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Background: Although early interventions in individuals with bipolar disorder may reduce the associated personal and economic bur-
den, the neurobiologic markers of enhanced risk are unknown. Methods: Neuroimaging studies involving individuals at enhanced gen-
etic risk for bipolar disorder (HR) were included in a systematic review. We then performed a region of interest (ROI) analysis and a
whole-brain meta-analysis combined with a formal effect-sizes meta-analysis in a subset of studies. Results: There were 37 studies in-
cluded in our systematic review. The overall sample for the systematic review included 1258 controls and 996 HR individuals. No signifi-
cant differences were detected between HR individuals and controls in the selected ROls: striatum, amygdala, hippocampus, pituitary
and frontal lobe. The HR group showed increased grey matter volume compared with patients with established bipolar disorder. The HR
individuals showed increased neural response in the left superior frontal gyrus, medial frontal gyrus and left insula compared with con-
trols, independent from the functional magnetic resonance imaging task used. There were no publication biases. Sensitivity analysis con-
firmed the robustness of these results. Limitations: As the included studies were cross-sectional, it remains to be determined whether
the observed neurofunctional and structural alterations represent risk factors that can be clinically used in preventive interventions for
prodromal bipolar disorder. Conclusion: Accumulating structural and functional imaging evidence supports the existence of neurobio-

logic trait abnormalities in individuals at genetic risk for bipolar disorder at various scales of investigation.

Introduction

Bipolar disorder has a lifetime incidence of about 0.5%-1% in
both male and female individuals and presents a tremendous
emotional and financial burden to affected patients and their
families owing to its potential for psychosis, suicide, chron-
icity and recurrence.' Clinicians and researchers have recent-
ly suggested that intervening early in the course of bipolar
disorder may reduce this burden, as this strategy may have
the potential to delay, lessen the severity of or even prevent
full-blown disorder.” Such an approach parallels that de-
veloped to identify troubled youth who are seeking help,
have manifest symptoms and impaired functioning and
demonstrate a substantially increased risk of psychosis onset,
and for whom indicated prevention efforts might be justi-
fied.” A recent meta-analysis confirmed that sensitivity of
psychopathologic criteria for a prodromal phase of bipolar
disorder was generally low.* Nevertheless, a pilot study of in-

dividuals in a clinical at-risk state of bipolar disorder is now
available.” However, the predictive validity of the criteria
could still be enhanced by adding reliable neurobiologic
markers of the risk for bipolar disorder.

There is a strong genetic component to susceptibility to
bipolar disorder. The lifetime risk for bipolar affective disor-
der is 15%-30% in individuals with 1 first-degree relative
with bipolar disorder and up to 75% in those with 2 affected
first-degree relatives, and the concordance rate for monozy-
gotic twins is around 70%. The concordance rate among
monozygotic twins is higher for bipolar disorder than uni-
polar affective disorder, suggesting a relatively greater con-
tribution from genetic factors in the etiology of bipolar disor-
der compared with schizophrenia and unipolar depression.'
Genetically at-risk yet healthy relatives or twins of patients
with bipolar disorder are an excellent population in whom to
study premorbid neurophysiologic markers of bipolar disor-
der.” Examination of neurophysiologic markers of genetic
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risk for bipolar disorder is currently possible using neuro-
imaging techniques. Neuroimaging investigations of struc-
tural and functional brain abnormalities in individuals at
genetic risk for bipolar disorder (HR) offer several advan-
tages. These include the possibility of identifying brain ab-
normalities that potentially predate the onset of bipolar dis-
order and that are not confounded by the presence of illness
duration or medication; identifying brain abnormalities that
may confer risk for or protect against bipolar disorder to
inform evaluation of risk for its development and the sub-
sequent therapeutic intervention; and increasing understand-
ing of the developmental course of bipolar disorder.” Neuro-
imaging abnormalities in HR individuals may underlie the
modest neurocognitive impairments observed in relatives of
patients with bipolar disorder, which point to executive func-
tion and working memory deficits.® A number of imaging
studies in individuals at genetic risk for bipolar disorder are
available, including functional magnetic resonance imaging
(fMRI), positron emission tomography (PET), magnetic res-
onance spectroscopy (MRS), diffusion tensor imaging (DTI)
and structural magnetic resonance imaging studies, which in-
vestigate grey or white matter volumes. Despite the number
of studies published, the results are conflicting, and no reli-
able structural or functional markers of genetic liability to
bipolar disorder have been proposed.

To address heterogeneity across studies, we have system-
atically reviewed published imaging studies involving HR
individuals at genetic risk for bipolar disorder. This group
was compared with both healthy controls and patients with
established bipolar disorder. With the combination of struc-
tural and functional meta-analytic results, we sought to char-
acterize core neuroanatomical and neurofunctional abnor-
malities underlying genetic risk for bipolar disorder. To
provide robust results, we combined traditional voxel-based
meta-analysis with formal meta-analysis of effect sizes. Iden-
tifying brain abnormalities specifically related to bipolar dis-
order is critical to understanding its etiopathophysiology and
the rationale for the development of new treatments.

Methods
Selection procedures

Search strategies

We used a systematic search strategy to identify relevant
studies. Two independent researchers conducted a 2-step lit-
erature search. First, we searched MEDLINE to identify puta-
tive studies employing neuroimaging techniques that re-
ported data on individuals at high risk for bipolar disorder.
The search was conducted between November and Decem-
ber 2010, and no time span was specified for date of publica-
tion. We used the following keywords: “MRI,” “fMRI,”
“PET,” “MRS,” “DTL" “bipolar disorder” and “high risk.”
Two reviewers independently reviewed the database and ex-
tracted the data to avoid bias or error in the selection of arti-
cles and the extraction of data from studies. Discrepancies
were resolved through discussion and consensus. Second, the
reference lists of the articles included in the review were

checked for relevant studies not identified by computerized
literature searching. Our search included all reports pub-
lished up to December 2010 without any language restriction.

Inclusion criteria

To qualify for inclusion in our review, studies must have
been an original paper appearing in a peer-reviewed journal;
recruited participants at genetic risk for bipolar disorder; and
employed functional, structural or neurochemical imaging
techniques. Studies were independently assessed by the 2 re-
searchers and evaluated against inclusion and exclusion cri-
teria by consensus. Almost all of the included studies were
case—control studies, involving either a group of healthy con-
trols or a group of patients with established bipolar disorder
matched for age and sex. To achieve a high standard of re-
porting, we adhered to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines’
and the revised Quality Of Reporting Of Meta-analyses
(QUOROM) statement.®

Systematic review

The recorded variables for each article were imaging tech-
nique (fMRI, PET, MRS, MRI, DTI), imaging analysis
(whole-brain/region of interest [ROI]), stimulus, field
strength, sex, mean age, exposure to medication, brain re-
gions analyzed and principal findings (HR v. controls, HR v.
bipolar disorder).

