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Abstract 

This study was designed to assess the structural and functional development of the 

orbitofrontal cortex (OFC) in healthy adolescents (age 9 to 23, N = 129). Functional 

integrity was assessed using a probabilistic reversal learning task that is known to depend 

on the OFC. Repeated measures ANOVAs showed significant differences between age 

groups until approximately age 12. After age 12, performance leveled off, even on the 

more difficult probabilistic blocks. When the association between pubertal stage (as 

determined by self-report questionnaires) and reversal learning performance was 

examined, pubertal stage was found to be a stronger predictor of performance than age 

for most reversal learning variables. Pubertal stage also interacted with gender to predict 

performance on some reversal learning variables. 

Structural development of the whole brain was assessed using vertex-based 

analysis of cortical thickness derived from T1-weighted MRI scans and using voxel-

based morphometry of fractional anisotropy (FA) derived from diffusion tensor imaging 

scans. Widespread decreases in cortical thickness and increases in FA were observed 

during this age range, particularly in association cortex and in major white matter 

pathways connecting to the frontal, parietal, and temporal lobes. Most associations with 

age were best fit with a linear model, but there were a few clusters in which quadratic or 
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cubic models improved the fit. Within the age range in which reversal learning 

performance was developing (9 – 12) there were fewer associations between the brain 

variables and age than in the older adolescents (13 – 23 years), perhaps due to power 

limitations in the younger group. 

Perseverative errors on the reversal learning task were associated with cortical 

thickness in the superior frontal gyrus and the superior parietal cortex and with FA within 

anterior corpus callosum, as well as other pathways connecting to the frontal lobe. After 

controlling for age, only the association between FA and perseverative errors within the 

anterior corpus callosum remained significant, suggesting that most of the associations 

were developmental in nature. A gender by pubertal stage interaction was also observed 

in the relationship between perseverative errors and FA within this region. Results are 

discussed in relation to adolescent risk-taking behavior.  



v 

 

 

 

Table of Contents 

INTRODUCTION .............................................................................................................. 1 

STUDY 1: ADOLESCENT DEVELOPMENT OF THE ORBITOFRONTAL CORTEX: 

REVERSAL LEARNING PERFORMANCE IN RELATION TO AGE AND 

PUBERTAL STATUS IN HEALTHY ADOLESCENTS ................................................. 4 

Introduction ..................................................................................................................... 4 

Method .......................................................................................................................... 11 

Sample ....................................................................................................................... 11 

Protocol ...................................................................................................................... 14 

Statistical Analyses .................................................................................................... 20 

Results ........................................................................................................................... 24 

Task Characteristics ................................................................................................... 24 

Age-Related Changes in Reversal Learning Performance ........................................ 28 

Summary of Age-Related Changes ........................................................................... 36 

Effects of Pubertal Status .......................................................................................... 37 

Summary of Effects of Pubertal Stage ...................................................................... 45 

Discussion ..................................................................................................................... 47 



vi 

 

 

 

STUDY 2: ADOLESCENT BRAIN DEVELOPMENT AND ITS RELATION TO 

REVERSAL LEARNING PERFORMANCE .................................................................. 55 

Introduction ................................................................................................................... 55 

Development of Gray Matter ..................................................................................... 57 

Development of White Matter ................................................................................... 67 

Method .......................................................................................................................... 75 

Subjects ...................................................................................................................... 75 

MRI Data Acquisition ............................................................................................... 76 

MRI Data Analysis .................................................................................................... 77 

Associations Between Task Performance and Imaging Variables ............................ 79 

Results ........................................................................................................................... 81 

Association Between Brain Variables and Age ......................................................... 81 

Association Between Brain Variables and Perseverative Errors on the Reversal 

Learning Task .......................................................................................................... 107 

Gender by Puberty Interactions in the Association Between Task Performance and 

Brain Variables ........................................................................................................ 121 

Discussion ................................................................................................................... 125 



vii 

 

 

 

Age-Related Changes within the Brain ................................................................... 125 

Association Between Perseverative Errors on the Reversal Learning Task and Brain 

Variables .................................................................................................................. 134 

GENERAL DISCUSSION ............................................................................................. 141 

Future Directions ......................................................................................................... 143 

BIBLIOGRAPHY ........................................................................................................... 146 



viii 

 

 

 

 

List of Tables 

Table 1. Demographic Characteristics of the Total Sample and the Four Age Groups .. 13 

Table 2. Clusters in which Cortical Thickness Was Significantly Negatively Associated 

with Age within 13 – 23 Year-Olds. .................................................................................. 95 

Table 3. Clusters in which FA was Significantly Positively Related to Age in the Whole 

Sample. .............................................................................................................................. 99 

Table 4. White Matter Clusters in Which FA was Significantly Positively Associated with 

Age within 9 – 12 year-olds and 13 – 23 year-olds. ....................................................... 105 

Table 5. White Matter Clusters in which FA was Significantly Negatively Associated with 

Average Perseverative Errors......................................................................................... 113 

Table 6. White Matter Clusters in which FA was Significantly Negatively Associated with 

Average Perseverative Errors within 13 – 23 Year-Olds. .............................................. 119 



ix 

 

 

 

 

List of Figures 

Figure 1. Mean (+/- standard error) number of trials to reach criterion for each block at 

each level of probabilistic feedback, collapsed across age groups. .................................. 26 

Figure 2. Mean (+/- standard error) number of trials to reach criterion on reversal blocks, 

collapsed across probabilistic feedback levels, for each age group. ................................. 30 

Figure 3. Mean (+/- standard error) number of failure to maintain set errors per reversal 

block, collapsed across probabilistic feedback levels, for each age group. ...................... 32 

