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Abstract
Attention deficit hyperactivity disorder (ADHD) is a psychiatric disease that affects about 5 % of children and adolescents worldwide and persists into adulthood in more than 50% of cases. Recent neuroimaging studies have found an association between ADHD and both functional and structural abnormalities within the fronto-striatal reward circuit. Particularly, ADHD patients have been characterized by abnormal reward anticipation and outcome processing and reduced prefrontal and subcortical volumes of reward-related regions. However, the extent to which functional abnormalities within the subcortical and prefrontal regions contribute to this disorder in younger and adult ADHD patients has not been investigated yet. Therefore, the first aim of this study was to investigate the functional and structural changes within the reward circuit in young and adult ADHD patients. We examined 290 subjects (young group, N = 111, adult group, N = 172), using a modified Monetary Incentive Task to compare the neural activity within the nucleus accumbens and prefrontal regions during reward anticipation and reward outcome. For the investigation of volumetric changes, we applied voxel-based morphometry. We found significantly reduced activation in the accumbens in adult, but not younger ADHD subjects, and significantly higher MPFC activation in younger but not adult ADHD subjects, relative to controls. Furthermore, we found significantly smaller OFC volume in younger ADHD subjects which normalized with the controls across age and correlated inversely with the behavioral symptoms of inattention. These findings support the involvement of abnormalities within the reward circuit in neuropathology of ADHD, though manifested differently in younger and adult ADHD patients.
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1. Introduction
ADHD is a common neurodevelopemntal disorder that affects about 5% of children and adolescents worldwide (Polanczyk, de Lima, Horta, Biederman, & Rohde, 2007). In contrary to a previous view that ADHD does not continue beyond adolescence, recent data suggest that only about 10% of patients with ADHD achieve the functional remission by the age of 18-20 (Biederman, Mick, & Faraone, 2000). 
ADHD is characterized by behavioral symptoms of inattention, hyperactivity and impulsivity (American Psychiatric Association, 2000). Though the biological basis of ADHD is still largely unknown, a number of theoretical frameworks have formulated a link between the behavioral manifestations of ADHD and the abnormalities within the reward circuit (Luman, Tripp, & Scheres, 2010). The reward circuit is functionally related to the process of reinforcement, i.e. a specific behavior decreases of increases its occurrence dependent on its association with positive (rewarding) or negative (punishing) experience. Specifically, when a reward (i.e. unconditioned cue) is preceded by a stimulus (i.e. conditioned cue) which predicts the reward receipt, the association learning between these two events takes place. At the neural level, a reward receipt is primarily associated with the increase of DA cells firing in the nucleus accumbens. Once a reward is repeatedly coupled with the cue predicting that specific reward, dopamine release in the NA becomes transferred to the cue (reinforcement process, (Schultz, 1998). 
According to theoretical frameworks relating the neuropathology of ADHD to the abnormalities within the reward circuit, the dopamine (DA) transmission in the mesolimbic reward circuit is insufficient which, in turn, leads to decreased anticipatory activation in the nucleus accumbens  to upcoming rewards (Johansen, Aase, Meyer, & Sagvolden, 2002).  Decreased reward anticipatory activation has been suggested to result in altered responses to reinforcement in ADHD, i.e. failure to transfer of dopamine cell response to the cue that predicts the reward (Tripp & Wickens, 2009). This biological model has found support by several neuroimaging studies. Recently, decreased ventral striatal activation to cues anticipating reward has been found in adolescents and adults with ADHD (Hoogman et al., 2011; Plichta et al., 2009; Scheres, Milham, Knutson, & Castellanos, 2007; Ströhle et al., 2008). However, because the abnormal reward anticipation in ADHD has been mainly replicated in adult patients, it remains unclear how consistent this finding is in younger ADHD patients.
Alongside abnormal reward anticipation, an inefficient processing of reward outcomes may also contribute to the neuropathology of ADHD. While the anticipation of rewards (“Will I get it?”) has been primarily linked to the nucleus accumbens, reward outcomes (“What do I get?”) have been found to activate the prefrontal regions including the MPFC and the OFC (B. Knutson, Fong, Adams, Varner, & Hommer, 2001; O'Doherty, 2004). The MPFC is thought be involved in the estimation of the monetary rewards and modification of subsequent choices in goal-oriented behavior (Brian Knutson, Fong, Bennett, Adams, & Hommer, 2003). In addition, the MPFC is likely to receive the prediction errors signals originating from dopamine neurons that may underlie learning of reward predictions (B. Knutson & Wimmer, 2007).The function of the OFC has been associated with encoding the reward value of a wide variety of stimuli in different modalities, including money and social praise  (Breiter, Aharon, Kahneman, & Shizgal, 2001).  In addition, OFC has been found to be sensitive to reward contingencies of a certain reward. Specifically, OFC activity decreases when a stimulus previously associated with reward is no longer rewarding(O'Doherty, Critchley, Deichmann, & Dolan, 2003). Taken together, the prefrontal reward regions have been associated with behavioral adjustments based on the previous reinforcement history on the one hand, and flexible updating of rewarding stimuli on the other hand. Remarkably, the overactivity within these regions have been recently found in adult ADHD patients, suggesting dysfunctional adjustment of upcoming, reward-oriented behavior (Strohle et al., 2008). However, the research focus on the abnormal reward outcome processing in ADHD has been limited to this study, raising the question of its involvement in neuropathology of ADHD in both young and adult ADHD patients. 
