
38 J Psychiatry Neurosci 2016;41(1)

©2016  8872147 Canada Inc.

Research Paper

Healthy co-twins of patients with affective disorders 
show reduced risk-related activation of the insula 

during a monetary gambling task

Julian Macoveanu, PhD; Kamilla Miskowiak, PhD; Lars Vedel Kessing, MD, DMSc; 
Maj Vinberg, MD, PhD;* Hartwig Roman Siebner, MD, DMSc*

Introduction

Heritable genetic traits and environmental components both 
contribute to the etiology of affective disorders. While the 
specific contribution of these 2 factors to disorder onset re-
mains elusive, family and twin studies have consistently 
identified a family history of affective disorders as a major 
risk factor.1 First-degree relatives of patients with depression 
have a 2-fold to 4-fold increased risk for depression than 
 individuals with no psychiatric history in first-degree rela-
tives.2 Yet the specific neurobiological correlates mediating 
this vulnerability to affective disorders, which are transmit-
ted in affected families, remain to be identified.

Recent studies in high-risk individuals have revealed that 
healthy individuals at familial risk for affective disorders 
show a range of neurobiological abnormalities. Two studies 

from our group showed lower serotonin (5-HT) transporter 
binding in the prefrontal cortex3 and decreased hippocampal 
volume.4 We recently observed altered neural response in the 
hippocampus and orbitofrontal cortex to monetary gains and 
losses in healthy first-degree relatives of patients with de-
pression.5 Accordingly, other groups have shown altered 
frontal and subcortical reward-related neural processes in 
healthy individuals at familial risk for affective disorders.6–8

Prospective longitudinal studies may provide valuable in-
sights into the association between risk factors and disorder 
onset. By following healthy high-risk individuals for 7 years 
before the onset of any affective disorder, we were able to 
show that discrete subclinical symptoms predict subsequent 
disorder onset.9 The personality trait neuroticism, which refers 
to emotional instability, vulnerability to stress and anxiety dis-
orders,10 was also found to predict subsequent disorder 
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Background: Healthy first-degree relatives of patients with affective disorders are at increased risk for affective disorders and express 
discrete structural and functional abnormalities in the brain reward system. However, value-based decision making is not well under-
stood in these at-risk individuals. Methods: We investigated healthy monozygotic and dizygotic twins with or without a co-twin history of 
affective disorders (high-risk and low-risk groups, respectively) using functional MRI during a gambling task. We assessed group differ-
ences in activity related to gambling risk over the entire brain. Results: We included 30 monozygotic and 37 dizygotic twins in our analy-
sis. Neural activity in the anterior insula and ventral striatum increased linearly with the amount of gambling risk in the entire cohort. Indi-
vidual neuroticism scores were positively correlated with the neural response in the ventral striatum to increasing gambling risk and 
negatively correlated with individual risk-taking behaviour. Compared with low-risk twins, the high-risk twins showed a bilateral reduction 
of risk-related activity in the middle insula extending into the temporal cortex with increasing gambling risk. Post hoc analyses revealed 
that this effect was strongest in dizygotic twins. Limitations: The relatively old average age of the mono- and dizygotic twin cohort 
(49.2 yr) may indicate an increased resilience to affective disorders. The size of the monozygotic high-risk group was relatively small (n = 
13). Conclusion: The reduced processing of risk magnitude in the middle insula may indicate a deficient integration of exteroceptive in-
formation related to risk-related cues with interoceptive states in individuals at familial risk for affective disorders. Impaired risk process-
ing might contribute to increased vulnerability to affective disorders.
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 onset.9,11 A better insight into the association between abnor-
mal neural responses in high-risk individuals and state mea-
sures of psychopathology may increase our understanding of 
the neural mechanisms underlying affective disorders with the 
potential to aid earlier diagnosis and more effective treatment.