Meta-analyses

Meta-analysis of regions of interest

The primary outcomes of interest were global/regional vol-
umes for structural and regional activity for functional im-
aging studies, as well as metabolic ratios of cerebral tissue
compounds for MRS and binding potential of cerebral recep-
tors for PET studies. The intracerebral volume was defined as
a sum of the volume of all voxels designated as grey matter
volume, white matter volume plus cerebrospinal fluid (CSF)
and the whole brain volume as a sum of grey matter plus
white matter volume.” Meta-analyses were conducted when at
least 3 studies employing a similar imaging technique were
available for a particular ROI. When there were 2 or more
studies from the same centre, we carefully checked putative
overlapping samples by directly contacting the authors to ver-
ify that there was not a substantial overlap. Statistical analysis
was carried out using Comprehensive Meta-Analysis Soft-
ware version 2 (Biostat Inc.)."” This package employs the same
computational algorithms used by the Cochrane Collabora-
tors to weight studies. First, we calculated the effect size for
each study included in the meta-analyses. As a measure of ef-
fect size, we adopted the Hedges’ g (i.e., the difference be-
tween the means of the HR and control groups divided by the
standard deviation [SD] and weighted for sample size) to cor-
rect for bias from small sample sizes." This metric is normally
computed using the square root of the mean square error
from the analysis of variance testing for differences between
the 2 groups, as indicated by the following formula (where X
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is the raw score, M is the mean, and N is the number of
cases):"

g =M1 -M2 / Spooled

where

S= X-M)*/(N-1)

and

Spooled = MS i

Second, we applied random effects models, which are
more conservative than fixed-effect models and considered
to better address heterogeneity between studies and study
populations, allowing for greater flexibility in parsing effect
size variability. Moreover, they are less influenced by ex-
treme variations in sample size.” Heterogeneity among
studies was assessed with the Q statistic, with magnitude of
heterogeneity being evaluated with the I? index.”* As studies
with negative results are less likely to be published than
studies with significant results, we examined the possibility
of publication bias by visually inspecting funnel plots and
applying the regression intercept of Egger and colleagues."
In this way, we assessed whether there was a tendency for
selective publication of studies based on the nature and di-
rection of their results. In addition, we used the fail-safe pro-
cedure” to generate a number of unpublished studies that
would be needed to move estimates to a nonsignificant
threshold. To assess the robustness of the results, we per-
formed sensitivity analyses by sequentially removing each
study and rerunning the analysis.

Whole brain voxel-based meta-analysis

Whole brain voxel-based meta-analyses were carried out
using the activation likelihood estimation (ALE) technique'
implemented in Ginger ALE (www.brainmap.org/ale/). We
performed meta-analyses when at least 3 studies (functional
or structural) providing coordinates suitable for meta-analysis
were available. In cases when 2 or more studies from the same
centre existed, we carefully checked putative overlapping
samples by directly contacting the authors to verify that there
was not a substantial overlap.

Although the robustness of the results depends on the size
of the meta-analysis, and there are no universally accepted
criteria for assessing this, for a study of this size, if 6 or more
foci contribute to a cluster, it is considered to be very robust,
and if 3-5 foci contribute to a cluster, it is considered accept-
able (see www.brainmap.org/forum/)."” The equally
weighted coordinates were used to form ALEs for each
voxel in the brain, as described by Turkeltaub and col-
leagues.” In brief, to allow for error in spatial localization re-
lated to intersubject variation in functional anatomy and
interstudy differences in data-smoothing and registration,
the reported loci of maximal activation were modelled as the
peaks of 3-dimensional (3-D) Gaussian probability density
functions with a full-width at half-maximum of 10 mm. The
probabilities of each voxel in standard space representing
each primary locus of activation were combined to form a
map of the ALE score at each voxel. Statistical significance
was assessed using a permutation test with 5000 permuta-
tions, corrected for multiple comparisons (the false discov-
ery rate was set at p = 0.001). Clusters of suprathreshold vox-

els exceeding 400 mm?® in volume were defined as loci of

brain activation in common across all studies included in the
meta-analysis.” The resulting ALE maps were thresholded at
p =0.005, in line with previous studies.” This overall meta-
analytical approach” has been widely used in a number of
functional and structural reviews."”* Whole brain maps of
the ALE values were imported into the MRIcron software
program (www.sph.sc.edu/comd/rorden/mricron) and
overlaid onto the brain template for presentation purposes.

Results
Studies found

Thirty-seven studies met the inclusion criteria for the current
study. Tables 1-4 summarize all reviewed structural and
functional studies. The sample included 27 structural and
10 functional imaging studies (Fig. 1). The overall sample in-
cluded 1046 controls (mean age 29.8 [SD 10.5] yr) and
745 HR individuals (mean age 30.6 [SD 11.3] yr) for the
structural studies and 212 controls (mean age 29.3 [SD 10.5]
yr) and 251 HR individuals (mean age 29.8 [SD 10.5] yr) for
the functional studies. The HR and control group partici-
pants were well matched with respect to age and sex (all
p > 0.05). Most studies were performed using a 1.5-T MRI
scanner. Sociodemographic characteristics of the sample are
reported in Tables 1-4.

Genetic risk for bipolar disorder

The studies included in the present review employed differ-
ent genetic HR groups: monozygotic twins,"” monozygotic®
and dizygotic twins,”* offspring,**#**%® siblings,™* first-
degree relatives,”**3*2414242%5% first- or second-degree rela-
tives®**7** and undefined relatives of patients with bi-
polar disorder.®**¥#%¢ The risk of the disorder developing
across such samples is not the same. First-degree relatives
of affected individuals have about a 10-fold increased risk
for the disorder compared with unaffected controls.” The
risk for bipolar disorder varies from about 5%—6% when
there is only 1 affected first-degree relative to more than
50% when there are 4.” Other authors have indicated that
children of 1 parent with bipolar disorder have a 30%
chance of a mood disorder developing; the likelihood in-
creases to 70% if the second parent also has a mood disor-
der.* Twin studies, by essentially comparing groups of twin
pairs matched for shared environment but differing in de-
gree of genetic relatedness, can help parse genetic and en-
vironmental contributions. Twin studies typically involve
monozygotic twins (who are essentially genetically identical)
and dizygotic twins (who share on average half of their
genes) and have concordance rates of 38%-44% and
79%-87%, respectively.” The presence of qualitatively similar
deficits in the nonaffected co-twins, siblings and offspring of
patients with bipolar disorder suggests that at least some of
these abnormalities are related to the familial (and in the
main genetic) risk for the disorder, independent of environ-
mental or illness effects.
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Table 2: Structural imaging studies of individuals at risk for bipolar disorder: imaging results