Figure 4. Mean (+/- standard error) number of perseverative errors per reversal block for 

each age group within each level of probabilistic feedback. ............................................ 35 

Figure 5. Mean (+/- standard error) number of trials to reach criterion on reversal blocks, 

collapsed across probabilistic feedback levels, for each pubertal stage. .......................... 39 

Figure 6. Mean (+/- standard error) number of failure to maintain set errors per reversal 

block, collapsed across probabilistic feedback levels, for each pubertal stage. ............... 41 

Figure 7. Mean (+/- standard error) number of failure to maintain set errors per reversal 

block for the 90% accurate feedback and 80% accurate feedback conditions for males and 

females within each pubertal stage. .................................................................................. 43 

Figure 8. Mean (+/- standard error) number of perseverative errors per block for the 80% 

accurate feedback condition for males and females within each pubertal stage. .............. 46 



x 

 

 

 

Figure 9. Cortical thickness maps showing clusters related to age in the whole sample (N 

= 121, ages 9 - 23). Lateral (top), medial (middle), and ventral (bottom) views of the right 

(right side of the figure) and left (left side of the figure) hemispheres are shown on an 

inflated average brain. Significant clusters based on cluster-wise probability are marked 

with asterisks. A heat scale is used so that blue represents p-values < .01 in the negative 

direction and red represents p-values < .01 in the positive direction. Cyan is used for p-

values < .0001 in the negative direction and yellow is used for p-values < .0001 in the 

positive direction. .............................................................................................................. 82 

Figure 10. Scatterplots showing the association between age (in years) and cortical 

thickness (in mm) at the maximally significant vertex of clusters in which the effect of 

age on cortical thickness was significant. The graph on the left shows the maximally 

significant voxel from the left hemisphere cluster (located in the isthmus of the cingulate 

gyrus). The graph on the right shows the maximally significant vertex from the right 

hemisphere cluster (located in the paracentral lobule). .................................................... 83 

Figure 11. Cortical thickness maps showing clusters related to age2 after controlling for 

the linear effect of age. Lateral (top), medial (middle), and ventral (bottom) views of the 

right (right-hand side of the figure) and left (left-hand side of the figure) hemispheres are 

shown on an inflated average brain. The maximally significant vertex of significant 

clusters based on cluster-wise probability is marked with an asterisk. If a cluster is related 



xi 

 

 

 

to age2 at a trend level, a “t” is placed at the maximally significant vertex of that cluster. 

A heat scale is used so that blue represents p-values < .01 with a negative quadratic term 

and red represents p-values < .01 with a positive quadratic term. .................................... 85 

Figure 12. Scatterplots showing the association between age (in years) and cortical 

thickness (in mm) at the maximally significant vertex of clusters in which the quadratic 

effect of age was significant. The graph on the left shows the maximally significant voxel 

from the cluster in the superior temporal gyrus of the left hemisphere. The graph on the 

right shows the maximally significant vertex from the cluster in the lateral occipital lobe 

of the right hemisphere. .................................................................................................... 87 

Figure 13. Cortical thickness maps showing clusters related to age3 after controlling for 

the quadratic and linear effects of age. Lateral (top), medial (middle), and ventral 

(bottom) views of the right (right-hand side of the figure) and left (left-hand side of the 

figure) hemispheres are shown on an inflated average brain. The maximally significant 

vertex of significant clusters based on cluster-wise probability is marked with an asterisk. 

If a cluster is related to age3 at a trend level, a "t" is placed at the maximally significant 

vertex of that cluster. A heat scale is used so that blue represents p-values < .01 with a 

negative cubic term and red represents p-values < .01 with a positive cubic term. .......... 89 

Figure 14. Scatterplots showing the association between age (in years) and cortical 

thickness (in mm) at the maximally significant vertex of clusters in which the cubic effect 



xii 

 

 

 

of age was significant. The graph on the left shows the maximally significant vertex from 

the cluster in the superior parietal cortex of the left hemisphere. The graph on the right 

shows the maximally significant vertex from the cluster in the lingual gyrus of the right 

hemisphere. ....................................................................................................................... 91 

Figure 15. Cortical thickness maps showing clusters related to age in the 9 – 12 year-olds 

(N = 26). Lateral (top), medial (middle), and ventral (bottom) views of the right (right-

hand side of the figure) and left (left-hand side of the figure) hemispheres are shown on 

an inflated average brain. The significant cluster based on cluster-wise probability is 

marked with an asterisk, and the trend-level cluster is marked with a t. A heat scale is 

used so that blue represents p-values < .01 in the negative direction and red represents p-

values < .01 in the positive direction. ............................................................................... 94 

Figure 16. Cortical thickness maps showing clusters related to age in the 13 - 23 year-

olds (N = 95). Lateral (top), medial (middle), and ventral (bottom) views of the right 

(right-hand side of the figure) and left (left-hand side of the figure) hemispheres are 

shown on an inflated average brain. The significant cluster based on cluster-wise 

probability is marked with an asterisk, and the trend-level cluster is marked with a t. A 

heat scale is used so that blue represents p-values < .01 in the negative direction and red 

represents p-values < .01 in the positive direction. Cyan represents p-values < .0001 in 

the negative direction. ....................................................................................................... 96 



xiii 

 

 

 

Figure 17. Scatterplots showing the association between age and average FA within the 

large clusters extracted from the left (top) and right (bottom) hemispheres. .................... 98 

Figure 18. Dorsal (left) and lateral (right) views of clusters of white matter in which FA 

was significantly positively associated with age in healthy adolescents, age 9 - 23 (N = 

