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Emerging evidence indicates substantial genetic overlap between schizophrenia and bipolar 

disorder, but the neurobiological mechanisms underlying these shared susceptibility factors 

remain unclear. Examining the specific neural disruptions associated with susceptibility to these 

illnesses, and clarifying the nature of overlap between them, is critical to understanding the 

etiological bases of these disorders. In view of prior reports supporting working memory 

dysfunction as a candidate endophenotype of schizophrenia and bipolar disorder, we examined 

the neural mechanisms subserving working memory function in individuals carrying liability for 

both syndromes. To our knowledge, no prior neuroimaging study has simultaneously examined 

twin pairs discordant for schizophrenia and bipolar disorder to determine whether liability-

related disruptions of working memory in the disorders overlap. We employed a trial-based 

spatial working memory task paradigm designed to separate activation in encoding and retrieval 

phases. As predicted, schizophrenia and bipolar probands as well as their non-affected co-twins
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exhibited hypoactivation as well as hypoconnectivity in fronto-parietal working memory 

circuitry compared with controls, indicating significant endophenotypic overlap in aberrant task-

related functional and network activation. These cortical alterations were significantly more 

pronounced during encoding phases of working memory compared with retrieval phases. 

Additionally, both proband groups showed hyperactivation in key nodes of the default network 

during retrieval phases of working memory, suggesting that failure to disengage this network 

during memory-guided response may represent an area of phenotypic overlap. These findings are 

consistent with previous evidence indicating overlapping functional alterations in schizophrenia 

and bipolar disorder and may inform models of mechanisms underpinning the apparent 

biological overlap between disorders, particularly in regards to encoding processes. Findings 

from this study help to characterize the nature of overlap and are consistent with a model of 

shared inheritance of working memory dysfunction in schizophrenia and bipolar disorder.
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Spatial Working Memory in Twins Discordant for Schizophrenia and Bipolar Disorder 

 Beginning with Emil Kraepelin’s (1919) proposal that dementia praecox (schizophrenia) 

be differentiated from manic depression (bipolar disorder), this nosological dichotomy has 

greatly influenced the diagnosis, treatment, and research of these two disorders. However, this 

concept has recently been challenged by rapidly growing evidence showing biological overlap 

between schizophrenia (SZ) and bipolar disorder (BP) (e.g., Berrettini, 2004; Lichtenstein et al., 

2009; Purcell et al., 2009), thus leading researchers to question the validity of the Kraepelinian 

dichotomy at the etiological level and to search for common biological determinants. Towards 

this end, the current study aimed first to investigate whether SZ and BP share a common 

pathophysiology in terms of brain physiology measured with functional magnetic resonance 

imaging (fMRI); secondly, this study sought to examine whether genetic liability to SZ and 

genetic liability to BP are associated with shared pathophysiological alterations.  

Evidence Supporting a Shared Etiology 

  SZ and BP show complex patterns of inheritance, involving hundreds to thousands of 

small effect genetic variants (Purcell et al., 2009) and a non-trivial environmental component 

(Kendler & Diehl, 1993; Cannon et al., 1998a), with heritability estimated at about 80% for both 

disorders (Sullivan, Kendler, & Neale, 2003; McGuffin et al., 2003). There are striking 

similarities in prevalence rates and risk factors between SZ and BP. Lifetime prevalence rates are 

similar (~ 1%) across disorders and stable across countries and cultures; male-to-female ratios of 

affected patients are comparable; and age at onset reveals a broad overlap in the range of 18-30 

years (Maier et al., 2005). However, there is also evidence for differences in risk factors (see 

Mortensen et al., 2003). For example, lower premorbid IQ score appears to be a risk factor for 

SZ but not for BP (Zammit et al., 2004).  
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Evidence for a shared liability between SZ and BP comes from phenomenological (Lin & 

Mitchell, 2008), epidemiological (Berretini, 2004), and clinical genetic studies (Lichtenstein et 

al., 2009; Purcell et al., 2009). From a phenomenological viewpoint, perhaps the most distinctive 

clinical feature shared by patients with SZ and BP is psychosis. Previous studies have estimated 

that at least 50% of BP individuals have experienced at least one psychotic episode during their 

lifetime (Coryell et al., 2001; Keck et al., 2003). Likewise, while the distinctive element of BP is 

manic episodes, SZ patients may also exhibit affective disturbances. One study estimated that the 

lifetime prevalence for depressed mood (lasting at least two weeks) at first admission for SZ is 

83%; additionally, during the first psychotic episode 71% of SZ patients presented with clinically 

relevant depression (Häfner et al., 2005). That many individuals with severe psychiatric illness 

have both psychotic and prominent mood symptoms raises the possibility that there may not be a 

clear biological distinction between these clinical phenotypes. 

 In addition, evidence for the co-aggregation of SZ and BP in families has been reported. 

An early hallmark study by Tsuang and colleagues (1980) reported increased base rates of BP in 

families of SZ probands, a finding that has been replicated in more recent reports showing a 

marked overrepresentation of bipolar disorders in families of SZ patients and vice versa 

(Gershon et al., 1998; Valles et al., 2000; Maier et al., 2002). Specifically, Valles and colleagues 

(2000) determined that first-degree relatives of BP patients had a four-fold higher risk of SZ 

compared with relatives of healthy individuals. Notably, the results of these studies have been 

questioned due to their employment of hospital registrar diagnoses, which may have introduced 

the possibility of misdiagnoses given the clinical resemblances of these two syndromes and 

thereby inflated results. However, equivalent findings were obtained using well-validated 

diagnostic measures, such as structured clinical interviews (Maier et al., 2002). Moreover, a 
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psychotic dimension (delusional proneness) was found to aggregate in families of both BP and 

SZ probands (Schurhoff et al., 2003), suggesting that there may be an inherited predisposition to 

both disorders. 

A limitation of this approach is that family studies do not permit specific conclusions to 

be drawn about the putative roles of genetic and environmental factors, as relatives who share 

genes are also more likely to share environmental risk factors. Twin studies represent a special 

type of family analysis that can be used to differentiate genetic and environmental contributions 

by comparing disease prevalence in monozygotic (MZ) twin siblings of affected probands to 

disease prevalence in dizygotic (DZ) twin siblings of affected probands (assuming that 

environmental risk factors are shared equally among MZ and DZ twin pair types). Cardno and 

colleagues (2002) examined genetic correlations in same-sex twin pairs of SZ, schizoaffective 

disorder, and BP probands using non-hierarchical diagnostic criteria and found that the overlap 

of familial vulnerabilities is due to genetic factors shared between SZ and BP. More specifically, 

the authors demonstrated both common and disorder-specific genetic contributions to the 

variance in liability to SZ and BP, whereas the genetic liability to schizoaffective disorder was 

entirely shared in common with the other two disorders.  

Perhaps the most compelling support for a common biological pathogenesis shared by SZ 

and BP is provided by genetic studies indicating that some of the same genes influence risk for 

both disorders. In a recent population-based genetic epidemiological study of 2 million nuclear 

families in Sweden, about one-half of the genetic component of SZ was found to overlap with 

BP, and about two-thirds of the genetic component of BP was found to overlap with SZ 

(Lichtenstein et al., 2009). Moreover, linkage and association studies demonstrate shared genetic 

susceptibility in SZ and BP. This has been shown through systematic whole-genome linkage 
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analyses that have identified linkage to at least five common chromosomal regions (Bramon & 

Sham, 2001; Berrettini, 2004) as well as candidate gene association studies whose variants were 

shown to be associated with both SZ and BP (Craddock, O’Donovan, & Owen, 2006; Owen, 

Craddock, & Jablensky, 2007; O’Donovan et al., 2008; Purcell et al., 2009; Williams et al., 

2011). In fact, six out of the eight genome-wide significant susceptibility loci for SZ and BP 

reported to date span traditional diagnostic boundaries and show evidence for trans-disorder 

effects in independent datasets (Williams et al., 2011). For example, the gene demonstrating the 

strongest association with SZ in genome-wide association studies (ZNF804A) shows 

strengthened association when the diagnosis phenotype is broadened to include BP (O’Donovan 

et al., 2008; Williams et al., 2011). Taken together, molecular genetic evidence seems to support 

a model in which a psychosis-bipolar spectrum of clinical phenotypes is modulated by clusters of 

susceptibility genes that likely overlap with each other (see Craddock & Owen, 2005).  

While evidence indicates substantial genetic overlap between SZ and BP, the downstream 

neurobiological mechanisms of shared genetic determinants remain unclear. Given the clinical 

heterogeneity of these disorders and the apparent imprecision of the categorical distinctions 

between them, it may be worthwhile to examine potential neurocognitive markers shared 

between SZ and BP. In particular, working memory (WMem) deficits are a core feature of SZ 

(Cannon et al., 2000; Green, 2006) and persist throughout the course of illness (Manoach, 2003). 

Likewise, emerging evidence documents deficits of WMem in BP patients that appear to persist 

during euthymic periods when affective symptoms are not present (Bearden et al., 2001; Green, 

2006; Robinson et al., 2006). However, despite observations of WMem deficits in patients with 

both SZ and BP, it remains unclear whether impairments involve similar or disorder-specific 

pathophysiological processes.  
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Working Memory as a Neural Phenotype  

WMem is a highly complex cognitive process known to rely on the coordination of 

multiple brain regions (Baddeley, 2003). Briefly, WMem can be described as the ability to store 

and maintain mental representations of stimuli for a short period of time, in the absence of the 

original stimuli. The system of WMem enables us to hold information in an active state and to 

work with stored information in order to perform tasks. In this way, WMem supports thought 

processes and may be a key component of a number of higher-order cognitive functions, 

including planning, problem-solving, reasoning, and language, such that disturbance of WMem 

may have severe consequences for more general cognitive abilities.  

It has been proposed that WMem is not a unitary process but instead is composed of three 

independent components that operate dynamically (see Baddeley, 2003). According to this 

model, WMem comprises a visuospatial sketchpad and phonological loop that store and 

manipulate visuospatial and verbal information, respectively, together with a central executive 

that regulates attentional processes and controls the flow of information. While the precise 

neurobiological substrates of WMem have not yet been fully elucidated, results of neuroimaging 

studies lend tentative support for this three-component model with the implication of such 

regions as the prefrontal cortex (D’Esposito et al., 1999), parietal cortex (Jonides et al., 1998), 

and anterior cingulate (Carter, Botvinick, & Cohen, 1999). However, to accurately elucidate the 

brain regions involved in WMem task performance, it is necessary to disentangle the 

contributions of various WMem subcomponents, such as encoding, maintenance, and retrieval 

processes; such differentiation is needed because each of these may preferentially engage 

separate brain regions and networks.  
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Basic research examining the subprocesses of WMem indicates possible regional 

specialization, bearing in mind the dynamic interplays between neural systems involved in 

WMem. For example, the prefrontal cortex (PFC) is thought to play a preferential role in higher-

order cognitive functions (Rypma & D’Esposito, 1999; Petrides, 2000; Glahn et al., 2002), 

whereas posterior parietal regions appear to be involved in storage processes (Curtis & 

D’Esposito, 2006). Within the lateral PFC, evidence suggests a relative distinction between 

dorsal and ventral regions, whereby ventral regions may mediate simpler maintenance processes, 

and dorsal regions more complex tasks requiring additional processing demands, such as 

manipulation or monitoring (Petrides, 2000), although alternative theories suggest that ventral 

and dorsal PFC might be differentially specialized for maintaining object and spatial information, 

respectively (Goldman-Rakic, 1995; Courtney et al., 1998; see Ranganath & D’Esposito, 2005 

for a synthesis of these views). Rypma and D’Esposito (1999) showed that, while both dorsal 

and ventral PFC were involved in the encoding, maintenance, and retrieval of verbal information 

in WMem, dorsal PFC played a greater role in the encoding of information with high memory 

loads, consistent with other reports (e.g., Cairo et al., 2004). Further, Manoach and colleagues 

(2003b) demonstrated that encoding, maintenance, and retrieval functions of WMem were 

associated with distinct but overlapping patterns of regional activation in a Sternberg item-

recognition task. In particular, engagement of the dorsolateral PFC, thalamus, and basal ganglia 

were associated with probe conditions, thus suggesting that fronto-striatal circuitry may play a 

unique role in retrieval processes. Taken together, these results highlight the importance of 

parsing the cognitive subcomponents of WMem in order to better characterize WMem 

dysfunction in patients with SZ and BP.  
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Additionally, neurophysiological studies of monkeys (e.g., Chafee & Goldman-Rakic, 

1998; Takeda & Funahashi, 2002) and event-related fMRI studies of humans (Cohen et al., 1997; 

Courtney et al., 1997; Postle et al., 2000; Curtis & D’Esposito, 2003; Curtis & D’Esposito, 2006; 

Srimal & Curtis, 2008) have recorded persistent activity during delay periods in frontal and 

parietal regions, activity which is thought to reflect the stored representation of the remembered 

stimuli. Experimental lesions in the dorsolateral PFC appear to cause delay-dependent 

impairments in monkeys, such that performance decreases not only when a delay is imposed but 

also as the delay period increases (Funahashi, Bruce, & Goldman-Rakic, 1993), thus suggesting 

that this region plays a key role in the ability to draw on information stored in spatial WMem. 

Additionally, in a visuospatial delayed-response oculomotor task, Curtis and D’Esposito (2006) 

found persistent activity throughout a memory delay period in the frontal eye fields (FEF) but 

not in the intraparietal sulcus (IPS), despite robust activation in both of these regions during 

response selection (i.e., retrieval). These results suggest that the FEF and IPS make distinct 

contributions to spatial WMem, whereby the FEF supports the selection and prospective coding 

of spatial cues used to guide a response, and the IPS supports the retrospective storage of spatial 

representations. Consistent with this report, Rowe and colleagues (2000) showed that activation 

of the dorsal PFC (Brodmann’s area 46) was associated with the selection of an item from spatial 

WMem, whereas the FEF and intraparietal cortex were associated with the maintenance of an 

item within WMem. Although the exact mechanisms of sustained regional activation are unclear 

(e.g., the rehearsal of encoding strategies versus the selection of attention towards goal-directed 

behavior), the evidence suggests that prefrontal regions play a role in preparing a response based 

on information stored in WMem, whereas parietal regions function to store spatial cues of 

retrospective stimuli. 
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Working Memory Dysfunction in Schizophrenia 

Several lines of evidence suggest WMem and particularly the dorsolateral prefrontal 

cortex (DLPFC) as a potential locus of dysfunction in the pathophysiology of SZ (Callicott et al., 

2003a; Cannon et al., 2005; reviewed in Reichenberg & Harvey, 2007). SZ patients appear to 

have a basic deficit in WMem (Lee & Park, 2005), which could be conceived as, for example, 

inadequate filtering of irrelevant information or difficulties in the maintenance of goal-directed 

thought process. In neuropsychological studies, while patients with SZ have been found to show 

performance deficits on nearly all measures of cognitive functioning, WMem appears to be more 

severely affected against the background of a more generalized deficit (Saykin et al., 1991; 

Saykin et al., 1994). In fact, covarying performance on WMem tasks tends to eliminate patient-

control differences on other neurocognitive measures, such as abstraction, attention, and 

language (Condray et al., 1996; Gold et al., 1997; Stone et al., 1998; Silver et al., 2003), thus 

suggesting that WMem deficits might underlie performance decrements in other domains. In 

addition, deficits in WMem might account for a substantial proportion of the symptomatology 

associated with SZ, such as delusions, disorganization, and thought disorder (Goldman-Rakic, 

1994; Perlstein et al., 2001) and appear to represent large impediments to functional outcome in 

schizophrenic patients (Green, Kern, Braff, & Mintz, 2000).  

Impairments on spatial WMem tasks in particular are thought to be a marker of cognitive 

dysfunction in SZ (Park et al., 1995; Cannon et al., 2000). A number of studies have shown that 

patients perform worse than healthy control subjects on spatial WMem tasks (Park & Holzman, 

1992; Park & Holzman, 1993; Fleming et al., 1997; Keefe et al., 1995; Keefe, Lees-Roitman, & 

Dupre, 1997; Cannon et al., 2000; Gooding & Tallent, 2001; McGrath, Chapple, & Wright, 

2001; Glahn et al., 2003; Kim et al., 2004; Cannon et al., 2005; Karlsgodt et al., 2007), deficits 
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that are independent of exposure to antipsychotic drugs (Carter et al., 1996). Moreover, Park and 

Holzman (1992) found that SZ patients manifested a deficit in spatial WMem but were intact or 

less severely compromised on simple tests of verbal WMem (e.g., digit span). Within the spatial 

domain, patients are deficient in identifying spatial locations held in WMem after a very brief (1 

second) or no delay and are marginally to significantly more vulnerable to disruption compared 

with controls after a longer delay (5 to 30 seconds), indicating deficits in encoding as well as 

maintenance processes (Park & Holzman, 1992; Park & Holzman, 1993; Carter et al., 1996; 

Fleming et al., 1997). Additionally, Hartman and colleagues (2003) showed that increasing the 

duration of the stimulus presentation improved performance on a visuospatial WMem task in 

patients with SZ, suggesting that inefficient encoding processes in patients with SZ may be 

amenable to ameliorative interventions. 

