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Abstract

Purpose of Review Familial predisposition to bipolar disorder is associated with increased risk of affective morbidity in the first-
degree relatives of patients. Nevertheless, a substantial proportion of relatives remain free of psychopathology throughout their
lifetime. A series of studies reviewed here were designed to test whether resilience in these high-risk individuals is associated
with adaptive brain plasticity.

Recent Findings The findings presented here derive from structural and functional magnetic resonance imaging data obtained
from patients, their resilient first-degree relatives, and healthy individuals. Patients and relatives showed similar abnormalities in
activation and connectivity while performing tasks of interference control and facial affect recognition and in the resting-state
connectivity of sensory and motor regions. Resilient relatives manifested unique neuroimaging features that differentiated them
from patients and healthy individuals. Specifically, they had larger cerebellar vermis volume, enhanced prefrontal connectivity
during task performance, and enhanced functional integration of the default mode network in task-free conditions.

Summary Resilience to bipolar disorder is not the reverse of risk but is associated with adaptive brain changes indicative of
increased neural reserve. This line of research may open new avenues in preventing and treating bipolar disorder.

Keywords Familial high risk - Magnetic resonance imaging - Mood disorders - Bipolar disorder - Resilience - Resting-state
functional MRI - Working memory - Interference control - Facial affect - Task-related functional MRI - Brain imaging

Introduction

Extensive research has led to the identification of multiple risk
factors for mental disorders, and particularly for schizophre-
nia, mood, and anxiety disorders. Familial psychopathology
[1], adversity in childhood and adult life [2—4], and metabolic
dysregulation [5—7] have emerged as key transdiagnostic risk
factors; significant overlap across diagnostic categories has
also been noted in risk-conferring genetic loci [8]. Other risk
factors, mainly cannabis use for psychosis, appear more
disorder-specific [2]. Thus far, neurobiological investigations
have focused on identifying risk-associated “abnormalities”
and have overlooked the fact that a significant proportion of
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risk-exposed individuals remain psychiatrically well.
Investigation of the mechanisms that enable these “resilient”
individuals to adapt successfully has the potential to yield new
avenues for prevention of adverse mental health outcomes.

Concepts of Resilience to Adverse Mental Health
Outcomes

The British psychiatrist, Sir Michael Rutter, is widely credited
for introducing the concept of resilience in psychiatric re-
search based on his seminal studies on children exposed social
to adversity including family dysfunction, economic depriva-
tion, and institutionalization [9—16]. He defined resilience as
“an interactive concept that is concerned with the combination
of serious risk experiences and a relatively positive psycho-
logical outcome despite those experiences” [11]. His work,
along with that of other key figures in the field, identified
psychological (e.g., sense of agency), family (e.g., close fam-
ily bonds), and societal (e.g., community cohesion and sup-
port) attributes that promote resilience [9-25]. Collectively,
current formulations of risk and resilience emphasize the role
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of external or environmental influences [9-25] but have not
sought to specify associated biological mechanisms. In re-
sponse, 10 years ago, we initiated a series of studies aiming
to disambiguate neural mechanisms of risk, disease expres-
sion, and resilience, using bipolar disorder as an exemplar
[26-37]. Bipolar disorder is a mood disorder characterized
by episodes of depression and mania with variable inter-
episode remission [38] which is ideally suited to this purpose
for the following reasons: (i) extensive neuroimaging studies
have established that disease expression in bipolar disorder is
associated with alterations in brain structure and function, (ii)
it is highly heritable with genetic influences explaining 60—
85% of risk [39], and (iii) having a first-degree relative with
bipolar disorder represents the most significant risk factor for
affective morbidity, leading to approximately a fivefold in-
crease in the likelihood of syndromal conversion to a mood
disorder; up to 65% of these high-risk individuals convert,
commonly during the second decade of life, while the remain-
der can be considered as resilient [39—41].