118). ................................................................................................................................ 100 

Figure 19. Location (top) of the cluster in the right anterior corona radiata in which age2 

had a significant positive effect on FA after controlling for the linear age effect. This is 

shown in a transverse section at z = -6 mm (left) and a sagittal section at y = 36 mm 

(right). The bottom half of the figure shows a scatterplot of average FA within that cluster 

in relation to age.............................................................................................................. 102 

Figure 20. Location (top) of the cluster in the left thalamus in which age2 had a 

significant negative effect on FA after controlling for the linear age effect. This is shown 

in a transverse section at z = 6 mm (left) and a sagittal section at y = -28 mm (right). The 

bottom half of the figure shows a scatterplot of average FA within that cluster in relation 

to age. .............................................................................................................................. 103 

Figure 21. Lateral (top left) and dorsal (top right) views of clusters of white matter in 

which FA was significantly positively associated with age in healthy adolescents. 

Clusters significant in 9 - 12 year-olds are shown in green and clusters significant in 13 - 

23 year-olds are shown in yellow. One voxel in the left superior longitudinal fasciculus 



xiv 

 

 

 

was significant in both age groups. It is shown in green. The bottom figure shows a detail 

of the clusters extending into the left ventral frontal region in a transverse section at z =   

-4 mm. Note that the bottom figure follows the radiological convention while the 3D 

views are in anatomical space. ........................................................................................ 106 

Figure 22. Cortical thickness maps showing clusters related to average perseverative 

errors in the whole sample (N = 121). Lateral (top), medial (middle), and ventral (bottom) 

views of the right (right-hand side of the figure) and left (left-hand side of the figure) 

hemispheres are shown on an inflated average brain. Significant clusters based on cluster-

wise probability are marked with asterisks. A heat scale is used so that blue represents p-

values < .01 in the negative direction and red represents p-values < .01 in the positive 

direction. ......................................................................................................................... 109 

Figure 23. Cortical thickness maps showing clusters related to average perseverative 

errors in the 13 – 23 year-olds (n = 95). Lateral (top), medial (middle), and ventral 

(bottom) views of the right (right-hand side of the figure) and left (left-hand side of the 

figure) hemispheres are shown on an inflated average brain. The significant cluster based 

on cluster-wise probability is marked with an asterisk. A heat scale is used so that blue 

represents p-values < .01 in the negative direction and red represents p-values < .01 in the 

positive direction. ............................................................................................................ 112 



xv 

 

 

 

Figure 24. Lateral (left) and dorsal (right) views of clusters of white matter in which FA 

was significantly negatively associated with average perseverative errors in healthy 

adolescents. The figure is shown in anatomical space, so that left is on the left-hand side 

of the figure. .................................................................................................................... 114 

Figure 25.  More detailed views of the four largest clusters significantly negatively 

associated with perseverative errors in healthy adolescents. The cluster number (see 

Table 5) and the orientation and location of the slice are shown above each figure. 

Figures use the radiological convention, so that when looking at a transverse section, left 

is on the right-hand side of the picture............................................................................ 115 

Figure 26. Sections of an average brain showing the extent of the cluster in which 

average perseverative errors were significantly negatively associated with FA after 

controlling for age. The top left figure shows a coronal section at y = 18 mm. The bottom 

left figure shows a transverse section at z = 16 mm. The right side of the figure shows the 

maximal extent of the cluster in the right hemisphere (top, x = 10 mm) and the left 

hemisphere (bottom, x = -8 mm). Figures use the radiological convention. .................. 117 

Figure 27. Lateral (left) and dorsal (right) views of clusters of white matter in which FA 

was significantly negatively associated with average perseverative errors in 13 – 23 year-

olds. The figure is shown in anatomical space, so that left is on the left-hand side of the 

figure. .............................................................................................................................. 120 



xvi 

 

 

 

Figure 28. Transverse (left) and sagittal (right) sections showing white matter clusters in 

which there were significant associations between perseverative errors on the 80% 

accurate feedback condition and FA within the males after controlling for the effects of 

pubertal stage. Cluster 1 (top) is in the anterior thalamic radiation and the globus pallidus. 

Cluster 2 (middle) is in the left forceps minor/anterior thalamic radiation, and cluster 3 

(bottom) is in the body of the corpus callosum............................................................... 124 

 



1 

 

 

 

INTRODUCTION 

Adolescence may be a particularly important and under-studied period of brain 

development. During this time, humans face critical challenges, such as identity 

development, separation from parents, and transitioning to adult roles (e.g., Spear, 2000). 

Adolescence may also be an especially vulnerable period. Adolescents engage in higher 

rates of risk-taking behavior than children, (e.g., Furby & Beyth-Marom, 1992), and the 

leading causes of death among adolescents often involve impulsive or risky behaviors 

(e.g., accidents, homicide, suicide) (Health, United States, 2004 with Chartbook on 

Trends in the Health of Americans, 2004).  

Some neurodevelopmental hypotheses have attributed the increase in risk-taking 

behavior to relative immaturity of the brain’s motivational circuitry, including the ventral 

prefrontal cortex (Chambers, Taylor, & Potenza, 2003). In particular, the orbitofrontal 

cortex (OFC) has connections with both limbic and higher-cortical systems (Ongur & 

Price, 2000), and may play a key role in reward processing and in changing behavior 

when it is no longer rewarding (e.g., Rolls, 2000). While this area of the brain has 

traditionally been difficult to assess with neuroimaging measures, some studies have 

suggested that it is relatively late to mature (Gogtay et al., 2004; Sowell, Thompson, 

Tessner, & Toga, 2001). Postmortem studies have also shown that limbic regions and 

their connections show protracted myelination, with changes continuing into adolescence 
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(Benes, 1989; Yakolev & Lecours, 1967). This suggests that protracted development of 

the orbitofrontal cortex may continue into adolescence.  

