a) group diﬀerences in reaction times from incongruent as well as congruent condition and (b) group diﬀerences between the two
clinical groups in the regions of interest. It might be due to
the drawbacks of the IAT which is highly related to the order
of the paring of concepts and attributes and in particular to
personal experience. Furthermore, it has been criticized to
be susceptible to conscious control [67]. Thus, future studies may develop new methods or algorithms to investigate
biased processing of health-threat-related materials in PHA.
Post-hoc comparisons between PHA patients and depressive

patients were not signiﬁcant. Thus, our ﬁndings might not be
speciﬁc for PHA, but aberrations in brain activation seem to
be more pronounced in patients with PHA than in patients
with a depressive disorder. However, a substantial number of
PHA patients had comorbidities, especially anxiety disorders
and depressive disorders. These comorbidities may attenuate group diﬀerences with regard to the depressive control
group. Future studies may aim at investigating PHA patients
without any comorbidities. Furthermore, future studies
applying patients with anxiety disorders (e.g., with panic
disorder) as clinical control group would help shedding light
on the speciﬁcity of the aberrations in brain activation for
PHA under the anxiety disorders.

Conclusions
Taken together, we found patients with PHA having
increased activation in amygdala and Nacc when processing

205

Fig. 4 Hyperactivation in the pathological health anxiety group during incongruency processing. a Enhanced activation in the incongruent condition in comparison to the congruent condition [(incongruent words > incongruent letters) > (congruent words > congruent
letters)] in pathological health anxiety in comparison to both control groups. Activation diﬀerences are displayed with a signiﬁcance

Table 7 Post-hoc two sample
t tests for group diﬀerences in
activation during the assessment
of implicit body-symptom
associations [(incongruent
words > incongruent
letters) > (congruent
words > congruent letters)]

Area

PHA > HC
Whole brain analyses
None
Region of interest analyses
Posterior parietal cortex
Posterior parietal cortex
Nucleus accumbens
PHA > DEP
Whole brain analyses
None
Region of interest analyses
None

BA

7, 40
7, 40

threshold of p < 0.001, k = 10. b Activation diﬀerences between
incongruent words and incongruent letters, and congruent words
and congruent letters in the left and right posterior parietal cortex.
Displayed is the mean signal change in PPC activation for the three
groups. PHA pathological health anxiety group, Control healthy control group, Depression depressive control group

L/R

L
R
L

Cluster

944
865
31

MNI
x

y

z

−63
63
−18

−34
−31
17

40
28
−2

t value

p value

3.80
3.92
2.74

0.03
0.05
0.09+

Signiﬁcance threshold for whole brain analyses is p < 0.5 FWE-corrected, k = 5, and for the ROI analyses
is p < 0.05 svc, k = 5, trends are indicated by +
PHA pathological health anxiety group, DEP depression group, HC healthy control group

body-symptom-related words, probably indicating a strong
emotional reaction and an implicit evaluation bias. Furthermore, hyperactivation in the DLPFC and PPC was revealed
in PHA during the incongruent condition compared to the
congruent condition, probably demonstrating higher cognitive eﬀort to overcome the body-symptom related implicit

bias. It is important to stress that behavioral indicators of
the IAT seem less suited to map characteristic cognitive
biases in PHA. The neural ﬁndings, however, are in line
with the combined cognitive bias hypothesis (CCBH) [7]
that has recently been applied to the realm of PHA [9], suggesting that attentional and evaluative biases might maintain
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the symptoms of PHA. Currently, exposure and re-attribution based psychotherapeutic treatments (e.g., Kerstner et al.
[41]) seem to be most promising in targeting the cognitive
biases in PHA. Longitudinal fMRI studies are needed to test
whether the observed abnormalities change as a function of
successful therapeutic interventions.
Acknowledgements We thank Iris Wollgarten, Tobias Kerstner, and
Julia Ofer for invaluable help with study organization and diagnostics.
We thank Vera Zamoscik and Heike Schmidt for their excellent help in
data collection. We are grateful to Fred Rist for important suggestions
on study design and implementation. This study was supported by the
Deutsche Forschungsgemeinschaft (DFG BA1597/5-1). Zhimin Yan is
supported by the Chinese Scholarship Council (CSC).
Compliance with ethical standards
Conﬂict of interest
clare.

