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ABSTRACT 

Human Orbitofrontal-Striatum Functional Connectivity Strength 
Reflects Cognitive Control in Behavioral Persistence 

 

Young-Chul Jung 
 

Department of Medicine  
The Graduate School, Yonsei University  

 

(Directed by Professor Kee Namkoong) 

 

The degree which an individual continues to maintain a behavior strategy 

varies widely, but the neural basis of cognitive control in behavioral 

persistence is still unclear. We investigated the functional connectivity 

between the orbitofrontal cortex and the striatum during a decision-making 

task using functional MRI in twenty-four healthy participants. The lateral 

orbitofrontal cortex showed connectivity with the dorsal and ventral striatum, 

whereas the medial orbitofrontal cortex showed connectivity with the 

amygdala, the cingulate cortex and the ventral striatum. The functional 

connectivity strength between the medial orbitofrontal cortex and the ventral 

striatum correlated with the number of persistent responses. The top-down 

control of the medial orbitofrontal cortex to the ventral striatum appears to be 

a critical component of the individual differences in addressing uncertain 

conditions. 

 

 

--------------------------------------------------------------------------------------------- 

Kew words: Persistence, Orbitofrontal cortex, Striatum, Functional 

connectivity 
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1. INTRODUCTION 

Persistence refers to the degree which an individual continues to maintain a 

behavior strategy in the absence of immediate reward. Persistence should be 

regarded as an adaptive behavior strategy, when rewards are intermittent but 

contingencies remain stable. However, when contingencies change rapidly, 

persistence might turn out to be rigid and even maladaptive (Svrakic and Cloninger 

2005). Therefore, an uncertain situation poses a conflict between maintaining a 

behavior strategy and switching to another one, which might be more valuable or 

stable. Even under the same situations, the strategy for addressing uncertainty varies 

widely in human subjects (Stanovich and West 2000; Sutton and Barto 1998). 

 Persistence has been extensively studied through paradigms that usually 

investigated how the schedule of reinforcements determines the persistence of 

behavior and have shown that the medial prefrontal cortex and its connections with 

the nucleus accumbens are significantly involved in the resistance to extinction (Tai 

et al. 1991; Yee 2000). From a different angle, some investigators proposed that 

persistence reflects the interaction between the individual's expectations and 

attributions about the reinforcement and emphasized the influence of cognitive 

processing and personality traits on persistence (Pittenger 2002). Based on the latter 

viewpoint, Gusnard et al. (2003) showed that individual differences in persistence 

were related with specific areas in the orbitofrontal cortex (OFC) and the ventral 
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striatum, which was compatible to the regions identified in nonhuman primates, and 

has been related to behavioral persistence. 

 Although the functional integrity between the OFC and the ventral striatum 

has been proposed to be a critical component of behavioral persistence in animal 

studies, this has not been demonstrated in human subjects. We investigated the 

interaction between the OFC and the ventral striatum by using functional 

connectivity magnetic resonance imaging (MRI) analysis. Functional connectivity 

has been proposed to reflect structural connectivity (Kim et al. 2008), yet the 

strength of functional connectivity seems to vary depending on the stage of task and 

be affected by the magnitude of top-down control (Gazzaley et al. 2007). We 

hypothesized that the functional connectivity strength between the OFC and the 

ventral striatum would reflect the cognitive processing in order to maintain a 

behavioral strategy and underlie the individual indifferences of behavioral 

persistence. 

 

II. METHODS 

1. Subjects 

Twenty-four healthy volunteers (aged 24-36, 14 male) were included in our 

study. The mean age was 30.4 years old (SD 3.2 years, range 24-36). All 

participants were screened for past or present history of medical, neurological and 

psychiatric illnesses during an interview session using the Structured Clinical 

Interview for the DSM-IV (First et al. 1995). After a complete description of the 

study was provided to the participants, written informed consent was obtained. Our 

study was carried out under the guidelines for the use of human subjects established 

by the Institutional Review Board at Severance Mental Health Hospital, Yonsei 

University. 