More direct evidence of involvement of the prefrontal cortex in the pathophysiology of 

SZ comes from structural and functional neuroimaging studies. Evidence from human in-vivo 

and post-mortem studies converge on findings of neuropathological abnormalities in frontal lobe 

structure (Benes et al., 1991; Daviss & Lewis, 1995; Selemon et al., 1995; Goldman-Rakic & 

Selemon, 1997; Selemon et al., 1998; Cannon et al., 2002) and function (Andreasen et al., 1997; 

Ragland et al., 1998; Cannon et al., 2005; Karlsgodt et al., 2007) in patients with SZ. A voxel-

based analysis revealed significant gray matter density reductions in schizophrenic patients 

compared with controls in the DLPFC and superior parietal lobule (Cannon et al., 2002), two 

regions that have been consistently implicated in the mediation of WMem functions. Further, 

global and DLPFC volumetric deficits in schizophrenic patients have been found to correlate 

with performance deficits on tests sensitive to WMem processes (i.e., executive-attention 

measures) (Seidman et al., 1994; Maher et al., 1995).  
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Several functional neuroimaging studies have demonstrated anomalous activation of the 

dorsal PFC during WMem challenge in SZ patients compared with control subjects (Ragland et 

al., 1998; Manoach et al., 1999; Callicott et al., 2000; Manoach et al., 2000; Perlstein et al., 

2001; Barch et al., 2003; Cannon et al., 2005; Karlsgodt et al., 2007; Driesen et al., 2008; 

Scheuerecker et al., 2008; Karlsgodt et al., 2009; Potkin et al., 2009), although the regional 

specificity, magnitude, and direction of activation appears to depend on task demands and 

performance levels (Callicott et al., 2003b; Manoach, 2003a; Karlsgodt et al., 2007; Karlsgodt et 

al., 2009). Although studies more typically report hypoactivation of prefrontal regions in patients 

with SZ compared with controls (Ragland et al., 1998; Barch et al., 2003; Cannon et al., 2005; 

Driesen et al., 2008; Scheuerecker et al., 2008), hyperactivation has also been reported (Manoach 

et al., 1999; Callicott et al., 2000; Manoach et al., 2000). Of note, a model has been proposed 

suggesting that DLPFC activation relates to WMem performance in an inverted-U shaped curve, 

with hypoactivation occurring when WMem load has exceed capacity (Callicott et al., 1999; 

Karlsgodt et al., 2007). While most studies to date scanned medicated patients, observations of 

dorsal prefrontal hypoactivation in medication-free schizophrenic patients (Scheuerecker et al., 

2008) suggest that these differences are not likely attributable to the use of antipsychotics. Of 

particular interest, one study to date attempted to contrast DLPFC activation during encoding 

versus retrieval phases of WMem in patients with SZ compared with controls using a Sternberg 

item recognition paradigm and found that patient-control differences were observed in retrieval 

but not encoding phases of WMem (Potkin et al., 2009).  

Moreover, there is evidence that fronto-parietal regions show synchronized neural 

activity and are functioning as an integrated circuit (Chafee & Goldman-Rakic, 1998; Smith et 

al., 1998), making not only the cortical regions themselves but also the interactions of these 
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regions of interest. In a meta-analysis of brain activation studies using the n-back task, Glahn and 

colleagues (2005) found support for hypoactivation in the DLPFC in patients with SZ as well as 

increased activation in the anterior cingulate and left frontal pole relative to control subjects. 

These findings could suggest that dorsolateral disturbances may not represent focal abnormalities 

but instead probably demonstrate an impairment in the ability to engage functional networks 

(Barch, 2005), an interpretation that is consistent with studies showing pronounced disruptions of 

distributed WMem networks in patients with SZ compared with controls (Meyer-Lindenberg et 

al., 2001; Peled et al., 2001; Schlösser et al., 2003; Fornito et al., 2011).  

Working Memory Dysfunction in Bipolar Disorder 

 The neuropsychology of BP is a relatively recent area of study, perhaps in part because 

patients with BP were historically thought to return to normative levels of functioning between 

affective episodes (Kraepelin, 1919). In the last decade, however, a number of studies have 

reported neuropsychological impairments in BP (Martinez-Aran et al., 2000; Bearden, Hoffman, 

& Cannon, 2001; Zubieta et al., 2001; Quraishi & Frangou, 2002; Altshuler et al., 2004; Green, 

2006; Mur et al., 2007), although it is unclear whether these deficits are related to medication 

status (Goswami et al., 2009; Jamrozinski et al., 2009). Moreover, such deficits appear to endure 

during euthymic phases of illness in the absence of clinically significant mood symptoms 

(Martinez-Aran et al., 2000; Bearden, Hoffman, & Cannon, 2001; Zubieta et al., 2001; Quraishi 

& Frangou, 2002; Altshuler et al., 2004; Green, 2006; Mur et al., 2007), thus raising the 

possibility that neurocognitive impairments represent trait rather than state deficits of BP. Five 

meta-analytic reports have reported cognitive decrements in euthymic BP patients compared 

with control subjects (Krabbendam et al., 2005; Robinson et al., 2006; Torres, Boudreau, & 

Yatham, 2007; Arts et al., 2008; Bora, Yucel, & Pantelis, 2009), with moderate to large effect 
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sizes for deficits in executive function, verbal memory, and sustained attention. Moreover, 

cognitive impairments have also been associated with diminished functional outcomes in patients 

with BP (Green, 2006; Gruber, Rosso, & Yurgelun-Todd, 2008; Altshuler et al., 2008; Bearden, 

Woogen, & Glahn, 2010; Torres et al., 2011), thus indicating that patients might benefit 

substantially from ameliorative interventions.  

Given that executive dysfunction is thought to represent a core deficit in BP (Mur et al., 

2007), deficits in visuospatial WMem warrant further investigation. Impairments in spatial 

WMem have been demonstrated in both the manic (Sweeney, Kmiec, & Kupner, 2000; McGrath 

et al., 2001) and remitted phases of illness in BP (Adler et al., 2004; Barrett et al., 2008; Pan, 

Hsieh, & Liu, 2011). Three studies show significant impairments on measures of visuospatial 

WMem in symptomatic manic BP patients compared with healthy controls (Sweeney, Kmiec, & 

Kupfer, 2000; McGrath et al., 2001; Badcock, Michie, Rock, 2005), but results from studies 

investigating spatial WMem function in euthymic patients with BP have been inconsistent. Using 

a visuospatial n-back task paradigm, Pan and colleagues (2011) found increasingly pronounced 

performance decrements across WMem loads in euthymic BP patients compared with healthy 

controls, deficits which appear to be independent of general cognitive functions or clinical 

symptoms, consistent with some reports (Adler et al., 2004; Kieseppä et al., 2005; Barrett et al., 

2008) but not others (Park & Holzman, 1992; Park & Holzman, 1993; Gooding & Tallent, 2001; 

Clark, Iversen, Goodwin, 2002; Pirkola et al., 2005). The discrepancies in results might be due to 

differences in methods used to assess WMem function and in sample characteristics. 

  Evidence from neuroimaging studies supports the possibility that abnormalities in frontal 

structure and function might be implicated in the pathophysiology of BP. While neuroanatomical 

findings in patients with BP appear to be relatively less consistent than those reported in patients 
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with SZ (Baumann & Bogerts, 1999), there is an emerging consensus regarding the key nodes of 

disrupted neural circuitry in BP, which appear to at least partially involve dysfunction within 

prefrontal-subcortical networks (Bearden, Hoffman, & Cannon, 2001; Strakowski, Delbello, & 

Adler, 2005; Adler, DelBello, & Strakowski, 2006). Several studies have identified 

neuroanatomical abnormalities including volumetric reductions in the prefrontal cortex of 

patients with BP (Drevets et al., 1997; Hirayasu et al., 1999; Brambilla et al., 2001; Lopez-

Larson et al., 2002; reviewed in Strakowski, DelBello, & Adler, 2005). A recent meta-analysis of 

voxel-based morphometry studies comparing bipolar individuals with control subjects identified 

gray matter reductions in a single cluster encompassing the right ventral prefrontal cortex, insula, 

temporal cortex, and claustrum (Selvaraj et al., 2012), consistent with hypotheses of impaired 

prefrontal modulation of anterior limbic system networks in mood regulation in BP. Further, a 

study by Sax and colleagues (1999) found decreased cortical volumes in BP patients compared 

with healthy controls, and, in the patients, prefrontal cortical volume inversely correlated with 

performance on a measure of attention (Continuous Performance Test). In addition, post-mortem 

studies have shown decreased neuron density in dorsolateral prefrontal cortical regions 

(Rajkowska, 2000; Cotter, Pariate, & Everall, 2001). Taken together, these studies suggest the 

presence of neuropathological deficits in regions critical to WMem function in patients with BP.  

 Only a handful of functional neuroimaging studies have examined WMem function in BP. 

The findings from these studies have varied, likely based on differences in experimental 

paradigms, sample characteristics, and individual differences in task performance; however, 

altered physiological activations in the frontal and parietal cortices appear to be consistently 

implicated in BP (Adler et al., 2004; Monks et al., 2004; Lagopoulos et al., 2007; Frangou et al., 

2008; Robinson et al., 2009; Thermenos et al., 2010; Townsend et al., 2010). While 
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hypoactivation of the dorsolateral prefrontal cortex is more commonly reported in euthymic BP 

patients compared with control subjects (Monks et al., 2004; Lagopoulos et al., 2007; Townsend 

et al., 2010), hyperactivation has also been reported, particularly in the frontopolar cortex (Adler 

et al., 2004; Robinson et al., 2010; Jogia et al., 2011). One study of particular interest examined 

activation during an n-back task in samples of manic, euthymic, and depressed bipolar subjects 

compared with controls (Townsend et al., 2010). Results revealed significantly attenuated 

activation in the DLPFC (BA9/46) and posterior parietal cortex (BA40) in BP patients compared 

with controls, independent of mood state, thus providing evidence that reductions of WMem 

network activation may represent a trait- rather than state-related deficit.  

Similar to SZ, it has been proposed that patients with BP demonstrate a pattern of 

frontopolar cortical inefficiency that may underpin WMem dysfunction (Jogia et al., 2011), and 

several studies have shown distributed regions of increased activation in patients with BP 

compared with controls (Monks et al., 2004; Robinson et al., 2009; Townsend et al., 2010), 

possibly indicating compensatory mechanisms to support WMem function. For example, Monks 

and colleagues (2004) found that euthymic BP patients showed an overall reduction in activation 

in bilateral frontal, temporal, and parietal regions during a 2-back task but also some regions of 

increased activation compared with control subjects. The authors interpreted these results as the 

recruitment of intact compensatory system resources to support WMem performance due to a 

failure to engage normal frontal-executive function in patients with BP. Further, Frangou and 

colleagues (2008) found increased activation in the parietal cortices related to increasing memory 

load but no other differences in a small sample of remitted BP patients without cognitive deficits 

compared with controls, suggesting a pattern of neuronal inefficiency within the WMem network. 

Additionally, increases in activity within subcortical regions associated with emotion processing 
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rather than cognitive processing have also been demonstrated in euthymic individuals with BP 

compared with controls during various WMem task paradigms (Adler et al., 2004; Gruber et al., 

2010; Jogia et al., 2011). Of note, each of the studies described thus far suffered from small 

sample sizes, with no BP samples exceeding twenty subjects. One larger study of 36 euthymic 

BP patients compared with 37 healthy control subjects found that patients with BP showed 

inefficient engagement within the ventral frontopolar prefrontal cortex as well as overactivation 

in regions involved in emotional arousal (e.g., anterior cingulate cortex and insula) during both 

the Iowa Gambling Task and the n-back WMem task (Jogia et al., 2011). Taken together, these 

neuroimaging studies implicate increased activity in regions mediating emotion processing but 

predominantly decreased DLPFC activity during WMem tasks in remitted individuals with BP. 

Most of the studies described thus far have explored WMem function in patients with BP 

using traditional n-back memory tasks; however, experiments using block-design paradigms do 

not allow for the consideration of WMem subproceses when entire blocks are averaged. To date, 

one fMRI study attempted to partition WMem subprocesses using an event-related verbal 

delayed-response Sternberg memory paradigm in 10 patients with BP compared to 10 healthy 

controls (Lagopoulos et al., 2007). Findings indicate that BP patients exhibited attenuated 

activity compared to controls across each WMem component in several brain regions, including 

the DLPFC and regions of the parietal cortex. In addition, the authors identified differential 

results related to components of WMem, such that patients with BP showed decreases in the 

right inferior frontal gyrus during encoding conditions, increases in the right and medial frontal 

cortex but decreases in the middle and inferior frontal cortices during delay conditions, and 

decreases in superior frontal and anterior cingulate cortices during response conditions, 
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compared with control subjects. These results highlight the potential importance of partitioning 

cognitive subcomponents in order to better characterize WMem dysfunction in BP. 

Comparisons of Neurocognitive Dysfunctions across Disorders 

Most of the studies to date have examined neurocognitive dysfunction in patients with SZ 

and BP separately, thus making it difficult to draw direct comparisons across the two disorders; 

however, a few neuropsychological studies have directly compared the two disorders. Although 

an early report on inpatient samples showed that SZ patients did not differ significantly from BP 

patients in their manic phase on neuropsychological tests (Hoff et al., 1990), it is generally 

thought that euthymic BP patients show attenuated neuropsychological deficits compared to 

patients with SZ (Seidman et al., 2002). Several reports have consistently demonstrated that 

patients with BP exhibit cognitive deficits relative to healthy controls that are milder but 

qualitatively similar to those of SZ patients (Altshuler et al., 2004; Krabbendam et al., 2005; 

Daban et al., 2006; Glahn et al., 2006b; Green, 2006; Schretlen et al., 2007; Barrett et al., 2009; 

Reichenberg et al., 2009), with two reports showing equivalent impairments across groups 

(Smith, Barch, & Csernansky, 2009; Ivleva et al., 2012), thus supporting the notion that SZ and 

BP share some phenotypic similarity in the nature of their neuropsychological deficits. Meta-

analysis revealed worse performance for schizophrenia patients compared with bipolar patients 

in 9 of 11 neurocognitive domains, even when groups were matched for clinical and 

demographic characteristics (Krabbendam et al., 2005). However, a subsample of BP patients 

with psychotic features appears to display a neuropsychological profile more similar to the 

profile of SZ patients (Seidman et al., 2002; Altshuler et al., 2004; Badcock, Michie, Rock, 2005; 

Glahn et al., 2006b; Glahn et al., 2007). Of particular note, Glahn and colleagues (2006b) found 

that bipolar I patients with a history of psychosis showed differential impairments in spatial 
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WMem – on a version of the task employed in the current study – when compared to non-

psychotic bipolar samples.  

Inferences regarding selective dysfunction of the cognitive subcomponents of memory in 

SZ and BP in large part come from neuropsychological studies comparing patterns of behavioral 

performance on various types of memory tasks. For example, one study of particular relevance 

used different versions of a novel visual delayed non-match to sample (DNMS) task in order to 

examine possible dissociable mechanisms underlying memory impairments in patients with SZ 

and BP (Glahn et al., 2006a). The authors found evidence for disturbances in partially 

overlapping memory systems in SZ and BP, with support for commonalities in limited encoding 

abilities. Specifically, BP patients showed evidence of impairment when performance required 

the organization of memory representations or holistic processing, whereas SZ patients were 

impaired when performance required the organization of contextual information but did not show 

differential holistic processing impairments compared with controls, perhaps due to core deficits 

in the ability to encode memory representations. These findings are consistent with other reports 

of impaired encoding of verbal information in BP patients (Bearden et al., 2006) and encoding-

related pathophysiological abnormalities as measured by electrophysiological recordings in SZ 

patients (Bachman et al., 2009). Taken together, evidence suggests that deficits in encoding 

processes contribute substantially to WMem dysfunction.  