Study Year Areas analyzed Tesla Antip HR versus controls HR versus BD
Noga et al.’ 2001  Striatum (bilateral caudate nuclei, 15 T bilateral caudate (HR > C and BD > T right hippocampus (HR > BD) no
putamen, globus pallidus), amygdala— C) no differences in hemispheric differences in hemispheric volumes
hippocampus (bilateral), cerebral volumes
hemispheric volumes
Kieseppa etal.” 2003 Bilateral ventricles, frontal and temporal 1 1 left hemispheric white matter No white or grey matter differences
lobes (HR < C) no changes in grey matter ~ between HR and BD.
or ventricular volumes
Ahearn et al.* 2002 Whole brain 1.5 White matter hyperintensities in White matter hyperintensities in
60% of HR 100% of BD
Connor et al.” 2004 Hippocampus 15 No significant differences No significant differences
McDonald et al.** 2004 Whole brain 1.5 Vulnerability to bipolar disorder is associated with: | grey matter in right
anterior cingulate gyrus and ventral striatum and | white matter in the left
prefrontal, left temporoparietal, right frontal and parietal regions and in the
anterior corpus callosum
Mclintosh etal.”® 2004 Whole brain (SVC: amygdala- 1.5 | bilateral thalamus and caudate No significant differences
hippocampus, thalamus) (HR<C)
Mclintosh et al.* 2005 Whole brain (SVC: frontal white matter 1.5 No significant white matter differences  Not tested
and anterior limb of the internal capsule) (HR=C)
Gulseren etal.® 2006 Frontal, parietal, temporal, occipital lobe, 0.5 Hyperintensities in the right cerebral BD have more hyperintensity than
internal capsule hemisphere of HR HR in the right cerebral hemisphere
Mc Donald et al.* 2006 Brain volume, lateral ventricular volume, 1.5 No differences in ventricular or No significant differences
third ventricular volume, bilateral hippocampal volumes. Trend toward
hippocampus larger cerebral volume (HR > C)
Mclntosh etal.* 2006 Whole brain (SVC: prefrontal 1.5 No significant structural alterations related with an increased liability to
cortex,temporal lobe, amygdala— bipolar disorder
hippocampal complex,thalamus)
Frazier et al.* 2007 Superior longitudinal fasciculus and 1.5 | FA in bilateral superior longitudinal —
cingulate-paracingulate white matter fasciculus
Hajek et al.” 2008 Pituitary 1.5 No difference in pituitary volume No significant differences (HR = BD)
(HR=C)
Hajek et al.* 2008 Subgenual cingulate 1.5 No significant differences (HR = C) No significant differences (HR = BD)
Ladouceur etal.” 2008 Whole brain (SVC: amygdala— 3 T left parahippocampal gyrus —
orbitomedial prefrontal cortex volumes) extending into left hippocampus
Mondelli et al.* 2008 Pituitary 1.5 No significant difference in pituitary No significant differences (HR = BD)
volumes (HR = C)
Singh et al.* 2008 Striatum, amygdala, prefrontal cortex, 1.5 No significant differences in the —
thalamus selected ROIs
Chaddock et al." 2009 whole brain 1.5 No significant differences in fractional ~ Genetic liability is correlated with
anisotropy (HR = C); the HR showed lower FA in several major white
intermediate alterations to C and BD matter tracts of the brain
Kempton et al.” 2009 Whole brain (ROI: amygdala, anterior 1.5 T leftinsula (HR > C), T left cerebellum T left cerebellum (HR > BD)
and posterior cingulate, prefrontal (HR > C)
cortex, hippocampus)
Hajek et al.” 2009 Caudate and putamen 1.5 T caudate volume (HR > C) No significant differences in caudate
and putamen (HR = BD)
Hajek et al.” 2010 Subgenual cingulate 1.5 No significant differences (HR = C) No significant differences (HR = BD)
Hajek et al.* 2009 Hippocampus, amygdala 1.5 No significant differences (HR = C) No significant differences (HR = BD)
van der Schot 2009 Cerebellum, frontal, temporal, parietal, 1.5 Genetic risk to bipolar disorder is associated with decreased white matter
etal.”® occipital lobe, ventricles volume
Walterfang et al.” 2009 Corpus callosum 15 No significant differences (HR = C) Callosal area smaller in BD
(BD < HR)
Gunde et al.® 2010 Subcortical, deep, periventricular white 15 No significant differences in white No significant differences in white
matter hyperintensity matter hyperintensities (HR = C) matter hyperintensities (HR = BD)
Takahashi et al.” 2010 Pituitary 1.5 No difference in pituitary volume Significant T pituitary volume
(BD > HR)
Forcada et al.” 2010 Whole brain 1.5 — No significant differences in white or
grey matter volumes (HR = BD)
van der Schot 2010 Whole brain 15 The genetic risk to develop bipolar disorder was related to decreased grey
etal.” matter density in the right medial frontal gyrus, precentral gyrus and insula
and with decreased white matter density in the superior longitudinal fasciculi
bilaterally.
Versace et al.” 2010 Whole brain 3 7 fractional anisotropy (HR > C) and —

| radial diffusivity (HR < C) in left
corpus callosum and in right inferior
longitudinal fasciculus

Antip = antipsychotic exposure; BD = bipolar disorder; C = controls; HR = high risk for bipolar disorder; N = no; ROI = region of interest; SVC = small volume correction;Y = yes.
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Structural imaging studies

Magnetic resonance imaging

Earlier MRI studies involving monozygotic twins have ex-
plored the involvement of the striatum, amygdala and hip-
pocampus in genetic liability to bipolar disorder. Caudate
nuclei were larger in both affected (bipolar disorder) and un-

affected (HR) twins than in healthy twins, suggesting the
possibility of structural risk factors shared by both bipolar
twins of the discordant pairs.' Conversely, the affected twins
showed a consistently smaller region of the right hippocam-
pus, suggesting a structural marker for the presence of dis-
ease.! However, subsequent studies involving monozygotic
and dizygotic twins found no decrease in hemispheric grey

Table 3: Functional imaging studies of individuals at risk for bipolar disorder: study characteristics

Group; no. (% female) [age, yr]

Assessment Lifetime/current
Study Year Technique  Type of risk instruments Task diagnoses HR Controls HR BD
Cecil et al.” 2003 MRS Children of BD  SCID, K-SADS, BD, ADHD, MDD 9 (44) [11] 9 (44) [9]
patient C-GAS, YMRS,
IDS
Gallelli et al.* 2005 MRS Offspring of BD K-SADS-PL, Anxiety disorders, 26 (35) [14] 28 (32) [12] 32 (31) [14]
parent SCID, YRMS, ADHD, ODD
CDRS-R
Kruger et al.* 2006 PET Siblingof BD ~ SCID Mood induction None — 9 (67) [40] 9 (56) [38]
patients
Hajek et al.” 2008 MRS First- or second- K-SADS PL/L None 31 (64) [21] 36 (61) [20] 33 (63) [21]
degree relatives
Drapier et al.* 2008 fMRI First-degree SADS-L, BDI, N-back working MDD, substance- 20 (50) [50] 20 (40) [43] 20 (55) [43]
relatives FIGS, ASRM memory induced mood disorder
Costafreda et al.” 2009 fMRI MZ cotwins BDI, ASRM, Verbal fluency None 48 (48) [37] 7 (86) [39] 28 (57) [40]
HAM-D, YMRS task
Thermenos et al.* 2010 fMRI First-degree SCID, N-back working Alcohol and drugs 19 (53) [39] 18 (56) [36] 19 (42) [41]
relatives SANS/SAPS memory abuse or dependence,
MDD
Allin et al.* 2010 fMRI First-degree SADS-L, ASRM, Verbal fluency MDD, substance- 19 (47) [40] 19 (42) [40] 18 (61) [39]
relatives BDI task induced mood disorder
Singh et al.* 2010 MRS Offspring of BD SCID, KSADS/PL, None 20 (25) [15] 20 (50) [13] 20 (35) [16]
patients YMRS, CDRS-R
Surguladze et al.”” 2010 fMRI Relatives of BD SADS-L, BDI, Emotional faces None 20 (50) [50] 20 (40) [43] 20 (55) [43]
patients ASRM

ADHD = attention-deficit/hyperactivity disorder; ASRM = Altman Self-Rated Mania Scale; BD = bipolar disorder; BDI = Beck Depression Inventory; CDRS-R = Children’s Depression
Rating Scale-Revised; C-GAS = Child Global Assessment Scale; FIGS = Family Interview for Genetic Studies; fMRI = functional magnetic resonance imaging; HAM-D = Hamilton Rating
Scale for Depression; HR = high risk for bipolar disorder; IDS = Inventory for Depressive Symptomatology; K-SADS-E = Kiddie-Schedule for Affective Disorders and Schizophrenia;
MDD = major depressive disorder; MRS = magnetic resonance spectroscopy; MZ = monozygotic; ODD = oppositional defiant disorder; PET = positron emission tomography;
SADS-PL/P/L/ = Schedule of Affective Disorders and Schizophrenia-Present and Lifetime version; SANS/SAPS = Scale for the Assessment of Negative Symptoms/Scale for the
Assessment of Positive Symptoms; SCID = Structured Structured Clinical Interview for DSM-1II/IV; YMRS = Young Mania Rating Scale.