Resilience in our work refers to adaptive brain plasticity
associated with avoidance of psychopathology despite genetic
predisposition to bipolar disorder. Resilience is therefore pred-
icated on the lifetime absence of adverse clinical outcomes
(i.e., clinical-range symptoms) [42]. Other authors have devel-
oped scales (e.g., Connor-Davidson Resilience Scale) that
commonly measure resilience in terms of individuals’ self-
reported ability to cope with stress. This is not the approach
that we used as we focus on the outcome of being resilient
which is to maintain psychological well-being in the face of
increased risk. At present, it is not possible to compute precise
estimates of personalized risk for the first-degree relatives of
patients with bipolar disorder and genetic proximity to an
affected individual is the best measure of “genetic” burden.
As this convention has been employed in all studies that have
examined the impact of genetic risk and we consider it suffi-
cient as a basis for beginning to examine resilience. We focus
on the brain structural and functional correlates of resilience as
assessed with magnetic resonance imaging (MRI) because we
regard alterations in brain organization as the most proximal
“cause” of affective morbidity. Since bipolar disorder is
thought to arise from disruptive changes in brain systems, it
is logical to test whether for the presence of adaptive brain
changes may promote resilience.

In our work, we adopted the following operational defini-
tions for disambiguating resilience-related brain changes from
those associated with disease expression and risk: (i) brain
structural and functional features that are common in resilient
relatives and in patients, compared to healthy individuals, de-
fine a state of vulnerability but they are not sufficient for
disease expression; (ii) brain structural and functional features
that are unique to patients, compared to both to healthy indi-
viduals and relatives, relate to mechanisms involved in overt
disease expression; and (iii) brain structural and functional
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features that are unique to resilient relatives, compared to both
to healthy individuals and patients, are considered adaptive
responses to genetic risk.

Disease-Related Brain Alterations in Patients
with Bipolar Disorder

Patients show subtle but measurable reductions in cortical
thickness in lateral and medial prefrontal regions, in the insula
and in the fusiform gyrus, and in the volume of the hippocam-
pus and thalamus [43—45]. Functional magnetic resonance
imaging (fMRI) studies provide a richer source of information
about brain organization as they assess regional mean signal
changes (activation) and inter-regional interactions
(connectivity) across distinct situational demands (i.e., in re-
sponse to task demands and at rest). In bipolar disorder, task-
dependent activation and connectivity have been examined
mostly in terms of affect processing and executive control,
based on behavioral data that implicate dysfunction in these
domains [46, 47]. During affective and cognitive control
tasks, patients exhibit exaggerated activation in the amygdala
(AMGQG), insula, and the anterior cingulate cortex (ACC) and
reduced ventrolateral prefrontal cortical (VIPFC) engagement
[48, 49]. Additional abnormalities have been noted in inter-
regional connectivity in tasks and resting-state fMRI studies;
specifically, patients show abnormal connectivity between af-
fect processing subcortical regions and in their forward con-
nections to ventral PFC regions and reduced regulatory input
from the PFC to subcortical and posterior cortical regions [50,
51]. Other studies have reported abnormal resting-state con-
nectivity of sensorimotor networks and of the default mode
network (DMN) [52—54], which consists of posterior and mid-
line regions that become more active during internally gener-
ated cognition [55]. Thus, disease expression for bipolar dis-
order appears to be associated with (i) hyperactivation and
hyperconnectivity between affect processing regions, (ii) re-
duced regulatory input from the PFC regions involved in cog-
nitive control, and (iii) reduced connectivity of the DMN and
sensorimotor networks.

Brain Alterations Associated with Genetic Risk
for Bipolar Disorder

Studies in first-degree relatives of patients have found little or
no evidence of reductions in either global measures or in spe-
cific subcortical regions-of-interest involving the amygdala,
hippocampus, and striatum [56-62]. Task-related functional
abnormalities have been observed in high-risk individuals in
the prefrontal-subcortical reward circuitry [63] and in
prefrontal-amygdala connectivity during affect processing
[64—67]. Further, resting-state functional studies have reported
reduced connectivity of the vIPFC [68] and in striatal-
thalamo-cortical [69], in prefrontal-visual cortical, and in
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Healthy Individuals

Fig. 1 Connectivity associated
with risk, disease expression and
resilience during interference
control. Study participants
performed the stroop color word
test that required them to name the
font color of incongruent color
names. CN caudate nucleus,
DLPFC dorsolateral prefrontal
cortex, GP globus pallidus, INS
insula, SPL superior parietal
cortex, VACC ventral anterior
cingulate cortex, VLPFC
ventrolateral prefrontal cortex.
Green line indicates enhanced
task-related connectivity. Blue
lines indicate increased task-
related connectivity. Red lines
indicate decreased task-related
connectivity. Dotted lines indicate
loss of task-related connectivity.
Details in reference [31]

sensorimotor networks [70]. Thus, genetic risk for bipolar
disorder appears to be associated mostly with abnormalities
in the connectivity between prefrontal regulatory regions and
affect processing and sensorimotor networks.