Studies comparing healthy twins with and without a co-
twin history of affective disorders provide a unique potential 
to identify subclinical traits and characterize their impact on 
clinical manifestation due to their high concordance rates12 of 
about 70% for monozygotic (MZ) twins and 35% for dizy-
gotic (DZ) twins.13 Here we studied a group of healthy, 
never-depressed MZ and DZ twins with or without a co-twin 
with a history of affective disorders (high-risk and low-risk 
groups, respectively). Using functional MRI (fMRI), we as-
sessed the differences in brain response during the per-
formance of a gambling task, which probed brain activity 
during 2 critical events: making risky choices and receiving 
monetary rewards. Genetic similarity to the twin proband 
has been shown to affect the concordance rate12,13 and may 
have an impact on the strength of the subclinical traits for 
 affective disorders. Therefore, we studied the effect of the zy-
gosity (MZ or DZ) of our twin sample on regional brain 
 activity during the gambling task. Finally, we explored 
whether subclinical depression symptoms and the personal-
ity trait neuroticism may account for differences in neural re-
sponse between the high-risk and control groups. Compared 
with the low-risk group, we expected the high-risk group to 
show an altered neural response in key brain regions in-
volved in risk-related decision making, such as the ventral 
striatum (VS) and insula, regions previously shown to dis-
play functional abnormalities in individuals with depression 
and in healthy high-risk individuals.7,14

Methods

Participants

We recruited healthy MZ and DZ twins who had never been 
treated for an affective disorder to participate in the present 
study. The participants were a subset of a larger twin cohort 
recruited for a study on demographic and clinical risk mark-
ers for depression.15 In that study, twins were identified 
through record linkage between the nationwide Danish Twin 
Registry, The Danish Psychiatric Central Research Register 
and the Danish Civil registration system. The included high-
risk twins had a co-twin (proband) who was treated in a 
 psychiatric hospital for an affective episode. Age-, sex- and 
zygosity-matched control twins (low-risk) were also invited. 
The low-risk twins had no known co-twin or fist-degree rela-
tive history of affective disorders or other severe psychiatric 
illness. The included high- and low-risk twins had no record 
in the Danish Psychiatric Central Research Register, and clin-
ical interviews were used to ascertain that all participants 
were mentally healthy and had never experienced a depres-
sion episode. The exclusion criteria for both twin cohorts 
were a personal history of depression episodes, earlier med-
ical treatment for an affective episode, severe organic brain 
disease or schizophrenia. In all, 120 high-risk and 114 low-

risk individuals met the inclusion criteria and participated in 
the study.15 Following a 7-year period, the participants were 
contacted for a personal follow-up interview.9 The twins who 
agreed to participate in the 7-year follow-up were also in-
vited to participate in the present fMRI study. 

Our behavioural data analysis included data from all twins 
who participaated in the 7-year follow-up. However, we had 
to exclude some data sets from fMRI analysis owing to either 
risk-seeking or risk-averse choice bias, which resulted in an 
insufficient number of events precluding a good estimation 
of the neural response to all risk choices. The study was con-
ducted in accordance with the Declaration of Helsinki and 
was approved by the Danish Ministry of Health, The Danish 
Regional Scientific Ethical Committee and the Data Inspec-
tion Agency. All participants provided written informed con-
sent following adequate understanding of all experimental 
procedures.

The card gambling task

The participants performed a gambling task during fMRI; the 
task is described in detail in the study by Macoveanu and col-
leagues.16 During a trial, participants were first shown an in-
formation screen displaying the accumulated amount of 
money in Danish kroner (6 DKK, equivalent to $1 USD) and 
the bet size, which could be lost. During the choice phase, 
7 playing cards, including the ace of hearts, were randomly 
distributed face down into 2 sets (Fig. 1A). Participants were 
asked to indicate which of the 2 sets they believed contained 
the ace. During the outcome phase, the location of the ace was 
revealed. A correct choice was rewarded with the amount dis-
played below the set (risk-dependent). An incorrect choice re-
sulted in the loss of the bet value (risk-independent). In a 
2-choice design, a low-risk option (with odds of 4 in 7, 5 in 7 
and 6 in 7) was associated with a corresponding high-risk op-
tion (with odds of 3 in 7, 2 in 7 and 1 in 7). There were 6 possi-
ble risk choices and associated rewards, depending on the 
number of cards in each set (Fig. 1B). To facilitate an even 
choice distribution, the expected values of the high- and low-
risk choices (i.e., the sum of probabilistically weighted wins 
and losses) were matched. Participants performed the gam-
bling task in 2 fMRI runs with a 1-minute break in between 
runs. Each of the 2 runs lasted for 11 minutes and included dif-
ferent randomization of 28 choices between 1 and 6 cards, 
28 choices between 2 and 5 cards, 28 choices between 3 and 
4 cards and 28 null events of the same duration as a real event in 
which a fixation cross was presented instead of the task screen.