Table 4: Functional imaging studies of individuals at risk for bipolar disorder: imaging results

Study Year Areas analyzed FWHM Tesla Antip Main findings
Cecil et al.” 2003 Frontal cortex, frontal white 1.5 15 Y Lower levels of cerebellar NAA and creatine and elevated frontal ml levels
matter, cerebellar vermis for children with a mood disorder than healthy children.
Gallelli et al.* 2005 Dorsolateral prefrontal ? 3 Y No significant group differences in prefrontal NAA/creatine rations or in
cortex additional metabolites (myoinositol, choline)
Kriger et al.” 2006  Whole brain + ROIs 10 ? N HR showed increased RBF in the medial frontal cortex while patients
showed decreased RBF
Hajek et al.” 2008 Prefrontal cortices ? 1.5 N No significant differences in choline, creatine, NAA, myoinositol of HR
Drapier et al.” 2008  Whole brain ? 1.5 N During the 2-back task the HR showed greater activation in the left frontal
pole than controls
Costafreda etal.” 2009 Inferior frontal gyrus 8 1.5 N No significant differences in HR individuals as compared with controls
Thermenos etal.* 2010  Whole brain + ROls 8 1.5 N HR failed to suppress activation in the left anterior insula, in the orbitofrontal
cortex and superior parietal cortex and showed greater activation than BD in
the left frontopolar cortex
Allin et al.* 2010  Whole brain ? 1.5 N BD and HR showed similar deficits of deactivation in retrosplenial cortex
and reduced activation of left prefrontal cortex
Singh et al.” 2010  Anterior cingulate, ? 3 Y No significant differences between HR and C
orbitofrontal cortex
Surguladze etal.” 2010  Whole brain + ROIs ? 1.5 N Activity in medial prefrontal cortex, left putamen and amygdala is greater in

BD and in HR as compared with controls

Antip = antipsychotic exposure; BD = bipolar disorder; C = controls; FWHM = full-width at half-maximum; HR = high risk for bipolar disorder; N = no;
NAA = N-acetylaspartate; RBF = regional blood flow; ROI = region of interest; SVC = small volume correction; Y = yes.
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matter volume but decreased white matter volume in pa-
tients with bipolar disorder and co-twins (HR) compared
with unaffected twins,” reflecting genetic factors predispos-
ing to bipolar disorder. Another twin study, by applying
structural equation modelling, demonstrated that at least
38% of the covariance between white matter volume and
bipolar disorder could be explained by genetic factors that in-
fluence both the volume of white matter and the risk for the
disease.* This indicates that genes involved in the etiology of
bipolar disorder may contribute to the white matter de-
creases found in patients with the disorder and in their co-
twins (HR). In a follow-up study, the same authors clarified
that widespread grey matter density decreases were predom-
inantly associated with unique environmental factors related
to bipolar disorder. In contrast, the brain abnormalities asso-
ciated with the genetic risk for bipolar disorder were much
more circumscribed and limited to white matter decreases bi-
laterally in the superior longitudinal fasciculi and grey matter
loss in the right medial frontal gyrus, precentral gyrus and
insula.” These results suggest that white matter pathology in
the frontal lobe may be central to the genetic risk for bipolar
disorder, whereas most of the widespread grey matter abnor-
malities may be related to environmental effects and the ill-
ness itself.”

The other MRI studies in our meta-analysis investigated
relatives (first- and second-degree, children) of patients with
bipolar disorder. McDonald and colleagues™® first employed
structural equation modelling to distinguish the neuro-
anatomical correlates of a genetic risk for schizophrenia or
bipolar disorder. Genetic risk for schizophrenia was specific-

Structural studies Functional studies
n=32 n=20

Y A4

Articles screened Articles screened
n=32 n=20

Articles were excluded based on

* the method of analysis

Excluded (influence of genes on brain Excluded
n=5 morphology) n=10

* the sample of participants
examined in these studies

A 4

Articles assessed for Articles assessed for
eligibility and included eligibility and included
n=27 n=10

o~

Articles included
n=37

\

Fig. 1: Selection of studies identified through database searching
for inclusion in the review and meta-analysis.

ally associated with distributed grey matter volume deficits
in the bilateral fronto—striato—thalamic and left lateral tem-
poral regions, whereas genetic risk for bipolar disorder was
specifically associated with grey matter deficits only in the
right anterior cingulate gyrus and ventral striatum. In a follow-
up study, the same authors found that whereas relatives of
patients with schizophrenia had enlarged lateral ventricles,
relatives of patients with bipolar disorder showed preserva-
tion of ventricular volume.* Ladouceur and colleagues’ were
the only authors who reported significant grey matter differ-
ences in the hippocampus of HR individuals, with larger hip-
pocampal volume in the HR group compared with controls.
As this is the opposite to findings of reduced hippocampal
volume in patients with established bipolar disorder, the
authors speculated that larger hippocampi may have a role in
protecting against or delaying subsequent development of
the disease.” However, other studies have not replicated this
finding, reporting no hippocampal volume* or shape” abnor-
malities in the HR group. Hajek and colleagues® have investi-
gated other brain regions, showing significant caudate in-
creases in the HR group compared with controls, with
comparable caudate volumes among patients with bipolar
disorder and controls. The pattern of changes observed with
the largest changes in HR individuals and comparable vol-
umes between patients with bipolar disorder and controls
did not meet criteria for an endophenotype and was inter-
preted as reflecting a compensatory/protective change.
Other authors have uncovered contrasting findings, with
caudate reduction in HR individuals compared with con-
trols.” McIntosh and colleagues™ related grey and white mat-
ter volume to a continuous measure of genetic liability and
found no findings specific to a genetic liability to bipolar dis-
order; this finding was contrary to that of another study.” No
significant abnormalities were observed in the subgenual cin-
gulate cortical volumes of HR individuals.”* Independent
studies confirmed that pituitary volume abnormalities are
not a consistent hallmark of genetic liability to bipolar disor-
der, but rather may be related to clinical symptoms, treat-
ment or comorbidities.”*** A study involving children of pa-
tients with bipolar disorder found no statistically significant
differences in prefrontal striatal, thalamic and amygdala vol-
umes between HR individuals and healthy controls.” In a re-
cent study, neither cognition nor white matter volume was
associated with the level of functioning in the HR group, and
the authors speculated that genetic risk for bipolar disorder
may not translate into uniform changes in brain structure.”
Another study found increased insular and cerebellar vol-
ume in HR individuals compared with controls. However,
whereas insular changes were associated with familial pre-
disposition to bipolar disorder regardless of clinical pheno-
type (i.e., present in patients with bipolar disorder and HR
individuals but not in controls), cerebellar abnormalities
were associated with resilience (present in HR individuals
but not in patients with bipolar disorder or controls).” Two
MRI studies have investigated the corpus callosum size” and
shape and whole-brain white matter potential abnormalities™
in HR individuals and yielded nonsignificant results. Finally,
3 independent studies have qualitatively addressed white