Brain Alteration Associated with Resilience to Bipolar
Disorder

In our first foray into characterizing neuroimaging phenotypes
of resilience to bipolar disorder, we obtained structural MRI
data from patients with bipolar disorder (n = 47), their resilient
first-degree relatives, and demographically matched healthy
individuals (n=71) [27]. At the time, a previous study had
reported that the intracranial volume (ICV) of unaffected rel-
atives of patients was about 3% larger than that of healthy
individuals [71]. In addition to replicating the ICV increase
[29], we also found that resilient relatives had larger cerebellar
vermal volumes [27]. Both findings have been subsequently
confirmed by other primary [60, 72] and meta-analytic studies
[62, 73]. The identification of the cerebellum as a correlate of
resilience in relatives was unexpected as this region is tradi-
tionally considered in terms of its contribution to motor con-
trol. However, there is compelling evidence implicating the
vermis in the “homeostatic” regulation of autonomic function
and cognition [74-77] and affective processing [78].
Cerebellar lesions, although relatively rare, give rise to a wide
array of cognitive and affective abnormalities that constitute
the cerebellar cognitive affective syndrome [79]. The anterior

Patients with Bipolar Disorder
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cerebellum has been linked to higher-order cognitive func-
tions [80, 81]. The posterior cerebellum, including the vermis,
is thought to form representations of affective and somatic
states [82—84] but does not influence the conscious experience
of emotions [85, 86]. Instead, it participates in contextual
emotional learning and contextually appropriate response se-
lection [82—84]. The cerebellar vermis in particular is involved
in the integrative processing of somatosensory information
(through its connections with the brainstem and thalamus),
emotional states (via the amygdala, septum, and locus
coeruleus), and motor responses (through its connections with
the motor cortex) [82—84]. Accordingly, increased vermal vol-
ume in relatives could assist in maintaining affective equilib-
rium and thus likely to represent an aspect of resilient adapta-
tion to genetic risk.

Functional activation and connectivity in the same sample
were examined using the Stroop Color Word Test (SCWT)
[87], the 3-back working memory task [88], and the facial
affect recognition task [89, 90]. These tasks are respectively
thought to capture core aspects of interference control, work-
ing memory, and affect processing. The SCWT and the 3-back
task typically engage overlapping networks [91]. Within these
networks, the dorsolateral prefrontal cortex (dIPFC) and dor-
sal parietal cortex (dPAR) act in concert to update and main-
tain representations of task-relevant information and to bias
activity in other regions toward task-appropriate responses
[88, 91-93]; the ACC is involved in performance monitoring
while ventral parietal regions (VPAR) integrate task relevance

@ Springer



52 Page 4 of 10

Curr Psychiatry Rep (2019) 21: 52

Fig. 2 Connectivity associated with risk, disease expression and
resilience during facial affect recognition. Study participants performed
a facial affect recognition task that required them to identify whether the
faces presented showed happiness, anger, sadness, or fear. Right panel
shows the connectivity of the facial affect recognition network in healthy
participants. Left panel shows connectivity within this network in patients

and stimulus features in the service of interference control of
attention [91, 93]. Response execution is primarily imple-
mented through the action of the vIPFC [88, 91-93] and the
striatum [93-95]; the engagement of these regions is more
pronounced when implementing contextually appropriate re-
sponses over habitual choices [88, 91-95]. Facial affect pro-
cessing involves a different set of functionally and anatomi-
cally connected cortical and subcortical brain structures
[89-91], that principally include the inferior occipital gyrus
(I0G) [96, 97], the fusiform gyrus (FG) [97, 98], the AMG,
and the ventral prefrontal cortex (VPFC) [99, 100]. Within this
network, the AMG implements rapid detection of facial affect
and biases behavioral responses accordingly [101, 102] while
the vPFC is involved in a more detailed evaluation of the
contextual significance of emotional stimuli [103, 104].