The authors have no conﬂicts of interest to de-

References
1. American Psychiatric Association (2000) Diagnostic and statistical manual, 4th edn, text revision (DSM-IV-TR). American Psychiatric Association, Washington
2. Creed F, Barsky A (2004) A systematic review of the epidemiology of somatisation disorder and hypochondriasis. J Psychosom
Res 56(4):391–408
3. Fink P, Ørnbøl E, Christensen KS (2010) The outcome of health
anxiety in primary care. A two-year follow-up study on health care
costs and self-rated health. PLoS One 5(3):e9873
4. Gropalis M, Bleichhardt G, Witthöft M, Hiller W (2012) Hypochondriasis, somatoform disorders, and anxiety disorders: sociodemographic variables, general psychopathology, and naturalistic treatment eﬀects. J Nerv Ment Dis 200(5):406–412
5. Olatunji BO, Deacon BJ, Abramowitz JS (2009) Is hypochondriasis an anxiety disorder? Br J Psychiatry 194(6):481–482
6. Fink P, Ørnbøl E, Toft T, Sparle KC, Frostholm L, Olesen F
(2004) A new, empirically established hypochondriasis diagnosis.
Am J Psychiatry 161(9):1680–1691
7. Hirsch CR, Clark DM, Mathews A (2006) Imagery and interpretations in social phobia: support for the combined cognitive biases
hypothesis. Behav Ther 37(3):223–236
8. Beck AT, Freeman A, Davis DD (2015) Cognitive therapy of personality disorders. Guilford Publications, New York
9. Witthöft M, Kerstner T, Ofer J, Mier D, Rist F, Diener C, Bailer
J (2016) Cognitive biases in pathological health anxiety the contribution of attention, memory, and evaluation processes. Clin
Psychol Sci 4(3):464–479
10. Bleichhardt G, Hiller W (2007) Hypochondriasis and health anxiety in the German population. Br J Health Psychol 12(4):511–523
11. Noyes R Jr, Stuart SP, Langbehn DR, Happel RL, Longley SL,
Muller BA, Yagla SJ (2003) Test of an interpersonal model of
hypochondriasis. Psychosom Med 65(2):292–300
12. Greenwald AG, Banaji MR, Rudman LA, Farnham SD, Nosek
BA, Mellott DS (2002) A uniﬁed theory of implicit attitudes, stereotypes, self-esteem, and self-concept. Psychol Rev 109(1):3–25
13. Greenwald AG, McGhee DE, Schwartz JL (1998) Measuring individual diﬀerences in implicit cognition: the implicit association
test. J Pers Soc Psychol 74(6):1464–1480