Evaluation of choice behaviour during gambling

We performed the statistical assessment using SPSS Statistics 
version 20 (IBM). Group differences in risk-taking behaviour 
were evaluated using analysis of variance (ANOVA) models 
with familial risk (high, low) and zygosity (MZ, DZ) as be-
tween-subjects factors and gambling risk (odds of 4 in 7, 5 in 7 
and 6 in 7) as a within-subjects factor. For significant group in-
teractions, we used independent sample t tests to identify the 
contributing factors. The significance threshold was set at 
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p < 0.05, using Greenhouse–Geisser correction for nonspheric-
ity when appropriate. We further calculated an individual 
risk-taking ratio as the sum of risk-weighted high-risk choices 
over the highest possible risk score as a behavioural index of 
risk taking during the gambling task. Thus, a risk ratio of 1 in-
dicates that the participant made only high-risk choices during 
the gambling task, and a risk ratio of 0 indicates that the par-
ticipant made only low-risk choices.

Neuroticism and depression scales

On the day of the MRI intervention, we asked the partici-
pants to complete self-reported questionnaires assessing 
 psychopathological states. Subclinical depression symptoms 
were evaluated according to the Beck Depression Inventory 
(BDI),17 and neuroticism scores were assesed using the 
 Eysenck Personality Questionnaire (EPQ).18 Group differ-
ences in BDI and neuroticism scores were investigated using 
ANOVA models with familial risk and zygozity as between-
subjects factors. The significance criterion was the same as for 

the choice behaviour analisys described previously. Group 
data are shown as means ± standard deviation. We explored 
possible correlations between neuroticism scores and the in-
dividual risk-taking ratio by calculating the Pearson correla-
tion coefficient and performing a 2-tailed significance test.

MRI data acquisition

All MRI measurements were performed on a 3 T scanner 
(Siemens Trio) using an 8-channel head array coil. The 
blood oxygen level–dependent (BOLD) fMRI sequence in-
vovled a T2*-weighted gradient echo spiral echo-planar im-
aging (EPI) sequence with a repetition time (TR) of 2.5 s, 
echo time (TE) of 26 ms and flip angle of 90°. The measure-
ments were obtained in 2 runs, each with 260 volumes and a 
duration of 11 minutes. Each volume consisted of 41 slices of 
3 mm thickness and a between-slice gap of 25%. The field of 
view (FOV) was 256 × 256 mm using a 64 × 64 grid. The EPI 
sequence was optimized for signal recovery from the orbito-
frontal cortex by tilting slice orientation from a transverse 

Fig. 1: The card gambling task. Figure adapted with permission from Macoveanu and colleagues.16 (A) All trials had 3 phases: information, 
choice and outcome. During the information phase, participants were informed about the sum of money they had accumulated and the bet 
size (3, 4 or 5 Danish kroner [DKK]), which could be lost. In the choice phase, 2 sets of cards were presented together with the associated 
monetary reward. Participants chose the set of cards in which they believed the ace of hearts would be hidden. In the outcome phase, the ace 
of hearts was revealed, providing the participants with feedback on whether they chose the right set and whether they won the associated 
 reward or lost the bet. (B) The 6 possible choices with associated winning amounts in DKK. (C) Risk choice behaviour during the gambling 
task. The panel shows the distribution of the 6 risk choices across the high-risk twins and low-risk twins. Choices are paired according to the 
3 trial types, with the dark shade representing choices with winning odds less than 50% and the light shade representing choices with winning 
odds greater than 50%.
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 toward a coronal orientation by about 30° and by using a 
preparation gradient pulse.19 In addition, high-resolution 
3-dimensional (3D) structural T1-weighted spin echo images 
were obtained after the first session of BOLD fMRI (inver-
sion time 800 ms, TE 3.93 ms, TR 1540 ms, flip angle 9°, FOV 
256 × 256, 192 slices).

