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Abstract

Introduction—Bipolar disorder is characterized by recurring episodes of depression and mania. 

Defining differences in brain function during these states is an important goal of bipolar disorder 

research. However, few imaging studies have directly compared brain activity between bipolar 

mood states. Herein, we compare functional magnetic resonance imaging (fMRI) responses during 
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a flashing checkerboard stimulus between bipolar participants across mood states (euthymia, 

depression, and mania) in order to identify functional differences between these states.

Methods—40 participants with bipolar I disorder and 33 healthy controls underwent fMRI 

during the presentation of the stimulus. A total of 23 euthymic-state, 16 manic-state, 15 depressed-

state, and 32 healthy control imaging sessions were analyzed in order to compare functional 

activation during the stimulus between mood states and with healthy controls.

Results—A reduced response was identified in the visual cortex in both the depressed and manic 

groups compared to euthymic and healthy participants. Functional differences between bipolar 

mood states were also observed in the cerebellum, thalamus, striatum, and hippocampus.

Conclusions—Functional differences between mood states occurred in several brain regions 

involved in visual and other sensory processing. These differences suggest that altered visual 

processing may be a feature of mood states in bipolar disorder.

Limitations—The key limitations of this study are modest mood-state group size and the limited 

temporal resolution of fMRI which prevents the segregation of primary visual activity from 

regulatory feedback mechanisms.
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1. Introduction

Bipolar I disorder is a psychiatric illness characterized by intermittent episodes of depressed 

and manic mood states as well as periods of euthymia when mood is normal (American 

Psychiatric et al., 2013; Mitchell and Malhi, 2004). However, the vast majority of imaging 

studies have only examined participants during the euthymic state and only a handful of 

studies have looked at participants during bipolar depression (Altshuler et al., 2008; Cerullo 

et al., 2014; Cerullo et al., 2012; Chen et al., 2006; Diler et al., 2013; Li et al., 2015; Liu et 

al., 2012; Pomarol-Clotet et al., 2015), mania (Cerullo et al., 2012; Chen et al., 2006; Chen 

et al., 2010; Strakowski et al., 2011), or have compared these mood states directly with each 

other (Cerullo et al., 2012; Chen et al., 2006; Chen et al., 2010; Li et al., 2015; Liu et al., 

2012; Pomarol-Clotet et al., 2015). Because bipolar disorder is accompanied by deficits in 

executive function (Strakowski et al., 2004; Strakowski et al., 2005a), emotional processing 

(Chen et al., 2006; Lawrence et al., 2004; Mitchell and Malhi, 2004), and emotional 

regulation (Chen et al., 2011; Phillips et al., 2008), most imaging studies have been devoted 

to identifying neural correlates of these deficits using a variety of behavioral tasks that 

interrogate executive function and limbic processes. Consequently, neuroimaging studies of 

bipolar disorder have primarily implicated brain regions in the prefrontal cortex, limbic 

system, and basal ganglia (Chen et al., 2011; Keener and Phillips, 2007; Strakowski et al., 

2012; Strakowski et al., 2005b). Thus, there is a paucity of knowledge about brain function 

and dysfunction in bipolar disorder across mood states and in broad domains of brain 

activity.
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An emerging body of imaging research into bipolar disorder suggests impairment in sensory 

processing networks (Javitt, 2009; Veer et al., 2010). These findings suggest that psychiatric 

disorders may result from disruptions early in sensory processing rather than from deficits in 

higher-order processing networks. Deficits in early sensory processing including reduced 

visual evoked potentials (VEP) (Elvsashagen et al., 2012; Liu et al., 2014; Nazhvani et al., 

2013; Yeap et al., 2009) and auditory-evoked potentials such as the P50 (Morla-Sanchez et 

al., 2008) have been identified using electroencephalography (EEG). These findings suggest 

that there may be functional differences between people with bipolar disorder and healthy 

controls within the visual cortex and other visual processing areas. Few imaging studies have 

attempted to assess functional responses to visual stimuli in bipolar disorder. However, one 

MR spectroscopy study used a flashing pinwheel stimulus to assess metabolic differences in 

bipolar disorder and found abnormal rates of change in ATP and phosphocreatine levels in 

the occipital cortex (Yuksel et al., 2015). These findings suggest abnormal bioenergetics may 

underlie functional differences in brain activity and, taken together with the EEG findings 

suggest that disrupted brain function in bipolar disorder may occur on a more fundamental 

level than previously thought, impairing both sensory processing and perception.