 There are a number of different ways to assess the development of the 

orbitofrontal cortex during adolescence in humans. Behaviorally, neuropsychological 

tasks have been developed that are sensitive to damage to the orbitofrontal cortex, such as 

reversal learning and gambling tasks (e.g., Bechara, Damasio, Damasio, & Anderson, 

1994; Rolls, Hornak, Wade, & McGrath, 1994). Age-related changes in performance on 

such tasks are thought to reflect the functional integrity of the OFC during development. 

Structural development of the OFC can be investigated using various forms of 

neuroimaging that assess that integrity of gray and white matter during adolescence. 

Functional neuroimaging studies can be used to assess when mature patterns of activation 

are reached during the performance of tasks dependent on the OFC. 

 The current state of the literature includes a few studies in which behavioral 

measures of OFC have been administered to children and adolescents to examine 

developmental trajectories and a growing number of studies examining structural brain 

development that include information about the OFC. There is a paucity of functional 

neuroimaging data on the OFC even in adults, and no studies have looked at functional 

neuroimaging measures in relation to OFC-specific tasks in adolescents. To date, no 

study has integrated behavioral and structural neuroimaging findings related to OFC 
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development during adolescence. My dissertation aims to significantly add to this 

literature by administering a neuropsychological measure that has been specifically 

related to the integrity of the OFC, namely probabilistic reversal learning, to a large 

sample of adolescents and young adults, aged 9 to 23. The results are discussed in Study 

1.  

In addition to this behavioral measure, development of the OFC was assessed in 

the same large sample using multiple neuroimaging methodologies. Most previous 

neuroimaging studies have relied on a single modality, e.g., volumetric measurements of 

gray and white matter or measurements of specific properties of either gray matter or 

white matter. Study 2 presents age-related changes in the OFC (as well as the rest of the 

brain) in a sensitive measure of gray matter development (cortical thickness calculated 

from T1 scans) and a sensitive measure of white matter development (fractional 

anisotropy from diffusion tensor imaging scans) obtained using two completely different 

modalities. The association between these structural neuroimaging variables and 

behavioral development of the OFC (as assessed by performance on the reversal learning 

task) is also presented. 

Finally, very few studies of adolescent brain and cognitive development include 

measures of pubertal stage. The hormones that change during puberty are known to have 

receptors in the brain and are a likely candidate to influence brain variables during 
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adolescence. Therefore, questionnaire measures of pubertal status were included in these 

studies. Study 1 examines the effects of puberty and gender on behavioral development 

as assessed by an OFC-sensitive task. Findings from the behavioral study were used to 

guide a preliminary aim of Study 2, which was to examine gender and pubertal stage in 

relation to brain correlates of task performance.  

STUDY 1: ADOLESCENT DEVELOPMENT OF THE ORBITOFRONTAL CORTEX: 

REVERSAL LEARNING PERFORMANCE IN RELATION TO AGE AND 

PUBERTAL STATUS IN HEALTHY ADOLESCENTS 

Introduction 

The adolescent development of orbitofrontal cortex functioning was behaviorally 

assessed using a reversal learning task. In reversal learning tasks, individuals choose 

between stimuli with varying associations with reward. In the simplest case, one stimulus 

is rewarded while the other is punished. After individuals have reliably learned to choose 

the rewarded stimulus, the contingencies are reversed, and individuals must inhibit their 

response to the previously rewarded stimulus and shift to choosing the previously 

punished stimulus. This type of task was chosen because converging evidence from 

multiple methodologies has shown that intact functioning of the orbitofrontal cortex is 

necessary for individuals to make this shift in behavior after the contingencies are 
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changed. For rats and both Old World and New World monkeys, lesions of the ventral 

prefrontal cortex have been shown to disrupt reversal learning performance (Chudasama 

& Robbins, 2003; A. S. Clark & Goldman Rakic, 1989; Dias, Robbins, & Roberts, 1996, 

1997; Iversen & Mishkin, 1970; Schoenbaum, Nugent, Saddoris, & Setlow, 2002). Some 

animal studies have found intact learning of the initial discrimination but impairments 

only when stimulus-response pairings must be reversed  (Chudasama & Robbins, 2003; 

Dias et al., 1996, 1997; Schoenbaum et al., 2002), while others have found more 

generalized learning difficulty (Iversen & Mishkin, 1970). Also, studies with marmosets 

and rats have been able to differentiate between the affective shifting involved in 

changing stimulus-reward pairings during reversal learning tasks that is affected by 

orbitofrontal lesions and attentional shifting involved in changing which aspect of a 

stimulus is relevant that is affected by more dorsal and lateral lesions (Dias et al., 1996, 

1997; McAlonan & Brown, 2003).  

In humans, damage to the orbitofrontal or ventromedial cortex has also been 

associated with poor performance on reversal learning tasks. In the first such study (Rolls 

et al., 1994), patients with lesions to the ventral part of the frontal lobes were shown to be 

impaired in reversal learning in that they continued to choose the previously correct 

stimulus after the contingencies had changed. Surprisingly, some of the patients could 

verbally report that the contingencies had changed, but they continued to have difficulty 
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altering their behavior. These impairments occurred in the context of intact IQ and verbal 

memory. Later studies tried to delineate specific brain areas necessary for reversal 

learning performance by comparing patients with ventral prefrontal lesions to those with 

lesions elsewhere in the brain. For example, Fellows and Farah (2003) found that patients 

with stable lesions confined to the prefrontal cortex that primarily involved its 

ventromedial region made significantly more errors on reversal learning trials than 

controls or patients with prefrontal damage that was primarily in the dorsolateral region, 

despite intact performance in learning the initial stimulus-reinforcer association. The 

number of reversal errors was positively correlated with lesion volume in the 

posteromedial orbitofrontal cortex and its overlying white matter but was not related to 

total lesion volume. 