The availability of all three tasks in the same sample of
patients, resilient relatives, and healthy individuals enabled
us to characterize brain mechanisms of resilience in different

Genetic Risk for Bipolar Disorder is Associated with
Decreased Cohesion of the Somatosensory Network
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Fig.3 Resting-state connectivity associated with risk, disease expression,
and resilience. Regions with altered resting-state connectivity associated
with genetic risk (left panel), disease expression (middle panel), and
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Disease Expression for Bipolar Disorder is Associated with
Decreased Integration of the Default Mode Network

and relatives referenced to normative values. AMG amygdala, FG
fusiform gyrus, /OG inferior occipital gyrus, VLPFC ventral prefrontal
cortex. Blue line indicates reduced task-related connectivity in patients
only. Red line indicates increased task-related connectivity in patients and
relatives. Green line indicates enhanced task-related connectivity in
relatives only. Details in reference (35)

situational demands. In all cases, we examined both task-
related activation and connectivity; for the latter, we investi-
gated effective connectivity that reflects directed interactions
between brain regions [105]. In the section below, the norma-
tive values from the healthy individuals was used as reference.

During the SCWT, decreased activation in the right vIPFC
and the caudate was observed only in patients while both
patients and resilient relatives demonstrated quantitatively
similar signal reduction in the parietal cortex [30] (Fig. 1).
We infer that genetic predisposition to bipolar disorder dis-
rupts in the engagement of brain regions involved in interfer-
ence control of attention while VIPFC and striatal activation
during inhibitory control is preserved in resilient relatives. The
functional connectivity of the task-related network was also
altered. Specifically, patients showed abnormally increased
connectivity between the right vIPFC and limbic regions
(VACC and insula) and abnormally reduced vIPFC-striatal
connectivity. Enhanced connectivity between the dIPFC and

Resilience for Bipolar Disorder is Associated with
Increased Integration of the Default Mode Network

S

resilience (right panel). BD patients with bipolar disorder, SIB siblings,
HYV healthy volunteers. Details in reference (37)
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vIPFC was uniquely observed in resilient relatives [31]. These
findings suggest that resilient relatives manifest brain changes
associated with genetic risk which allows us to propose that
the greater conjunctive activity within the PFC represents an
adaptive response to functional dysregulation in other areas of
the network (Fig. 1).

During the 3-back task, patients showed bilateral
hypoactivation in the dIPFC, vIPFC, and hyperactivation in
the ACC and widespread hypoconnectivity within the work-
ing memory network; resilient relatives showed hyperactiva-
tion in all these areas with preserved connectivity [35]. This
pattern suggests that genetic risk for bipolar disorder influ-
ences the activation of the ACC, which we interpret as
reflecting increased demand for performance monitoring.
Prefrontal dysfunction and hypoconnectivity were noted again
in relation to disease expression while the function and con-
nectivity of the working memory network remained intact in
resilient relatives.

During the facial recognition task, abnormal hyper- and
hypoactivation in limbic and prefrontal areas, respectively,
were only noted in patients [35] (Fig. 2). The connectivity
analyses revealed that genetic risk was associated with in-
creased connectivity from the AMG to the VIPFC during the
processing of emotional faces, as this features was common in
patients and resilient relatives. The connectivity from the IOG
to the vIPFC was preserved in resilient relatives but reduced in
patients; additionally, enhanced connectivity that was unique
to resilient relatives was observed between the vIPFC and the
10G and AMG [35]. It would therefore appear that resilience
in relatives is associated with additional recruitment through-
out the affect processing network.

We also examined resting-state functional connectivity
in an independent sample of patients with bipolar disorder
(n=178), their unaffected siblings (n=64), and unrelated
healthy individuals (n=41) [37] (Fig. 3). This investiga-
tion complemented our previous research as it enabled us
to examine functional connectivity in task-free conditions.
In line with advances in fMRI data analyses, we used graph
theory to define and quantify the cohesion and integration
of resting-state networks. The graph theory represents the
brain as a graph in which regions and their connections are
modeled as nodes and edges [106]. We used global effi-
ciency and characteristic path length (both measures of
network integration), clustering coefficient (a measure of
network segregation), and small-worldness (a measure of
the balance between segregation and integration) to assess
global network organization [37]. Neither patients nor sib-
lings showed any abnormalities in these measures.
Regional connectivity was assessed using the nodal degree
(the number of connections of a region to other regions
within the network) and the participation coefficient (a
measure of the connectivity of a given region to regions
outside its own network) [37]. Relatives showed