For assessing sensory processing and perception, the flashing checkerboard paradigm offers 

a number of advantages. First, this paradigm evokes robust responses (Drobyshevski et al., 

2006), thus increasing sensitivity to detect even subtle differences in brain function. Second, 

because no complex motor or cognitive tasks are required, responses are likely to exhibit 

less interference from non-visual brain circuits. Similarly, because the flashing checkerboard 

should not evoke emotive content, it therefore avoids emotion-related confounds. Finally, 

because the flashing checkerboard places little demand on subjects, the paradigm is well-

suited for imaging more symptomatic participants, particularly those experiencing mania.

The purpose of this study was to determine whether the activity of visual processing 

networks is altered in people with bipolar disorder versus healthy controls. We hypothesized 

that people with bipolar disorder would exhibit reduced functional activation in vision 

processing circuits, which would indicate deficits in early sensory processing in bipolar 

disorder. We also explored whether any such differences are state or trait characteristics of 

bipolar disorder by contrasting functional responses to the flashing checkerboard paradigm 

between participants in different mood states (euthymia, depression, and mania).

2. Methods

2.1 Participants

A total of 40 people with bipolar disorder and 33 healthy controls with no history of 

psychiatric illness balanced for age and gender participated in this fMRI study conducted 

between July 2012 and April 2015. We previously published data from this sample in 

Johnson et al. (Johnson et al., 2015a) and Johnson et al. (Johnson et al., 2015b). All 

participants provided written informed consent according to the study protocol approved by 

the University of Iowa Institutional Review Board. Potential participants were excluded for a 

history of brain damage, neurological problems, seizure disorder, heart problems, lung 

disease, alcohol or drug dependence, or contraindications for MRI including pregnancy. 

Healthy controls were also excluded if they had a history of a DSM-IV-TR Axis I or Axis II 
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psychiatric disorder. The diagnosis for the participants in the bipolar disorder group was 

confirmed by psychiatric evaluation (JGF) using DSM-IV-TR diagnostic criteria. 

Participants with bipolar I disorder underwent imaging during one or more distinct disease 

states: euthymia (E), depression (D), and/or mania (M). Subsamples of these participants 

have previously been described (Fiedorowicz et al., 2015; Johnson et al., 2015a). The mood 

state was assessed using the Montgomery-Asberg Depression Rating Scale (MADRS) 

(Montgomery and Asberg, 1979) and the Young Mania Rating Scale (YMRS) (Young et al., 

1978). For the purposes of this study, we defined mania as YMRS ≥ 20, depression as 

MADRS > 20, and euthymia as YMRS ≤ 12 and MADRS < 10 at the time of the fMRI 

session.

A total of 91 imaging sessions were acquired of which five sessions were excluded from this 

analysis based upon insufficient participant responses to the stimulus, leaving a total of 86 

sessions which were used for cross-sectional comparisons between groups. Participant 

demographics for these 86 sessions are summarized in Table 2, which included 23 euthymic 
group sessions (13 male; 10 female; mean age = 40 ± 13 years), 15 depressed group sessions 

(8 male; 7 female; mean age = 45 ± 12 years), 16 manic group sessions (9 male; 7 female; 

mean age = 39 ± 14 years), and 32 healthy control sessions (19 male; 13 female; mean age = 

42 ± 13 years). Of the 40 participants with bipolar I disorder, nine were imaged in two mood 

states (6 E,D; 2 D, M; 1 E, M) and three were imaged in all three mood states. The ordering 

of these repeated sessions is shown in Supplemental Table 1. A mixed-effect regression 

model was used to account for these repeated sessions. Participants with bipolar disorder and 

healthy controls did not differ with regard to age, sex, race, ethnicity, or handedness. 

However, healthy controls had significantly more years of education (Table 1).