	 In addition to the functional abnormalities, MRI studies have suggested the volumetric changes within the reward circuit in ADHD (Seidman, Valera, & Makris, 2005). Specifically, a reduced volume of the accumbens has been recently found in ADHD adolescents, which correlated negatively with the behavioral symptoms of hyperactivity (Carmona et al., 2009). A number of structural studies have also reported the reduction in the prefrontal gray matter volume in young ADHD subjects (Durston et al., 2004; Kates et al., 2002; Mostofsky, Cooper, Kates, Denckla, & Kaufmann, 2002). However, due to inconsistent reports in adult ADHD volumetric literature, it is unclear whether the structural changes observed in younger ADHD patients persist into adulthood. For instance, while Proal et al. (2011)  found volumetric abnormalities within the prefrontal and subcortical regions in adults diagnosed with childhood ADHD, the meta-analysis of  Nakao et al. (2011) revealed no volumetric differences between adult ADHD and control subjects. In addition, the volumetric analyses of the subcortical regions in ADHD has focused mainly on the dorsal striatum (caudate and putamen) and ventrolateral prefrontal cortex which is associated to executive functions (Durston, van Belle, & de Zeeuw, 2011)  while the age-related volumetric changes of the ventral striatum in ADHD has been not investigated yet.
Taken together, there is an increasing evidence for the functional and volumetric abnormalities within the reward circuit in ADHD. However, it remains unclear to what extent the altered reward anticipation and reward outcome processing contribute to the neuropathology of ADHD in younger and adult ADHD subjects. Furthermore, in spite of the growing evidence for the structural brain changes in ADHD, the age-dependent volumetric abnormalities specifically within the reward circuit have been not examined yet. 
Therefore, in this study we sought to investigate the functional and volumetric abnormalities within the reward circuit in young (children/adolescents) and adult ADHD patients. The aim of this study was fivefold: to measure (1) the reward anticipatory activity within the accumbens  (2) the activity within the prefrontal regions (MPFC and OFC) to reward outcome  (3) brain volume of the accumbens and the prefrontal regions (MPFC and OFC) in ADHD patients and healthy controls and compare young and adult participants; (4) to examine the age-dependent volumetric trajectories of the MPFC, OFC and accumbens for ADHD and control subjects (5) to examine a relation between the volumetric and functional outcomes, and the behavioral symptoms of inattention and hyperactivity/impulsivity. 










2. Materials and methods
2.1. Subjects
Two hundred ninety individuals (ADHD subjects, N = 125, healthy controls, N = 165), aged between 8 and 50 years, assigned to one of the age groups: young (age range: 8 - 20) and adult one (age range: 21 - 50) participated in this study. The participants were taken from two projects: the International Multicenter persistent ADHD CollaboraTion (IMpACT) and the International Multi-Centre ADHD Genetics (IMAGE) projects and recruited through the Department of Psychiatry at the Radboud University Medical Centre (Nijmegen, the Netherlands) and through advertisement. For the assessment of ADHD status, an interview based on 18 DMS-IV symptoms of ADHD was administered by a trained professional (Diagnostic Interview for Adult ADHD in the IMpACT project, and the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS) in the IMAGE project). The Structural Clinical Interview for DMS-IV (SCID) was used for comorbidity assessment and the age of ADHD symptoms onset. Two additional ADHD questionnaires were administered: the Conner’s Teacher Rating Scale (CTRS) for teachers of children and adolescents younger than 18 years old, and the Conners Adult Rating Scale – Long Version (CAARS-LV) filled in by subjects older than 18 years. A quantitative measure of clinical symptoms was obtained using the ADHD Rating Scale-IV. Participants were included in the ADHD group if they met DMS-IV criteria for ADHD (6 or more symptoms on at least one cluster of inattentive or hyperactive symptoms, impairment on at least one domain, age of ADHD onset before 12 years) and a T- score higher than 65 on any of the scales of the ADHD questionnaires. Participants who had less than 3 symptoms on each cluster of symptoms were classified as control group. For estimation of the full-scale IQ, the Wechsler Adult intelligence Scale-III (WAIS-III) and the Wechsler Intelligence Scale for Children (WISC-III) were administered to participants older and younger than 16 years old, respectively. Score on the estimated full-scale IQ is the average of the scores in the block design and the vocabulary task. This study was approved by the regional ethics committee. Written informed content was obtained from all participants.