Most of the functional neuroimaging studies to date have examined WMem dysfunction 

in SZ and BP separately, thereby precluding direct comparisons between the groups. This is 

particularly problematic given that it is unknown whether the deficits observed in these disorders 

involve impairments in similar or disparate components of WMem function. A review of the 

literature revealed only two functional magnetic resonance imaging (fMRI) studies that directly 



 

 18

compared SZ and BP patients during WMem challenge. McIntosh and colleagues (2008) showed 

that reduced activation of the dorsal prefrontal cortex during a sentence completion test clearly 

differentiated patients with SZ from those with BP, thus suggesting that circuits involving the 

DLPFC are implicated in the pathophysiology of SZ but less clearly in BP. Consistent with these 

results, Hamilton and colleagues (2009) demonstrated that, although BP patients exhibited 

intermediate hypoactivation in the DLPFC with respect to SZ patients and controls, effects were 

significant only between schizophrenic patients and controls despite similar WMem task 

performance. Together, these findings suggest that hypoactivation in prefrontal cortices in 

patients with BP may be less pronounced than in patients with SZ. 

The Search for Common Biological Determinants 

The search for common biological determinants may be facilitated by the examination of 

the neural mechanisms by which genetic variation increases risk for SZ and BP. While it is 

known that common genetic factors influence susceptibility to SZ and BP (Lichtenstein et al., 

2009; Purcell et al., 2009), the search for specific casual variants has remained largely elusive 

despite considerable enthusiasm. For example, in many cases, findings from genetic association 

studies have failed to be replicated in subsequent reports (e.g., Munafo et al., 2005), and risk 

alleles demonstrating significant associations to illness show small effect sizes and account for a 

relatively small proportion of the genetic variance in these psychiatric disorders.  

The complexity of psychiatric disorders such as SZ and BP poses considerable challenges 

to the search for susceptibility genes in several ways briefly described here (see Bearden, Reus, 

& Freimer, 2004 for a detailed account). First, liability to these syndromes is thought to arise 

from numerous genes of small effect and/or de novo mutations and their interactions with the 

environment (Cannon & Keller, 2006). This complex underlying architecture of multiple and 
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interacting causative factors likely contributes substantial heterogeneity to the diagnostic 

categories described in the current nosological systems (Tsuang, Stone, & Faraone, 2000). 

Second, dichotomous traits do not accurately reflect variation in liability to the disorders given 

that liability functions on a continuum of severity, ranging from non-affected individuals to those 

with extreme forms of the disorder, rather than a truly dichotomous distribution (Cannon & 

Keller, 2006). Consequently, the use of diagnostic categories as phenotypes may represent not 

only inaccurate models of liability but also a limited statistical approach due to restricted 

variance caused by binary independent variables, thereby requiring very large sample sizes in 

order to obtain adequate statistical power (which may further exasperate issues of heterogeneity). 

Third, the success of gene-mapping studies depends on the delineation of genetically-

homogenous phenotypes, yet the question of the etiological boundaries of diagnostic categories 

remains controversial. For these reasons among others, the specific putative risk genes and their 

mechanisms of action remain in large part unknown. The identification of susceptibility genes 

for complexly inherited disorders such as SZ and BP might be facilitated by the use of 

endophenotypes. 

The Endophenotype Concept: A Tool for Uncovering Biological Bases 

The endophenotype concept represents a strategy for characterizing the neural systems 

affected by genetic liability to illness in order to elucidate mechanistic aspects of brain function 

implicated in psychiatric disease. Endophenotypes are traits intermediate between the 

mechanisms of gene action and overt expressions of the disorder (Cannon et al., 2001; 

Gottesman & Gould, 2003). Such endophenotypic traits are expected to vary quantitatively 

among individuals at genetic risk for the disorder, regardless of whether the illness is expressed 

phenotypically (Cannon & Keller, 2006). That is, if neurocognitive deficits are related to genetic 
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risk for SZ and BP, then impairments would also be observed in non-affected relatives who carry 

liability factors without overt expression of the illness. 

The endophenotype concept has received considerable attention in psychiatric genetics 

over the past decade, conferring several advantages. First, the employment of a quantitative trait 

that varies according to degree of genetic liability enables the use of relatively powerful 

statistical methods known as quantitative trait loci (QTLs; Abecasis, Cardon, & Cookson, 2000) 

in clinical genetic studies. Second, this approach circumvents issues of clinical and genetic 

heterogeneity by allowing for the examination of traits more proximal to causative genes with a 

putatively simpler genetic structure, making it more amenable to genetic study than downstream 

diseases. Third, the examination of neural endophenotypes may help to characterize the 

mechanisms by which putative risk genes exert their effects. Fourth, this approach is not 

constrained by a diagnostic hierarchy, thereby enabling the simultaneous investigation of 

phenotypes in SZ and BP populations, which may help resolve questions about etiological 

models from the bottom-up perspective of clinical genetic research.  

Gottesman and Gould (2003) proposed specific criteria for the identification of 

endophenotypic markers in psychiatric genetics; specifically, endophenotypes should be (1) 

substantially heritable, (2) associated with the illness in the population, (3) primarily state-

independent, (4) co-segregate with the illness, and (5) occur at higher rates in unaffected 

relatives compared with the general population. Neurocognitive impairments are thought to 

represent candidate endophenotypes for SZ and, albeit to a lesser extent, BP (Burdick et al., 

2006). The current study specifically aims to investigate components of WMem dysfunction as 

potential candidate endophenotypes for BP and SZ.  
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WMem dysfunction in particular might be a promising candidate endophenotype for SZ 

and BP, meeting the four conditions outlined by Gottesman and Gould (2003). Briefly, (1) 

behavioral WMem performance and the functional engagement and structural integrity of neural 

correlates subserving WMem function are heritable in the healthy population (ranging from h2 = 

0.54 to 0.73; Tuulio-Henriksson et al., 2002; Blokland et al., 2008; Karlsgodt et al., 2010) and 

share common genetic factors (Karlsgodt et al., 2010); (2) impairments in WMem have been 

observed in patients with SZ (Lee & Park, 2005) and in patients with BP (Arts et al., 2008) 

relative to healthy controls; (3) these deficits appear to persist at least to some extent across 

varying phases of illness in both SZ (Rund et al., 2007) and BP (Burdick et al., 2006; Arts et al., 

2008); and (4) first-degree non-affected relatives of probands show behavioral deficits of 

executive functions intermediate between patients and controls (Glahn et al., 2003; Arts et al., 

2008).  

Working Memory Dysfunction as an Endophenotype for Schizophrenia 

Many of the neuropsychological deficits shown by SZ patients have also been observed, 

to varying degrees, in their clinically unaffected relatives. In particular, impairments in WMem 

function appear to be a promising candidate endophenotypic marker of SZ (Cannon et al., 2000; 

Snitz, MacDonald, & Carter, 2006; Gur et al., 2007), possibly over and above dysfunction in 

other neurocognitive domains (Cannon et al., 2000; Toulopoulou et al., 2005). Toulopoulou and 

colleagues (2005) demonstrated that the genetic liability to SZ was overlapping to a large extent 

with the genetic contribution to performance on the WMem factor of the Wechsler Intelligence 

Scale but did not overlap with the other three factors (processing speed, perceptual organization, 

and verbal comprehension). In addition, WMem deficits appear to uniquely contribute to the 
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prediction of the degree of genetic loading for SZ in unaffected co-twins of patients over and 

above other neurocognitive domains (Cannon et al., 2000).  

A number of previous studies have demonstrated impairments in spatial WMem in 

unaffected relatives of SZ probands (Park, Holtzman, & Goldman-Rakic, 1995; Cannon et al., 

2000; Keri et al., 2001; Glahn et al., 2003; Tuulio-Henricksson et al., 2003; Toulopoulou et al., 

2005). The severity of these WMem impairments is related to genetic loading for SZ among 

singleton versus multiplex families (Tuulio-Henricksson et al., 2002; Tuulio-Henriksson et al., 

2003) and in discordant dizygotic versus monozygotic twin pairs (Cannon et al., 2000; Glahn et 

al., 2003; Toulopoulou et al., 2005). Specifically, these studies demonstrate that performance 

deficits in spatial WMem scale linearly with genetic relatedness; for example, MZ non-affected 

co-twin siblings are significantly more impaired than DZ non-affected co-twin siblings, who in 

turn are significantly more impaired than healthy control twin siblings (Cannon et al., 2000; 

Glahn et al., 2003). Further, previous schizophrenia twin studies from our laboratory have 

demonstrated that spatial working memory deficits – as assessed by a version of the spatial 

WMem paradigm employed in the current study – may be heritable (Glahn et al., 2003), thus 

indicating that this task may be sensitive to genetic loading for SZ. Taken together, these studies 

suggest that the ability to maintain spatial representations online decreases in a dose-dependent 

fashion with increasing genetic liability to SZ. 

Neuroimaging studies appear to converge on prefrontal regions and functions as areas of 

relatively greater deficit in non-affected relatives of SZ patients compared with healthy controls. 

At the structural-anatomical level, two early studies identified reductions in cortical tissue 

volumes in non-affected relatives of schizophrenic probands compared with healthy controls, 

deficits most pronounced in frontal as well as temporal regions (Cannon et al., 1993; Cannon et 
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al., 1998b). Further, our laboratory previously demonstrated that the volume of the dorsolateral 

prefrontal cortex correlates in a dose-dependent fashion with the degree of genetic loading for SZ 

in samples of twins (MZ co-twins > DZ co-twins > control twins) (Cannon et al., 2002; Cannon 

et al., 2006). Moreover, Karlsgodt and colleagues (2010) showed that the structural integrity of 

the superior longitudinal fasciculus – a primary fronto-parietal connection – and performance on 

a spatial delayed response task share common genetic factors. Taken together, these studies 

suggest substantial genetic influence on cortical regions and tracts critical to WMem function.  

Functional neuroimaging studies examining WMem dysfunction have also identified 

anomalous prefrontal cortical activation in unaffected relatives of SZ probands compared with 

control subjects (Callicott et al., 2003a; Karlsgodt et al., 2007; Whitfield-Gabrieli et al., 2009). In 

these fMRI studies, unaffected relatives show abnormal physiological response in the DLPFC 

while performing WMem tasks, although evidence has been mixed in regards to the direction of 

the response, similar to findings in SZ patients (i.e., hypoactivation versus hyperactivation). In an 

attempt to resolve these differences, Karlsgodt and colleagues (2007) showed that the 

relationship between behavioral performance on a WMem task and brain physiology may be 

heritable in twins discordant for SZ, such that low performance is associated with lower 

activation and high performance is associated with higher activation in SZ patients compared 

with controls, with unaffected relatives being intermediate between the groups.  

Working Memory Dysfunction as an Endophenotype for Bipolar Disorder 

Compared to SZ, investigations of potential BP endophenotypes have been relatively 

understudied, despite substantial interest in identifying endophenotypes for BP (Merikangas et 

al., 2002; Hasler et al., 2006; Phillips & Vieta, 2007). As studies have begun to investigate 

cognitive functioning in unaffected relatives of individuals with BP (Kremen et al., 1998; 
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Gourovitch et al., 1999; Gilvarry et al., 2001a; Gilvarry et al., 2001b; Keri et al., 2001; Ferrier et 

al., 2004; Kieseppä et al., 2005; Zalla et al., 2007; Ivleva et al., 2012), neurocognitive 

dysfunction has emerged as a potential endophenotype for BP (Glahn et al., 2004; Savitz et al., 

2005; Green, 2006). For example, one study by McDonough-Ryan and colleagues (2002) found 

that children at genetic risk for BP showed generalized impairments on academic achievement 

tests, thus suggesting that individuals who carry liability to BP may experience some level of 

cognitive dysfunction in the absence of clinical symptomatology. 

There is some evidence for neurocognitive impairments in non-affected relatives of BP 

patients, although overall study findings have been mixed. Two recent meta-analyses of 

neuropsychological functioning in euthymic BP patients and their first-degree relatives found 

support for executive function, verbal memory, and sustained attention as candidate 

endophenotypes of BP (Arts et al., 2008; Bora, Yucel, & Pantelis, 2009). Several studies have 

specifically observed WMem disturbances in unaffected relatives of BP probands compared with 

control subjects (Gourovitch et al., 1999; Ferrier et al., 2004; Balanza-Martinez et al., 2008). For 

example, Ferrier and colleagues (2004) reported selective impairments in non-affected first-

degree relatives of BP patients on visual and verbal span tasks, two putative assessments of 

WMem function, but not on a range of other neuropsychological tests, although results from 

other studies have been inconsistent (Kremen et al., 1998; Kieseppä et al., 2005). Similar to the 

patterns observed in comparisons of SZ and BP patients, evidence from early family studies 

comparing the relatives of SZ and BP patients indicates more pronounced deficits in unaffected 

relatives of SZ patients than in relatives of BP patients (Kremen et al., 1998; Keri et al., 2001; 

Pirkola et al., 2005). For example, Pirkola and colleagues (2005) assessed spatial WMem in a 

discordant twin study and found support for a pattern of genetic liability to SZ but less clearly to 
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BP. Additional studies have demonstrated increased slowness on the Stroop Word Color Test 

(Zalla et al., 2007) as well as other tasks of ventral prefrontal function (Frangou et al., 2007) as 

potential neurocognitive markers for familial vulnerability to BP, although other reports 

implicate tasks mediated by dorsal prefrontal regions (Clark et al., 2005).  

Of note, most of these studies included small sample sizes, and it may be necessary to 

obtain additional power in order to detect subtle neurocognitive differences in the relatives of BP 

probands compared with control subjects. Two recent studies have examined larger samples of 

non-affected relatives of individuals with BP. The first study of more than 700 individuals from 

extended pedigrees found support for WMem as a candidate endophenotype for BP (Glahn et al., 

2010). Specifically, behavioral performance on an object delayed response task was heritable, 

impaired in individuals with BP and their non-affected relatives, and genetically correlated with 

affection status, suggesting that WMem performance may indeed represent a promising 

candidate endophenotype of BP. Of particular interest, the second report found that unaffected 

relatives of bipolar patients did not differ from relatives of schizophrenia patients on four 

neurocognitive domains, including WMem (Ivleva et al., 2012). Although it is worth noting that 

this study lacked a healthy comparison group, these findings nonetheless lend tentative support 

for WMem dysfunction as a shared neurocognitive endophenotype of SZ and BP. Together, 

these studies highlight the importance of examining the neural correlates of WMem deficits in 

order to explore potential overlapping areas of dysfunction. 

There is a limited literature on brain structure and function in relatives of BP probands 

(Noga et al., 2001; Kieseppa et al., 2003; McDonald et al., 2004; Drapier et al., 2008). A recent 

meta-analysis of fMRI studies identified increased activations in the left superior frontal gyrus, 

medial frontal gyrus, and left insula in unaffected individuals at genetic risk for BP compared 
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with controls, regardless of the cognitive task (Fusar-Poli et al., 2012), indicating possible 

neurobiological trait abnormalities associated with liability to BP. Moreover, in a study of 

Finnish twins discordant for BP, Kieseppa and colleagues (2003) observed familial aggregation 

for BP of decreased gray matter in the medial prefrontal cortex and decreased white matter in the 

left hemisphere. Consistent with this report, McDonald and colleagues (2004) found evidence in 

white matter volume reductions in left frontal and temporoparietal regions as common 

susceptibility markers for SZ and BP as well as specific susceptibility for SZ in distributed gray 

matter volumetric deficits and for BP in gray matter deficits exclusively in the right anterior 

cingulate gyrus and ventral striatum. Each of these regions showing neuroanatomical alterations 

has been implicated in WMem function, whether through engagement of the WMem network 

(e.g., frontal and temporoparietal regions; Owen et al., 2005) or through the attenuation of the 

default mode network (e.g., medial prefrontal regions; Raichle et al., 2001; Greicus et al., 2003). 

While several studies show dysregulation of WMem and default-mode networks in SZ (Pomarol-

Clotet et al., 2008; Kim et al., 2009; Whitfield-Gabrieli et al., 2009), no studies to date have 

explicitly examined the interactions of these networks in BP. 

A review of the literature revealed only three fMRI studies that have examined WMem 

function in unaffected relatives of BP. Drapier and colleagues (2008) demonstrated hyperactivity 

in the left frontal polar cortex and ventrolateral gyrus in unaffected BP relatives compared with 

healthy controls during 2-back performance, thus suggesting that anomalous activation in the left 

prefrontal cortex might be associated with genetic liability to BP. Consistent with these results, 

another study demonstrated a failure to suppress activation in the left anterior insula cortex and 

hyperactivation in the superior parietal cortex in unaffected BP relatives compared with controls 

during 2-back performance (Thermenos et al., 2010). Thermenos and colleagues (2011) 
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compared activation during the 2-back task and during a 0-back control task and found that 

relatives of BP probands showed poor task-dependent modulation activity in the cerebellum and 

insula as well as hyperactivation in the frontopolar cortex. These results might argue that 

hyperactivation during WMem challenge could be driven by failure to modulate activity in the 

low-level baseline task, which could be conceived as a form of the default-mode network.  