Functional MRI data analysis

Preprocessing and statistical analysis of the acquired func-
tional images was performed using SPM8 (www.fil.ion.ucl 
.ac.uk/spm/software/spm8). The images were realigned to 
the first image in the time series, normalized to a standard 
template and smoothed using a symmetric 8 mm Gaussian 
kernel. For the first-level statistical analysis we implemented 
event-related subject models with 6 regressors for the choice 
phase (1 for each risk level, from the lowest odds [1 in 7] to 
the highest odds [6 in 7], as illustrated in Fig. 1B) and 6 regres-
sors for the outcome phase (3 for negative and 3 for positive 
events). Owing to different interindividual bias in risk prefer-
ence, we achieved a sufficient number of measurements for all 
types of outcome events by grouping the outcome events in 
pairs: outcome events preceded by choices with odds of 1 in 7 
and 2 in 7 were modelled together as high-risk events, out-
come events preceded by choices with odds of 3 in 7 and 4 in 
7 as medium-risk events and outcome events preceded by 
choices with odds of 5 in 7 and 6 in 7 as low-risk events. In ad-
dition to the 6 choice phase regressors and 6 outcome regres-
sors, the model also included 24 nuisance regressors to correct 
for movement (basic, squared, spin history basic, spin history 
squared for 3D rotation and translation movements). We con-
structed 3 first-level contrasts: 1) a gambling risk contrast in 
which we assigned the 6 risk levels weights corresponding 
with a linear increase with the risk size, 2) a positive outcome 
contrast (high-risk wins > low-risk wins) and 3) a negative 
outcome contrast (low-risk loss > high-risk loss). Because the 

loss amount was invariable and matched the bet size, we hy-
pothesized that losing following a low-risk choice would be 
perceived as more aversive than losing following a high-risk 
choice because low-risk choices were associated with a higher 
value of the missed reward.16 Using an exploratory approach, 
we investigated possible interactions between familial risk 
and zygosity. We included the first-level contrasts in a 2 × 2 
second-level ANOVA model with familial risk (high, low) 
and zygosity (MZ, DZ) as between-subjects factors. For sig-
nificant findings we used post hoc t tests to identify which of 
the factors contributed to the observed interaction effect.

When testing for differences in clinical and demographic 
data we found significant differences in neuroticism scores 
between the high- and low-risk groups. We therefore set up a 
post hoc analysis in which we added the neuroticism scores 
as covariates. This enabled us to examine whether the ob-
served differences in neural response could be explained by 
differences in neuroticism. In separate analyses, we explored 
possible correlations between risk-related increase in neural 
activity and the individual risk-taking ratio and neuroticism 
scores across all participants.

We considered clusters to be significant at p < 0.05 after 
 family-wise error (FWE) correction for multiple nonindepend-
ent comparisons. The extent threshold for each cluster was set 
at an uncorrected voxel threshold of p < 0.001. For regions that 
were defined a priori as regions of interest (VS and insula) the 
correction for multiple comparisons was restricted to a mask 
including these regions constructed using the Wake Forest 
University PickAtlas toolbox and the automated anatomical 
 labelling (AAL) atlas.20,21 Significant clusters are reported with 
Z scores and stereotactic Montreal Neurological Institute 
(MNI) coordinates of the regional maxima in  millimetres.

Results

Participants

Sixty-seven healthy MZ and DZ twins, never treated for an 
affective disorder, took part in the present study. The demo-
graphic and clinical characteristics of participants are shown 
in Table 1. We had to exclude 5 data sets from fMRI analysis 
owing to either risk-seeking or risk-averse choice bias 
(2 high-risk and 3 low-risk individuals). This bias resulted in 
an insufficient number of events precluding a good estima-
tion of the neural response to all risk choices, leaving 62 par-
ticipants for the fMRI analysis.

Gambling behaviour

There was a general preference for low-risk choices across all 
participants (main effect of risk: F2,95 = 9.7, p = 0.001, Fig. 1C), 
but no significant difference in risk-taking behaviour be-
tween the high-risk and low-risk twins (F2,95 = 0.9, p = 0.39).

Neuroticism and depression scales

We found a significant familial risk × zygosity interaction in 
neuroticism scores (F1,65 = 5.0, p = 0.030). The neuroticism 