14. Teachman BA, Stefanucci JK, Clerkin EM, Cody MW, Proﬃtt
DR (2008) A new mode of fear expression: perceptual bias in
height fear. Emotion 8(2):296–301
15. Weck F, Bleichhardt G, Witthöft M, Hiller W (2011) Explicit
and implicit anxiety: diﬀerences between patients with hypochondriasis, patients with anxiety disorders, and healthy controls. Cogn Ther Res 35(4):317–325
16. Riebel K, Egloﬀ B, Witthöft M (2013) The implicit healthrelated self-concept in somatoform disorders. J Behav Ther Exp
Psychiatry 44(3):335–342
17. Beer JS, Stallen M, Lombardo MV, Gonsalkorale K, Cunningham WA, Sherman JW (2008) The quadruple process model
approach to examining the neural underpinnings of prejudice.
NeuroImage 43(4):775–783
18. Barrett LF, Tugade MM, Engle RW (2004) Individual diﬀerences in working memory capacity and dual-process theories
of the mind. Psychol Bull 130(4):553–573
19. Beevers CG (2005) Cognitive vulnerability to depression: a dual
process model. Clin Psychol Rev 25(7):975–1002
20. Conrey FR, Sherman JW, Gawronski B, Hugenberg K, Groom
CJ (2005) Separating multiple processes in implicit social cognition: the quad model of implicit task performance. J Pers Soc
Psychol 89(4):469–487
21. Sherman JW, Gawronski B, Gonsalkorale K, Hugenberg
K, Allen TJ, Groom CJ (2008) The self-regulation of automatic associations and behavioral impulses. Psychol Rev
115(2):314–335
22. Phelps EA, O’Connor KJ, Cunningham WA, Funayama ES,
Gatenby JC, Gore JC, Banaji MR (2000) Performance on indirect measures of race evaluation predicts amygdala activation.
J Cogn Neurosci 12(5):729–738
23. Luo Q, Nakic M, Wheatley T, Richell R, Martin A, Blair RJR
(2006) The neural basis of implicit moral attitude—an IAT
study using event-related fMRI. NeuroImage 30(4):1449–1457
24. Chee MW, Sriram N, Soon CS, Lee KM (2000) Dorsolateral
prefrontal cortex and the implicit association of concepts and
attributes. NeuroReport 11(1):135–140
25. Knutson KM, Mah L, Manly CF, Grafman J (2007) Neural correlates of automatic beliefs about gender and race. Hum Brain
Mapp 28(10):915–930
26. Santos A, Mier D, Kirsch P, Meyer-Lindenberg A (2011) Evidence for a general face salience signal in human amygdala.
NeuroImage 54(4):3111–3116
27. Hsu M, Bhatt M, Adolphs R, Tranel D, Camerer CF (2005)
Neural systems responding to degrees of uncertainty in human
decision-making. Science 310(5754):1680–1683
28. Kim H, Somerville LH, Johnstone T, Polis S, Alexander
AL, Shin LM, Whalen PJ (2004) Contextual modulation of
amygdala responsivity to surprised faces. J Cogn Neurosci
16(10):1730–1745
29. Platek SM, Krill AL (2009) Self-face resemblance attenuates
other-race face eﬀect in the amygdala. Brain Res 1284:156–160
30. Trawalter S, Richeson JA, Shelton JN (2009) Predicting behavior during interracial interactions: a stress and coping approach.
Personal Soc Psychol Rev 13(4):243–268
31. Phelps EA, LeDoux JE (2005) Contributions of the amygdala
to emotion processing: from animal models to human behavior.
Neuron 48(2):175–187
32. Poldrack RA, Wagner AD, Stanley D, Phelps E, Banaji M
(2008) The neural basis of implicit attitudes. Curr Dir Psychol
Sci 17(2):164–170
33. Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, Carter
CS (2012) Meta-analytic evidence for a superordinate cognitive
control network subserving diverse executive functions. Cogn
Aﬀect Behav Neurosci 12(2):241–268

207
34. Vincent JL, Kahn I, Snyder AZ, Raichle ME, Buckner RL (2008)
Evidence for a frontoparietal control system revealed by intrinsic
functional connectivity. J Neurophysiol 100(6):3328–3342
35. Renner F, Siep N, Lobbestael J, Arntz A, Peeters FP, Huibers MJ
(2015) Neural correlates of self-referential processing and implicit
self-associations in chronic depression. J Aﬀect Disord 186:40–47
36. Cunningham WA, Johnson MK, Raye CL, Gatenby JC, Gore JC,
Banaji MR (2004) Separable neural components in the processing
of black and white faces. Psychol Sci 15(12):806–813
37. Mier D, Witthöft M, Bailer J, Ofer J, Kerstner T, Rist F, Diener
C (2016) Cough is dangerous: neural correlates of implicit body
symptoms associations. Front Psychol 7:247
38. Mier D, Bailer J, Ofer J, Kerstner T, Zamoscik V, Rist F, Witthöft
M, Diener C (2017) Neural correlates of an attentional bias to
health-threatening stimuli in individuals with pathological health
anxiety. J Psychiatry Neurosci 42(3):200–209
39. van den Heuvel OA, Veltman DJ, Groenewegen HJ, Witter MP,
Merkelbach J, Cath DC, van Balkom AJ, van Oppen P, van Dyck
R (2005) Disorder-speciﬁc neuroanatomical correlates of attentional bias in obsessive-compulsive disorder, panic disorder, and
hypochondriasis. Arch Gen Psychiatry 62(8):922–933
40. Bailer J, Kerstner T, Witthöft M, Diener C, Mier D, Rist F (2016)
Health anxiety and hypochondriasis in the light of DSM-5. Anxiety Stress Coping 29(2):219–239
41. Kerstner T, Witthöft M, Mier D, Diener C, Rist F, Bailer J (2015)
A diary-based modiﬁcation of symptom attributions in pathological health anxiety: eﬀects on symptom report and cognitive biases.
J Consult Clin Psychol 83(3):578–589
42. First MB, Spitzer RL, Gibbon M, Williams JB (1995) Structured
clinical interview for DSM-IV axis I disorders. New York State
Psychiatric Institute, New York
43. World Health Organization (1998) Schedules for clinical assessment in neuropsychiatry (SCAN), Version 2.1. World Health
Organization, Geneva
44. Hiller W, Rief W, Fichter M (2002) Dimensional and categorical
approaches to hypochondriasis. Psychol Med 32(04):707–718
45. Hiller W, Rief W (2004) Internationale Skalen für Hypochondrie:
deutschsprachige Adaption des Whiteley-Index (WI) und Illness
Attitude Scales (IAS). Verlag Hans Huber
46. Kroenke K, Spitzer RL (2002) The PHQ-9: a new depression diagnostic and severity measure. Psychiatr Ann 32(9):509–515
47. Kroenke K, Spitzer RL, Williams JB (2002) The PHQ-15: validity
of a new measure for evaluating the severity of somatic symptoms.
Psychosom Med 64(2):258–266
48. Greenwald AG, Nosek BA, Banaji MR (2003) Understanding and
using the implicit association test: I. An improved scoring algorithm. J Pers Soc Psychol 85(2):197–216
49. Aron AR, Robbins TW, Poldrack RA (2004) Inhibition and the
right inferior frontal cortex. Trends Cogn Sci 8(4):170–177
50. Hampshire A, Chamberlain SR, Monti MM, Duncan J, Owen AM
(2010) The role of the right inferior frontal gyrus: inhibition and
attentional control. NeuroImage 50(3):1313–1319