The Current Study 

Most of the studies to date have operationalized WMem as a unitary construct, thereby 

preventing inferences about its cognitive subcomponents. It may be useful to parse the cognitive 

processes necessary for WMem function into dissociable components in order to better 

characterize processes that contribute to impairments observed in SZ and BP (Lee & Park, 2005; 

Reichenberg & Harvey, 2007). While both patients with SZ and BP appear to exhibit deficits in 

WMem, such deficits may occur via overlapping or different disease-specific pathophysiological 

processes. For example, findings from one electrophysiological study indicate that 

neurophysiological disturbances of WMem in SZ probands and their non-affected co-twins were 

specifically related to encoding aspects of WMem function (Bachman et al., 2009). Studies 

examining WMem function as a unitary process are ill-equipped to detect such subtle differences. 

Given that block designs cannot isolate brain activity associated with component WMem 

subprocesses, in this study we temporally jittered the delay period in a single-trial design in order 

to isolate differential regional brain activation during encoding and retrieval phases of WMem. 

The consideration of these cognitive subcomponents separately may reveal promising targets for 

cognitive rehabilitation of cognitive deficits in SZ and BP (Barch & Smith, 2008).  

The current study investigated WMem dysfunction as a potential endophenotypic marker 

of SZ and BP, with the general aim of determining whether there is genetic-etiological overlap 
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between SZ and BP in terms of spatial WMem measured at the behavioral and physiological 

levels. We first sought to determine whether WMem impairments in SZ and BP are the result of 

similar neurophysiological processes, perhaps with more pronounced disturbances in SZ, or 

whether different components of WMem are affected in SZ compared with BP. Towards this end, 

we assessed cortical function across WMem task phase in probands and controls in order to test 

(1) whether SZ and BP probands show phenotypic specificity of activation in regions and 

networks subserving WMem function, and (2) whether encoding-phase deficits are critical to the 

WMem deficits observed in these populations. Consistent with a model of biological overlap 

between these syndromes, we expected both groups to differ from controls but not each other on 

behavioral performance and corresponding physiological activity, thereby implicating WMem 

dysfunction as a phenotypic dimension that spans SZ and BP. Specifically, based on prior 

research (e.g., Cannon et al., 2005; Glahn et al., 2006; Hamilton et al., 2009), we hypothesized 

that both SZ and BP patients would show hypofrontality and hypoconnectivity relative to 

controls, with quantitative differences in the degree of dysfunction. Moreover, although no prior 

study has probed WMem circuitry separately by task phase in a direct comparison of SZ and BP, 

patterns of behavioral and neurophysiological differences between each patient group and 

controls (e.g., Glahn et al., 2006a; Bearden et al., 2006; Bachman et al., 2009) suggest that 

cortical alternations will be relatively more pronounced in encoding than in retrieval phases. 

Additionally, we sought to clarify whether spatial WMem dysfunction represents a 

specific endophenotypic marker of liability to SZ, or whether such deficits might also mark 

liability to BP by simultaneously comparing twin samples discordant for SZ and BP and 

demographically similar control twins. The discordant twin pair design serves to separate the 

neural features of these syndromes into their heritable and non-heritable subcomponents by way 
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of comparing affected probands not only to unrelated healthy controls but also to their own non-

affected twin sibling. In this way, WMem function can be evaluated for dose-dependency with 

genetic risk for SZ and BP by comparing the non-affected MZ co-twins of probands, the non-

affected DZ co-twins of patients, and healthy control twins. On average, non-affected family 

members carry higher degrees of liability (including the influences of predisposing genes and 

environmental risk exposures) to illness compared with individuals from the general population. 

However, because non-affected family members do not have the illness themselves, the 

measurement of liability-related traits is not confounded by secondary phenomena such as the 

effects of disease chronicity and exposure to psychotropic medications. Despite their value, twin 

studies that incorporate neuroimaging measures are quite rare and typically involve relatively 

small sample sizes.  

To our knowledge, no prior study has examined the neural correlates of spatial WMem in 

a direct comparison of twin pairs discordant for SZ and BP. We assessed regional and network 

activation across the genetic liability spectrum for SZ and BP (MZ > DZ > control). If WMem 

dysfunction represents an endophenotypic dimension that spans SZ and BP, then individuals 

carrying liability to both syndromes would differ from controls but not each other. Based on the 

model in which WMem deficits represent an area of genetic overlap between SZ and BP, we 

expected non-affected individuals at genetic risk for SZ and BP to exhibit common physiological 

markers of WMem dysfunction in fronto-parietal circuitry. That is, we hypothesized that non-

affected co-twins would show attenuated cortical alterations intermediate between probands and 

controls, according to their degree of genetic relatedness to probands. Like their proband 

counterparts, such deficits were expected to be relatively more pronounced during encoding than 

retrieval phases of WMem.  
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Methods 

 This work is based on a larger twin study conducted at the Karolinska Institutet in 

Stockholm, Sweden in collaboration with the University of California, Los Angeles. The study 

protocol was reviewed and approved by the institutional review board (IRB) of the University of 

California, Los Angeles, and the ethical review board at the Karolinska Institute in Stockholm, 

Sweden. All participants signed IRB-approved informed-consent forms prior to participation.  

Participants. To identify a participant subject pool from which to draw eligible subjects, 

the Swedish Twin Registry was linked to the Swedish National Patient Registry to yield twin 

pairs containing at least one member with a history psychiatric diagnosis as well as healthy 

control subjects. The register is based on a universal healthcare system involving nation-wide 

coverage of all inpatient and psychiatric and somatic outpatient treatment facilities and includes 

full admission histories and discharge diagnoses. For more details concerning ascertainment of 

the sample, see (Lichtenstein et al., 2009 and Ludvigsson et al., 2011). 

Briefly, we recruited same-sex twin pairs between the ages of 25 and 65 born in Sweden 

during 1940-1985 (inclusive). This cohort was screened to identify twin pairs containing at least 

one member with a hospital discharge diagnosis of schizophrenia or schizoaffective disorder or 

bipolar I disorder, yielding 562 potential probands: 257 male and 305 female, ranging in age 

from 25 to 65. The age range was selected to avoid sampling pairs in which a non-affected co-

twin might develop BP or SZ after the completion of the study. Discordant monozygotic (MZ) 

and dizygotic (DZ) pairs were recruited randomly from this population, along with 

demographically balanced samples of control pairs of each zygosity. The control twins were 

matched to the index twins in terms of age, sex, and zygosity. Twin pairs recruited as discordant 

in which the co-twin was determined to have an eligible psychiatric diagnosis on direct clinical 
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interview, and control pairs in which either co-twin was found to meet diagnostic criteria for an 

eligible psychiatric diagnosis, remained eligible and were reclassified accordingly.  

While larger samples were studied overall, the final sample of individuals with useable 

fMRI data consisted of 30 SZ probands, 40 SZ co-twins, 31 BP probands, 35 BP co-twins, and 

44 healthy controls for a total of 180 subjects. Demographic and clinical characteristics of the 

sample are shown in Table 1. Participants did not differ significantly in terms of age, sex, 

handedness, or years of education. There were no statistically significant differences in lifetime 

medication status between co-twins and controls (F(1,9) = 0.07, p = 0.80). As expected, 

significant group differences were observed on ratings of mania, such that BP probands showed 

elevated scores relative to co-twins and controls, who did not differ. However, BP probands’ 

ratings of mania were below a clinically significant threshold, indicating that individuals with BP 

were euthymic at the time of evaluation. Additionally, there were significant group differences 

on ratings of depression, whereby probands demonstrated elevated scores relative to co-twins 

and controls, who did not differ. Similarly, significant group differences were observed on 

ratings of positive and negative psychotic symptoms, such that SZ probands showed elevated 

scores relative to co-twins and controls, who did not differ. Finally, SZ and BP probands 

indicated lower role functioning compared to control subjects, who did not differ from co-twins.  

Procedures 

 Clinical evaluation. Diagnostic status was determined using direct clinical interview in 

addition to register data based on diagnostic history dating back to 1973. Each participant was 

interviewed by a clinical psychiatrist using the Structured Clinical Interview for DSM-IV Axis I 

Disorders (SCID-I; First et al., 2002) and the Structured Clinical Interview for DSM-IV Axis II 

Personality Disorders (SCID-II; First et al., 1997). All subjects were also rated using the 
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Hamilton Depression Rating Scale (HAM-D; Hamilton, 1960), Young Mania Rating Scale 

(YMRS; Young et al., 1978), Scale for the Assessment of Positive Symptoms (SAPS; Andreasen, 

1984), Scale for the Assessment of Negative Symptoms (SANS; Andreasen, 1983), and the 

NAPLS Social and Role Functioning Scales (Cornblatt et al., 2005). For each subject, a detailed 

case report summarizing clinical, social, occupational and medical history was generated, and a 

consensus diagnostic status was reached after review by the clinical evaluation team at the 

Karolinska Institute. For BP probands, the determination of a lifetime history of psychotic 

features was based on information gathered from the lifetime psychosis modules of the SCID. 

Psychosis was defined as the occurrence of hallucinations and/or delusions during at least one 

affective episode.  

 Participation criteria. Eligibility for inclusion as a proband was a consensus diagnosis 

of schizophrenia/schizoaffective disorder or bipolar I disorder. Exclusion criteria for all 

participants were the presence of a neurological disorder, history of significant head injury with 

loss of consciousness, mental retardation, history of substance use disorder within 6 months of 

the screening interview, inability to read or comprehend spoken and written Swedish, and not 

between the ages of 25 and 65 years at the time of evaluation. In addition, all proband 

participants were clinically stable, receiving medication and/or in a period of remission. No 

modifications to existing medication regimes were made in relation to participation in the study. 

Finally, healthy control twin pairs were screened to exclude individuals with a personal or family 

history of schizophrenia or bipolar disorder. 

 Subjects were also excluded for poor or missing behavioral data, scanner artifacts, 

excessive motion, or co-morbid medical diagnosis thought to affect measurement of blood-
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oxygen-level-dependent (BOLD) response (e.g., myocardial infarction, hypertension, insulin-

dependent diabetes).  

 Zygosity. For all pairs, zygosity was initially determined by self-report regarding 

physical similarity ratings and family testimony. Subsequently, DNA analysis was conducted to 

confirm zygosity following the procedure described by Hannelius et al. (2007) using a highly 

multiplexed 47 single nucleotide polymorphism (SNP) panel, including a sex specific marker, to 

calculate percent of allele sharing between twins in a twin pair. Likelihood of zygosity for the 

genotyped twin samples was then calculated assuming a 1% prior genotyping error rate, which is 

expected to result in a false positive rate of less than .01.  

Single-trial spatial capacity (stSCAP) task paradigm. A previously validated delayed 

response spatial working memory task (Glahn et al., 2003; Cannon et al., 2005; Glahn et al., 

2006b) was adapted to a single-trial format in order to probe neural activation during different 

phases of working memory, specifically parsing encoding and retrieval components (see Figure 

1). Participants were first asked to study an array of three yellow target circles, arranged in a 

pseudorandom pattern around a central fixation point on the screen, for about 2.5 seconds. After 

a jittered delay period (varying about three to six seconds), a single green probe circle appeared 

on the screen, either in the location of a correct target or in the location of an incorrect foil, and 

participants were asked to press the response key to indicate whether the green probe circle was 

in the same position as one of the three yellow target circles within a two second response 

window. The task was comprised of 26 trials; half were true positive (correct answer ‘yes’) trials 

and the other half were true negative (correct answer ‘no’) trials. 

 In order to maximize the number of trials for analysis and minimize the task duration, we 

decided to test only at a working memory load of three. Previous research from our laboratory 
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indicates that patients with SZ and BP are able to perform the task well above chance at this load 

(Glahn et al., 2003; Pirkola et al., 2005). This memory set size was selected not only to expose 

performance differences between groups but also to maximize the number of correct trials per 

subject in order to analyze between-group differences in physiological activation during the task. 

Other changes in the task design from that of Cannon et al. (2005) were that the delay period is 

slightly longer, as is the inter-trial interval. Although the delay period is, on average, slightly 

longer than in previous versions of the task, there is no evidence that this will attenuate 

performance differences between SZ patients and healthy controls (Lee & Park, 2005). An 

additional result of the jittering technique is that the delay period and inter-trial intervals have 

variable lengths, allowing the dissociation of encoding and retrieval phases. Additionally, we 

inserted a beep before the start of each trial to ensure that the participant knows the fixation is 

over and the task will begin again. 

 Prior to scanning, participants completed a brief training session via E-prime on a 

computer outside the scanner. First, instructions for the task were displayed and participants 

were allowed to ask clarifying questions until the administrator was confident the subject fully 

understood the task. Then, practice trials were completed with performance feedback provided 

(“correct,” “incorrect,” or “no response detected”). If the subject did not get any of the practice 

trials correct, or if he/she did not respond to most of the trials, the training session was repeated 

as necessary.   

Neuroimaging Parameters 

  A 7.5 second fixation cross was presented at the beginning of each scan to account for 

the first three scans discarded by the scanner to allow for saturation of the T1 effects before the 

start of data collection. Subjects’ responses were recorded through a hand-held fiber optic 
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response box connected to a computer, allowing for button box responses and reaction time to be 

recorded. Subjects were asked to respond as quickly and accurately as possible. The total scan 

time for the stSCAP task was 7.83 minutes.  

Scanning parameters. Data were acquired on a 1.5 Tesla GE (Milwaukee, WI) scanner 

equipped with a fast gradient system for echo-planar imaging with a standard radiofrequency 

(RF) head coil. For each subject, a high resolution structural T2-weighted image was acquired 

for anatomical registration [spin echo; AC-PC aligned; repetition time (TR) = 4000 ms; echo 

time (TE) = 82 ms; 25 axial slices; 4 mm thickness; matrix size = 128 x 128] as well as a 

Gradient Echo Planar Imaging (EPI) sequence (TR = 2500 ms; TE = 40 ms; flip angle = 90°; 25 

interleaved slices; 3.5 mm thickness; voxel size = 3.44 x 3.44 x 4.5; matrix = 64 x 64). A total of 

188 volumes were collected during the stSCAP functional scan. Prior to imaging, three dummy 

scans were acquired to reach equilibrium magnetization. 

Image processing. Data were analyzed using FSL (FMRIB’s Software Library v4.1; 

Analysis Group, Oxford, UK). During preprocessing, images were skull stripped and corrected 

for major motion artifacts (6 DoF). Individual subject analyses were performed using FEAT 

(FMRI Expert Analysis Tool). Data were spatially smoothed (8 mm FWHM Gaussian Kernel), 

high pass filtered, and referenced to individual T2 images. At the individual subject level, the 

data for correct trials only were modeled with four explanatory variables (EVs: target, delay, 

probe, and incorrect), each convolved with a canonical hemodynamic response function. The 

estimates of the subjects’ movement during the scan were also entered as confounding covariates 

in order to minimize the possibility of motion artifacts. Contrasts were constructed to examine all 

four trial types versus baseline and pair-wise comparisons between trial types. For each contrast 

of interest, one contrast image per subject was entered into a second-level random effects 
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analysis to examine areas of activation within each of the groups and differences in activation 

between the groups using analysis of variance. Age and sex were entered into the model as 

covariates.  

 Given that the brains of patients may be morphologically different from those of control 

participants and subjects comprising standard space templates, a group-averaged template brain 

was created exclusively based on subjects included in the analyses, rather than using a pre-

existing standard space template for group-level registration. This study-specific standard brain 

was created to minimize the distortion of the functional data during spatial normalization and 

avoid creating spurious group differences due to relatively greater distortion in patients relative 

to control subjects (see Karlsgodt et al., 2007). This template was accomplished via an iterative 

averaging process using FLIRT (FMRIB’s Linear Image Registration Tool) and the fslmaths tool. 

 Regions of interest. Regions-of-interest (ROIs) were defined functionally from the all 

subjects, all trial types contrasts to allow each group to contribute to the definition of the ROI. 