Table 1: Demographic and clinical characteristics of study 
participants

Group; mean ± SD*

Characteristic High risk Low risk p value

MZ twins

Group size 13 17

Female sex 8 11

Age, yr 49.7 ± 14.8 43.4 ± 9.9 0.17

BDI score 1.6 ± 2.2 1.3 ± 1.8 0.68

Neuroticism† 3.1 ± 3.1 4.7 ± 4.2 0.29

DZ twins

Group size 18 19

Female sex 12 11

Age, yr 48.9 ± 10.9 50.1 ± 10.3 0.57

BDI score 2.4 ± 3.5 1.1 ± 1.2 0.16

Neuroticism† 6.2 ± 4.9 3.5 ± 2.8 0.05

BDI = Beck Depression Inventory; DZ = dizygotic; MZ = monozygotic; SD = standard 
deviation.
*Unless otherwise indicated.
†Interaction effect (group × zygosity: F1,62 = 5.0, p = 0.03). High-risk DZ twins had 
higher neuroticism scores than high-risk MZ twins (p = 0.05).
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scores were higher in the high-risk DZ twins than the low-
risk DZ twins (t35 = 2.02, p = 0.05) and the high-risk MZ 
twins (t29 = 2.03, p = 0.05; Table 1). There was no significant 
difference between the high-risk and low-risk MZ twins in 
neuroticism scores (p > 0.05). We further found a negative 
correlation between neuroticism scores and the risk-taking 
ratio across all participants (Pearson r = –0.25, n = 62, p = 
0.047). Subclinical depression symptoms as reflected by BDI 
scores did not differ between high- and low-risk groups or 
between MZ and DZ twins, and all participants were within 
the range of minimal depression.

Neural response to the choice and outcome phases

Risk-related neural activity during choices
Across all participants, the neural response during the choice 
phase scaled linearly with the magnitude of the gambling 
risk in a widespread cortico-subcortical network, comprising 
the anterior insula, VS, anterior and posterior cingulate cor-
tex (Table 2A). There was a positive correlation between the 
neuroticism scores and the risk-related increase in neural ac-
tivity during the choice phase in the VS (Table 2B, Fig. 2A). 
The individual risk-taking ratio (risk seeking behaviour) 

Table 2: Functional MRI results across all participants during the choice phase*

MNI coordinates

Z score
Cluster

size
Cluster
p valuePhase; region Side x y z

A. Linear increase in risk-related activity during the choice 
phase (extent threshold p < 0.05 FWE)

Ventral striatum L –16 6 –8 > 8 5382 < 0.001

R 16 10 –8 > 8

Thalamus R 8 –22 –4 > 8

Anterior insula L –28 16 –6 6.68

R 32 22 –10 5.45

Dorsomedial prefrontal cortex L –6 34 30 6.93 5254 < 0.001

Anterior cingulate cortex R 10 30 26 6.39

Middle occipital cortex L –34 –76 36 6.93 429 < 0.001

R 44 –76 18 6.16 624 < 0.001

Cerebellum R 8 –62 22 6.35 233 < 0.001

L –8 –58 –20 4.84

Posterior cingulate cortex L –6 –32 30 6.25 472 < 0.001

R 10 –36 30 5.44

Precuneus L –12 –68 32 6.20 1334 < 0.001

R 16 –64 48 5.88

Middle temporal cortex L –54 –50 12 5.95 624 < 0.001

Middle frontal cortex L –22 28 50 5.61 61 < 0.001

Inferior frontal cortex L –46 8 18 5.56 151 < 0.001

Lateral orbitofrontal cortex L –42 48 0 5.32 56 < 0.001

Precentral gyrus R 48 –8 44 5.31 137 < 0.001

B. Positive linear association between risk-related increase 
in neural activity during the choice phase and individual 
neuroticism scores

Ventral striatum L –12 8 –10 4.13 60 0.044

R 20 4 –10 3.53 49 0.06

C. Positive linear association between risk-related increase 
in neural activity during the choice phase and individual risk 
taking ratio

Superior temporal sulcus R 52 –32 22 4.11 215 0.035

D. Negative linear association between risk-related increase 
in neural activity during the choice phase and individual risk 
taking ratio

Rostral dorsal premotor cortex R 26 4 60 5.06 232 0.026

Inferior frontal gyrus R 48 16 34 4.63 244 0.021

Midbrain L –6 –6 –16 4.59 272 0.013

Insula L –32 26 –4 4.40 63 0.041

Superior parietal lobule R 26 –74 54 4.36 503 < 0.001

Dorsomedial prefrontal cortex R 8 42 30 4.24 511 0.001

R 4 26 48 4.14

FWE = familiy-wise error; L = left; MNI = Montreal Neurological Institute; R = right.
*Regional peaks (cluster p FWE < 0.05; clusters ≥ 40 voxels; extend threshold p ≤ 0.001, uncorrected, unless otherwise stated). Z statistics and cluster size in voxels.
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 correlated positively with the risk-related increase in neural ac-
tivity in the right superior temporal cortex. Conversely, the indi-
vidual risk-taking ratio correlated negatively with risk-related 
increase in neural activity in several brain regions, including the 
left anterior insula and dorsomedial prefrontal cortex (dmPFC; 

Table 2C and 2D, Fig. 2B). In these brain regions, individuals 
preferring risk-avoiding decisions showed stronger increases in 
choice activity with increasing risk of a given gamble.