Neuroimaging studies in humans have further clarified the brain regions 

responsible for reversal learning. In order to make the task more challenging for healthy 

adults, researchers in these studies have generally used probabilistic feedback. In contrast 

to simple reversal learning tasks, in which one stimulus always provides a reward and the 

other is always punished, the correct stimulus in probabilistic reversal learning tasks 

provides rewards on most trials and the incorrect stimulus provides punishments on most 

trials, but a certain percentage of trials are disconfirming in that they provide the opposite 

feedback. Individuals must ignore these disconfirming trials and continue choosing the 
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stimulus that is usually correct to perform well on these tasks. Using a probabilistic 

reversal learning task with smiling and frowning faces as rewards and punishments, 

activation in the right ventrolateral prefrontal cortex, right medial frontal cortex, and right 

parietal cortex was observed after the final error before individuals correctly switched 

their responding from the previously rewarded stimulus to the new rewarded stimulus 

(Cools, Clark, Owen, & Robbins, 2002). Another study used probabilistic monetary 

reward and punishment in a reversal learning task and found bilateral activation in the 

orbitofrontal cortex (O'Doherty, Kringelbach, Rolls, Hornak, & Andrews, 2001).  

The manipulation of providing probabilistic feedback has also been used with 

lesion patients. Those with frontal or temporal lobe lesions have been shown to be less 

likely to successfully acquire a probabilistic reversal and to make more errors (although 

not consecutive perseverative errors) and take more trials to reach the criterion when they 

did achieve the reversal (Swainson et al., 2000). The reward-related probabilistic reversal 

learning task used by O’Doherty and colleagues (2001) has also been used with patients 

with orbitofrontal and dorsolateral prefrontal cortex lesions (Hornak et al., 2004). Patients 

with orbitofrontal lesions earned less money on the task than controls, while performance 

was more variable in patients with dorsolateral lesions. On debriefing, those patients with 

dorsolateral lesions who performed poorly reported paying attention to irrelevant aspects 

of the feedback. Probabilistic reversal learning has also shown sensitivity to detect 
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performance changes in adults with neurological (Cools, Barker, Sahakian, & Robbins, 

2001) and psychiatric conditions such as schizophrenia (Waltz & Gold, 2007).  

 The developmental time-course of simple and probabilistic reversal learning are 

not well characterized. The ability to successfully achieve reversals has been assessed 

using a measure from the Cambridge Neuropsychological Testing Automated Battery 

(CANTAB). Specifically, the CANTAB’s intradimensional and extradimensional set-

shifting task require individuals to make discriminations and reversals involving simple 

abstract stimuli. Young children are able to perform the simple reversals in this task by 

age 6 to 8  (De Luca et al., 2003; Luciana & Nelson, 1998), but the developmental 

efficiency of learning (as measured by the trials to reach criterion or error types) has not 

been reported.  In one relatively small sample, performance on a simple reversal learning 

task as measured by the proportion of correct choices increased with age across the age 

range from 6 to 13 years, while age was not significantly correlated with efficiency of 

learning the initial discrimination (Evans, Daniel, & Marmor, 1994). Another study found 

that increasing the probability of disconfirming trials in a probabilistic reversal learning 

task made it more difficult. Young adolescents (age 11 to 12) made more errors on 

probabilistic reversal learning tasks with 93% and 87% accurate feedback than college 

students (Overman, 2004). However, the performance patterns of older adolescents have 

not been established.  
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Some studies have studied later adolescent development using more complex 

decision-making tasks that have been shown to require the ventromedial prefrontal cortex 

through lesion studies (Bechara et al., 1994; Bechara, Tranel, & Damasio, 2000). 

Performance on these decision-making tasks has been shown to have protracted 

development during adolescence (Crone, Vendel, & van der Molen, 2003; Hooper, 

Luciana, Conklin, & Yarger, 2004; Overman et al., 2004). However, decision-making 

tasks tend to be complex and may not share the same specificity in assessing ventral 

prefrontal functioning as simpler reversal learning tasks (L. Clark, Cools, & Robbins, 

2004). 

In this study, both simple and probabilistic reversal learning were assessed, as 

there were concerns that ceiling levels may be reached on simple reversal learning 

relatively early in development. It was hypothesized that probabilistic reversal learning 

performance would show protracted adolescent development, as had previously been 

shown for more complex decision-making tasks.       

The effects of pubertal status and gender on reversal learning performance were 

also assessed. Gender differences seem particularly salient during adolescence, as the 

onset of puberty initiates gender-specific bodily changes. In the brain, the increase in 

gonadal steroids and other changes during puberty have both organizational and 

activational effects on neural circuits that are not completely understood (as reviewed in 
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Sisk & Foster, 2004). As girls tend to undergo puberty earlier than boys, it stands to 

reason that brain development may also follow a gender-specific timeline. 

There is specific evidence that hormonally-based gender differences affect 

reversal learning performance early in development. For example, Overman and 

colleagues (Overman, Bachevalier, Schuhmann, & Ryan, 1996) have shown that before 

age 3, boys outperform girls on a simple reversal learning task, while girls outperform 

boys on a concurrent discrimination task shown to depend on the inferior temporal lobe. 