The t-statistic map for this contrast was thresholded at T∞  > 1.96 (2-tailed, p < .05). From this 

thresholded map, the peak activation voxel was identified for each ROI using Brodmann’s and 

anatomical landmarks, and a 6mm sphere was applied. Four ROIs were selected to characterize 

the working memory network: (1) right DLPFC (BA 9, MNI Coordinates: [42, 34, 24]), (2) left 

DLPFC (BA 9, MNI Coordinates: [-34, 48, 22]), (3) right inferior parietal lobule (BA 40, MNI 

Coordinates: [40, -42, 42]), and (4) left inferior parietal lobule (BA 40, MNI Coordinates: [-38, -

48, 44]). Two additional ROIs were selected to characterize the default-mode network given the 

observed patterns of activation during retrieval trials: (1) medial prefrontal cortex (BA 10, MNI 

Coordinates: [8, 62, 8]), and (2) precuneus/posterior cingulate cortex (BA 31, MNI Coordinates: 

[-8, -52, 24]). ROIs are displayed in Figure 2. These ROIs were implemented as seed regions in 
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PPI analysis and were used to explore differences in activation across co-twins split by zygosity 

and group differences in the relationship between activation and performance.  

Statistical Analysis of Behavioral Data 

 Performance below chance level (50%) could be interpreted as reflecting problematic 

inattention, insufficient motivation, or lack of engagement with the task while in the scanner. 

Fifteen subjects were excluded from analyses due to below chance level performance (5 SZ 

probands, 5 BP probands, and 5 non-affected subjects).  

Mixed model analyses of variance with repeated measures were conducted to compare 

stSCAP task performance of each group across delay periods. For completeness, simple effect 

analyses were performed in the absence of a group x delay interaction to examine whether 

overall performance varied by group. Separate analyses were conducted for accuracy (% correct), 

omissions (% omitted), and reaction time for correct trials (milliseconds). Age and sex were 

entered into the models as covariates. Interaction terms for age and sex were not significant and 

therefore dropped from the model unless otherwise noted, and data were collapsed across 

zygosity for primary analyses. To account for the clustered nature of the twin data and 

correlation among repeated effects, subjects were treated as individuals nested within pairs, and 

the data were modeled with an unstructured variance-covariance matrix form, allowing for 

unique variance within each group and covariance within each twin pair.  

Data were analyzed using PROC mixed SAS version 9.2 (SAS Institute Inc., Cary, NC). 

Significant group effects were evaluated with post-hoc t-tests. All analyses measured 

significance at the .05 level (two-tailed) unless otherwise noted. 
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fMRI Data Analysis 

 Whole-brain analysis. Statistical analyses were performed using the general linear 

model as implemented in FSL version 4.1.9 (FMRIB’s Software Library v4.1; Analysis Group, 

Oxford, UK). Primary hypotheses tested whole brain blood-oxygen-level-dependent (BOLD) 

signal analysis using cluster-thresholding to control for multiple comparisons in contrasts 

comparing diagnostic groups. All analyses measured significance at Z > 2.3, p < .05, cluster 

corrected, unless otherwise noted. Tests of linear trends on genetic loading for SZ and BP were 

conducted contrasting probands, co-twins, and control subjects. Since encoding trials appeared to 

distinctly activate the canonical WMem network, and since prior research has demonstrated 

deficits specific to encoding-related aspects of WMem in both proband groups (Bearden et al., 

2006; Glahn et al., 2006a; Bachman et al., 2009), primary tests of hypotheses examined between-

group differences in activation during encoding trials. All coordinates are reported according to 

the standard Montreal Neurological Institute (MNI) brain template.  

Discriminant function analysis on region-of-interest activation. Percent signal change 

in a priori regions of interest (ROIs) were extracted for analysis using Featquery. BOLD signal in 

these ROIs were then entered into a discriminant function analysis in order to assess whether 

differences in regional activation separated groups with potentially clinically useful precision.   

Functional connectivity analysis. Functional connectivity in putative fronto-parietal 

WMem networks was examined using psycho-physiological interaction (PPI) analysis (Friston et 

al., 1997). A PPI analysis was conducted to examine whether task-dependent fronto-parietal 

connectivity differed between groups. That is, the PPI analysis tested whether probands, non-

affected co-twins, and control subjects differed on the extent to which a selected seed region 
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covaried with other brain regions within the WMem network during the task. Seed regions for 

PPI analysis were based on the four functional ROIs selected to characterize the WMem network.  

The GLM analysis was performed in FSL with regressors for task, seed region timeseries, 

and the interaction of task and timeseries. The psychological (task condition) regressor was 

collapsed across trial type (encoding, delay, and retrieval) in order to increase power given the 

limited power of single-trial task designs in PPI analysis. The physiological (seed region 

timeseries) regressor comprised the timeseries for the seed region of interest. A third regressor 

modeled the interaction of the psychological regressor and the physiological regressor, such that 

it identified regions that covaried in a task-dependent manner with the seed ROI (i.e., regions 

that significantly correlated more with the seed ROI during the task).  

As in the prior analyses of functional activation, a first level analysis was conducted for 

each individual participant to identify regions that significantly covaried with the seed ROI in a 

task-dependent manner. A second level analysis identified between-group differences in terms of 

regions that significantly covaried with the seed ROI during the task. Group analysis was carried 

out using FLAME, and resulting z-statistic images were thresholded using clusters determined by 

Z > 2.3 and a corrected-cluster significance threshold of p = .05 to control for multiple 

comparisons. 

Conjunction analysis. Conjunction analysis was conducted by multiplying relevant 

group z-statistic maps (e.g., Control > SZ Liability x Control > BP Liability) in order to examine 

overlapping regions of aberrant activation and functional connectivity associated with liability to 

SZ and liability to BP. Conjunction analysis was performed on cluster-corrected z-statistic maps 

in order to control for multiple comparisons.  
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In order to compare the regional and network activation patterns associated with liability 

to both syndromes, the Dice Similarity Measure (DSM; Dice, 1945) was calculated. The DSM is 

a symmetric measure of the resemblance of two binary images and has been employed in 

previous work to measure the number of activated voxels that are shared between two fMRI 

images (Salimi-Khorshidi et al., 2009). The DSM coefficient ranges from 0 (indicating no 

overlap) to 1 (perfect overlap). The DSM coefficient was calculated for both activation and 

functional connectivity maps with the following equation: 

DSM = (2 × |A ∩ B|) / (|A| + |B|) 
 

where A represents the z-statistic activation map from the first contrast (e.g., Control > SZ 

Liability) and B represents the z-statistic activation map from the second contrast (e.g., Control > 

BP Liability).  

Functional activation-performance analysis. To assess the relationship of performance 

and fMRI signal between subjects, a linear regression was performed predicting fMRI signal in 

select ROIs with performance as a factor using SAS version 9.2. Primary functional-performance 

analyses were conducted on signal in the right DLPFC given hypothesized activation-

performance relationships in this region (Callicott et al., 2003; Karlsgodt et al., 2009). Group 

differences were examined using the interaction between the slopes of the relationship between 

performance and BOLD signal and tested for significance. To account for relatedness between 

co-twins, twin pairs were clustered to adjust standard errors for intragroup correlations of twin 

pairs.  
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Results 

Tests of Sample Representativeness 

 The studied probands were comparable to the remainder of the twin proband population 

in terms of sex (X2(1) = 0.87, p = .35), age at first hospital admission (t(168) = -0.78, p = .44), 

and total number of hospital admissions (t(170) = -1.25, p = .21). However, there was a marginal 

age effect in our sample (t(187) = 1.89, p = .06), such that studied probands were on average 

three years younger than the remainder of the twin proband population (Proband Participants’ 

Mean ± SD: 49.34 ± 11.55; Proband Non-Participants: 52.57 ± 10.15). To control for this 

potential bias, we included age as a covariate and matched groups on age.  

Behavioral Data 

 Descriptive statistics for stSCAP performance indicators for each group are displayed in 

Table 2. There were no group differences in the analyses by delay period (Accuracy: F(20,859) = 

1.18, p = .27; RT-Correct: F(20,859) = 1.05, p = .40; Omissions: F(20,859) = 0.78, p = .74), 

indicating that the performance of all groups was reduced in association with increased delays to 

similar degrees. When performance data was collapsed across delay, a pattern in which probands 

showed performance decrements compared with controls was observed. Mixed model tests of 

simple effects revealed significant group differences on accuracy (F(4,859) = 4.13, p = .020) and 

reaction time (F(4,859) = 3.93, p = .010) as well as trend-level differences on omissions 

(F(4,859) = 2.17, p = .085). Post-hoc t-tests revealed significant differences on accuracy between 

controls and SZ probands (p = .049, one-tailed) and marginal differences between controls and 

BP probands (p = .060, one-tailed). Control subjects did not differ from SZ or BP co-twins. This 

general pattern was consistent for reaction time and omissions.  
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stSCAP Task-Related Activation  

 As shown in Figure 3, subjects collapsed across groups showed overall significantly more 

activation of the canonical WMem network during encoding compared with retrieval phases of 

the stSCAP task, involving increased activation in bilateral occipital cortex (Peak MNI 

Coordinates: [34, -54, -18]), right dorsolateral prefrontal cortex (Peak MNI Coordinates: [46, 34, 

16]), bilateral precentral gyrus (Peak MNI Coordinates: [28, 0, 50]), and bilateral parietal cortex 

(Peak MNI Coordinates: [50, -38, 42]) including the supramarginal gyrus, angular gyrus, and 

superior parietal lobule (p < .05 cluster-corrected). Subjects showed overall increased activation 

during retrieval compared with encoding phases in the medial frontal cortex (Peak MNI 

Coordinates: [4, 46, -12]) and posterior cingulate/precuneus (Peak MNI Coordinates: [-6, -56, 

16]; p < .05 cluster-corrected), regions typically associated with default mode activity. When the 

statistical map of the retrieval phase was examined separately, activation was observed in the 

medial motor cortex (Peak MNI Coordinates: [0, 4, 46]; p < .05 cluster-corrected). 

Results from within-group analyses conducted on the whole-brain level comparing 

encoding and retrieval trials are reported in Table 3. Control subjects exhibited widespread task-

related activation in regions typically associated with WMem, including bilateral occipital cortex, 

right DLPFC, bilateral precentral gyrus, and bilateral parietal cortex during encoding phases 

relative to retrieval phases (p < .05, cluster-corrected). SZ and BP probands activated similar 

regions (p < .05, cluster-corrected) but to a lesser spatial extent, particularly in frontal regions. 

SZ and BP co-twins also exhibited activation in similar regions (p < .05, cluster-corrected).  

During retrieval phases compared with encoding phases, SZ and BP probands showed 

pronounced activation in the medial prefrontal cortex and posterior cingulate (p < .05, cluster-

corrected), suggesting failure to suppress these regions of the default mode during task 
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engagement. Control subjects activated similar regions (p < .05, cluster-corrected) but to a lesser 

spatial extent, particularly in the posterior cingulate cortex. While BP co-twins showed a similar 

pattern of default-related activity (p < .05, cluster-corrected), although to a lesser spatial extent 

than their proband counterparts, SZ co-twins did not show any significant regions of activation 

during retrieval trials compared with encoding trials (p < .05, cluster-corrected). 

Whole-Brain Between-Group Activation during Encoding  

Given distinct task-related networks associated with each WMem task phase, between-

group activation was examined separately for the encoding and retrieval phases in order to 

maximize the number of activated voxels when examining between-group differences. Controls 

exhibited significantly greater activation during successful encoding of information in WMem 

relative to both proband groups (p < .05, cluster-corrected) in bilateral prefrontal cortex (Right 

Peak MNI Coordinates: [24, 8, 46], BA 6, Z-max = 3.72, p-corrected = .042, cluster size = 362; 

Left Peak MNI Coordinates: [-8, 42, 26], BA 9, Z-max = 4,16, p-corrected < .001, cluster size = 

1029), bilateral angular gyrus (Right Peak MNI Coordinates: [44, -52, 14], BA 39, Z-max = 4.14, 

p-corrected < .001, cluster size = 1013; Left Peak MNI Coordinates: [-52, -64, 30], BA 39, Z-

max = 4.31, p-corrected = .002, cluster size = 605), and precuneus (Peak MNI Coordinates: [-4, -

52, 40], BA 7, Z-max = 4.18, p-corrected < .001, cluster size = 1064), with BP probands showing 

intermediate activation between SZ probands and control subjects in these regions (see Figure 4). 

There were no significant differences between SZ and BP probands (p < .05, cluster-corrected). 

Liability to illness. Control subjects showed greater activation relative to non-affected 

co-twins during accurate encoding of information (p < .05, cluster-corrected) in the anterior 

cingulate (Peak MNI Coordinates: [0, 48, 24], BA 9, Z-max = 3.73, p-corrected = .018, cluster 

size = 427), left DLPFC (Peak MNI Coordinaes: [-22, 44, 26], BA 9, Z-max = 3.22, p-corrected 
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= .023, cluster size = 343), and the left angular gyrus (Peak MNI Coordinates: [-38, -58, 34], BA 

39, Z-max = 3.65, p-corrected = .030, cluster size = 387). There were no regions where co-twins 

showed significantly greater activation during encoding relative to controls. 

 Schizophrenia liability. Whole-brain analysis conducted using a linear contrast revealed 

significantly greater task-related activation during encoding in the right DLPFC (Peak MNI 

Coordinates: [46, 30, 24], BA 9, Z-max = 3.57, p-corrected < .001, cluster size = 687), anterior 

cingulate (Peak MNI Coordinates: [-8, 42, 26], BA 9, Z-max = 4.56, p-corrected < .001, cluster 

size = 939), precuneus (MNI Peak Coordinates: [-4, -52, 40], BA 7, Z-max = 2.12, p-corrected 

= .008, cluster size = 496) and bilateral parietal cortex (Left MNI Peak Coordinates: [-52, -64, 

30], BA 39, Z-max = 4.11, p-corrected = .013, cluster size = 452; Right Peak MNI Coordinates: 

[50, -62, 36], BA 39, Z-max = 3.69, p-corrected < .001, cluster size = 745) in controls relative to 

SZ co-twins relative to SZ probands (p < .05, cluster-corrected). The z-statistic activation map 

illustrating areas where Controls > SZ Co-Twins > SZ is displayed in Figure 5A.  

Bipolar disorder liability. Whole-brain analysis conducted using a linear contrast 

revealed significantly greater task-related activation during encoding in the left DLPFC (Peak 

MNI Coordinates: [-26, 40, 24], BA 9, Z-max = 3.55, p-corrected = .007, cluster size = 181), 

anterior cingulate (Peak MNI Coordinates: [-2, 44, 26], BA 9, Z-max = 4.35, p-corrected = .037, 

cluster size = 372), and left lateral parietal cortex including regions in the angular gyrus and 

supramarginal gyrus (Peak MNI Coordinates: [-44, -52, 36], BA 39, Z-max = 3.41, p-corrected 

= .009, cluster size = 484) in controls relative to BP co-twins relative to BP probands (p < .05, 

cluster-corrected, see Figure 5B).   
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Whole-Brain Between-Group Activation during Retrieval 

 Both proband groups exhibited greater activation during retrieval relative to control 

subjects (p < .05, cluster-corrected) in the posterior cingulate cortex (Peak MNI Coordinates: [-8, 

-52, 24], BA 31, Z-max = 3.84, p-corrected = .002, cluster size = 594), with BP probands 

showing activation in this region intermediate between SZ probands and controls, indicating 

significantly reduced task-related suppression of the default-mode during retrieval in probands 

relative to control subjects. There were no statistically significant regions showing greater 

activation in control subjects compared with proband groups.   

 Schizophrenia liability. Whole-brain analysis conducted using a linear contrast revealed 

significantly greater regional activation during retrieval in the posterior cingulate cortex (Peak 

MNI Coordinates: [-8, -52, 24], BA 31, Z-max = 4.22, p-corrected < .001, cluster size = 787) in 

SZ probands relative to SZ co-twins relative to control subjects, suggesting that failure to 

suppress this region of the default network during retrieval of information from WMem may be 

associated with liability to SZ. There were no statistically significant regions in the whole-brain 

analysis where control subjects activated more than SZ co-twins.  

 Bipolar disorder liability. Whole-brain analysis conducted using a linear contrast 

revealed significantly greater activation during retrieval in the thalamus (Peak MNI Coordinates: 

[-18, -32, 14], Z-max = 3.31, p-corrected = .005, cluster size = 343) and the left superior parietal 

lobule (Peak MNI Coordinates: [-28, -48, 36], Z-max = 3.17, p-corrected = .018, cluster size = 

101) in controls relative to BP co-twins to BP probands. There were no statistically significant 

regions in the whole-brain analysis where BP co-twins activated more than control subjects.   
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Discriminant Function Analysis on Regions of Interest 

A discriminant function analysis was performed to assess prediction of group 

membership (SZ, SZ co-twin, BP, BP co-twin, control) from regional activation during encoding 

trials in four ROIs selected to characterize the WMem network. One significant discriminant 

function was calculated and accounted for 80% of the between-group variability. The 

discriminant function maximally separated SZ and BP probands and non-affected co-twins from 

control subjects. The loading matrix of correlations (see Table 4) between predictor ROIs and the 

discriminant function suggested that activation in the right DLPFC and right superior parietal 

lobule best distinguishes between individuals carrying liability for illness (probands and co-

twins) and controls.  