The 2-factor ANOVA (between-group factors: familial 
risk, zygosity) testing group differences in neural response 

Fig. 2: Correlation analyses. (A) Regions showing a positive linear association between risk-related 
increase in neural activity during the choice phase and individual neuroticism scores. (B) Regions 
showing a negative linear association between risk-related increase in neural activity during the 
choice phase and the individual risk taking ratio. A low risk-taking ratio indicates risk-averse choices, 
whereas a high risk taking ratio indicates risky choices during gambling. The colour bar indicates 
t scores; extent threshold p < 0.005, uncorrected.
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to increasing gambling risk yielded 2 significant group dif-
ferences. Independent of zygosity, high-risk twins dis-
played a reduced risk-related increase in neural activity 
compared with low-risk twins in the middle part of left 
(cluster pFWE = 0.001) and right insula (cluster pFWE = 0.044) 
extending into the temporal cortex (Fig. 3). Peak effect sizes 
at respective voxels were MNI: x, y, z = –36, –10, 12, Z = 4.1 
in the left middle insula; MNI: x, y, z = –56, –2, –4, Z = 4.4 in 
the superior temporal gyrus; MNI: x, y, z = 40, –2, 8, Z = 3.98 
in the right middle insula; and MNI: x, y, z = 58, 6, 12, Z = 
3.94 in the superior temporal gyrus. There was a differential 
response between high-risk and low-risk twins in the right 
anterior insula (pFWE = 0.005) and left middle insula (pFWE = 
0.022) depending on zygosity (Fig. 3). Peak effect sizes at 
 respective voxels were MNI: x, y, z = –40, 2, –18, Z = 3.56 in 
the left insula and MNI: x, y, z = 34, 14, –18, Z = 4.23 in the 
right insula. Post hoc t tests revealed a significant reduction 
in these regions in the high-risk DZ twins compared with 
the low-risk DZ twins, but no significant change in the MZ 
group. Peak effect sizes were MNI: x, y, z = –44, 8, –10, Z = 
3.57, pFWE = 0.023 in the in left insula and MNI: x, y, z = 36, 
10, –12, Z = 4.27, pFWE = 0.001 in the right insula. The group 
differences in the risk-related increase in neural activity 
were not explained by the group differences in neuroticism 
scores.

Gambling outcomes
Across all participants negative gambling outcomes (high v. 
low missed reward) led to increased neural response in a re-
gion encompassing the VS, caudate nucleus and anterior in-
sula (Table 3). Positive outcomes (high v. low reward) re-
sulted in increased neural response in a widespread 
cortico-subcortical network scaled to reward magnitude, 
comprising the anterior cingulate cortex, thalamus, anterior 
insula and hippocampus across all participants (Table 3). The 
neuroticism scores did not correlate with the neural response 
to either negative or positive outcomes in any brain regions. 
Furthermore, there was no effect of risk status or zygosity on 
the neural response to positive or to negative outcomes.

Discussion

Healthy never-depressed twins with a co-twin history of de-
pression showed an altered activity profile of the insular cor-
tex when making risky decisions during a gambling task rel-
ative to low-risk twins. The attenuated risk-related increase 
in neural activity was found symmetrically in a bilateral clus-
ter centred on the middle insular cortex, extending into the 
right anterior insular cortex and the superior temporal gyrus. 
Since depression scores did not differ significantly between 
the high- and low-risk twins and were within the normal 

Fig. 3: Group differences in brain response during the choice phase. The blue clusters comprise contiguous voxels where high-risk twins dis-
played an attenuated increase in choice-related activity with higher gambling risk relative to low-risk twins. Reduced risk-related activity was 
located in the middle part of the insula extending into the superior temporal cortex. The green clusters are regions in the insula showing an 
 interaction effect between familial risk and zygosity. There was a reduced influence of risk on choice-related activity in dizygotic high-risk twins 
as opposed to dizygotic low-risk twins, but no such difference was present in the monozygotic group. The red clusters show a risk-related 
 increase in the insula’s response during the choice phase across all participants. For all clusters, we applied an extent threshold of p < 0.005, 
uncorrected.

10 7 4 1

–2 –5 –9 –12 –15

Low-risk > high-risk twins
Group x zygosity interaction

Increasing risk across all subjects
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range, the reduced sensitivity of the insula to the riskiness of 
gambles cannot be attributed to a subclinical manifestation of 
affective disorders.