Patients treated with Ritalin, Atomoxetine or Dextroamphetamine were asked to withhold the use of medication 24hour prior to the fMRI experiment.


2.2. Exclusion criteria

Exclusion criteria were: estimated full-scale IQ score < 70, comorbid disorders such as oppositional defiant disorder (ODD), conduct disorder (CD), ASD, depression and other mood disorders, alcohol or substance abuse disorder during the last 6 months and medication use other than psychostimulants or Atomoxetine. 
2.3. Reward Anticipation Paradigm 
A modified version of the Monetary Incentive Task developed by Knutson et al. (2001) was used to study neural responses in the anticipation of monetary reward and reward outcomes. The task consisted of total 50 trials divided into 25 rewarding and 2 neutral trials randomly displayed. Each trial consisted of a cue, target presentation and outcome phases (see Fig. 1). During the cue phase (duration: 3.5-8.5 seconds), two types of cues were presented: red or green square signaling that a reward or no reward could be obtained, respectively. Subsequently, a target cue in a form of a circle was displayed for 270 msec. The final amount of earned money was dependent on in-time responses to a target presentation, i.e. pressing a button between 270 and 500 msec after target presentation in rewarding condition was rewarded with 20 cents (IMAGE study) or 1 euro (IMpACT study).  In a neutral condition, participants could have earned no money, independent on their responses to target presentation.  In the outcome phase, participants were informed about the outcome on a particular trial as well as their total earning up to that point. The task lasted 12 minutes and a total of 12 euro could be gained (IMpACT study). The earned money was given to a participant after the experiment was finished. In order to minimize the learning effects, the fMRI task was preceded with a practice trial outside of the MRI scanner. 
2. 4. fMRI data acquisition and preprocessing  
MRI data were acquired using a 1.5 T scanner (Siemens) at the Donders Centre for Cognitive Neuroimaging, the Netherlands and the Amsterdam Medical centre. Functional images were acquired using a gradient echo planar (EPI) sequence (TR = 2.34 for the IMAGE project, TR = 2.57 for the IMpACT study, TE = 40ms, flip angle = 90°, matrix: 64 x 64, voxel size = 3.5 x 3.5 x 3.0 mm3 in-plane resolution). Thirty four slices per volume were collected and aligned to the anterior-posterior commissure plane. The slices covered the mesolimbic and prefrontal brain regions.
2.5. Data analysis
Functional MRI data were analyzed using SPM8 (Wellcome Department of Cognitive Neurology, London, UK) (http://www.fil.ion.ucl.ac.uk/spm).  The first 5 volumes in each run were discarded to allow for the stabilization of longitudinal magnetization. To correct for between-scan movement, all volumes were aligned to the mean functional image. Subsequently, the structural image was co-registered with the mean functional image. The functional images were then normalized to the MNI space, generating normalization parameters applied to the structural image. As a final step, the functional images were smoothed with an 8-mm FWHM kernel. First-level analysis was performed by modeling eight parameters of interests: ‘cue’, ‘target’, ‘hits’ and ‘misses’ for both rewarding and neutral trials. These parameters were treated as event-related regressors with zero duration and convolved with a canonical hemodynamic function. Realignment parameters were treated as additional regressors in the analysis. Data were high-pass filtered using a frequency cutoff of 1/128 Hz. The second-level analysis was run separately for the reward anticipation and the reward outcome phases. In each analysis, a 2x2x2 factorial design was used with two between-subjects factors: age group (‘young’, ‘adult’) and diagnostic group (‘Control’, ‘ADHD’) and one between-subject factor (‘condition’). In the analysis of the anticipatory phase, ‘condition’ factor consisted of ‘reward cue’ and ‘neutral cue’ levels while in the analysis of the reward outcome phase,  ‘gain outcome in rewarding condition’ and ‘no-gain outcome in rewarding condition’ contrasts were used . Gender was used as a covariate. In order to test our hypothesis of the ventral striatal and prefrontal activation in the anticipation and reward outcome phases, respectively, we applied region of interest (ROI) analysis. The structural ROIs for the accumbens, MPFC and OFC were created using the Wake Forest University PickAtlas Toolbox, Version 3.0.3 (Maldjian, Laurienti, Kraft, & Burdette, 2003) . In order to examine the anticipatory activation within the accumbens, the mask of accumbens (920 mm3, 115 voxels, left and right side) was applied to ‘reward cue vs. neutral cue’ contrast. For the examination of the activation in the reward outcome phase, the MPFC (32055 mm3, 4007 voxels, left and right) and the OFC (11856 mm3, 148voxels, left and right) masks were separately applied to the ‘gain vs. no-gain outcome in rewarding conditions’ contrast. For all the a priori set ROIs, a threshold of p < 0.05 (FWE-corrected) with a spatial extent threshold of 10 contiguous voxels was chosen. Anatomical specification of significant clusters within the ROIs was done using the automated labeling option available within in WFU PickAtlas Toolbox. Gains and no-gains in the neutral condition were not taken into account in the analysis. Finally, for each subject, the mean activation (beta-values) of each ROI was extracted by means of MarsBar Toolbox (Brett, 2002).