Functional Connectivity Analysis 

 Functional connectivity within WMem circuitry. Functional connectivity during the 

WMem task was examined collapsing across encoding and retrieval trials in order to maximize 

power within a single-trial design. PPI analysis examined covariation between activation in four 

seed regions selected to characterize the WMem network (right DLPFC, right parietal, left 

DLPFC, left parietal) and every voxel in the brain. Peak MNI coordinates of clusters and local 

maxima from between-group whole-brain functional connectivity analyses (Z > 2.3, p < .05, 

cluster-corrected) are reported in Table 5. No differences were observed on functional 

connectivity measures between probands and control subjects in predicted fronto-parietal 

circuitry. However, given the possibility that medication status in probands may correct for 

altered connectivity patterns, we explored differences between co-twins and controls.  

Non-affected co-twins showed a pattern of reduced fronto-parietal connectivity compared 

with control subjects (see Figure 7). Specifically, SZ co-twins exhibited weaker task-dependent 
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covariation between the right DLPFC and lateral parietal cortex and precuneus (Peak MNI 

Coordinates: [-24, -78, 36], BA 7, Z-max = 3.78, p-corrected = .031, cluster size = 384) 

compared with control subjects in whole-brain analysis. SZ co-twins also showed reduced 

functional connectivity relative to controls between the left DLPFC and bilateral parietal cortices 

and precuneus (Peak MNI Coordinates: [46, -50, 36], BA 40, Z-max = 4.45, p-corrected = .009, 

cluster size = 485). BP co-twins exhibited a similar pattern of reduced connectivity relative to 

control subjects between the left DLPFC and lateral occipital cortex (Peak MNI Coordinates: [54, 

-72, -2], BA 37, Z-max = 3.57, p-corrected = .029, cluster size = 390) and the lateral parietal 

cortex and precuneus (Peak MNI Coordinates: [-12, -70, 40], BA 7, Z-max = 3.92, p-corrected 

= .009, cluster size = 483). There were no significant differences between SZ co-twins and BP 

co-twins in terms of functional connectivity in whole-brain analysis.   

Functional connectivity with limbic-related circuitry. Individuals carrying liability for 

BP showed a pattern of increased task-dependent covariation with limbic-related regions. BP 

probands showed increased functional connectivity between the left DLPFC and the posterior 

cingulate cortex/precuneus (Peak MNI Coordinates: [-14, -58, 12], BA 30, Z-max = 3.52, p-

corrected = .009, cluster size = 479) compared with controls. Moreover, whole-brain analysis 

conducted using a linear contrast revealed significantly greater task-dependent covariation 

between the left DLPFC and bilateral insular cortex and superior and middle temporal gyrus 

(Right Peak MNI Coordinates: [44, -4, -4], BA 13, Z-max = 3.91, p-corrected = .006, cluster size 

= 520; Left Peak MNI Coordinates: [-58, -16, -6], BA 21, Z-max = 3.58, p-corrected = .039, 

cluster size = 368) in BP probands relative to BP co-twins relative to control subjects. A similar 

pattern of increased functional connectivity between the left parietal cortex and insular cortex 

(Peak MNI Coordinates: [-32, 20, 0], Z-max = 3.70, p-corrected = .032, cluster size = 382) was 
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observed in BP probands relative to BP co-twins relative to controls. Further, BP probands 

showed increased task-dependent covariation between the left parietal cortex and a cluster 

involving bilateral insular cortex, medial prefrontal cortex, and frontal pole (Peak MNI 

Coordinates: [-12, 52], -4, Z-max = 4.59, p-corrected < .001, cluster size = 1769), compared with 

SZ probands, suggesting the pattern of functional coupling with emotion-related regions is 

specific to liability for BP.  

Conjunction Analysis 

 A conjunction map was created by multiplying the cluster-corrected z-statistic activation 

maps thresholded at Z > 2.3, p-corrected < .05 for controls > SZ liability and controls > BP 

liability during accurate encoding of information in working memory in order to examine 

overlapping areas of aberrant regional brain activation associated with liability to illness. As 

displayed in Figure 8, individuals carrying liability for illness showed common reductions of 

encoding-related activation in the bilateral angular gyrus/supramarginal gyrus (Left Peak MNI 

Coordinates: [-52, -62, 30]; Right Peak MNI Coordinates: [58, -40, 36]) and paracingulate 

gyrus/anterior cingulate cortex (Peak MNI Coordinates: [-4, 42, 26]) compared with control 

subjects. The Dice Similarity Measure was used to quantify voxelwise overlap between the 

thresholded images produced by the two contrasts. Consistent with the significant 

correspondence in the spatial localization of activation in each map (see Figure 8), the DSM 

coefficient revealed a substantial degree of overlap between the non-zero voxels in the two maps 

(DSM = 0.406).  

 Conjunction analysis was also applied to the cluster-corrected functional connectivity 

maps for Controls > SZ Co-Twins and Controls > BP Co-Twins thresholded at Z > 1.96, p-

corrected < .05 in order to examine common alterations of fronto-parietal circuitry associated 
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with liability to illness. As displayed in Figure 7, individuals carrying liability for illness 

exhibited overlapping reductions in task-dependent prefrontal-parietal covariation relative to 

controls. The DSM coefficient revealed moderate overlap (DSM = 0.227) of covariation with the 

right DLPFC between co-twin groups relative to control subjects, particularly in the bilateral 

occipital cortices (Left Peak MNI Coordinates: [-22, -88, 0]; Right Peak MNI Coordinates: [16, -

88, 0]). Additionally, common reductions in task-dependent covariation with the left DLPFC 

were observed between co-twin groups relative to controls in bilateral parietal cortices (Left 

Peak MNI Coordinates: [-16, -68, 38]; Right Peak MNI Coordinates: [46, -52, 38]). Consistent 

with the significant correspondence in the spatial localization of task-dependent covariation in 

each map (see Figure 7), the DSM coefficient revealed a substantial degree of overlap between 

the non-zero voxels in the two functional connectivity maps (DSM = 0.424).  

Supplemental Analyses 

 Effects of lifetime history of psychosis. To test whether the observed behavioral and 

physiological WMem disturbances associated with liability to BP were attributable to a positive 

history of psychosis, we compared BP probands with a lifetime history of psychosis to BP 

probands without a history of psychosis. Parallel comparisons were made between co-twins of 

BP probands with a positive lifetime history of psychosis and co-twins of BP probands without 

such a history.  

Analysis of behavioral data revealed no significant differences on stSCAP task accuracy 

between BP probands with a lifetime history of psychosis and BP probands without a history of 

psychosis. However, trend-level performance differences were observed between respective co-

twin groups (t(29) = 1.81, p = .08, two-tailed), such that co-twins of BP probands with a positive 

lifetime history of psychosis performed worse than co-twins of BP probands without a lifetime 
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history of psychosis (Positive Psychosis History BP Co-Twins’ Mean ± SD: 70.6 ± 9.0; Negative 

Psychosis History BP Co-Twins: 76.4 ± 7.4).  

 Whole-brain fMRI analysis during encoding trials revealed no significant differences on 

regional activation between BP probands with a lifetime history of psychosis and BP probands 

without a psychosis history (p < .05, cluster-corrected). Likewise, no differences were observed 

between co-twins of BP probands with a positive psychosis history and co-twins of BP probands 

without a psychosis history (p < .05, cluster-corrected). However, linear trend analysis 

contrasting Controls > Co-Twins of BP Proband without Psychosis History > Co-Twins of BP 

Proband with Psychosis History revealed significant regions of increased activation in a cluster 

encompassing the right DLPFC (Peak MNI Coordinates: [28, 46, 26], BA 9, Z-max = 3.23, p-

corrected = .003, cluster size = 575) and medial prefrontal cortex (Peak MNI Coordinates: [0, 48, 

24], BA 9/10, Z-max = 3.76) as well as bilateral parietal cortex (Right Peak MNI Coordinates: 

[60, -42, 36], BA 40, Z-max = 4.20, p-corrected = .041, cluster size = 364; Left Peak MNI 

Coordinates: [-52, -64, 32], BA 39, Z-max = 3.93, p-corrected = .005, cluster size = 528), thus 

suggesting the BP co-twin effects may be driven in part by liability to psychosis. Moreover, 

controls showed increased activation compared with co-twins of BP probands with a positive 

psychosis history in the left parietal cortex (Peak MNI Coordinates: [-52, -64, 32], BA 39, Z-max 

= 3.80, p-corrected = .043, cluster size = 360). However, control subjects did not statistically 

differ from co-twins of BP probands without a history of psychosis in whole-brain analysis, 

further suggesting that BP co-twin – control differences may be driven by liability to psychosis 

in BP.  

Whole-brain analysis during retrieval trials revealed no significant differences on 

regional activation between BP probands with a lifetime history and BP probands without a 
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history of psychosis. There were also no differences during retrieval between co-twins of BP 

probands with a positive lifetime history of psychosis and co-twins of BP probands without a 

history of psychosis. However, whole-brain analysis contrasting increasing liability to BP with 

psychosis (Controls > Co-twins of BP Proband without Psychosis History > Co-Twins of BP 

Proband with Psychosis History > BP Probands without Psychosis History > BP Probands with 

Psychosis History) revealed significant alterations in the bilateral prefrontal cortex (Right Peak 

MNI Coordinates: [16, 50, 22], BA 9, Z-max = 3.91, p-corrected < .001, cluster size = 1207; Left 

Peak MNI Coordinates: [-28, 20, 24], BA 9, Z-max = 3.58) and left parietal cortex (Peak MNI 

Coordinates: [-38, -32, 42], BA 40, Z-max = 3.40, p-corrected = .049, cluster size = 343), 

suggesting that liability to psychosis in BP is associated with increasing alterations in WMem 

circuitry. Of note, the above analyses were underpowered due to the small sample of co-twins of 

BP probands with a lifetime history of psychosis. The majority of BP probands with a history of 

psychosis were concordant twin pairs, leaving only one-third of non-affected co-twins of BP 

probands with such a history (N=8). 

Functional activation-performance analysis. In the ROI regression analysis, the slope 

of the relationship between fMRI signal during encoding trials and average performance (percent 

correct) differed significantly between groups in the right DLPFC (F(4,36) = 3.15, p = .02; see 

Figure 6) and left DLPFC (F(4,35) = 3.91, p < .01), with trends in the bilateral parietal cortices 

(Right: F(4,36) = 2.45, p = .06; Left: F(4,36) = 1.67, p = 0.17). In the prefrontal regions, 

probands and non-affected co-twins differed significantly from controls (p’s < .0125; corrected 

for multiple comparisons, .05/4 = .0125), with trend-level significance for pairwise comparisons 

in the parietal regions (p’s < .06). There were no significant differences between the slopes of SZ 
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probands and BP probands and between the slopes of SZ co-twins and BP co-twins in any region 

examined. Results were equivalent when age and sex were included in the model as covariates.  

Given the pattern of default-mode activity observed during retrieval trials, we examined 

the relationship between activation and performance during retrieval trials in the medial 

prefrontal cortex and precuneus/posterior cingulate cortex. The slopes of the relationship 

between fMRI signal and behavior did not differ significantly between groups in either of these 

regions.  

Evaluation of dose-dependency. Linear trend analyses comparing controls to DZ and 

MZ co-twins were conducted on fMRI activation during encoding trials in four ROIs selected to 

characterize the WMem network (right DLPFC, left DLPFC, right parietal, left parietal). There 

were no significant linear effects for SZ liability on any task-related region examined (p’s > 

0.05). MZ and DZ SZ co-twins did not differ from each other on any region. Similarly, there 

were no significant linear effects for BP liability on any task-related region examined (p’s > 

0.05). MZ and DZ BP co-twins did not differ from each other. Of note, these analyses likely 

suffered from a lack of power due to the small cell sizes of co-twins split by zygosity.  

 In addition, parallel linear trend analyses were conducted on fMRI activation during 

retrieval in the medial prefrontal cortex and precuneus/posterior cingulate cortex. There were no 

significant linear effects on either ROI for SZ liability, and MZ and DZ SZ co-twins showed 

equivalent activation in these regions. Additionally, there were no significant linear effects on 

either ROI for BP liability. MZ and DZ BP co-twins did not differ from each other on activation 

in these regions. 
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Discussion 

 In view of emerging evidence demonstrating substantial genetic overlap between SZ and 

BP, we examined whether WMem dysfunction at the neural level represents shared genetic 

liability to these syndromes. To test a model of shared inheritance of WMem dysfunction, we 

assessed SZ and BP probands as well as their non-affected co-twins who carry susceptibility 

factors without overt expression of the illness on a spatial WMem paradigm. Lending support for 

a model of biological overlap, we observed significant hypoactivation in overlapping regions of 

the prefrontal and parietal cortex, along with overlapping reductions of functional connectivity in 

fronto-parietal circuitry, in affected and non-affected individuals with liability for SZ and BP 

compared with controls. Such neurophysiological alterations appear to be most pronounced 

during encoding phases of WMem compared with retrieval phases. To our knowledge, this is the 

first neuroimaging study to simultaneously examine twin pairs discordant for SZ and BP and 

thus provide direct evidence for endophenotypic overlap of shared WMem dysfunction.  

Endophenotypic Overlap of Working Memory Dysfunction 

Findings from this report support the hypothesis that cortical disruptions in spatial 

WMem reflect an expression of familial liability to SZ and BP. We observed substantial overlap 

in anomalous regional and network activation associated with liability to SZ and BP. As 

predicted, non-affected co-twins of both proband groups showed hypoactivation in prefrontal and 

parietal regions compared with control subjects. In particular, reduced regional activation in 

bilateral parietal cortex during accurate encoding of information in WMem appears to represent 

an area of shared liability-related dysfunction between SZ and BP. A conjunction analysis 

revealed significantly decreased BOLD response in overlapping regions of the bilateral parietal 

cortex during encoding phases of WMem in individuals carrying liability factors for SZ and BP 
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compared with controls. Observations of common alterations relative to control subjects suggest 

that physiological abnormalities in this region may serve as a shared endophenotypic marker for 

SZ and BP. Moreover, a discriminant function analysis effectively distinguished individuals 

carrying liability to both SZ and BP (probands and co-twins) but failed to predict SZ and BP 

status separately on the basis of regional activation within the WMem network, particularly in 

the right DLPFC and parietal cortex. Findings of overlapping anomalous regional and network 

activation during WMem performance may represent downstream effects of shared genetic 

liability to SZ and BP, possibly reflecting common genetic etiologies. These results indicate that 

cortical disruptions of WMem circuitry might mark familial susceptibility to both SZ and BP, 

thus contributing to emerging support of a transdiagnostic framework at the etiological level 

(Berrettini, 2004; Lichtenstein et al., 2009; Purcell et al., 2009).  

 The pattern of results in terms of functional activation for SZ co-twins was intermediate 

between SZ probands and controls, showing attenuated task-related regional abnormalities in the 

right DLPFC, anterior cingulate, and bilateral parietal cortex. Such findings are consistent with 

previous research showing intermediate disruptions of putative nodes of the WMem network in 

non-affected relatives of SZ patients (Callicott et al., 2003; Cannon et al., 2005; Glahn et al., 

2006; Karlsgodt et al., 2007), thereby corroborating existing evidence of WMem dysfunction as 

a robust endophenotypic marker of SZ. That is, it appears that neural alterations in fronto-parietal 

circuitry may be related to genetic rather than disease-specific factors in SZ. Of note, the current 

findings suggest that liability-related alterations of WMem circuitry are specific to encoding 

phases, indicating that prior observations of WMem disruptions may have hinged on encoding-

related deficiencies. The finding that effects are more significant on the right than the left 
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supports the idea that the right hemisphere is more strongly associated with spatial processing 

and thus with performance on the visuospatial WMem task.  

Similar to the pattern observed in SZ, we found that BP co-twins showed hypoactivation 

intermediate between BP probands and controls during encoding phases of WMem in regions of 

the frontal and parietal cortex, specifically in the left DLPFC and left parietal cortex. Likewise, 

disruptions in fronto-parietal connectivity in BP co-twins were lateralized to the left hemisphere. 