Insula and risk taking

The insula is involved in a wide range of brain functions de-
pending on the anatomic location.22–24 Posterior parts of the 
insula are densely connected with posterior temporal and 
parietal areas and have functionally been linked to pain and 
vestibular and sensorimotor processing.25,26 In contrast, the 
anterior region is coupled with frontal association areas and 
contributes to higher cognitive processes.27 Neuroimaging 
and lesion studies have consistently shown an involvement 
of the anterior insula in risk-taking during experimental 
tasks involving monetary reward and punishment.28–32 Spe-
cifically, insula activity has been associated with risk-averse 
financial decisions,29,31,33 and is suggested to be involved in 
learning the negative value of loss-predicting cues.34 In good 
agreement with its functional involvement in risk-taking, in 
both the high-risk and the low-risk twins, the anterior insula 
scaled its activity during the choice phase to the risk of the 
gamble, along with other brain regions that were previously 
shown to be involved in risk-related decision making.35 In-
terestingly, interindividual variations in choice behaviour 
during fMRI accounted for differences in risk-related activa-
tion of the left anterior insula. This region showed a stronger 
increase in activity with risk magnitude in those individuals 
who made more risk-averse choices. This finding further 
corroborates the notion that the anterior insula mediates risk 
aversion.

Reduced risk-related activity in the middle insula  
in high-risk twins

While the risk-related activity increase was similar across 
groups in the anterior insula, the middle insula displayed a 
reduced scaling of choice-related activity to the risk of a mon-
etary gamble in high-risk twins compared with low-risk 
twins. The observed reduction in insula reactivity to risky 
choices was not mediated by group differences in neuroticism 
scores. In the middle part of the insular cortex, the chemical 
sensory, social–emotional, cognitive and sensorimotor areas 
are spatially overlapped, facilitating the integration of intero-
ceptive and exteroceptive information in support of aware-
ness.36,37 Interestingly, relative to the healthy control partici-
pants, unmedicated patients with major depressive disorder 
(MDD) showed decreased activity bilaterally in the middle in-
sula during a task requiring attention to visceral interoceptive 
sensations.38 The abnormal interoceptive representation may 
further lead to a deficient integration between exteroceptive 
and interoceptive information. Hence, the reduced scaling of 
the middle insula to the risk magnitude in high-risk twins 
may reflect a deficient integration of information related to ex-
ternal risk-related cues with interoceptive states.

An abnormal top–down regulation of emotional processing 
in the insular cortex has been proposed to play a key role in 
the pathophysiology of MDD, which is associated with defi-
cits in emotional processing with a bias toward stimuli of neg-
ative valence.39 A few imaging studies comparing patients 
with MDD and healthy controls have shown that patients 
with MDD display increased neural response to emotionally 
salient stimuli in a widespread network including the 

Table 3: Functional MRI results across all participants during the outcome phase

MNI coordinates

Z score
Cluster

size p valuePhase; region Side x y z

A. Negative outcomes: large missed monetary reward 
following low-risk choice > small missed monetary 
rewards following high-risk choice

Ventral striatum L –12 8 –6 5.39 389 0.005

Caudate nucleus L –8 8 6 4.73

Ventral striatum R 10 10 10 4.48 188 0.09

B. Positive outcomes: high monetary reward following 
high-risk choice > low monetary reward following low-risk 
choice (extend threshold p < 0.05, FWE-corrected)