2.2 Imaging Protocol

Participants were imaged using a Siemens TIM Trio 3T MRI system (Siemens Healthcare; 

Erlangen, Germany) and a vendor-provided 12-channel head receive coil. First, high-

resolution T1- and T2-weighted anatomical images were acquired in order to calculate 

transformations to register individual participant brain images to a common atlas space. T1-

weighted imaging parameters were: coronal 3D MP-RAGE; field-of-view = 256×256×256 

mm3; sampling matrix = 256×256×256; resolution = 1.0 mm3; TR = 2530 ms; TE = 2.8 ms; 

TI = 909 ms; flip angle = 10°; BW = 180 Hz/px; and R=2 GRAPPA. T2-weighted imaging 

parameters were: sagittal 3D SPACE; field-of-view = 260×228×176 mm3; sampling matrix 

= 256×230×176; resolution = 1.0 mm3; TR = 4000 ms; TE = 406 ms; BW = 592 Hz/px; 

turbo factor = 121; slice turbo factor = 2; and R = 2 GRAPPA. Second, BOLD fMRI was 

performed using a T2*-weighted single-shot gradient-echo echo planar imaging with 

parameters: voxel size = 3.4×3.4×4.0 mm3; field-of-view = 220×220 mm2; sampling matrix 

= 64×64; # slices = 30; slice thickness/gap = 4.0/1.0 mm; TR = 2000 ms; TE = 30 ms; BW = 

2004 Hz/px; fat saturation; and 140 measurements.

The flashing checkerboard stimulus utilized a block design with three flashing checkerboard 

blocks and four rest blocks (Supplemental Figure 1). The paradigm began with a rest block 

and then alternated between the flashing checkerboard and rest conditions. Each was 40 s in 

duration. During the rest condition, the screen was left black, while during the flashing 
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checkerboard condition, a black and white checkerboard pattern was alternated with its 

inverse at a rate of 4 Hz. A red square (target) was briefly presented in the center of the 

screen every 4 s throughout the flashing checkerboard blocks, and participants were asked to 

press a button in response in order to ensure that the participants were awake. Two runs of 

the functional paradigm were acquired for each participant for each of the 91 imaging 

sessions.

2.3 Image Processing

Between-participant registration of the percent activation maps was carried out by first using 

each participant’s T1- and T2-weighted anatomical images to calculate a deformable 

transformation to a common brain atlas (Halle et al., 2013) using BRAINS Auto Workup 

(Pierson et al., 2011) and Advanced Normalization Tools (Avants et al., 2011) After aligning 

the percent activation map to the T1-weighted anatomical image using AFNI, the 

deformable transformation was then applied to align all participants’ percent activation maps 

in the common atlas space, thereby allowing voxel-wise group analyses.

Functional MRI data was processed using AFNI (AFNI_2011_12_21_1014 compiled in 

September, 2015) (Cox, 1996) in order to evaluate the percent activation map in response to 

the visual stimulus for each participant. Pre-processing included skull-stripping, de-spiking, 

spatial Gaussian smoothing (5.0 mm full-width-at-half-maximum), and co-registration with 

the high-resolution T1-weighted anatomical images (including interpolation of the 

calculated percent activation maps to 1 mm3 voxels).

The time series images from both runs for each participant were fit voxel-wise using a 

general linear model that included a hemodynamic response function model based on the 

stimulus block design and nuisance regressors for second-order baseline fluctuations as well 

as six degrees of motion using AFNI. The voxel-wise general linear model was used to 

determine the beta coefficient between the hemodynamic response function and BOLD 

signal. A percent activation map was then generated by normalizing this beta coefficient 

with the zeroth-order baseline coefficient.

2.4 Statistical Analysis

Demographic information and behavioral performance were analyzed using a t-test for 

continuous variables and a chi-square test for categorical variables implemented in 

MATLAB (R2015a). Groups were treated as independent in these analyses.

Group contrasts of percent signal change were performed using a linear mixed model 

implemented using the fitlme function in MATLAB. In order to test whether it was 

meaningful to compare mood-state group differences, we first performed an omnibus 

statistical test on all participants using a full regression model that included a variable for 

each of the three mood-state groups as well as covariates for age and sex and a reduced 

model that only included the age and sex covariates. For each voxel, we compared these two 

models using a likelihood ratio test with three degrees of freedom and only voxels where 

these two models were significantly different (p < 0.05) were included and non-significant 

voxels were excluded from between-mood-state-group contrasts.
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Contrasts between groups were performed using separate regression models for each 

comparison. These models included a single variable for group as well as age and sex 

covariates. Additionally, a random effect for participant (intercept only) allowed the analysis 

to account for some participants being imaged in multiple mood states. At each voxel, a two-

tailed t-statistic and p-value were calculated for each fixed variable. A cluster-based 

correction method was utilized by calculating an appropriate threshold volume for α= 0.05 

with the 3dClustSim function in AFNI. Group contrast images were then thresholded at a 

cluster (2.309 cm3) level significance of p < 0.05. These clusters were then registered to the 

Montreal Neurological Imaging (MNI) atlas (Evans et al., 1993) using an affine transform 

implemented in AFNI.