The finding that BP effects were more significant on the left than on the right might mark a 

potential distinctive feature of liability to BP. The left lateralization may be related to linguistic 

rather than image-based encoding of the spatial stimuli or may reflect an attempt to utilize 

compensatory verbal strategies in order to complete task demands. Such an interpretation might 

be supported by (1) the finding of increased functional coupling with language processing 

regions (e.g., middle temporal gyrus) in BP co-twins compared with controls and (2) evidence 

from another study examining overlapping twin samples that demonstrated enhanced verbal 

facilities in individuals carrying liability to BP (Higier et al., submitted). Of note, structural 

(Kieseppa et al., 2003; McDonald et al., 2004) and functional (Drapier et al., 2008; Fusar-Poli et 

al., 2012) abnormalities previously reported for BP tend to be lateralized to the left hemisphere. 

Further, that disturbances of WMem circuitry were observed in euthymic BP probands as well as 

their non-affected co-twins suggests that WMem dysfunction might represent a trait marker of 

BP, seemingly related to liability features of the illness. 

Additionally, we observed shared disruptions of fronto-parietal neural circuitry as 

assessed by functional connectivity analysis in individuals carrying liability for SZ and BP. A 

conjunction analysis revealed significant overlap in terms of reduced task-dependent functional 

coupling in fronto-parietal circuitry between non-affected co-twins of SZ and non-affected co-
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twins of BP compared with controls. Such network disruptions appear to occur in overlapping 

regions within the fronto-parietal network, thereby implicating not only regional alterations but 

also disruptions in the overall coordination of WMem circuitry as shared endophenotypic 

markers. While prior research has demonstrated disruptions of distributed WMem networks in 

SZ probands and their non-affected relatives (Meyer-Lindenberg et al., 2001; Peled et al., 2001; 

Schlösser et al., 2003; Fornito et al., 2011), to our knowledge, this was the first study to evaluate 

functional connectivity patterns during WMem performance in BP probands and their co-twins. 

We found evidence for significant disruptions in fronto-parietal circuitry associated with liability 

to BP, although perhaps to a lesser degree than the disconnectivity observed in SZ (Karlsgodt et 

al., 2008). Common disruptions of fronto-parietal circuitry in both co-twin groups further 

implicate at least partially overlapping genetic etiologies. 

Notably, despite significant overlap of WMem dysfunction, we found functional 

alterations to be relatively less pronounced in BP compared with SZ. The finding that BP 

probands exhibited attenuated disruptions relative to SZ probands is consistent with prior 

neuropsychological studies showing performance decrements to a lesser degree in BP (Seidman 

et al., 2002; Altshuler et al., 2004; Pirkola et al., 2005; Krabbendam et al., 2005; Daban et al., 

2006; Glahn et al., 2006b; Green, 2006; Schretlen et al., 2007; Barrett et al., 2009; Reichenberg 

et al., 2009) and fMRI studies demonstrating cortical alterations (e.g., DLPFC hypoactivation) in 

BP intermediate between SZ and control subjects (Hamilton et al., 2009). Taken together, these 

results suggest significant phenotypic overlap of WMem dysfunction between SZ and BP with 

relatively less pronounced cortical alterations in BP than in SZ. However, we found some 

evidence that liability to psychosis in BP is associated with increasing alterations of WMem 

circuitry, consistent with prior reports indicating more pronounced neurocognitive impairments 
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in BP patients with psychotic features (Seidman et al., 2002; Altshuler et al., 2004; Badcock et 

al., 2005; Glahn et al., 2006b; Glahn et al., 2007). The finding that co-twins of BP probands with 

a history of psychosis showed more pronounced behavioral and cortical disruptions of WMem 

function suggests that liability to psychotic features in BP might contribute to the pattern of 

shared inheritance observed between SZ and BP. Notably, differential performance decrements 

in spatial WMem have been reported in bipolar I patients with a history of psychosis when 

compared to non-psychotic BP samples (Glahn et al., 2006b; Glahn et al., 2007). These findings 

provide converging evidence in support of recent psychiatric genetic studies suggesting that 

psychotic BP may delineate an informative subtype for biological investigations (Potash et al., 

2003; Park et al., 2004; Maziade et al., 2005; Craddock & Owen, 2005; Schulze et al., 2006; 

Craddock & Sklar, 2009).  

In contrast, failure to suppress the default mode during task engagement appears to be 

related to disease-related factors common across SZ and BP rather than overlapping liability-

related factors. The finding that both proband groups showed increased retrieval-related activity 

in regions typically associated with the default mode network, such as the precuneus/posterior 

cingulate cortex, indicates phenotypic overlap of reduced task-related suppression of default 

mode regions during retrieval phases of WMem. Previous studies have demonstrated poor task-

dependent modulation of the default network in patients with SZ (Pomarol-Clotet et al., 2008; 

Kim et al., 2009; Whitfield-Gabrieli et al., 2009) and BP (Drapier et al., 2008; Thermenos et al., 

2010; Thermenos et al., 2011), with consistent findings of hyperactivation in medial prefrontal 

and posterior cingulate/precuneus cortex. This study suggests that such anomalous activation 

patterns within the default network might be related to retrieval-related disturbances, whereby 

SZ and BP patients may show difficulty inhibiting regions mediating the default mode in order to 
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provide a memory-guided response. Notably, dysfunction of the default network is thought to be 

related to cognitive deficits, with greater suppression and connectivity associated with better 

performance on attention-demanding tasks in healthy subjects (Weissman et al., 2006; 

Sambataro et al., 2010). This report suggests that increased engagement of the default mode 

during task performance may represent an area of phenotypic overlap between SZ and BP. Such 

findings highlight the importance of examining default-mode activity in addition to task-related 

activity in order to optimally characterize the pathophysiological disturbances related to illness 

factors.  

Distinctions between Schizophrenia and Bipolar Disorder  

While we found significant areas of overlap in terms of physiological dysfunction 

associated with liability to SZ and BP, some differences between these syndromes were observed. 

First, liability to BP appears to be distinctly associated with anomalous thalamic retrieval-related 

activity, consistent with prior structural and functional neuroimaging studies implicating fronto-

striatal disturbances in BP (Bearden et al., 2001; McDonald et al., 2004; Adler et al., 2006; 

Selvaraj et al., 2012). Second, we observed left lateralization of DLPFC dysfunction in 

individuals carrying liability to BP, consistent with prior reports (Drapier et al., 2008; Hamilton 

et al., 2009; Fusar-Poli et al., 2012) and perhaps indicating symbolic or linguistic rather than 

image-based encoding of stimuli (Ungerleider et al., 1998). Third, failure to suppress the 

precuneus/posterior cingulate cortex during retrieval phases followed a pattern of inheritance for 

SZ, such that SZ probands showed less task-related modulation of this region than SZ co-twins, 

who in turn showed less modulation than control subjects. This finding is consistent with 

evidence showing hyperactivity as well as hyperconnectivity of the default network in SZ 

probands, and, to a lesser degree, their first-degree relatives compared with controls (Whitfield-
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Gabrieli et al., 2009). While both proband groups exhibited hyperactivity in the 

precuneus/posterior cingulate relative to controls, activity in this region was not correlated with 

liability to BP.  

Additionally, individuals carrying liability to BP appear to show increased functional 

connectivity with limbic-related regions. In addition to the disrupted network connectivity 

observed in fronto-parietal circuitry, we found increased functional connectivity with regions 

mediating emotion processing (e.g., insula, frontopolar cortex) in BP co-twins compared with 

controls. No other groups showed connectivity to these regions. The finding that BP co-twins 

exhibited task-related connectivity patterns with limbic-related regions corroborates other reports 

of hyperactivity during cognitive (WMem) challenge in regions thought to be involved in 

emotional processing, such as the ventral frontopolar prefrontal cortex, anterior cingulate, and 

insula (Adler et al., 2004; Drapier et al., 2008; Gruber et al., 2010; Thermenos et al., 2010; 

Thermenos et al., 2011; Jogia et al., 2011; Fusar-Poli et al., 2012), thus implicating functional 

alterations of anterior limbic networks in liability to BP. Moreover, neuroanatomical 

disturbances of these regions in BP have been reported previously (McDonald et al., 2004; 

Strakowski et al., 2005; Selvaraj et al., 2012). Taken together, these findings are largely 

consistent with hypotheses of impaired prefrontal modulation of anterior limbic system networks 

in BP (Adler et al., 2006).  

Isolation to Encoding-Related Processes 

A strength of the current study was that the single-trial WMem task allowed for the 

examination of encoding and retrieval aspects of WMem separately, thereby permitting 

inferences as to whether the observed differences in BOLD response were more pronounced 

during encoding aspects of WMem function. Functional neuroimaging studies have consistently 



 

 60

identified a circuitry for WMem function comprised of dorsolateral, middle, and inferior frontal 

gyri, anterior cingulate and medial premotor cortex, and posterior parietal cortex (Jonides et al., 

1998; D’Esposito et al., 1999; Carter et al., 1999; Owen et al., 2005), consistent with our 

encoding-related activation findings. Findings across all groups suggest that the neural WMem 

network, including the right DLPFC and parietal regions, is engaged to a greater extent during 

encoding compared with retrieval phases. In contrast, we observed increased recruitment of 

medial prefrontal and precuneus/posterior cingulate cortex, regions typically associated with the 

default mode network, during retrieval compared with encoding phases of WMem.   

  In accordance with our hypothesis, we found evidence for endophenotypic overlap 

between SZ and BP in aberrant task-related activation during encoding but not retrieval trials of 

WMem processing. The finding that liability-related cortical disruptions of WMem circuitry 

were specific to the encoding phase is consistent with prior work showing pronounced encoding-

related deficits in SZ and BP probands at behavioral and neural levels of analysis (Bearden et al., 

2006; Glahn et al., 2006a; Bachman et al., 2009). Taken together, these findings suggest that 

disturbances of WMem in affected probands and their non-affected relatives may be related to 

encoding aspects of WMem function. Further, it is worth noting that encoding trials activated the 

canonical WMem network, involving prefrontal and parietal regions known to show 

neuropathological abnormalities in SZ (Goldman-Rakic & Selemon, 1997; Cannon et al., 2002; 

Cannon et al., 2005) and possibly in BP (Strakowski et al., 2005) based on evidence from 

neuroimaging and post-mortem studies. In this way, it is perhaps unsurprising that the pattern of 

endophenotypic overlap between SZ and BP emerged during encoding phases of WMem 

processing.  
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That fronto-parietal WMem dysfunction appears to be specific to the encoding phase of 

WMem has important implications for cognitive rehabilitation interventions. The present study 

findings suggest that intervention efforts focused on enhancing and teaching encoding strategies 

may prove to be maximally effective at reducing impairments of WMem in SZ and BP patients. 

Further, that WMem dysfunction was observed in both SZ and BP suggests that cognitive 

interventions may be applicable across disorders. Such interventions stand to not only ameliorate 

cognitive deficits but also improve functional outcomes in SZ and BP patients in light of 

evidence linking cognitive deficits with substantial impediments to role functioning in patient 

populations (Green, 1996; Green et al., 2000; Green, Kern, & Heaton, 2004; Green, 2006; 

Bearden et al., 2010; Torres et al., 2011), thus reducing the public health burden associated with 

these illnesses. There is some evidence suggesting that WMem training increases overall 

cognitive abilities and improves functional outcomes in healthy (Jaeggi et al., 2008) and patient 

populations (McGurk et al., 2009; Kern et al., 2009; Eack et al., 2010), with effects persisting 

over time (Hogarty et al. 2006). The finding that WMem dysfunction may at least in part reside 

in encoding-related deficiencies could inform the development and refinement of these 

intervention efforts (see Barch & Smith, 2008).  

Behavioral Performance 

As expected, both proband groups exhibited behavioral impairments of WMem 

performance compared with controls, thereby indicating phenotypic overlap in WMem 

dysfunction at the behavioral level of analysis. However, somewhat surprisingly, attenuated 

impairments were not observed in non-affected co-twins. The current task paradigm was 

designed not only to expose behavioral differences between groups but also to maximize the 

number of correct trials in order to analyze between-group differences in physiological activation 
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during task performance. Previous work from our laboratory using a similar task found 

significant performance decrements in probands at the selected memory set size (load of 3) and 

marginal differences in non-affected co-twins compared with controls (Glahn et al., 2003; 

Pirkola et al., 2005; Cannon et al., 2005). One important change in the task design in this study 

was that the delay periods and inter-trial intervals were slightly longer than previous versions, 

possibly diminishing behavioral deficits in co-twin groups. The jittered delay period was inserted 

in order to vary the relationship between encoding and retrieval trials in order to assess BOLD 

response separately by task phase. While prior evidence demonstrates proband-control 

performance differences at longer delay periods (Lee & Park, 2005), it is possible that the 

additional time to maintain information in WMem dampened any observed differences between 

non-affected co-twin siblings and controls.  

Consistent with the current findings, most prior fMRI studies have observed DLPFC 

hypoactivation in probands relative to controls (SZ: Ragland et al., 1998; Barch et al., 2003; 

Cannon et al., 2005; Driesen et al., 2008; Scheuerecker et al., 2008; BP: Monks et al., 2004; 

Lagopoulos et al., 2007; Hamilton et al., 2009; Townsend et al., 2010), although hyperactivation 

has also been reported (SZ: Manoach et al., 1999; Callicott et al., 2000; Manoach et al., 2000; 

BP: Adler et al., 2004; Robinson et al., 2010; Jogia et al., 2011). To reconcile these differences, 

it has been suggested that activation in the DLPFC relates to WMem performance in an inverted-

U shaped curve, with hypoactivation occurring when WMem load has exceed capacity (Callicott 

et al., 1999; Callicott et al., 2003b; Manoach, 2003a; Karlsgodt et al., 2007; Karlsgodt et al., 

2009). To test this model, we assessed the relationship between functional activation in the right 

DLPFC during encoding trials and behavioral performance between-subjects. Findings suggest 

that the relationship between functional activation and performance follow a pattern of 
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inheritance in SZ and BP, such that decreased activation in probands relative to controls is 

associated with lower performance and increased activation with higher performance. A similar 

pattern was observed previously for liability to SZ (Karlsgodt et al., 2007), with the current 

findings suggesting this pattern of inheritance may also apply to BP. Moreover, despite 

comparable performance between co-twins and controls, significant alterations in BOLD 

response and network connectivity were observed, and correct-trials only were analyzed in 

whole-brain analysis, thus suggesting that cortical disruptions may be heritable even in the 

absence of performance differences.  

Study Limitations and Future Directions 

 This study also has a number of limitations. First, although our sample sizes were larger 

than those typically included in other psychiatric functional imaging studies (Adler et al., 2004; 

Lagopoulos et al., 2007; Hamilton et al., 2009), primary tests of hypotheses collapsed across 

zygosity. It is possible that analyses splitting groups by zygosity may have been underpowered to 

detect subtle differences between MZ and DZ twins. Though co-twin groups showed 

hypoactivation and hypoconnectivity during WMem task performance relative to control subjects, 

there were no significant differences between MZ and DZ co-twins. Thus, we cannot definitely 

conclude a pattern of genetic inheritance, although results clearly indicate that non-affected co-

twins show physiological dysfunction in cortical regions and networks subserving WMem 

function. Larger samples of co-twins discordant for SZ and BP are needed in order to parse the 

genetic and environmental contributions to these disruptions.  

Second, interpretations regarding activation in regions of the default mode are limited in 

that our study did not include explicitly probe default mode activity using resting state data. The 

default network is thought to mediate task-independent brain function, comprising regions more 
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active during rest than during a wide range of cognitive tasks (Raichle et al., 2001; Greicus et al., 

2003). Future studies should include rest trials in addition to task-related trials in order to 

adequately assess possible anti-correlations between task-related and default-mode activity. As 

such, the findings of group differences in default-mode activity during retrieval phases should be 

interpreted with caution. Future studies with resting conditions would allow for the direct 

comparison of task-related and default-mode activation maps.  

Third, the task design employed in the current study did not parametrically vary WMem 

load, thereby precluding direct assessments of within- and between-group differences on the 

relationship between WMem capacity and BOLD activation. Analyzing individual loads (within-

subject) would allow for a more thorough assessment of functional-behavioral relationships and 

comparisons of between- and within-group effects. For example, some evidence suggests that 

WMem impairments in euthymic BP patients are increasingly pronounced across load (Pan et al., 

2011), suggesting that effects may have been stronger with larger memory set sizes. Given that 

we only examined a memory set size of three, it was not possible to assess individual differences 

in capacity with the current experimental paradigm. Future studies should consider task designs 

that parametrically vary load in order to assess WMem capacity at the individual subject level, 

probe group differences in the relationship between activation and performance more directly, 

and further explore the extent of WMem dysfunction associated with liability to illness across 

varying loads.   