These gender differences parallel those found in young monkeys that have been shown to 

be hormonally-based through manipulations of sex hormones (A. S. Clark & Goldman 

Rakic, 1989). This research group has not found gender differences in reversal learning 

performance in adolescents or adults (Overman, 2004), although they have found gender 

differences (better performance in males) in adolescents and adults on a decision-making 

task that also depends on the orbitofrontal cortex (Overman et al., 2004; Reavis & 

Overman, 2001).  

In addition to the hypothesis that reversal learning performance would show 

protracted development with age, there was an additional hypothesis about pubertal 

status. Because of the suggestion of hormonally-mediated developmental differences in 

young children, it was hypothesized that pubertal status might be an important factor in 

examining gender differences in reversal learning performance among adolescents. 
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Therefore, self-reported pubertal status and gender were examined in relation to 

performance. It was hypothesized that males and females would have different 

developmental trajectories when pubertal status was examined and that males would 

perform better than females during early stages of pubertal development (presumably due 

to the elevated levels of testosterone).  

Method 

Sample 

 Because of the broad age range assessed (9 to 23 years), different methods were 

needed to recruit minor versus adult participants. Participants between the ages of 9 and 

17 were randomly selected from a database maintained by the University of Minnesota’s 

Institute of Child Development and telephoned to invite their participation in the study. 

Postcards were also mailed to University of Minnesota staff members inviting their 

children to participate. Individuals between the ages of 18 and 23 were recruited using 

fliers posted at the university. Inclusion criteria were assessed first through telephone 

interviews with participants and their parents (if applicable) and verified by in-person 

participant/parent interviews as described below.   

Those who passed the phone screening were invited to the university for a 

screening visit in which participants and parents completed the Schedule for Affective 

Disorders and Schizophrenia for School-age Children – Present and Lifetime version (K-
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SADS-PL, Kaufman et al., 1997) interview, the Wechsler Abbreviated Scales of 

Intelligence (WASI, Wechsler, 1999) and questionnaire measures. Participants had no 

history of psychological disorder. By parent report (children) or self-report (adults), 

participants were free of diagnosed neurological disorder, learning problems, and mental 

retardation. They were all native English speakers and had normal or corrected-to-normal 

vision and hearing. The study included a neuroimaging component (discussed in Study 

2), so participants were all right-handed and had no contraindications to MRI scanning.  

This recruitment strategy yielded 129 participants (69 female) who completed the 

study measures. Data were excluded from one individual who could not successfully 

complete the simple reversal learning task. Participants were mostly Caucasian (87%). 

Demographic characteristics for the total sample are presented in Table 1. As indicated in 

the Table, the sample was divided into age groups, which will be discussed in the results 

section. 
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Protocol 

Participants and parents came to the university for testing. Informed consent and 

assent were obtained according to Institutional Review Board guidelines. Afterwards, the 

following measures were completed. 

Reversal Learning Task 

 Participants completed a computerized probabilistic reversal learning task adapted 

from tasks known to activate the orbitofrontal cortex in fMRI studies (Cools et al., 2002; 

O'Doherty et al., 2001). The task was programmed using E-Prime (Psychology Software 

Tools, Inc., Pittsburgh, PA). Participants were instructed to choose one of two colored 

squares that appeared on the screen. Picking a square resulted in feedback consisting of 

either a smiley face paired with a pleasant sound or a frowning face paired with an 

unpleasant sound. Participants were instructed to try to get as many smiley faces as they 

could. They were told that both colors would give both smiley faces and frowning faces, 

but one color (the "good" color) would give more smiley faces than frowning faces, and 

the other color (the "bad" color) would give more frowning faces than smiley faces. They 

were told to figure out which was the good color and stick with it, but they were warned 

that sometimes the computer would change which was the good color. They were 

instructed not to switch until they were sure the good color had changed.
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 On each trial, a yellow and a blue square were presented on the screen, one to the 

left of a central point and one to the right. The color appearing on the left side of the 

screen varied randomly, with the blue square appearing on the left approximately 40% of 

the time. The squares remained on the screen until the participant chose one by clicking 

on it with the mouse. After a response was detected, a blank screen was presented for 200 

ms and then the feedback screen (smiley or frowning face with sound) was presented for 

3000 ms, followed by a fixation cross for 1000 ms before the colored squares for the next 

trial appeared. Three conditions were administered as separate blocks of the task in this 

order. All participants received the same testing order. 

90% accurate feedback condition. Initially, the “good” color was set to yellow. 

When the good color was chosen, the feedback received was randomly picked from a list 

containing 90% positive feedback (i.e., smiley faces) and 10% negative feedback (i.e., 

frowning faces). When the other color was chosen, the feedback was randomly picked 

from a list containing 90% negative feedback and 10% positive feedback. Thus, on 

average, 90% of the feedback received provided accurate information about whether it 

was the good or bad color. However, because the feedback was randomly selected on 

each trial for each participant, the actual percentage of accurate feedback varied slightly 

across participants and the order of accurate vs. inaccurate feedback was randomly 

determined for each participant. On average, 90.4% of the feedback was accurate 
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(standard deviation 1.1%, range 88% to 93%). Because of this variation, the actual 

percentage of accurate feedback was used as a control variable in statistical analyses. 

This block included the initial discrimination learning of the two stimuli and three 

reversals. 