51. Bolognini N, Maravita A (2007) Proprioceptive alignment of
visual and somatosensory maps in the posterior parietal cortex.
Curr Biol 17(21):1890–1895
52. Petersen SE, Posner MI (2012) The attention system of the human
brain: 20 years after. Annu Rev Neurosci 35:73–89
53. Koenigs M, Barbey AK, Postle BR, Grafman J (2009) Superior
parietal cortex is critical for the manipulation of information in
working memory. J Neurosci 29(47):14980–14986
54. Caspers S, Eickhoﬀ SB, Rick T, von Kapri A, Kuhlen T, Huang
R, Shah NJ, Zilles K (2011) Probabilistic ﬁbre tract analysis of
cytoarchitectonically deﬁned human inferior parietal lobule areas
reveals similarities to macaques. NeuroImage 58(2):362–380
55. Iacoboni M (2005) Understanding others: imitation, language,
empathy. Perspect Imit Cogn Neurosci Soc Sci 1:77–99
56. Barbey AK, Koenigs M, Grafman J (2013) Dorsolateral prefrontal contributions to human working memory. Cortex
49(5):1195–1205
57. Fedorenko E, Duncan J, Kanwisher N (2013) Broad domain generality in focal regions of frontal and parietal cortex. Proc Natl
Acad Sci 110(41):16616–16621
58. Harding IH, Yücel M, Harrison BJ, Pantelis C, Breakspear M
(2015) Eﬀective connectivity within the frontoparietal control
network diﬀerentiates cognitive control and working memory.
NeuroImage 106:144–153
59. Dolan RJ, Vuilleumier P (2003) Amygdala automaticity in emotional processing. Ann N Y Acad Sci 985(1):348–355
60. Mishkin M, Ungerleider LG (1982) Contribution of striate inputs
to the visuospatial functions of parieto-preoccipital cortex in monkeys. Behav Brain Res 6(1):57–77
61. Ciaramelli E, Grady C, Levine B, Ween J, Moscovitch M (2010)
Top-down and bottom-up attention to memory are dissociated in
posterior parietal cortex: neuroimaging and neuropsychological
evidence. J Neurosci 30(14):4943–4956
62. Smith SD, Bulman-Fleming MB (2005) An examination of the
right-hemisphere hypothesis of the lateralization of emotion.
Brain Cogn 57(2):210–213
63. Drevets WC, Price JL, Furey ML (2008) Brain structural and functional abnormalities in mood disorders: implications for neurocircuitry models of depression. Brain Struct Funct 213(1–2):93–118
64. Zink CF, Pagnoni G, Martin ME, Dhamala M, Berns GS (2003)
Human striatal response to salient nonrewarding stimuli. J Neurosci 23(22):8092–8097
65. Phan KL, Wager TD, Taylor SF, Liberzon I (2004) Functional neuroimaging studies of human emotions. CNS Spectr 9(04):258–266
66. Besson C, Louilot A (1995) Asymmetrical involvement of mesolimbic dopaminergic neurons in aﬀective perception. Neuroscience 68(4):963–968
67. De Houwer J, Teige-Mocigemba S, Spruyt A, Moors A (2009)
Implicit measures: a normative analysis and review. Psychol Bull
135(3):347–368