Table 1 Summary of findings on risk, disease expression, and
resilience
Process Genetic Disease expression Resilience
predisposition
Interference Hypoactivation of Hypoactivation in  Intact functional
control the parietal VvIPFC and engagement
cortex caudate of the vIPFC
Abnormally Abnormally and caudate
increased decreased Intact
connectivity connectivity connectivity
between the between the between the
VIPFC and the vIPFC and the VvIPFC and the
vACC and caudate caudate
insula Enhanced
connectivity
between the
vIPFC and the
dIPFC
Working Hyperactivation of Hypoactivation in Hyperactivation
memory the ACC dIPFC and in dIPFC and
vIPFC vIPFC
Hypoconnectivity  Preserved
within the WM connectivity
network within the
WM network
Facial affect Abnormal Hyperactivation in
recogni- hyperconnectiv-  limbic regions
tion ity connectivity and
from the AMG hypoactivation
to the VIPFC in dIPFC
Task-free Abnormally Abnormally Enhanced
functional  reduced increased inter-network
connec- intra-network intra-network integration of
tivity cohesion and connectivity of the core
inter-network the secondary DMN regions
connectivity of motor and
primary secondary
somatosensory, somatosensory
motor, and regions
visual Abnormally
association increased
regions intra-network

cohesion and
reduced
inter-network
integration of
the anterior
DMN regions

The findings summarized here are detailed in the main text in references
26-31 and 34-37

DMN default mode network, d/PF'C dorsolateral prefrontal cortex, vACC
ventral anterior cingulate cortex, vIPFC ventrolateral prefrontal cortex,
WM working memory

abnormally reduced intra-network cohesion and inter-
network connectivity in primary motor and sensory regions
(pre- and postcentral gyri, paracentral lobule) and in the
visual cortex [37]. In patients, this pattern was coupled
with abnormally increased intra-network connectivity of
the secondary motor (supplementary motor area) and
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secondary somatosensory regions (supramarginal gyrus)
involved in the perception, initiation, and production of
ordered movement, including speech [107—111]. Further
abnormalities that were specific to patients comprised in-
creased intra-network cohesion and reduced inter-network
integration of the anterior DMN regions, particularly the
ventromedial PFC. By contrast, resilience was uniquely
associated with enhanced inter-network integration of the
core DMN regions (ventromedial PFC, angular gyrus, and
the precuneus). Typically, sensory and motor networks
show high intra-network connectivity and relatively low
inter-network integration in line with their specialized
function; DMN regions show high inter-network connec-
tivity coupled with high between-network integration
which allow the DMN to act as a “cohesive connector”
within the brain functional connectome [112]. The findings
from our studies identified dysconnectivity of sensorimo-
tor regions as a correlate of genetic risk and disease ex-
pression. The dysconnectivity of the DMN was associated
with disease expression while the enhanced integration of
DMN within the brain functional connectome appeared to
confer resilience.

Conclusions

Table 1 provides a summary of the brain features associat-
ed with risk, disease expression, and resilience identified in
our studies. The findings regarding risk and disease ex-
pression support current models of bipolar disorder that
propose abnormally increased activity and connectivity
among affect processing regions coupled with reduced reg-
ulatory control from frontoparietal regions [113, 114].
Adaptive brain responses associated with resilience
consisted mainly of enhanced connectivity between pre-
frontal regions and between core DMN regions and other
brain networks. Of note, a study of individuals at risk for
major depressive disorder found that resilience in that
group was associated with enhanced connectivity within
PFC-linked functional networks [115]. Enhanced connec-
tivity may therefore emerge as a transdiagnostic feature of
resilience although specific patterns may be both diagnosis
and context related.

Such adaptive brain responses can be conceptualized in
terms of neural reserve or neural compensation [116]. Neural
reserve is the ability of brain networks to cope with pathology
or higher demands as a function of their increased plasticity or
recruitment of additional neural resources. Neural compensa-
tion refers to reallocation of processing to alternate brain re-
gions. Accordingly, the features associated with resilience in
bipolar disorder appear indicative of increased reserve.
Clinical symptoms may arise because of failure to develop
or maintain adaptive changes in response to genetically
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mediated brain pathology. Longitudinal studies of individuals
at high risk for BD would be informative in this respect.
Moreover, a more precise formulation of the nature of
resilience-related brain mechanisms will require further stud-
ies to define its molecular and genetic mechanisms.
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