2.6. Voxel-based-morphometry
The T1 structural images were visually inspected and manually centered on the anterior commissure in SPM8. The aligned images were then normalized to the standard space, bias-corrected and segmented into the grey matter (GM), white matter (WM) and cerebro-spinal fluid (CSF) images using the automatic segmentation option in SPM8. The segmentation module applies the Bayesian rule for assigning a probability of each voxel belonging to each tissue class by combining a) the image intensity, and b) the prior probability maps provided by the International Consortium for Brain Mapping (ICBM). Normalization and segmentation steps have been combined together to avoid the circularity problem. In order to correct for spatial normalization requiring expanding and contracting some of the brain regions, GM images were modulated using a Jacobian determinant and subsequently smoothed with an 8 mm kernel.  Modulation involves scaling by the amount of deformation parameters, so that the total amount of GM in the modulated GM image remains the same as it would be in the original images.  Subsequently, in order to investigate the cross-sectional GM volumetric differences within the ROIs (the same as applied in the functional analysis), a 2x2 factorial design, with age and diagnostic group as factors, was applied.  In addition, a sum of GM and WM volumes were computed for each subject and included in design to correct for the individual brain differences. Gender was used as a covariate and the absolute threshold masking was set at the threshold of 0.2. For the a priori set ROIs, a threshold of p < .05, FWE-corrected, with spatial extent threshold of 10 voxels was chosen. Coordinates of significant cluster of voxels were assigned to anatomical regions by means of the automated labeling option available within the WFU PickAtlas Toolbox. Finally, thee volumes of each ROI for each subject were extracted. The MNI coordinates were transformed to Talairach space using non-linear Brett’s algorithm. 
2.7. Statistical analysis 
Two-way ANOVA was conducted to examine the effect of age- and diagnostic group on demographic differences. In order to examine the effect of the diagnostic and age groups on the task performance, we applied repeated-measures ANOVA. Beta values and volumetric information extracted from the ROIs as well as standard deviation of reaction time (RT) in the task were compared between age- and diagnostic groups by use of two-way ANOVA.  In addition, to examine the volumetric trajectory of each ROI across age, ANOVAs with a diagnostic group and age as independent variables, and ROIs’ volumes as dependent variables, were calculated. Finally, the correlation analyses between the volumetric and functional data, and behavioral symptoms of hyperactivity and inattention, with age and one group of behavioral ADHD symptoms as a controlling variable, were computed. Statistical analysis was performed in PASW SPSS 18.0 (SPSS, Inc., 2009, Chicago, IL). 

3. Results
3.1. Behavioral results
3.1.1. Demographic characteristics.
ADHD and control subjects did not differ in age in any of the two age groups, F (1, 286) = 0.007, p > .05. The mean age of subjects in younger and adult groups was 16.5 and 33.2 years, respectively (see Table 1). 
Simple effect analysis showed that both ADHD and control subjects in adult group scored significantly better on the block task than the younger group, F (1, 286) = 6.72, p < .05. However, there was no difference on this measure between ADHD and control groups in any of the age groups, F (1, 286) = 0.36, p > .05. In addition, there was a significant interaction between the age- and diagnostic group on the vocabulary task performance, F (1, 286) = 7.22, p <.05, and the full-scale total IQ, F (1, 289) = 3.72, p < .05, with young ADHD subjects having significantly smaller scores relative to their age-matched controls. Furthermore, ADHD individuals showed significantly higher number of inattention symptoms compared to control group, independent on age group, F (1, 279) = 685.97, p < .001. Finally, there was a main interaction effect between the age- and diagnostic group on the number of hyperactivity symptoms, with ADHD group showing significantly more hyperactivity symptoms in youth than in adulthood, F (1, 279) = 4.19, p < .05.