176 J Psychiatry Neurosci 2012;37(3)



Mapping vulnerability to bipolar disorder

matter hyperintensities in HR individuals. Ahearn and col-
leagues™ uncovered white matter hyperintensities in 60% of
HR individuals and 100% of patients with bipolar disorder,
suggesting that MRI hyperintensities cosegregate with bi-
polar disorder. Gulseren and colleagues® showed more hy-
perintensities in patients with bipolar disorder than in their
siblings or in healthy controls. Lesions were detected in 67%
of patients, 17% of their siblings and 33% of controls. How-
ever, a recent study with a large sample found comparable
proportions of white matter hyperintensities in affected
familial, unaffected HR and control groups.* After eliminat-
ing the effects of illness burden, comorbid conditions and
older age, the proportions of patients with white matter hy-
perintensities were comparable among HR individuals and
healthy controls, suggesting that they may not be directly re-
lated to bipolar disorder.*

Diffusion tensor imaging

Diffusion tensor imaging is an MRI technique that enables
the measurement of the restricted diffusion of water in tissue
and allows for the study of axonal structure and white matter
bundle coherence by measuring across white matter fibres.
White matter abnormalities are one of the most consistently
reported neuroimaging findings in patients with bipolar dis-
order.* Two studies included in our analysis used DTI to as-
sess the integrity of white matter tracts in the brain. Frazier
and colleagues™ showed reduced fractional anisotropy in the
superior longitudinal fasciculus of HR individuals compared
with controls. The second study found that genetic liability to
bipolar disorder was correlated with lower fractional an-
isotropy in several major white matter tracts of the brain. Of
interest, no significant differences in fractional anisotropy
were observed between HR individuals and controls, but the
HR individuals showed intermediate alterations compared
with controls and patients with bipolar disorder.” Detailed
summaries of the main findings of the DTI studies are re-
ported in Tables 1 and 2.

Functional imaging studies

Positron emission tomography

There was 1 study included in our analysis that measured re-
gional cerebral blood flow (rCBF) using PET and a previ-
ously validated sample of patients with bipolar disorder with
acute mood challenge treated with lithium and who had re-
mained stable for a long period as well as their unaffected,
healthy siblings.” When emotionally provoked, the HR indi-
viduals showed changes in brain activity consistent with
those of their family members with bipolar disorder. Specific-
ally, high baseline rCBF in the ventral medial frontal cortex
that increased further with provoked sadness distinguished
the HR individuals from the patients with bipolar disorder
treated with lithium, in whom rCBF was decreased.” This in-
crease in the medial frontal cortex in the HR group was also
not seen in the healthy controls who were not at risk, sug-
gesting that it could be a compensatory change, making it a
good candidate for future research into the factors mediating
resilience and vulnerability.

Magnetic resonance spectroscopy

Proton MRS (H-MRS) is a noninvasive procedure using mag-
netic resonance technology to determine levels of specific
neuronal substrates such as N-acetylaspartate (NAA), choline
(Cho), myoinositol (ml) and creatine + phosphocreatine. Four
studies included in our analysis used MRS to evaluate several
brain regions in individuals at enhanced genetic risk for bi-
polar disorder. Cecil and colleagues™ found a trend for the lev-
els of NAA and Cr to be lower , by about 8%, within the cere-
bellar vermis in children of patients with bipolar disorder than
in children of parents without a psychiatric disorder. In addi-
tion, the frontal cortex in children of patients with bipolar
disorder revealed elevated ml concentrations, about a 16% in-
crease, compared with children of parents without a psychi-
atric disorder.” Another MRS study, however, found no sig-
nificant group differences in metabolite indices (NAA:Cr ratios
or levels of mlI or Cho) in the dorsolateral prefrontal cortex in
HR individuals compared with controls.* Another independ-
ent study with a large sample also found no significant pre-
frontal differences in Cho, creatine, NAA or ml levels in HR
individuals.” Singh and colleagues® reported that the off-
spring of parents with bipolar disorder showed decreases in
anterior cingulate glutamate absolute concentrations and
trends toward decreases in glutamate relative to creatine after
fully syndromal mania developed, but not at baseline. This
suggests that for HR individuals, altered glutamatergic func-
tioning is connected to the development of bipolar disorder
rather than associated with familial risk.

Functional MRI

There were 5 studies employing fMRI techniques to address
the neural activation during different tasks in individuals at
genetic risk for bipolar disorder. Allin and colleagues™ used
a verbal fluency task to show that patients with bipolar dis-
order and their relatives shared similar deficits of deactiva-
tion in the retrosplenial cortex. Failure to deactivate this area
is expected to impair task performance, consistent with an
inherited deficit, either as part of the “evaluative” system in
its role as a regulator of emotion and affect or overactivity of
the default mode, which interferes with task performance.”
An fMRI study of working memory processing in the same
participants demonstrated increased prefrontal activation in
the HR group.” This suggests that prefrontal hyperactivation
during working memory may represent a potential endo-
phenotype for bipolar disorder. An independent fMRI study
confirmed a trend toward hyperactivation during working
memory in HR individuals. This group failed to suppress ac-
tivation in the left anterior insula, orbitofrontal cortex and
parietal lobule.” Surguladze and colleagues® have further
identified exaggerated regional cerebral activation in re-
sponse to facial emotional expressions of fear and happiness
both in patients with bipolar disorder and in their unaffected
first-degree relatives. The authors propose that overactiva-
tion of the medial prefrontal cortex and subcortical struc-
tures in response to facial emotion processing tasks may rep-
resent a neurobiologic abnormality associated with
genotypic variation conferring susceptibility for bipolar dis-
order. However, another verbal fluency study reported there

J Psychiatry Neurosci 2012;37(3) 177



Fusar-Poli et al.

were no significant differences between the HR and control
groups, suggesting that hyperactivity during cognitive func-
tioning is not a marker of genetic risk for bipolar disorder.”

Meta-analysis

Meta-analysis of regions of interest

As stated in the Methods section, meta-analyses were per-
formed when at least 3 studies were available for a given ROIL
There were not enough functional studies of the same ROlIs to
allow meta-analysis; however, there were sufficient structural
studies to perform meta-analyses for the following regions: thal-
amus (n = 3)’31,35,40 Striamm (n = 4)’1,31,40,43 amygdala (n = 7),1,5,31,35,40,42,45
hippocampus (1 = 8),">**'***% pituitary gland (n = 3)”** and
frontal lobe (1 =4).>*% In all of these brain regions there were
no meta-analytical significant differences between HR individu-
als and controls. Conversely, we detected a trend toward larger
intracerebral volumes in HR individuals compared with con-
trols*** (p = 0.07; Fig. 2). The HR group showed similar grey
matter volumes compared with the control group*”** (p = 0.86)
but increased grey matter volumes compared with patients with
bipolar disorder (p = 0.031, Fig. 3)./7*4*

Whole brain meta-analysis

As stated in the Methods section, meta-analyses were per-
formed when at least 3 whole brain studies (functional or
structural) providing spatial coordinates suitable for compu-
tation were available. There were insufficient whole brain
structural studies (grey matter or white matter) for meta-
analysis; however, we found 4 fMRI studies suitable for an
ALE meta-analytical approach.****' Two of them explored
cortical response during working memory,** 1 during verbal
fluency” and 1 during emotional processing.” Independent of
task, HR individuals showed increased neural response in
the left superior frontal gyrus (Talairach coordinates x, y ,z =
-27,59, 14), in the medial frontal gyrus (Talairach coordinates
x, Y,z =0, 44, 14) and in the left insula (Talairach coordinates
x, y, z = —43, -1, -15; Fig. 4). Conversely, controls did not
show increased neural activation in any brain regions com-
pared with HR individuals.