3. Results

3.1 Bipolar Disorder vs. Healthy Controls

A whole-brain voxel-wise analysis approach was used in order to identify differences in 

functional activation during the flashing checkerboard paradigm between participants with 

bipolar disorder and healthy controls (Figure 1 and Table 2). Grouped together, the 

participants with bipolar disorder exhibited a decreased functional response compared to 

controls in bilateral visual areas including the cuneal cortex and the occipital pole (Figure 

1a).

3.2 Mood State Contrasts

We then compared functional activity during the flashing checkerboard paradigm between 

mood-state groups (euthymic, depressed, manic) and between mood-state groups and 

healthy controls. We found no significant differences in functional activity in the contrast 

between the euthymic group and healthy controls nor did we find significant differences in 

the contrast between the depressed and manic groups. However, mood-state sensitive 

differences in functional activity were present between both the manic and depressed group 

versus healthy controls and between both the manic and depressed groups versus the 

euthymic group. These differences were present in a set of brain regions including visual 

areas, thalamus, striatum, hippocampus, cerebellum, and supramarginal gyrus (Figure 1b–e, 

Table 2). These differences are described below:

Visual Areas—Both the depressed and manic groups exhibited decreased activity in visual 

areas compared with healthy controls. There were no differences in visual areas between 

these groups versus the euthymic group.

Thalamus—Functional activity was significantly lower in both the depressed and manic 

groups in bilateral thalami when compared with healthy controls. When compared with the 

euthymic group, functional activation in the thalamus was reduced in only the right 

hemisphere in both the depressed and manic groups.

Cerebellar Vermis—Both the depressed and manic groups exhibited decreased functional 

activity within the cerebellar vermis when compared with healthy controls. The depressed 

group did not differ from the euthymic group in the cerebellum, but the manic group showed 
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decreased functional activity in the cerebellar vermis in a cluster that also included adjacent 

areas of the left posterior lobe.

Striatum and Hippocampus—The manic group had decreased functional activity in 

bilateral striatum and hippocampus when compared with healthy controls. There were no 

significant differences in these regions in other contrasts.

Right Supramarginal gyrus—Decreased functional activity was present in the manic 

group compared with the healthy control group in the right supramarginal gyrus.

Left Posterior Forceps—A cluster of significantly reduced functional activity was 

present in the manic and depressed groups compared with the euthymic group in a white 

matter region located immediately posterior to the left lateral ventricle.

3.3 Behavioral Performance

Participants were instructed to press a button in response to a red square (target) presented 

periodically in the center of the checkerboard. We quantified responses in terms of hits 

(responding when target present), misses (no response to target), latency (time from target 

presentation to response), and false positives (responses when the target was absent). Groups 

did not differ in terms of hits, misses, or latency (Supplemental Tables 2, 3), however the 

number of false positives was significantly greater in the bipolar disorder group compared to 

the healthy control group, suggesting a tendency towards disinhibition or hyperactivity in the 

participants with bipolar disorder. The increase in false positive responses was observed in 

all of the bipolar subgroups, and thus occurred regardless of mood state.

4. Discussion

This study is unique in investigating functional differences in the processing of visual 

stimuli between mood states in bipolar disorder. Briefly, our results showed a reduction in 

stimulus-related activation in visual cortex in bipolar disorder compared with healthy 

controls. However, mood-state dependent differences in functional activity were observed in 

a greater number of other brain regions including the cerebellum, thalamus, and striatum 

while functional activity in these areas during the euthymic state was indistinguishable from 

healthy controls.