Middle temporal gyrus R 58 –44 6 6.22 272 < 0.001

Anterior cingulate cortex L –10 36 14 6.18 544 < 0.001

R 12 42 16 6.12

Hippocampus R 16 –24 –10 5.89 141 < 0.001

Thalamus L –12 –2 4 5.89 231 < 0.001

R 4 –4 4 4.92

Posterior cerebellum R 26 –76 28 5.57 < 0.001

Inferior frontal gyrus R 50 34 20 5.47 46 < 0.001

Anterior insula R 28 20 –12 5.32 118 < 0.001

L –30 16 –14 5.37 46 < 0.001

Fusiform gyrus L –40 –58 –20 5.18 49 < 0.001

FWE = familiy-wise error; L = left; MNI = Montreal Neurological Institute; R = right.
*Regional peaks (cluster pFWE < 0.05; clusters ≥ 40 voxels; extend threshold p ≤ 0.001 uncorrected unless otherwise stated). Z statistics and cluster 
size in voxels.
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 insula.40,41 An increased insular sensitivity has also been found 
in healthy adolescents with 1 depressed parent compared 
with low-risk controls following administration of an un-
pleasant taste.42 However, contrary to these findings, a meta-
analysis by Fitzgerald and colleagues14 reported consistent in-
sula hypoactivity (among other regions) in resting state 
paradigms and emotional activation studies and that pharma-
cological treatment increases activity in these regions. Further, 
Sliz and Hayley39 reported reduced insula activity in patients 
with MDD performing cognitive-based tasks that required 
working memory, retrieval and active processing. Young 
daughters of mothers with a history of MDD demonstrated 
reduced activation in the right putamen and left insula and in-
creased activation in the right insula compared with low-risk 
counterparts while anticipating gains in an incentive delay 
task.7 The differences in insula activity in patients with MDD 
has been attributed to differing population samples in relation 
to comorbid disorders, medication, number of depression epi-
sodes and paradigms used in the  studies.39

Differences between MZ and DZ twins

Separate post hoc analyses in the MZ and DZ groups revealed 
that the attenuated insula reactivity to increasing gambling 
risk as well as the relative increase in neuroticism scores were 
significant only when comparing high- and low-risk DZ twins 
but not when comparing high- and low-risk MZ twins. These 
findings were unexpected owing to the greater genetic resem-
blance in the MZ twins. The smaller sample size, and therefore 
statistical power, in the MZ compared with the DZ group 
(17 low- v. 13 high-risk  compared with 19 low- v. 18 high-risk, 
respectively) may explain why the differences were not signifi-
cant in the MZ twins. However, the counterintuitive findings 
are supported by those of a previous imaging study in a larger 
high-risk twin cohort in which more prominent hippocampal 
volume reduction was found in the DZ twins than in high-risk 
MZ twins.4 It is possible that the observed decrease in insula 
reactivity to increasing gambling risk and increased neuroti-
cism scores may be best explained by environmental rather 
than genetic influences. Further, since the rate at which the risk 
for affective disorders decreases with age in high-risk individ-
uals is not well understood, a higher rate for the MZ twins 
than the DZ twins may result in a higher ratio of resilient MZ 
twins than DZ twins in the relatively older MZ cohort.

Effect of neuroticism on risk taking

The personality trait neuroticism is linked to the tendency to 
experience negative emotions and includes traits such as anx-
iety, anger and depressed mood.43 In a larger group of mixed 
MZ and DZ twins, we previously observed that self-rated 
neuroticism scores were predictive of later development of 
affective disorders.9 In the present study, we were able to 
confirm this finding in the DZ group, in which high-risk DZ 
twins scored higher in the neuroticism test than low-risk DZ 
twins (Table 1). Furthermore, higher neuroticism scores were 
associated with decreased risk taking behaviour, strengthen-
ing the link between neuroticism and risk aversion.44

The interindividual variation in neuroticism scores 
showed a positive association with the neural response of 
the VS to increasingly risky gambles in the entire cohort. 
This finding corroborates previous data linking neuroti-
cism scores with D2 receptor density in the VS in a small 
sample of healthy volunteers.45 Recent imaging studies in 
humans have revealed the key involvement of the VS in 
 reward-based learning by specifically coding for salient 
prediction error signals, such as better than expected out-
comes.46,47 We suggest that in individuals with high neur-
oti cism scores, risky decisions might be associated with 
stronger dopamine signalling and thus may cause more 
sensitive or excessive reactions to the stress perceived dur-
ing risk taking. This might contribute to an increased aver-
sion to risky decisions.

Limitations

The average age of our cohort was relatively old at 
49.2 years, which is generally considered to be above the av-
erage age at onset of the first episode of depression in gen-
etically predisposed individuals. The older age may con-
tribute to an increased resilience to affective disorders. 
However, we have previously observed that high-risk twins 
retain an increased risk for affective disorders through mid-
dle age.9 Furthermore, the sample size of the MZ twins was 
relatively small.

Conclusion

To our knowledge, this is the first study to reveal a dimin-
ished sensitivity of the middle insular cortex to the risk mag-
nitude associated with gambling behaviour in twins at high 
risk for affective disorders. Based on current knowledge on 
the neurophysiology of the insular cortex, this abnormal ac-
tivity profile may reflect a deficient integration in the insula 
of exteroceptive information related to risk-related cues with 
interoceptive states in high-risk twins. This deficit may in-
crease the vulnerability to affective disorders in healthy indi-
viduals and constitute a significant component of the patho-
physiology of affective disorders.
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