Publication bias, heterogeneity, sensitivity analysis

Visual inspection of funnel plots revealed no evidence of pub-
lication bias. Quantitative evaluation of publication bias, as

Intracerebral volume

Study SD SE Variance Lower and upper limits Zvalue  pvalue

Hajek et al.* —0.255 0.326 0.106 —0.894 0.385 —0.781 0.435 ‘ =

van der Schot et al.* -0.191 0.186 0.035 —0.556 0.173 -1.030 0.303 ‘ .

Takahashi et al.” -0.267 0.199 0.040 —0.656 0.123 -1.340 0.180 ‘ .

Total —0.231 0.125 0.016 -0.477 0.015 -1.839 0.066 ‘ ’-

SD = standard difference in means; SE = standard error. -1.00 -0.50 0.00 0.50 1.00
Controls High risk

Fig. 2: Meta-analysis of intracerebral volume in controls and individuals at genetic risk for bipolar disorder. Lower and upper limits indicate 95%
confidence intervals. Negative values indicate reduced volumes.

Grey matter
Study SD SE Variance Lower and upper limits Zvalue  pvalue
Noga et al.' 0.816 0.284 0.081 0.259 1.374 2.872 0.004 J ——
Kieseppé et al.”” —-0.560 0.328 0.107 -1.202 0.083 -1.707 0.088
Hajek et al.* —-0.429 0.290 0.084 —-0.998 0.139 —1.481 0.139 L
van der Schot et al.* 0.057 0.186 0.034 -0.307 0.421 0.307 0.759
Total 0.023 0.126 0.016 -0.225 0.271 0.182 0.856
-1.00 -0.50 0.00 0.50 1.00
Controls High risk
Noga et al.' 0.337 0.444 0.197 -0.534 1.208 0.758 0.449 -
Kiesepp4 et al.” —-0.280 0.323 0.105 -0.914 0.354 —-0.865 0.387 &
Hajek et al.® —-0.166 0.298 0.089 —-0.750 0.417 —-0.559 0.576 &
van der Schot et al.* -0.115 0.207 0.043 —-0.521 0.292 —-0.553 0.580 .
Forcada et al.” -0.779 0.257 0.066 -1.282 -0.275 -3.033 0.002 |}—l————
Total —-0.269 0.125 0.016 -0.514 -0.025 -2.161 0.031 *
SD = standard difference in means; SE = standard error. -1.00 —0.50 0.00 0.50 1.00
Bipolar disorder High risk

Fig. 3: Meta-analysis of grey matter volume in controls, individuals at genetic risk for bipolar disorder (HR) and patients with the disorder.
(Top) controls versus HR, (bottom) patients with bipolar disorder versus HR. Lower and upper limits indicate 95% confidence intervals. Nega-

tive values indicate reduced volumes.
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measured by the Egger intercept, was nonsignificant (p = 0.34).
The fail-safe procedure determined that 113 unpublished
studies would be needed to bring the overall meta-analytic es-
timate to a nonsignificant threshold. Robustness of meta-
analytic findings was examined by sequentially removing each
study and reanalyzing the remaining dataset (producing a
new analysis for each study removed). No study affected the
overall meta-analytic estimates of Hedges” g by more than
0.1%. The pattern of differences across the subanalyses re-
mained essentially unchanged in direction and magnitude. Ac-
cording to the criteria set by Higgins and Thompson,* hetero-
geneity across published studies was small in magnitude and
statistically nonsignificant (p = 0.10, I? = 5.467).

Discussion

We present here a comprehensive systematic review and
meta-analysis of structural and functional neuroimaging
markers of genetic risk for bipolar disorder. To better under-
stand our results we will first summarize the core imaging
findings in patients with bipolar disorder and will then relate
them to individuals at genetic risk for the disease.

Neuroimaging correlates of established bipolar disorder

The pathophysiology of bipolar disorder remains poorly
understood, although reviews and meta-analyses of struc-
tural imaging studies” suggest the presence of subtle abnor-
malities in the brains of patients with the disorder. The most
consistent structural findings include preservation of total
cerebral volume with regional grey and white matter changes
in prefrontal, midline and limbic networks, noncontingent

High risk > controls

Fig. 4: Activation likelihood estimate voxel-based meta-analysis of
functional magnetic resonance imaging studies of individuals at en-
hanced genetic risk for bipolar disorder (HR > controls, p < 0.001), in-
dependent of task. The coordinates are displayed in Talairach space.

Mapping vulnerability to bipolar disorder

ventriculomegaly and increased rates of white matter hyper-
intensities (for a review, see Emsell and McDonald®). Func-
tional alterations have been reported in the neural systems
for emotion processing and executive control (for a review,
see Pan and colleagues®). However, these findings are not
consistent. For example, a meta-analysis of regional mor-
phometry studies in adults with bipolar disorder suggests
significant heterogeneity across studies and brain structures.”
It was not possible to account for differences in medication in
studies because of the limited information reported. Some of
the reported discrepancies may be owing to effects of medi-
cation (especially lithium®), the effect of illness duration or
small sample sizes. Despite the pronounced genetic effects on
patients with bipolar disorder, the question of whether the
genetic risk for the disorder is associated with some of the re-
ported functional or structural brain abnormalities has hardly
been addressed.*

Genetic studies in patients with bipolar disorder

The genetic inheritance of the disorder is complex; it is most
likely to be polygenic rather than due to genes of major effect.
Since unaffected relatives of patients with bipolar disorder are
likely to share some susceptibility genes with affected pa-
tients, without overt expression of the clinical phenotype, ab-
normalities of structure or functioning detectable in HR indi-
viduals but not in controls may reflect genetically driven
trait-related deficits (trait markers) for the disorder. Some-
times the same abnormalities may also be evident both in the
HR and in the bipolar disorder groups, suggesting the possi-
bility of genetic risk factors shared by both groups. Con-
versely, neuroimaging alterations observed in patients with
bipolar disorder but not in HR individuals and controls can
be interpreted as relating to the clinical status of the patients
(state markers). Structural or functional abnormalities associ-
ated with resilience (resilience markers) are present in HR
individuals but not in patients with bipolar disorder or con-
trols. Overall, these alterations represent specific endo-
phenotypes and can be conceptualized as neurobiologic
markers that are intermediate between the underlying suscep-
tibility genes for an illness and the clinical expression of the
illness. An advantage of studying unaffected relatives is that
abnormalities detected cannot be confounded by medication
or other illness-related factors.*® Thus, examination of the un-
affected relatives of patients is used to study the relation be-
tween increased genetic risk and brain abnormalities because
these people carry the genetic risk for the disease but not the
disease itself. However, these studies are limited by the fact
that they cannot discriminate between genetic and shared en-
vironmental influence. In contrast, studying monozygotic and
dizygotic twin pairs in which 1 twin is affected by bipolar dis-
order is a powerful approach to determine the relative contri-
bution of genetic and environmental influence.”