 For each reversal, a criterion of 7 to 10 consecutive correct trials was randomly 

selected. When the subject achieved this criterion, the good color was switched to the 

other color. If the participant did not achieve this criterion within 30 trials, that reversal 

was discontinued and the good color was switched to start the next reversal. If this 

discontinuation criterion was reached on two of the reversals (or the initial discrimination 

learning and one reversal), the block was discontinued. When the block was completed or 

discontinued, the task moved on to the next condition.  

80% accurate feedback condition. To start this block, the good color was 

switched (a reversal from the last trial of the 90% accurate feedback condition) and the 

average percentage of accurate feedback changed without warning the participant. The 

task stimuli remained unchanged. In this condition, the good color provided positive 

feedback on 80% of the trials and negative feedback on 20% of trials. The other color 

provided negative feedback on 80% of trials and positive feedback on 20% of trials. 

Again, the actual percentage of accurate feedback varied randomly across participants. 

On average, accurate feedback was provided on 81.6% of the trials with a standard 
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deviation of 1.1% (range 79% to 84%). The actual percentage of accurate feedback was 

used as a control variable.  

 The same criterion for successfully achieving a reversal was used. This block 

consisted of the initial discrimination of the 80% accurate feedback condition (which was 

also a reversal from the last stage of the 90% accurate feedback condition) and three 

reversals. The same discontinue criterion for individual reversals and the block was used 

for this condition as for the 90% accurate feedback condition.  

Simple reversal learning. After the initial discrimination and three reversals on 

the 80% accurate feedback condition, new instructions were presented. Participants were 

informed that for this block, the good color would always give smiley faces and the bad 

color would always give frowning faces. The same stimuli were presented as in previous 

blocks, but this time all of the feedback was accurate. This block again consisted of the 

initial discrimination and three reversals.  

Outcome variables. The average number of trials to criterion (defined as the total 

trials for a discrimination or reversal minus the randomly determined criterion) was 

calculated separately for the different trial types. The first reversal of the first (90% 

accurate feedback) condition was considered to be discrimination learning, as that was 

when participants were learning to discriminate between the two stimuli based on the 

current percentage of accurate feedback. For the 80% accurate feedback and simple 
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reversal learning conditions, the first block of trials was actually a reversal from the last 

trial of the previous condition in addition to discrimination of the new probability level, 

so these are considered probabilistic reversals. Because of this difference, the first block 

of each condition was analyzed separately (as a discrimination or as a probabilistic 

reversal). Trials to criterion on the next three blocks within each condition were averaged 

together as reversals.  

Errors (choosing the current “bad” color) were coded as: failures to maintain set, 

perseverative, or other. Failure to maintain set errors occurred when the participant chose 

the currently correct stimulus four or more times in a row and then switched to the 

incorrect stimulus independent of feedback. This was similar to the scoring of the 

Wisconsin Card Sorting Test (Heaton, Chelune, Talley, Kay, & Curtiss, 1993), except a 

slightly less stringent criterion was used (4 rather than 5 correct) because with only two 

response choices and one response dimension it was clearer that the participant had 

indeed figured out the rule when they were responding to the correct stimulus.  

Perseverative errors involved continuing to choose the previously good color after 

the reward structure for the good and bad colors were switched. Errors were counted as 

perseverative until the participant reached the criterion for maintaining the new set as 

described above (i.e., until the participant chose the new good color four times). Thus, 
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there were no perseverative errors on the first discrimination block of the 90% condition, 

but there could be perseverative errors on subsequent blocks.  

Other errors were any time the participant chose the current “bad” color that did 

not meet the above criteria for a perseverative or failure to maintain set error. These 

errors most commonly occurred when a participant made a failure to maintain set error 

and then made more errors before getting back to the correct set. These other errors were 

less common than the other types of errors, and 36.4% of individuals in the sample did 

not make any of these types of errors throughout the task. Therefore, they were not 

examined separately, but their influence was indirectly assessed through their effect on 

the trials to criterion on discrimination and reversal blocks.  

Pubertal Status 

 Pubertal status was measured by two self-report questionnaires. The Petersen 

Physical Development Scale (PDS, Petersen, Crockett, Richards, & Boxer, 1988) asked 

participants to rate how far along they were on gender-specific pubertal changes. Taylor’s 

version of the Tanner Sexual Maturation Scale (SMS, Taylor et al., 2001) asked 

participants to select from line drawings of each Tanner pubertal stage that best 

represented their breast and pubic hair development (for girls) or genital and pubic hair 

development (for boys). For the PDS, criteria were obtained from the authors (L. 

Crockett, personal communication, 2001) to assign each participant to one of the five 
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Tanner stages based on their responses regarding menstruation, body hair, and breast 

growth (for girls) or body hair, facial hair, and voice changes (for boys). For the SMS, the 

average Tanner stage represented by the pictures selected by the individual was 

calculated. Thus, each questionnaire provided a measure of the participant’s Tanner 

pubertal stage on the typical 5-point metric. There was generally good agreement 

between the two measures (r = .79, p < .01). For only 6 individuals was there a difference 

of more than one pubertal stage between the two measures. The scores from the two 

measures were averaged, and the result was rounded to create a composite pubertal stage 

variable on a 5-point metric. Some individuals did not wish to provide information on 

pubertal status or did not complete the questionnaires appropriately. Two individuals (a 9 

year-old female and a 19 year-old male) did not complete either pubertal status measure. 

These individuals were included in analyses looking at age changes but were excluded 

from analyses involving pubertal status. Five individuals completed one questionnaire but 

did not provide complete data for the other. In these cases, the pubertal stage from the 

completed questionnaire was used.  