3.1.2. Task performance
Repeated-measure analysis revealed that, on overall, there were significantly more hits in rewarding condition, and significantly more misses in the neutral condition (p < 001). However, no significant interaction between the condition, diagnostic- and age group on number of misses and hits was observable (p > .05). Further analysis revealed a main effect of condition on RT, with shorter RT to rewarding compared to neutral trials, F (1, 286) = 41.95, p < .001. Furthermore, the adult subjects showed significantly shorter RT in rewarding condition, compared to younger group, F (1, 286) = 37.13, p < .001. We did not observe a significant interaction between the condition, age- and diagnostic groups on RT = (1, 286) > .05. Lastly, there was a main effect of the age group on standard deviation (SD), with the adult subjects showing smaller SD compared to younger group, F (1, 289) = 4.82, p < .05. There was no difference in SD between control and ADHD group in any of the age groups, F (1, 289) = 0.12, p > .05.
3.2. Functional ROI results
3.2.1. Anticipation condition
Nucleus Accumbens
                Functional ROI analysis of ‘reward vs. neutral cue’ contrast revealed no significant difference in the activation of the accumbens between ADHD and control subjects in younger group (Fig. 2 A). In contrast, adult ADHD subjects showed significantly less reward-anticipatory activity in the accumbens compare to their age-matched controls (T = 3.62; p = .027; Tal: -12, 6, 7; see Table 2). Furthermore, there was a main interaction effect between the age- and diagnostic group, indicating higher difference in activation of the accumbens between ADHD and control subjects in adult relative to younger group (T = 2.88; p = .040; Tal: -12, 11, -11). The interaction effect was observable in the left accumbens (Fig. 2 C). Further statistical analysis of the extracted beta-values confirmed the significant interaction between the age- and diagnostic group on the ventral striatal activation, F (1, 289) = 4.14, p < .05 (Fig. 2 B).
3.2.2. Outcome condition
Mesial Prefrontal Cortex
               Functional analysis of the MPFC to the reward outcome (gain vs. no-gain) revealed significantly higher activation of this region in younger ADHD subjects compared to their age-matched controls (T = 4.05, p = .007; Tal: -2, 42, 24; Fig. 3 A). In contrast, no difference between ADHD and controls was observed in adult group (see Table 2). Furthermore, there was a main interaction effect between age- and diagnostic group, indicating higher difference in the activation of the MPFC between ADHD and control subjects in younger group, relative to the older one (Fig. 3 C). Further ANOVA analysis of the extracted beta-values confirmed this interaction effect, F (1, 289) = 6.76, p < .05 (Fig. 3 B). 
Orbitofrontal Cortex
	Functional analysis of the OFC to the reward outcome (gain vs. no-gain) revealed no difference in the activation of this region between ADHD and control subjects in any of the age groups (Fig. 4 A). Though younger and adult ADHD subjects showed to have higher MPFC activation, relative to controls, these differences did not reach the significant interaction effect, F (1, 285) = 2.05, p > .05 (Fig. 4 B). However, ANOVA analysis revealed that both adult ADHD and control subjects were characterized by lower OFC activation compared to younger group, F (1, 285) = 4.54, p < .05, the effect mainly driven by ADHD group (Fig. 4 B).
3. 3. VBM analysis
 	On the whole, VBM analysis revealed the volumetric changes within the reward circuit dependent on the diagnostic and age group (see Table 3). Specifically, ADHD subjects in younger group showed significantly smaller volume of the right and left OFC relative to the age-matched controls (Fig. 5 A). The GM differences within the OFC were observed in the right middle frontal gyrus (T = 4.31; p = .015, Tal: 34, 54 ,-9; cluster size: 20 voxels), left superior frontal gyrus (T = 4.24, p = 0.011, Tal:-12, 54, -16), cluster size: 29 voxels) and right inferior frontal gyrus (T = 4.20, p = .02; Tal: 46, 42, -16, cluster size: 13 voxels). Furthermore, there was a main interaction effect between the age- and diagnostic group, with the difference in the OFC volume between the ADHD and control subjects in the younger group being significantly larger than in older group, F (1, 286) = 3.77, p < .05 (Fig. 5 B). The interaction effect was found in the right inferior frontal gyrus (T = 4.12, p = .02; Tal: 47, 40, -26, Fig. 5 C). Overall, the OFC volume in older group was about 8 % smaller compared to younger group (Fig.5 B). Concerning the volumetric changes within the MPFC, ANOVA analysis revealed the main age effect on the MPFC volume, with both adult ADHD and control having about 10% smaller MPFC volumes compared to younger group, F (1, 286) = 137.0, p < .05. However, no significant age and diagnostic group interaction on the MPFC volume was observed implying that ADHD and control subjects did no differ in any of the age groups, F (1, 286) = 1.63, p > .05 (Fig. 5 B). Concerning the volumetric analysis of the accumbens, there were no diagnostic- and age- group related changes in this region, F (1, 286) = 0.016, p > .05.