 

2. Stimuli and experimental design 

Figures of coins were used as visual stimuli (Figure 1). The participants were 

instructed to guess whether the total number of coins was 'odd' or 'even', while each 
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response was immediately followed by a feedback (i.e., gain or loss). In addition, 

the participants could select the option 'pass' in order to move on to the next trial 

without any gain or loss. The task was composed of two conditions: 1) a certain 

condition, in which the number of the coins was definite so that the participants 

could easily guess the answer without failure; 2) an uncertain condition, in which 

the coins were overlapped and the borders were blurred, making it impossible to 

exactly assess the total number of coins. The gain-loss schedules of the uncertain 

condition were predetermined by a computer with the reward rate fixed at 25%, 

regardless of the participant response. As the probability to gain appears to be at 

least 50% (either odd or even), the uncertain condition was designed to provoke a 

prediction error between the expected reward and the actual reward. We examined 

how long each participant 'persisted' to the first behavioral strategy (i.e., guess 

between odd or even) and counted the number of persistent responses before one 

switched to a new behavioral strategy (i.e., choose pass). 

 

Figure 1. Design of Old-Even-Pass task The visual stimuli were presented for 2500mg and 
then the screen asked to choose between odd, even or pass within 1500ms. Each response 
was immediately followed by a feedback and inter-stimulus interval was jittered from 
1000ms to 6000ms. 
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3. Functional MRI acquisition, preprocessing and analysis  

Functional images were acquired on 1.5 T GE scanner by using a gradient 

echo EPI sequence (TR = 2.5 s for the task session and TR = 2 s for the resting 

session; TE = 14.3 ms; flip angle = 90; field of view = 240 mm; 64 x 64 x 30 matrix 

with 3.75 x 3.75 x 5 mm spatial resolution; 30 axial slices; and slice thickness = 5 

mm). A high resolution anatomical dataset was obtained for each subject by using a 

fast spoiled gradient echo sequence (TR = 8.5 s, TE = 1.8 ms, flip angle = 12, field 

of view = 240 mm, 256 x 256 x 256 matrix with 0.94 x 0.94 x 1.5 mm spatial 

resolution, 116 axial slices, and slice thickness = 1.5 mm). The fMRI data were 

preprocessed using the Analysis of Functional Neuroimage program (AFNI) (Cox 

1996).  

The first 7 time points in all the time series data were discarded. The rest of 

the data were performed slice timing correction, motion correction of all slices 

within a volume, and mean-based intensity normalization to convert the data from 

arbitrary intensity units to units of percent signal modulation. Further processing 

included spatial smoothing (Gaussian filter with 8 mm full-width at half-maximum 

[FWHM]). Spatial normalization was performed to transform Talairach space using 

Montreal Neurological Institute (MNI) N27 template provided in AFNI (bilinear 

interpolation, spatial resolution: 2 x 2 x 2 mm).  

    The response to each stimulus category (certain and uncertain) 

compared with the fixation baseline was calculated using multiple regression. All 

areas that showed a response to any stimulus type were included in the analysis. The 

impulse response function to each stimulus category was estimated with 2.5 sec 

resolution using deconvolution (Glover 1999). A separate regressor was used to 

model the response in each 2.5 sec period in a 15 sec window following each 

stimulus presentation. With two stimulus types, this resulted in 14 regressors of 

interest (each consisting of a series of delta functions) resulting in an estimate of the 

response to a single stimulus of each type with no assumptions about the shape of 

the hemodynamic response. The response magnitude to each stimulus type was 

calculated by summing the beta-weights of the regressors from the 3rd through the 

6th second of the response (capturing the positive blood-oxygenation level 
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dependent (BOLD) response but not any poststimulus undershoot) (Beauchamp et 

al. 2003). For each subject, the regression model provided a single estimate of the 

response to each stimulus type in each voxel. One-sample t-tests were performed in 

order to determine which brain regions showed increased activity for contrast 

uncertain > certain. 

 

4. Regions of interest  

According to our hypothesis, we were specifically interested in the 

orbitofrontal-striatal interactions during behavioral persistence. Hence, we first 

selected the OFC as the region of interest (ROI). We identified a region within the 

OFC using data from the one-sample t-tests (uncorrected threshold of P<0.001) 

between ‘uncertain’ and ‘certain’ condition in the Odd-Even-Pass task. In addition, 

we performed an ANCOVA (uncorrected threshold of P <0.005) with the activities 

for both conditions (uncertain > certain) and behavioral measures (total number of 

persistent responses) in order to identify the OFC regions which were related to 

maintaining the behavior strategy. 