Gray matter alterations and genetic risk for bipolar disorder

Our whole-brain meta-analysis showed grey matter volume
reductions in the bipolar disorder group compared with the
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HR group,"”*** with grey matter volume in HR individuals
being similar to that in controls."”** In line with the latter
finding, no significant grey matter volume reductions in the
frontal lobe were observed in HR individuals compared with
controls.”*% However, the nonsignificant trend toward
larger intracerebral volumes in HR individuals compared
with controls might indicate a dynamic process during the
transition to bipolar disorder, presumably affecting various
cortical areas at approximately identical time points. It could
reflect either an effort to engage other, volumetrically larger
regions aiming to compensate commencing pathologic
processes or a resilience marker, since not all HR individuals
will transition to bipolar disorder. These findings of larger
whole-brain volumes can simply signify differences in tissue
behaviour (i.e., tissue swelling or shrinkage) or involve
changes in the cell density or composition of the neuropil
and/or the myelinated sheets of neurons.

There has been an interest in the possibility of basal gan-
glia involvement in the genetic risk for bipolar disorder be-
cause of the increased prevalence of bipolar disorder in pa-
tients with diseases affecting these regions, including
Huntington disease and cerebrovascular disease.' In particu-
lar, we found a number of structural imaging studies of HR
individuals focusing on the striatum, including the caudate,
putamen and nucleus accumbens.””** Considering the func-
tional heterogeneity of the striatum, it is not surprising that it
has been associated with a wide range of behavioural, cogni-
tive and emotional disorders, including mood disorders.”
Other studies have focused on putative thalamic structural
alterations in HR individuals,”** as the thalamus plays a key
role in cognitive functioning, and prefrontal-thalamic inter-
actions mediate executive functions.”” However, our meta-
analysis found no significant differences between HR indi-
viduals and controls in such regions, suggesting that striatal
or thalamic structural abnormalities are not trait markers of
bipolar disorder.

The theory that neuroanatomical circuitries are implicated
in the pathology of bipolar disorder would imply the involve-
ment of the temporal lobe, particularly the hippocampus and
amygdala.' In particular, a dynamic relation between the
amygdala and parahippocampal gyrus may regulate emo-
tional appraisal’ in patients with affective disorders. Consis-
tent with these notions, we uncovered a number of structural
studies addressing hippocampal regions and the amygdala in
individuals at genetic risk for bipolar disorder."*****%% Most
of these studies revealed inconsistent findings and nonsignifi-
cant differences between HR individuals and controls. The
present meta-analysis confirmed that hippocampal and
amygdala structural alterations are not trait markers for bi-
polar disorder. This is somewhat consistent with evidence
from twin studies of schizophrenia for nongenetic factors af-
fecting hippocampal volume and the susceptibility of the hip-
pocampus to environmental risk factors, such as obstetric
complications and stress-induced glucocorticoid excess.* The
preservation of hippocampal /amygdalar volume in HR indi-
viduals is contrary to reports of decreased volumes in chil-
dren or adolescents with bipolar disorder. This discrepancy is
likely related to clinical heterogeneity and diagnostic contro-

versies around pediatric bipolar disorder. The cluster of mood
liability, irritability, impulsivity and attention deficits, which
constitutes the phenotype of pediatric bipolar disorder, as
diagnosed in these studies, may not be continuous with adult
bipolar disorder, which presents with different behavioural
symptoms.*

Studies in patients with bipolar disorder often reported in-
creased, decreased and unchanged pituitary volumes. As it is
unclear whether pituitary volume changes are secondary to
burden of illness or primary, increasing vulnerability for
mood disorders, we reviewed some MRI studies addressing
this point.”** If pituitary volume abnormalities are second-
ary, they should be present only in patients with longer his-
tory of illness. If, however, pituitary volume abnormalities
are primary and causative of episodic hormonal dysregula-
tions or increased vulnerability to mood disorders, they
should already be present before or early in the course of ill-
ness in individuals at risk for bipolar disorder.” Our meta-
analysis uncovered no significant pituitary difference be-
tween the HR individuals and matched controls, suggesting
that pituitary volume abnormalities are not a consistent trait
marker of bipolar disorder, but rather may be related to clin-
ical symptoms. This finding is in line with evidence indicat-
ing that cortisol abnormalities are mostly present only during
episodes of mood dysregulation. The pituitary volume could
then represent a state marker. This hypothesis is supported
by association between pituitary volumes and postdexa-
methasone cortisol levels.”

The present meta-analysis suggests that grey matter vol-
ume alterations can be interpreted as state markers of bipolar
disorder, reflecting the clinical presentation of symptoms,
duration of illness, exposure to treatment* or a combination
of these factors.

White matter alterations and genetic risk for bipolar disorder

Although the first MRI twin studies found decreased white
matter volume in patients with bipolar disorder and co-twins
(HR) compared with control twins,” subsequent studies have
not found significant white matter volumetric alterations in
HR individuals compared with controls™* or patients with
bipolar disorder.” However, all MRI studies using structural
equation modelling uncovered significant correlations be-
tween genetic liability to bipolar disorder and white matter
alterations,*”' suggesting that white matter alterations are
trait markers for the genes involved in the etiology of bipolar
disorder.” These authors speculated that white matter
pathology may be central to the genetic risk for bipolar disor-
der, particularly circumscribed pathology limited to alter-
ations in the principal white matter tracts of the brain.” This
is supported by the evidence that there is an increased preva-
lence of white matter hyperintensities in patients with estab-
lished bipolar disorder, one of the most consistently repli-
cated findings in structural MRI studies of bipolar disorder.*
Hyperintensities are reported to localize mostly on frontal
white matter and the subcortical grey nucleus (thalamus,
basal ganglia), and there is evidence that they localize in the
deep white matter rather than in the periventricular area.
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Several other lines of evidence, such as those derived from
gene expression and genetic association studies, also suggest
the involvement of white matter pathology in patients with
established bipolar disorder. For instance, reductions in the
number, size and density of glial cells as well as downregula-
tion of key oligodendrocyte and myelination genes have been
reported in postmortem studies of individuals with bipolar
disorder. Significant reductions in the number, density and
size of glial cells could be reflected in reduced white matter
tissue, as well as signal hyperintensities. Interestingly, white
matter pathology has also been suggested to be central to the
genetic risk for schizophrenia.*

Whereas the findings from studies of white matter hyperin-
tensities in patients with bipolar disorder have been consist-
ent, only 2 studies have examined white matter alterations in
HR individuals, and their results are conflicting. The first
study found evidence of an increased prevalence of hyper-
intensities in HR individuals compared with controls,”
whereas a subsequent study found no significant differences.*
Further studies are clearly needed before firm conclusions can
be drawn. There is a little more evidence comparing HR indi-
viduals to patients with bipolar disorder: 2 studies found
more hyperintensities in the bipolar disorder compared with
the HR group,®” whereas a subsequent study failed to repli-
cate the result.” Differences in imaging methods, small sam-
ple sizes and sociodemographic characteristics of the HR indi-
viduals may account for high heterogeneity across studies
and for inconclusive findings.