	Further analysis of volumetric trajectories of the ROIs across age confirmed the outcome of the statistical analysis with two age groups, described above. Firstly, there was a significant interaction effect between age and diagnostic group on the OFC volume, F (38, 208) = 1.75, p = .007. Specifically, though a remarkable decrease in the volume of the OFC across age was evident for both ADHD and control group, a slope of these changes was steeper for control than for ADHD subjects (Fig. 6 A). In addition, though volumetric OFC trajectory normalized with that of controls around age of 35, a difference in volumetric trajectories persisted further beyond this age, as evident from Fig. 6 A. Concerning the volumetric trajectories of the MPFC, though its volume significantly decreased with age for both ADHD and controls, F (41, 208) = 8.23, p < .001(Fig 6 B), there was no substantial difference between these two diagnostic groups, F (38, 208) = 0.98, p > .05. Lastly, the volume of the accumbens remained stable for both ADHD and control groups across age (Fig. 6 C). 
3. 4. Correlation analysis
	Partial correlation analysis revealed a significant negative correlation between the OFC volume and a number of behavioral symptoms of inattention (r = -.20, p = .001, Fig. 7). There were no further significant correlations between the volumetric and functional data and the behavioral symptoms of ADHD. 
4. Discussion
The aim of this study was to examine functional and structural differences within the reward circuit between ADHD and control subjects in young (children/adolescents) and adult age groups. We found that, young ADHD subjects showed MPFC overactivity to reward receipt and volumetric reduction of the OFC, relative to age-matched controls. In contrary, adult ADHD subjects showed decreased reward-anticipatory activation of the accumbens and no volumetric differences with the control group. Furthermore, we found a difference in the OFC volumetric trajectories between ADHD and control groups, with the former one showing less steeper volumetric decrease across age.  Finally, there was a significant negative correlation between the OFC volume and behavioral symptoms of inattention. Overall, these findings underline the central role of a distorted reward circuit in the development of ADHD and its age-dependent character. 
Reward anticipation 
We found decreased reward-anticipatory activation in the accumbens in adults, but not in children/adolescents with ADHD. This suggests that adults with ADHD have difficulty learning the association between reward and cues predicting that particular reward. This supports the biological model of reduced dopamine transmission in mesolimbic reward circuit leading to altered reinforcement processes in ADHD (Johansen et al., 2002; Sagvolden, Aase, Zeiner, & Berger, 1998). As a result this could mean that more salient cues or bigger rewards would be required to elicit appetitive responses of the brain. 
This is in line with behavioral findings showing that adults with ADHD show preference for immediate and smaller over delayed but larger rewards (Marx et al., 2010). The authors argue that low dopamine transmission may be responsible for a shorter and steeper delay-to-reinforcement gradient explaining this finding (Tripp & Wickens, 2009). Finally, the low accumbens activity has been proposed to account for reward-seeking behavior and substance abuse, commonly associated with adult ADHD, as a compensation strategy for a poor stimulation (Wilens, 2004). 
Our results further suggest that there is no difference in the anticipatory activation between ADHD and control subjects in the young group, which is in contrast to the previous finding (Scheres et al., 2007). A possible lack of difference in the anticipatory activation in our study may be due to combining the children and adolescents in one group. It has been shown that the reward-anticipatory ventral striatal activation is the highest in adolescents differing much from the same activity in healthy children (Galvan et al., 2006; Van Leijenhorst et al., 2010). Therefore, combining the adolescent and children groups together might have resulted in the averaging and lowering the anticipatory ventral striatal activation as compared to the analysis performed solely on adolescents, as done by Scheres et al. (2007). 
Reward outcome 
	Our analysis showed that ADHD subjects in the younger group were characterized by the MPFC overactivity. Increased MPFC activation has been previously associated with modification of subsequent goal-directed behavior (B. Knutson & Wimmer, 2007). Therefore, the prefrontal regions are likely to be influenced by the anticipatory activity in the accumbens in order to adjust the upcoming behavior towards maximal outcomes (Pasupathy & Miller, 2005). One explanation is that while anticipatory activity is intact in young ADHD subjects, the MPFC overactivity may suggest a functional deficiency of this region in updating the reward contingencies and adjusting the subject’s behavior towards maximal outcomes.