 

5. Functional Connectivity Analysis 

    The preprocessed fMRI data were temporally band-pass filtered (0.01 – 0.08 

Hz) to reduce low frequency fluctuation of the signal in the BOLD for a functional 

connectivity analysis (Biswal et al. 1995; Grecicius et al. 2003). The reference time 

series during both the task session and the resting state session were extracted 

respectively by averaging time series from voxels in the subject-specific ROIs, 

which had been extracted from the t-test and ANCOVA analysis, within the OFC 

regions. The functional connectivity maps of the two orbitofrontal ROIs were 

obtained by a correlation analysis being conducted with the reference time series 

and time series from the rest of the brain, which correlation coefficients were 

converted to z-values representing functional connectivity strength with the OFC 

seeds using Fisher’s Z transformation (two-tailed threshold of P<0.001) (Zhou et al. 
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2007). Then, the averaged functional connectivity strength between the OFC seed 

and the ventral striatum was extracted using the functional connectivity map.  

 

6. Correlation analysis  

 Pearson’s correlation test was performed between the functional 

connectivity strength and behavioral measure (total number of persistent responses). 

Six subjects who made extreme responses (i.e., four subjects who made no pass 

responses and two subjects who did not guess and just made pass responses) were 

excluded from the analysis. Statistical analyses were conducted by using SPSS 

(Chicago, IL) with two-tailed p<0.05. 

 

 

III. RESULTS 

 

1. Behavioral measures 

 The number of persistent responses varied among the participants (Mean: 

46.9; SD: 28.0; range 0-80). During the early trials, participants tried to figure out 

the number of coins and guessed between ‘odd’ and ‘even’ in both certain and 

uncertain conditions. But as the trials were repeated, each participant adopted 

different behavioral strategies in uncertain conditions. Some preferred to switch the 

behavioral strategy by choosing the pass option, whereas others persisted to 

guessing between ‘odd’ or’ even’ (i.e., persistent response) (Figure 2). The number 

of persistent responses correlated with the score of temperamental persistence, 

which was assessed through the Temperament and Character Inventory (Cloninger 

et al. 1994) (Pearson Correlation=0.606, p=0.010, N=17). 
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Figure 2. Behavioral Results The pattern of behavior during the 80 trials 
of uncertain conditions varied across Subject1 ~Subject 24. 

2. Region of Interest 

Two OFC regions were identified as seed regions to analyze the functional 

connectivity. The right lateral OFC (x=17, y=13, z=-14) demonstrated increased 

activities during the uncertain condition in contrast to the certain condition. In 

contrast, when we used a behavioral measure (persistent responses) as a covariate, 

increased activities were observed in the right medial OFC (x=11, y=39, z=-14).  

3. Functional connectivity strength 

The lateral OFC and medial OFC demonstrated distinct maps of functional 

connectivity during the task (Figure 3, Figure 4).  
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Figure 3. Functional connectivity map of the lateral orbitofrontal cortex 

 

 

 

Figure 4. Functional connectivity map of the medial orbitofrontal cortex 

Activities of the lateral OFC significantly correlated with activity of the dorsal 

striatum and ventral striatum (Figure 5A). In contrast, activities of the medial OFC 
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demonstrated significant correlations with activities of the amygdala, the anterior 

cingulate and the ventral striatum (Figure 5B). 

 

Figure 5. Dissociation of functional connectivity between the lateral orbitofrontal 

cortex (x=17, y=13, z=-14) and the medial orbitofrontal cortex (x=11, y=39, z=-

14) ACC: anterior cingulate cortex,. BA: basal amygdala, HC: head of caudate 

nucleus, l-OFC: lateral orbitofrontal cortex, m-OFC: medial orbitofrontal cortex, NA: 

nucleus accumbens 

 

4. Correlation between persistent responses and connectivity strength 

The functional connectivity strength 

between the medal OFC and the nucleus 

accumbens was significantly correlated 

with the number of persistent responses 

(Pearson Correlation=0.650, p=0.003, 

N=18; Figure 6). 

 

 

 

 

 

 

 

Figure 6. Correlation between 
persistence responses and 
connectivity strength 
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IV. DISCUSSION 

 In this study, we investigated the functional connectivity between the OFC 

and the striatum while addressing uncertain conditions. The role of the striatum in 

learning reward predictive neural activity is well-established (McClure et al. 2003; 

Samejima et al. 2005) and the OFC has received much attention as a key structure 

to work in concert with the striatum for encoding predictive rewards (Gottfried et al. 

2003; Hare et al. 2008). We revealed the functional connectivity map of these 

structures which provided important keys to understanding the functional 

organization of the interconnected prefrontal and subcortical systems involved in 

persistent behaviors. 