The flashing checkerboard paradigm produced robust activation in visual areas including the 

cuneal cortex and occipital pole. While differences in metabolic markers (Yuksel et al., 

2015) and evoked response potentials have been identified in bipolar disorder (Elvsashagen 

et al., 2012; Liu et al., 2014; Nazhvani et al., 2013; Yeap et al., 2009) in response to visual 

stimulation, these prior studies have not explored a relationship between functional 

abnormalities in visual areas and mood state in bipolar disorder. We identified group 

differences in these regions not only between bipolar disorder and healthy control groups, 

but also between both the depressed and manic states and the euthymic state. Our findings 

suggest that abnormal visual processing, evidenced by reduced functional activity, may be a 

previously unknown feature of mood states in bipolar disorder.
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It remains unclear whether the reduced functional responses in visual cortices represent 

disruptions that are primary to these regions or whether they reflect differences in regulatory 

feedback to the visual cortex from other brain regions. There is some evidence for volume 

reductions in the occipital cortex in Bipolar disorder (Abé et al., 2016), which might explain 

the reduction in functional activity observed in this study, however preliminary volume 

analyses of our participant sample did not reveal any significant volume differences 

(unpublished data). Furthermore, it is unlikely that volume changes would be present 

between participants in different mood-states. An increased role for occipital connectivity 

has been observed in seasonal affective disorder (Borchardt et al., 2015) and decreased 

GABA and increased glutamate in visual areas has been observed in major depression 

(Sanacora et al., 2004), suggesting that increased baseline connectivity and diminished 

regulatory feedback in occipital regions may be associated with mood symptoms. Similarly, 

prior EEG findings suggest a role for attention mechanisms, as the P1 component of the 

visual evoked potential, (Luck et al., 1994), which has been shown to be reduced in bipolar 

disorder (Elvsashagen et al., 2012; Liu et al., 2014; Nazhvani et al., 2013; Yeap et al., 2009). 

Taken together, such studies support the notion that the bipolar disorder-related differences 

in activation observed in this study occur due to impaired feedback mechanisms. It may 

therefore be important that these differences were present in both the depressed and manic 

states, but not in the euthymic state, as this suggests that periodic failures in the regulation of 

sensory information may underlie transitions between euthymia and active mood-states.

Similarly, previous studies have identified cortical thinning in the right supramarginal gyrus 

(Hatton et al., 2013) as well as reduced functional activity in response to visual attention, 

verbal fluency, and emotion processing tasks (Hatton et al., 2013; Sepede et al., 2015). In 

light of these findings, we might expect that reduced activity in the right supramarginal 

gyrus during the flashing checkerboard stimulus is related to deficits in visual attention.

Numerous previous studies have identified thalamic and striatal abnormalities in bipolar 

disorder including increased tissue volume (Aylward et al., 1994; Strakowski et al., 2005b; 

Strakowski et al., 1999), increased functional signal (Blumberg et al., 2003; Blumberg et al., 

2000; O'Connell et al., 1995; Strakowski et al., 2005b), and increased metabolism (Ketter et 

al., 2001). Furthermore, reward tasks have found increased reward-related activity within the 

striatum in bipolar disorder (Caseras et al., 2013; Mason et al., 2014; Pacifico and Davis, 

2016).

Our findings showed reduced task-related activity in the thalamus and striatum in the 

depressed and manic groups compared with healthy controls and with the euthymic group. 

Closer examination of the mean percent signal change in these areas indicates that this 

occurs due to diminished activation of these regions in the depressed group and a slight 

deactivation of these areas in the manic group in response to the flashing checkerboard 

stimulus. Given that prior studies suggest elevated baseline levels of activity within these 

regions, it is possible that mood-state related reductions in activity within these regions are 

due to a ceiling effect on BOLD signal due to these regions being constitutively active. We 

also found a similar reduction in activity within the hippocampus. These three regions are 

known to play a role in attention and salience (Goldfarb et al., 2016; Kermadi and 

Boussaoud, 1995; Portas et al., 1998; Rees, 2009), and so altered functional activity within 
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these regions may also be consistent with the presence of altered visual attention in bipolar 

disorder. Alternatively, these regions are also involved in regulating mood (Cardinal et al., 

2002; Haber and Calzavara, 2009; Hare et al., 2005; Phelps, 2004; Vertes, 2006) and so 

elevated baseline activity and diminished task-related activity may instead be a reflection of 

altered mood regulation during depressed and manic mood states.