The MPFC overactivity may also indicate the functional underdevelopment of this region with a higher activation needed to process the reward outcomes at a comparable level to normally developing adolescents. Indeed, we observed no differences in task performance (number of hits and misses in the rewarding condition) between ADHD and control subjects in young group. Furthermore, no difference in the MPFC activation between ADHD and control subjects was observed in the adult group, suggesting the age-dependent functional normalization of this region in ADHD group.Alternatively,  the MPFC overactivity may not indicate underdevelopment of the region per se, but may arise as a compensation mechanism to the abnormal reward processing in the subcortical regions, as suggested by others (Halperin & Schulz, 2006). Animal studies have shown that stimulation of the prefrontal brain regions leads to increased activity within the subcortical mesolimbic areas, likely through the glutamergic ascending projections (Tzschentke, 2000). Therefore, it is plausible that the increased MPFC activity leads through down-stream excitatory projections to the ‘normalization’ of typically reduced ventral striatal activation in young ADHD subjects.
Finally, it has been also suggested that the prefrontal and subcortical regions interact with each other across development (Casey, 2007).  Therefore, the functional analysis of these regions in separation, as done in this study, does not reveal the maturation processes occurring in interaction between these structures. Therefore, it is plausible that the dysfunction of the prefrontal regions early in development leads to the functional abnormalities within the striatum in adults with ADHD.  This hypothesis, however, requires further longitudinal and functional connectivity studies.
Volumetric analysis
	Our finding of reduced OFC volume in younger ADHD subjects suggests the involvement of this region in the neuropathology of ADHD. Specifically, because the OFC has been associated with monitoring of reward value and the evaluation of the reward contingencies, its volumetric reduction  suggests inefficient adaptation of behavioral choices towards rewarding stimuli (O'Doherty, 2007). However, since we did not observe functional abnormalities within this region during reward outcome, the relation between volumetric changes and abnormal reward processing seems difficult to find in this specific task. On the other hand, lesions studies have suggested the involvement of this region in the evaluation of social influence. Specifically, damage to this region impairs one’s ability to act appropriately during social interaction (Machado & Bachevalier, 2006) and leads to insensitivity to behavioral consequences (Bechara, Damasio, Damasio, & Anderson, 1994). In addition, based on the association between the OFC volume and the tendency to shift desires towards values expressed by others, it has been suggested that OFC volume may index the conformity and greater predispositions for social compromises (Campbell-Meiklejohn et al., 2012). Though we did not test for social skills in our study, recent data suggest that impaired social conduct and peer relational difficulties are indeed prevalent features of ADHD (Huang-Pollock, Mikami, Pfiffner, & McBurnett, 2009). Therefore, reduced OFC volume is likely to account for social problems observed in young ADHD subjects. Specifically, assuming that social events may be rewarding (not quitting the game before it is finished will result in group acceptance) and punishing (quitting the game before it is finished will result in a group conflict), reduced OFC volume in ADHD children may account for their inability to evaluate the incentive value of social cues and adapt their behavior to increase social approval and interaction. 
However, the causal relationship between the OFC volume and social interaction is difficult to explain. Specifically, smaller OFC volume in young ADHD patients may be the result of poor social experiences and insufficient peer interaction which, in turn, led to the neural underdevelopment of this region. This view has been supported through the animal studies in which the rats experiencing a richness of social contacts during their youth demonstrate highly developed dendritic arborization within the OFC relative to those who were not housed socially (Bell, Pellis, & Kolb, 2010). Reduced OFC in young ADHD subjects may be, therefore, a secondary deficit resulting from poorer environmental stimulation. Poor social skills in ADHD children may, in turn, arise due to impairing behavioral symptoms of inattention (Huang-Pollock et al., 2009) for which we found a negative correlation with the OFC volume in our study. Specifically, inattention symptoms reflected in the inability to maintain focus on information held in working memory while dividing attention among multiple, ongoing social cues (Kofler et al., 2011) may result in the inability to recognize the rewarding value of social stimuli and behavioral adaptation in social setting. Therefore, inattention symptoms may indirectly lead to smaller OFC volume through its direct impact on peer interaction and amount of social experience (such as playing with other children) needed for proper OFC development. On the other hand, however, lower OFC volume in ADHD may result from the abnormalities within the developmental and genetic pathways which, in turn, lead to poor social skills seen in ADHD patients. Because of the cross-sectional character of our study (see later) both environmental and genetic factors may equally contribute to the OFC volumetric differences.