 Additionally, our samples of SZ and BP probands had a relatively long duration of illness 

and a long history of medication use. It is unknown at present how medication history impacts 

BOLD response and connectivity of neural circuitry. While there were no differences between 

non-affected co-twins and control subjects on lifetime medication history in the current samples, 
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as expected, SZ and BP probands showed elevated rates of lifetime medication use. It is difficult 

to explicitly assess the impact of medication on BOLD response in the current study given that 

medication status is almost perfectly confounded with diagnostic group. However, previous 

findings of DLPFC hypoactivation in medication-free patients (Manoach, 2003; Scheuerecker et 

al., 2008; Phillips et al., 2008) suggest that the observed differences are likely not attributable to 

antipsychotics, although less is known about the impact of mood stabilizers on BOLD response. 

The findings of attenuated cortical alterations in BP co-twins compared with controls in the 

absence of medication differences suggests that study findings are likely unrelated to medication 

status. Nonetheless, the question of whether the observed findings are also present in the early 

stages of illness and whether observed functional deviations are related to medication history can 

be addressed by conducting similar studies in recent onset or unmedicated samples.  

 Finally, the delay trials of the stSCAP task in the current study were jittered and likely 

confounded with encoding and retrieval trials, possibly influencing BOLD response during these 

task phases. To explore the impact of the delay period on encoding and retrieval activation maps, 

we conducted a subanalysis in control subjects removing the delay regressor from the model. 

When delay trials were removed from the model, the canonical WMem network is activated by 

both encoding and retrieval trials, including the right DLPFC, bilateral precentral gyrus, and 

bilateral parietal cortex. This is in contrast to the retrieval map when the delay trials are modeled 

separately, which activates medial motor regions and the precuneus/posterior cingulate cortex. 

The encoding maps were equivalent in both models. Findings from this subanalysis indicate 

regions associated with encoding and retrieval phases are largely overlapping, with substantial 

overlap in the right DLPFC, bilateral precentral gyri, and bilateral parietal cortices. Encoding 

trials appeared to show increased activation in the occipital cortex compared with retrieval trials, 
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which is consistent with increased visual stimuli presented during this task phase. No regions 

showed distinctive activation during retrieval trials. This analysis was conducted in control 

subjects only in order to evaluate the impact of delay trials on encoding and retrieval maps, 

thereby preventing between-group comparisons at present. Future analyses will employ these 

models to estimate retrieval-related activity and assess between-group differences, with the 

caveat that leaving the delay period unmodeled essentially integrates maintenance-related 

activity with implicit baseline. 

It appears that the delay period jitter in the current task paradigm may be insufficient to 

accurately model retrieval-related activation. That is, due to their temporal adjacency to the 

retrieval regressors, the delay regressors appear to extend temporally into the probe period, 

possibly leaving retrieval estimates with only late probe-related activity plus the hemodynamic 

undershoot. This may explain the observed patterns of default mode activity during retrieval 

phases. As such, interpretations regarding retrieval-related activation should be taken with 

caution. Given this limitation, and in view of evidence supporting proband deficits specific to 

encoding aspects of WMem function (Glahn et al., 2006a; Bearden et al., 2006; Bachman et al., 

2009), primary comparisons in this study focused on encoding phases of WMem. Future studies 

should extend the delay period jitter in order to more accurately estimate retrieval-related activity.  

Conclusion 

In this study, we found evidence supporting endophenotypic overlap of physiological 

dysfunction as measured by functional activation and connectivity during WMem performance. 

As such, functional alterations during encoding phases of WMem appear to represent a shared 

feature of liability to SZ and BP. Specifically, we identified overlapping regions of 

hypoactivation and hypoconnectivity within fronto-parietal circuitry in probands and non-
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affected co-twins compared with controls, a pattern that appears to be related to a common 

pathogenesis shared by SZ and BP. Additionally, we observed hyperactivation of the default 

mode network in both proband groups compared with controls, suggesting that failure to 

effectively modulate this network during retrieval phases of WMem may be related to disease-

related factors shared across disorders. These findings are consistent with previous evidence 

indicating overlapping functional alterations in SZ and BP (e.g., Hamilton et al., 2009) and may 

inform models of neurobiological mechanisms underpinning the apparent biological overlap 

between SZ and BP, particularly in regards to encoding processes. In summary, this study 

provides evidence for WMem dysfunction as a key area of overlap between SZ and BP both at 

the endophenotypic level in terms of cortical alterations within fronto-parietal circuitry and at the 

phenotypic level in terms of poor task-related modulation of the default network. The elucidation 

of endophenotypic markers spanning diagnostic boundaries may inform genetic investigations, 

perhaps hastening the search for shared susceptibility genes. 
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Table 1. Sociodemographic Characteristics by Group 

Characteristic SZ Probands SZ Co-Twins BP Probands BP Co-Twins Controls Statistic df p-Value 

  (N=30) (N=40) (N=35) (N=31) (N=44)       

  Mean SD Mean SD Mean SD Mean SD Mean SD       
Age (years) 48.3 11.5 49.7 11.2 49.4 10.4 49.9 10.7 46.5 8.8 F = 1.35 4,40 0.27 

Education (years) 13.2 3.0 14.4 3.5 12.9 2.7 13.4 2.8 13.4 3.2 F = 1.00 4,33 0.38 

YMRS 1.7 2.7 0.7b 1.4 2.5a 3.8 1.0b 2.1 1.0b 2.5 F = 3.01 4,41 0.03 

HAM-D 8.2a 6.0 2.7c 2.7 4.7b 7.3 2.8c 4.6 1.9c 2.7 F = 9.60 4,41 < .01 

SAPS 18.4a 20.0 0.8b 1.8 2.6b 5.9 0.8b 2.3 0.6b 2.1 F = 25.02 4,41 < .01 

SANS 36.6a 24.6 5.8b 11.2 8.4b 13.5 2.5b 6.0 1.9b 3.9 F = 37.37 4,39 < .01 

GRF-Current 4.7c 1.4 7.6a 1.6 6.3b 1.5 7.8a 1.5 7.9a 1.4 F = 27.06 4,41 < .01 

  N % N % N % N % N %       
Female 10 33.3 17 42.5 21 60.0 19 61.3 24 54.5 F = 0.70 4,41 0.60 

Right-Handedness 24 80.0 35 87.5 32 91.4 30 96.8 40 90.9 F = 1.04 4,41 0.40 

Medication Status 
          

F = 7.54 3,38 < .01 

   Anti-Psychotic 19 63.3 1 2.5 10 28.6 1 3.2 0 0.0       

   Mood Stabilizer 1 3.3 0 0.0 8 22.9 0 0.0 0 0.0       

   Anti-Depressant 0 0.0 4 10.0 5 14.3 5 16.1 0 0.0       

   Other or None 10 33.3 35 87.5 12 34.3 25 80.6 44 100.0       

Note. Statistical tests are based on mixed effects models including twin pair as a random effect and diagnostic group as a fixed effect. 
Means with different superscripts differ significantly at at α < .05 by the Bonferroni multiple comparisons (e.g., a > b > c). Medication 
status was coded in a hierarchical manner according to severity (anti-psychotics > mood stabilizers > anti-depressants > other or none). 
Abbreviations: YMRS=Young Mania Ratings Scale; HAM-D=Hamilton Rating Scale for Depression; SAPS=Scale for the Assessment 
of Positive Symptoms; SANS=Scale for the Assessment of Negative Symptoms; GRF=Global Role Functioning. 
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Table 2. Single-Trial Spatial Capacity Working Memory Task Performance by Group 

 SZ Probands SZ Co-Twins BP Probands BP Co-Twins Controls F-Value df p-Value 

  (N=30) (N=40) (N=35) (N=31) (N=44)       

  Mean SD Mean SD Mean SD Mean SD Mean SD       

% Correct 70.6 9.1 76.4 11.4 70.1 9.8 74.9 8.1 74.2 10.4 4.13 4,859 < 0.01 

% Omissions 10.1 7.7 6.4 7.9 9.1 7.9 6.7 6.6 7.2 6.9 2.17 4,859 0.07 

RT-Correcta 1208.5 150.0 1154.7 187.8 1197.0 180.3 1149.1 196.0 1143.8 147.8 3.93 4,859 0.01 

Note. Means are based on raw scores. Statistical tests are based on mixed effects repeated measures models including twin pair as a 
random effect, age and sex as covariates, and diagnostic group and delay period as fixed effects. aInteraction term for sex by group was 
included in the model. RT-Correct=Reaction Time for Correct Trials.  
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Table 3. Task-Specific Within-Group Activation Coordinate Locations of Clusters and Local Z-Maxima 

    
MNI Peak 

Coordinates       

Task Phase Contrast X Y  Z No. voxels pcorrected Z max 
Encoding > Retrieval SZ Probands 34 -58 -18 1509 8.34E-07 4.60 

50 -38 42 1486 9.54E-07 5.27 
-32 -64 -14 1020 5.30E-05 4.42 
-50 -34 40 879 1.99E-04 4.56 

SZ Co-Twins 34 -54 -18 21707 1.40E-45 6.66 
54 10 26 1176 1.32E-05 4.82 

BP Probands 32 -70 36 21084 9.81E-45 6.41 
-56 2 22 550 5.98E-03 4.39 

BP Co-Twins 28 -66 50 15991 5.07E-37 6.43 
54 6 24 477 1.38E-02 4.60 

Controls 32 -68 26 21589 1.40E-45 6.99 
50 8 28 2560 3.75E-10 5.88 

    4 14 50 1731 1.19E-07 4.90 
Retrieval > Encoding SZ Probands 4 -60 30 2591 3.04E-10 5.80 

6 58 -4 1864 5.96E-08 4.37 
SZ Co-Twins - - - - - - 
BP Probands -6 -56 16 820 3.54E-04 4.99 

-6 56 -8 814 3.75E-04 4.01 
BP Co-Twins 8 56 14 698 1.21E-03 3.69 

0 -44 32 406 3.23E-02 3.52 
Controls -2 48 -10 948 1.03E-04 5.50 

    0 -48 30 458 1.73E-02 3.60 
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Table 4. Results of Discriminant Function Analysis  

ROI entered in 
discriminant analysis 

Correlation with 
discriminant function 

F (df) 

rPAR 0.801 4.34* (4,175) 

rDLPFC 0.749 3.78* (4,175) 

lPAR 0.299 2.27 (4,175) 

lDLPFC 0.169 1.86 (4,175) 

          Canonical R 0.265 

          Eigenvalue 0.076 

          χ2 18.717* (df = 16) 

          % variance 79.7   
Note. *p < .05. Abbreviations: ROI=region-of-interest; rPAR=right parietal 
cortex; rDLPFC=right dorsolateral prefrontal cortex; lPAR=left parietal 
cortex; lDLPFC=left dorsolateral prefrontal cortex. 
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Table 5. Peak Coordinates of Clusters and Local Maxima from Whole-Brain Functional Connectivity Analyses with Four Seed Regions 

  rDLPFC   rPAR   lDLPFC   lPAR 

  
MNI 

Coordinates       
MNI 

Coordinates       
MNI 

Coordinates       
MNI 

Coordinates     

Contrast X Y  Z pcorrected Zmax   X Y  Z pcorrected Zmax   X Y  Z pcorrected Zmax   X Y  Z pcorrected Zmax 

SZ > Control - - - - - - - - - - - - - - - - - - - - 

Control > SZ -54 -16 -14 2.60E-02 4.24 - - - - - - - - - - - - - - - 

SZ Co-Twin > Control - - - - - - - - - - - - - - - - - - - - 

Control > SZ Co-Twin -24 -78 36 3.10E-02 3.78 - - - - - 4 -64 48 1.79E-07 4.25 - - - - - 

46 -50 36 8.81E-03 4.45 

BP > Control - - - - - 58 4 16 4.55E-02 3.92 -14 -58 12 9.49E-03 3.52 - - - - - 

Control > BP - - - - - - - - - - - - - - - - - - - - 

BP Co-Twin > Control - - - - - - - - - - - - - - - - - - - - 

Control > BP Co-Twin - - - - - - - - - - -12 -70 40 9.03E-03 3.92 - - - - - 

54 -72 -2 2.94E-02 3.57 

SZ > BP - - - - - - - - - - - - - - - - - - - - 

BP > SZ - - - - - - - - - - - - - - - -12 52 -4 5.96E-08 4.59 

SZ Co-Twin > BP Co-Twin - - - - - - - - - - - - - - - - - - - - 

BP Co-Twin > SZ Co-Twin - - - - -   - - - - -   - - - - -   - - - - - 

Note. Seed regions selected to characterize the working memory network. Coordinates displayed were statistically significant at Z > 2.3, p 
< .05, cluster-corrected. Abbreviations: rPAR=right parietal cortex; rDLPFC=right dorsolateral prefrontal cortex; lPAR=left parietal 
cortex; lDLPFC=left dorsolateral prefrontal cortex. 



 

 73

 

Figure 1. Single-Trial Spatial Capacity Working Memory Task Paradigm. Participants were 

shown three yellow target circles positioned pseudo-randomly around a central fixation. After a 

jittered delay period, participants were shown a single green probe circle and were asked to 

determine if the green probe circle was in the same position as one of the yellow target circles. 

The task was comprised of 26 trials; half were true positive (correct answer ‘yes’) trials and the 

other half were true negative (correct answer ‘no’) trials.  
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Figure 2. Functional Regions-of-Interest. Derived from the all subjects, all trial types contrasts 

to allow each group to contribute to the definition of the region-of-interest (ROI). The t-statistic 

map for this contrast was thresholded at T∞  > 1.96 (2-tailed, p < .05). From this thresholded map, 

the peak activation voxels were identified using Brodmann’s and anatomical landmarks, and a 

6mm sphere was applied. Four ROIs were selected to characterize the working memory network 

(bilateral dorsolateral prefrontal cortex in yellow and bilateral parietal cortex in blue) and two to 

characterize the default-mode network (medial prefrontal cortex and precuneus/posterior 

cingulate cortex in red). L=left; R=right; A=anterior; P=posterior.  
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Figure 3. Working Memory Task Phase Effects. Regions showing significant activation in 

encoding relative to retrieval trials are shown in red. Regions showing significant activation in 

retrieval relative to encoding trials are shown in blue. Statistical maps derived across all groups 

and thresholded at Z > 2.3, p > 0.05, cluster corrected. 
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Figure 4. Regional Activation of Controls > Bipolar Probands > Schizophrenia Probands 

during Encoding Trials. Statistical map derived from a linear contrast and displayed at Z > 2.3, 

p > 0.05, cluster corrected. Color bar indicates Z statistic values. L=left; R=right.  
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Figure 5. Regional activation associated with liability to illness during encoding trials. Panel 

A shows Controls > Schizophrenia Co-twins > Schizophrenia Probands. Panel B shows Controls 

> Bipolar Co-twins > Bipolar Probands. Statistical maps derived from linear contrasts and 

thresholded at Z > 2.3, p > 0.05, cluster corrected. Color bar indicates Z statistic values. L=left; 

R=right.  



 

Figure 6. Relationship between 

Dorsolateral Prefrontal Cortex during Encoding Trials

percent signal change in the rDLPFC

encoding trials with behavioral p

interaction between the slopes of the relationship of performance and BOLD signal.
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Relationship between Behavioral Performance and Activation in the Right 

Dorsolateral Prefrontal Cortex during Encoding Trials. Regression analysis predicting 

he rDLPFC (BA 9, MNI Coordinates: [42, 34, 24]) during 

oral performance. Group differences were examined using the 

interaction between the slopes of the relationship of performance and BOLD signal.

 
Behavioral Performance and Activation in the Right 

. Regression analysis predicting 

during successful 

erformance. Group differences were examined using the 

interaction between the slopes of the relationship of performance and BOLD signal.  
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Figure 7. Reduced Fronto-Parietal Connectivity among Non-Affected Co-Twins Relative to 

Control Subjects. Overlayed functional connectivity maps for Controls > Schizophrenia Co-

Twins (shown in blue) and Controls > Bipolar Co-Twins (shown in red). Top row shows 

functional connectivity with the right dorsolateral prefrontal cortex (DLPFC). Bottom row shows 

functional connectivity with the left DLPFC. Statistical maps are thresholded at Z > 1.96, p-

corrected < .05 for visualization. 
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Figure 8. Overlapping Encoding-Based Deviations from Control Subjects among 

Individuals Carrying Liability for Schizophrenia and Bipolar Disorder. Overlayed encoding 

maps for Controls > Schizophrenia Liability (shown in blue) and Controls > Bipolar Liability 

(shown in red). Statistical maps are thresholded at Z > 2.3, p > 0.05, cluster corrected. 
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