Functional alterations and genetic risk for bipolar disorder

There were fewer functional (fMRI and PET) than structural
studies investigating individuals at genetic risk for bipolar
disorder. Nevertheless, our voxel-based meta-analysis uncov-
ered a consistent network of neurofunctional abnormalities in
the superior and medial frontal cortex and in the insula in HR
individuals; in these regions the neural response was greater
in HR individuals compared with controls, independent of
the cognitive task employed. Studies of neuropsychologic
function in HR individuals show there are similar impair-
ments to those seen in patients with bipolar disorder.® A re-
cent meta-analysis in HR individuals and patients with bi-
polar disorder confirmed that executive function and working
memory impairments are state independent and present in
unaffected relatives who are likely to be carrying suscept-
ibility genes for the illness.*” Taken with the result of our
meta-analysis of functional studies, increased activation in re-
gions involved in cognitive functions that are impaired in HR
individuals and in patients with bipolar disorder can be inter-
preted as a shared trait marker of illness. Increased activation
can compensate for functional deficits elsewhere in the cogni-
tive network of HR individuals, enabling them to maintain
performance, although performance becomes impaired when
demands increase.” In other words, the greater activation in
the prefrontal cortex demonstrated by HR individuals does
not reflect better or worse performance but rather the optimal
level of activation to achieve that level of performance. With
respect to PET studies, the siblings” unique increases in the

medial frontal cortex appear to identify a compensatory re-
sponse in this HR group, as this pattern was not seen previ-
ously in healthy individuals without depression risk factors.
Similarly, studies of patients with schizophrenia demon-
strated that the increasing blood oxygen level-dependent re-
sponse was compensatory in nature and an indicator of ineffi-
ciency of frontal cortical structures during cognitive tasks.*
This has been termed “functional inefficiency,” as this in-
crease in fMRI response did not produce greater performance
accuracy. Our findings can be interpreted in a similar fash-
ion.” Abnormalities in prefrontal regions can be associated
with suppression of task-induced negative emotion, leading
to abnormal activation in regions associated with emotional
arousal (e.g., insula), and further interfere with cognition in
the HR group.® However, the neurochemical basis of the
functional abnormalities in HR individuals is unclear.
Whereas there have MRS studies in the HR population, the
findings have been inconsistent, with 3 of 4 studies reporting
no significant differences in metabolites between the HR and
control groups.®** It remains unknown whether functional
abnormalities precede structural ones and how reversible
these abnormalities are.

Limitations

The evidence available is from cross-sectional studies where
the clinical outcomes of the HR individuals are unknown. Al-
though we are able to identify potential imaging markers of
risk and resilience in HR individuals by comparison with
findings in patients with bipolar disorder, this approach is not
as robust as a within-subject design, and longitudinal evalua-
tion of the markers will be needed before they can be used in
clinical practice. To date, no longitudinal studies are available
that allow for a separation between resilient individuals at
high risk who do not transition to the disease and those who
are presymptomtic. Thus, increased intracerebral volume
could be interpreted as conferring resilience onto HR individ-
uals by increased structural connectivity or a similarly pro-
tective mechanism. Longitudinal neuroimaging studies in HR
individuals will be able to definitively ascertain the core neuro-
anatomical alterations at different time points underlying the
development of bipolar disorder. Relatively few studies in-
volving relatives of patients with bipolar disorder were avail-
able, which prevented meta-analysis in some domains and
limited the robustness of imaging findings in HR individ-
uals.” The meta-analysis of data collected on different MRI
scanners, and the use of different acquisition protocols, is
complicated by the potentially confounding effects of differ-
ences between sites. Conflicting results in the field may also
be a consequence of heterogeneity across studies with differ-
ent analysis methods, small sample sizes and different inclu-
sion criteria for the HR cohorts. For example, most studies in-
cluded HR participants with a family history of bipolar
disorder without specifying whether the patients had bipolar
disorder I or II. It should also be noted that some of the re-
viewed studies included unaffected and/or healthy first-
degree relatives or other relatives, whereas other studies in-
cluded relatives who had other psychiatric conditions such as
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attention-deficit/hyperactivity disorder, anxiety or affective
disorders. It is also important to consider the clinical charac-
teristics of the participants, particularly the HR individuals,
some of whom may have had subsyndromal symptoms when
studied, whereas others may have been asymptomatic. The
level of subsyndromal symptoms in HR individuals is not re-
ported in a number of studies, but differences could con-
tribute to the inconsistency in some of the findings.

In addition, bipolar disorder is likely to be influenced by
many genetic and epigenetic factors, and the assumption of a
simple linear genetic relation (i.e., controls > HR > bipolar dis-
order or controls < HR < bipolar disorder) may be naive. In
fact, familial genetic effects may also be confounded by influ-
ences specific to the patient group, such as lifetime episodes of
mania and depression or medication (including lithium),
which may be associated with neurophysiologic changes that
are likely to further confound differences in neural activation
patterns or structural changes.” A further limitation was that
there was not enough statistical power to compare different
HR groups (i.e., first-degree relatives v. twins or clinically
symptomatic HR v. nonsymptomatic HR). Finally, because of
heterogeneity of the assessment instruments used across
studies, it was not possible to correlate imaging modalities
with psychopathologic measures or clinical outcomes. The
overall sample size of our meta-analysis was small, and conse-
quently the chance of finding significant p values for tests of
heterogeneity and bias were remote. Moreover, owing to het-
erogeneity of the phenotype of bipolar disorder and the HR
status, it will be important to identify markers of risk for psy-
chopathology in individuals at high familial risk as well as
those at increased risk of bipolar disorder per se.

Implications

Currently, there are only preliminary data’ distinguishing be-
tween individuals presenting with possible prodromal fea-
tures of bipolar disorder who will transition to bipolar disor-
der and those who will not. This limits clinicians” capacity to
offer accurate prognoses and preventive interventions. Thus,
biomarkers, either of risk or resilience, that differentiate those
who will transition to bipolar disorder from those who will
not would be invaluable. Our finding that grey matter de-
crease may be a state-related factor for bipolar disorder sug-
gests that structural imaging may be a useful biomarker to
distinguish between individuals who will transition to bi-
polar disorder from those who will not. Prospective studies
of grey matter volume in HR individuals are needed to
evaluate this. A further implication of our meta-analysis is
that hyperactivation in the frontal and insular cortex is the
neural substrate for the executive function impairments seen
in HR individuals and patients with bipolar disorder. The
similarity between our findings in HR individuals and previ-
ous findings in patients with bipolar disorder suggests that
hyperactivation in these regions is a good candidate as a trait
endophenotype for bipolar disorder. However, whereas it in-
dicates that bipolar disorder develops in the context of a dys-
functional brain, further work is needed to determine how
this relates to the affective disturbance and other clinical fea-

tures that develop with the onset of bipolar disorder. Finally,
it is clear that there have been few studies of white matter hy-
perintensities in HR individuals. This is surprising given the
number of studies indicating that these are increased in pa-
tients with bipolar disorder and warrant further investigation
in HR individuals.

Conclusion

Despite heterogeneous imaging methods, samples and con-
flicting findings pervading the literature, there is accumulat-
ing evidence for the existence of neurobiologic abnormalities
in individuals at genetic risk for bipolar disorder at various
scales of investigation. The etiopathogenesis of bipolar disor-
der will be better elucidated by future imaging studies inves-
tigating larger and more homogeneous samples and using
longitudinal designs to dissect neurobiologic abnormalities
that are underlying traits of the illness from those related to
psychopathologic states, such as episodes of mood exacerba-
tion or pharmacologic treatment.
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