At the neural level, volumetric reduction of the OFC is likely to arise due to abnormal neural processes having place during development and resulting in reduction of neural (neural pruning) and glial cells as well as increased myelination of intra-cortical axons (Paus, 2008). Linking this view to the dopaminergic dysfunction in ADHD, recent animal studies have indeed shown that the neural growth is controlled by D2 receptors, and that reduced DA transmission during development leads to insufficient activation of these receptors and, consequently, synaptic pruning and reduction of the prefrontal brain volume (Todd, 1992). Accordingly, a number of PET studies with ADHD children have reported a higher D2/D3 availability in their prefrontal regions as a result of reduced DA transmission (Zimmer, 2009). In short, the OFC reduction in young ADHD subjects may reflect reduced neural outgrowth in this regions as a consequence of limited dopamine transmission during development. 
Furthermore, we found difference in the volumetric trajectories of the OFC between ADHD and control subjects across age. This is in line with the previous studies reporting a lack of volumetric differences in adults with ADHD (Amico, Stauber, Koutsouleris, & Frodl, 2011; Frodl & Skokauskas, 2012; Nakao et al., 2011) and partly supports the hypothesis of delayed brain development in ADHD. According to this hypothesis, ADHD adolescents show developmental lag in cortical development which decreases which age, resulting in no volumetric differences between ADHD and healthy controls in adulthood (Rubia, 2007; Shaw et al., 2007). Though we observed the volumetric normalization of the OFC between both diagnostic groups around age of 35, volumetric changes persisted further beyond that time but in opposite directions. In addition, a decrease of the OFC volume was steeper for control than for ADHD subjects, which is mostly likely related to the initial smaller OFC volume for the later group rather than delay in brain development. Overall, the comparison of volumetric OFC changes across age implies different volumetric trajectories of this region for ADHD and controls rather than developmental delay.
Reduced OFC volume has been previously found in other psychiatric conditions characterized by emotional instability, such as bipolar disorder (BPD), frequently co-occurring with ADHD (Biederman et al., 2008). In order to avoid this bias in data interpretation, only ADHD subjects with absence of comorbidity disorders and with childhood diagnosis of ADHD (in adult group) were included in this study. Therefore, the OFC reduction found in this study can be linked to ADHD pathology rather than to co-occurring psychiatric disorders.
Lastly, our finding of no volumetric differences in the accumbens between ADHD and control subjects in younger group remains in contrast with previous reports (Carmona et al., 2009).  Different outcomes may be due to application of different methodology and data preprocessing (e.g. manually delineating of ROI vs. automatic ROI analysis in VBM). 
Limitations 
First limitation of this study lies in its cross-sectional character meaning that the group differences may result as much from environmental (i.e. downstream effect) as from developmental (i.e. initial perturbations in genetic pathways) processes (Kail, 2012). In our study we did not include the medication history of ADHD patients and therefore, it is not clear to what extent the functional and volumetric characteristics of the reward circuit in ADHD patients arise due to medication effect. As recent animal studies have shown,  methylphenidate administration during highly plastic and  sensitive period of brain maturation may indeed exert strong effects on its function and structure (Grund, Lehmann, Bock, Rothenberger, & Teuchert-Noodt, 2006). Accordingly, Castellanos et al. (2002) found that treatment-naïve ADHD adolescents had smaller cerebellar and cerebral volumes compared to medicated subjects. However, the methylphenidate effect on the reward processing remains unclear. For example, while Stoy et al. (2011) found no difference in the reward-related activity within the ventral striatum and OFC between treated and drug-naïve ADHD patients, Rubia et al. (2009)   reported decreasing effect of methylphenidate on the activation within the prefrontal regions. 
Secondly, the MRI images in our study were normalized to MNI template which was created based on the 152 young adults, mean age of 24 years.  Therefore, normalization of brain images of children, adolescents or late-age adults to this template may lead to their over-fitting or misregistration. This issue has been somewhat negligible in developmental literature, as 90% of the adult brain volume was shown to develop by the age of 5 (Jernigan, 1990). However, recent evidence from MRI data suggests that, in contrary to the total brain volume which does not change considerably across age (from adolescence to late adulthood), a proportion of gray and white matter does (Giedd, 1999). Future improvements should eventually lead to creating the age-specific brain templates and, consequently, more reliable coregistration of subjects from wide age range.

5. Conclusions
This study, by combining the data of younger and adult ADHD, gives a better understanding of the brain function and structure in ADHD. Our findings of age-dependent functional and volumetric changes within the reward circuit may serve as a potential intermediate phenotype of ADHD, which prompts for further integration with genetic data.  Finally, the results should be further confirmed by means of longitudinal and connectivity studies to investigate the reciprocal interaction between prefrontal and subcortical reward regions during development. 
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