Functionally, the cerebellum has been traditionally thought of as being primarily involved in 

motor function and timing, and functional deficits in postural control (Bolbecker et al., 

2011b), finger tapping (Bolbecker et al., 2011a), and eye blink conditioning (Bolbecker et 

al., 2009) have been observed in bipolar disorder. However, a role for the cerebellum in 

emotion processing is now also being appreciated (Konarski et al., 2005; Schmahmann and 

Caplan, 2006; Schmahmann and Sherman, 1998). Previous studies by our group have shown 

elevated cerebellar T1ρ in bipolar disorder (Johnson et al., 2015a, b) and others have shown 

reduced volume in the cerebellar vermis that is associated with the number of previous 

manic episodes (DelBello et al., 1999; Monkul et al., 2008; Strakowski et al., 2002; 

Strakowski et al., 2005b). Other cerebellar abnormalities have also been observed in bipolar 

disorder including altered neurochemistry in the offspring of people with bipolar disorder 

(Singh et al., 2011) and altered sex-linked morphology (Womer et al., 2009). Our findings 

here showed mood-state related reductions in functional activity within the cerebellar vermis 

that were most pronounced in the manic group but were also present in the depressed group 

compared with healthy controls. Taken together, these findings suggest that the cerebellum is 

affected by bipolar disorder and may be a key region involved in regulating mood state, 

particularly manic episodes.

4.1 Limitations

While our findings suggest that alterations in sensory processing networks are present in 

bipolar disorder and that these differences are mood-state dependent, there are several 

limitations to this approach. First, the size of the bipolar disorder mood-state groups was 

modest.

One limitation of the flashing checkerboard paradigm used in this study is the predictable 

frequency of the target stimuli, which may require less attention than an unpredictably timed 

target. We were nonetheless able to achieve the desired robust functional activation of visual 

areas in all participants suggests that this did not occur. Furthermore, response latencies did 

not differ between groups, suggesting that all groups were performing the task in a similar 

fashion.

Nearly all participants in the bipolar group were being treated by multiple classes of 

medications; however our study had too few participants to disentangle their effects. 

However, the break-down of medication use by class (lithium, anti-convulsants, anti-

depressants, anti-psychotics, and sedative/hypnotics) was similar across mood state groups 

(Table 1) except increased utilization of anti-depressants in participants in the depressed 

mood state as compared to the manic mood state and increased utilization of anti-psychotics 

during the manic mood state as compared to euthymia. Targeted enrollment of participants 

based on use of a specific medication could help mitigate this limitation, but at the cost of 

generalizability to individuals receiving other treatments. Likewise, a dedicated within-
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subjects longitudinal design may help better control for medication effects (particularly 

chronic effects). However, addressing this through a longitudinal design remains 

challenging, as only a portion of bipolar disorder participants transition between mood states 

in a given period of time and with these transitions, changes in medication are common.

Finally, these studies tested only a single sensory modality. It would be of interest to discern 

whether the observations herein are restricted to vision or whether they extend to other 

sensory modalities. Auditory stimuli might be ideal, as they can also be easily performed in 

an MRI machine and EEG studies of bipolar disorder have shown deficits in early auditory 

potentials such as the P50 (Morla-Sanchez et al., 2008).

4.2 Conclusion

We identified reduced functional activity in several brain areas in bipolar disorder in 

response to a flashing checkerboard stimulus. These reductions were sensitive to mood state, 

occurring in the depressed and manic states, but not during euthymia. These regions 

included visual areas, thalamus, striatum, hippocampus, cerebellum, and supramarginal 

gyrus. Taken together, these differences suggest that visual attention may be altered in 

bipolar mood states. Further investigation in other sensory modalities and in other illnesses 

such as major depression, schizophrenia, or ADHD may clarify the role of sensory 

processing and attention underlying physiology of bipolar mood states and may reveal 

distinguishing or shared features of these separate illnesses.
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Figure 1. 
Functional differences between the bipolar group and healthy controls (A), between the 

depressed group and healthy controls (B), between the manic group and healthy controls 

(C), between the depressed group and the euthymic group (D), and between the manic group 

and the euthymic group (E) overlaid on MNI space. Colors reflect t-statistic value as shown 

in color bar. Images are thresholded at p < 0.05 based on cluster-based family-wise error 

correction. Areas where Group 1 exhibit reduced activation compared to Group 2 are shown 

in blue.
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