 The first point to notice was that there was a functional dissociation within 

the OFC while addressing uncertain conditions. The lateral OFC was activated 

regardless of the behavioral strategy and showed converged connections mainly 

with the dorsal and ventral striatum. In contrast, activities of the medial OFC 

correlated with the number of persistent responses and showed connections with 

various regions, including the amygdala and the anterior cingulate cortex. Recent 

human neuroimaing studies have suggested that different constructs of decision 

making are related with different regions within the OFC (Hare et al. 2008; Rolls et 

al. 2008) and the striatum (O'Doherty et al. 2004). Our findings revealed the 

functional connections which should contribute to the functional dissociation within 

the OFC and striatum.  

 Activity of the medial OFC has been proposed to be associated with 

maintenance of the current strategy activated rather than to switch to another (Frank 

and Claus 2006; O'Doherty et al. 2003). Our findings strongly support this 

viewpoint in that the connectivity strength between the medial OFC and the nucleus 

accumbens was significantly linked with persistent responses during the uncertain 

condition. In addition, the maintenance of exploratory behaviors correlated with the 

persistence score, which indicates that the behavior strategy was affected by the 

intrinsic temperament of each participant. Taken together with previous studies 

(Gusnard et al. 2004; Whittle et al. 2006), the connectivity strength between the 

medial OFC and nucleus accumbens seems to reflect the top-down cognitive control 
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to maintain arousal and motivation for exploration in the uncertain condition, which 

should be related with the temperamental persistence of each participant. 

 The dense connections with the basolateral amygdala should subserve the 

medial OFC in integrating parameters necessary to evaluate an outcome and 

determine the behavioral strategy (Gottfried et al. 2003; Wallis et al. 2007). From 

the viewpoint of linking cues to the incentive properties of outcomes, the basolateral 

amygdala has been proposed to be more critical for forming representations, 

whereas the OFC to be more responsible for maintaining these representations and 

for expressing them in behavior (Pickens et al. 2003). Our findings expands this 

idea as we demonstrated that the functional connectivity strength between the OFC 

and the striatum correlated with maintaining a behavioral strategy, whereas the 

functional connectivity strength between the OFC and the amygdala was not related 

with behavioral measures. 

 The neural bases of individual differences in decision making are growing 

more attention in human studies. Recently, activities of the striatum have been 

reported to correlate with individual differences in behavioral performance on a 

decision making task (Schönberg et al. 2007). Individual differences in 

dopaminergic physiology might be related with variability in striatum activities and 

functional connectivity strength. However, it is beyond our knowledge to discuss 

whether the orbitofrontal-striatal functional connectivity strength should be 

regarded as the cause or the effect of temperamental persistence. 

 

V. CONCLUSION 

In summary, our findings have elucidated the top-down control of the human 

OFC to the striatum in behavioral persistence, which appears to be a critical 

component of decision making and underlie the individual differences in addressing 

uncertain conditions. Future studies should attempt to verify whether examining the 

integrity of the orbitofrontal-striaum connectivity might provide better 

understanding of psychopathologies related to lack of flexibility or maladaptive 

persistence behaviors. 
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< ABSTRACT (IN KOREAN)> 

지속성 기질의 신경기전: 

인간 안와전두피질과 선조체간의 기능적 연결성 분석 

 

<지도교수: 남궁기 교수> 

 

연세대학교 대학원 의학과 

 

정  영  철 

 

    특정한 행동 전략을 유지하려는 지속성 기질(persistence)의 

정도는 개인마다 차이가 있다. 하지만, 아직 인간을 대상으로 

이러한 지속성 기질의 개인차 및 이와 연관된 신경기전을 탐색한 

연구는 거의 없다. 

본 연구에서는 의사 결정 과제(decision making task)를 수행하는 

24명의 정상인을 대상으로 안와전두피질(orbitofrontal cortex)과 

선조체(striatum) 간의 기능적 연결성(functional connectivity)을 

분석하고, 지속적 기질과의 상관관계를 알아보았다.  

    외측안와전두피질은 등측선조와 배측선조와 연결성을 보인데 

반해, 내측안와전두엽피질은 편도체, 대상피질, 그리고 배측선조와 

연결성을 보였다. 특히, 내측안와전두피질과 배측선조간의 연결성 

강도는 지속성 반응과 유의미한 상관관계를 나타냈다. 

    본 연구 결과는 배측선조에 대한 내측안와전두피질의 하향식 

조절(top-down control)이 지속성 반응을 유지시키는데 필요한 
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인지적 노력(cognitive effort)과 연관이 있으며, 지속성 기질의 

개인차에 관여하고 있음을 시사한다.   
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