Statistical Analyses 

Data were analyzed with the Statistical Package for the Social Sciences, version 

12.0.0 (SPSS Inc., Chicago, IL). Reversal learning trials to criterion and error scores were 

skewed, so they were normalized using Blom transformations (Blom, 1958) prior to using 
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parametric statistics. Blom transformations were used because they provide a closer 

approximation to a normal distribution than other types of transformations. An alpha 

level of .05 was used to determine statistical significance. Repeated-measures and 

univariate ANCOVAs were used to examine age-related changes in reversal learning 

performance. The sample was divided into four age groups: 9 – 12 year-olds, N = 30; 13 

– 15 year-olds, N = 33; 16 – 18 year-olds, N = 33; and 19 – 23 year-olds, N = 33. Age 

cut-offs were determined arbitrarily in order to create groups with approximately equal 

sample sizes. Demographic characteristics for each age group are shown in Table 2. As 

expected, the groups differed in age, F(3,125) = 497.12, p < .01, partial η2 = .92, and 

average pubertal stage, F(3,123) = 106.33, p < .01, partial η2 = 72. There were no 

significant differences between the groups in gender composition, father’s education, or 

annual income. There were trends for group differences in mother’s education, F(3,119) 

= 2.41, p = .07, partial η2 = .06, and FSIQ, F(3,123) = 2.55, p = .06, partial η2 = .06. 

Tukey post-hoc tests indicated that the mothers of the 19-23 year-olds had less education 

than those of the 13-15 year-olds. For FSIQ, post-hoc tests did not reveal any significant 

differences between groups, although it can be observed in Table 1 that 9-12 year-olds 

exhibited slightly higher FSIQ’s on average as compared to the other age groups and 

there was a trend for 9 – 12 year-olds to have higher IQs than 13 – 15 year-olds, p < .10. 

Mother’s education was not significantly correlated with summary measures (across 



22 

 

 

 

conditions) of any of the reversal learning variables. FSIQ was negatively correlated with 

trials to criterion on the first block (probabilistic reversal) of the 80% accurate feedback 

block, r = -.20, p = .02, but not with other reversal learning variables.   

Analytic Strategy.  

Univariate ANCOVAs were used to examine group differences in performance on 

the first block of each condition (90% accurate feedback, 80% accurate feedback, and 

simple reversal learning) separately. Age group and gender were entered as fixed factors. 

The actual percent inaccurate feedback for each probabilistic block was used as a 

covariate when examining performance on that block. For other variables, repeated 

measures ANCOVAs were used. Condition (simple reversal learning, 90% accurate 

feedback, 80% accurate feedback) was entered as a within-subjects variable. Age group 

and gender were entered as between-subjects variables. Actual percent inaccurate 

feedback summed across the 80% and 90% accurate feedback conditions was entered as a 

covariate. Effect sizes are reported as partial η2. Planned Helmert contrasts were used to 

examine significant effects of age. Each age group was compared to all the older age 

groups to determine when development stabilized. Significant interactions were followed 

up with univariate ANOVAs. For these follow-up analyses Tukey post-hoc tests were 

used to examine differences between age groups.  
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As expected, pubertal stage and age were highly correlated, Pearson r = .86. 

Pubertal status by age group is shown in Table 1. The 9 – 12 year-olds were mostly 

divided between pubertal stages 1, 2, and 3, 13 – 15 year-olds were mostly stages 3 and 

4, 16 – 18 year-olds were mostly stages 4 and 5, and 19 – 23 year-olds were mostly stage 

5, although there were some stage 4’s and one stage 3. This patterning within and across 

age groups makes it very difficult to separate the effects of age and puberty, but the 

variability in pubertal status within the studied age groups suggests that there may be a 

different pattern of development evident on the basis of pubertal stage rather than age. 

Based on previous literature, it is also possible that the hormonal changes at puberty may 

lead to gender differences in performance. Therefore, to examine the effects of puberty 

and interactions with gender, the univariate and repeated measures ANCOVAs described 

above were repeated entering pubertal stage instead of age as a between-groups variable. 

For these analyses, age was entered as a covariate. While this decreases the power to find 

effects of pubertal status, those that are found will be effects of puberty above and 

beyond the effect of age. Planned Helmert contrasts were again used to examine 

significant effects of pubertal status to determine at which pubertal stage performance 

stabilized. Interactions were followed up with univariate ANOVAs. Tukey post-hoc tests 

were used to examine differences between age groups in these analyses.  
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Results 

Task Characteristics 

 Most individuals achieved all reversals (113 individuals for the 90% accurate 

feedback condition and 92 individuals for the 80% accurate feedback condition). One 10-

year-old did not meet the criterion for any of the blocks of the probabilistic reversal 

learning task, but the data were included for the trials he attempted. Five other individuals 

did not successfully complete any blocks of the 80% accurate feedback condition, but 

their data were included for the trials they attempted. For the 90% accurate feedback 

condition, 4 individuals did not achieve any reversals, 4 only achieved one reversal, and 8 

only achieved two reversals. For the 80% accurate feedback condition, 8 individuals did 

not achieve any reversals, 9 only achieved one reversal, and 20 only achieved two 

reversals. The variables used in further analyses are the average number of trials or errors 

per reversal. When an individual did not attempt a reversal (because they met the 

discontinuation criterion for that feedback level, i.e., failing two successive reversals), 

their data are included in further analyses, but the average number of trials or errors per 

reversal is based only on the reversals they attempted. When an individual attempted a 

reversal but did not successfully achieve the criterion for reversal (i.e., seven to ten 

consecutive correct choices), a value of 30 (the trial limit per reversal) minus the criterion 
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is used for trials to criterion and the number and type of errors are calculated as described 

previously. 

With the caveat that the simple reversal learning trials came late in the trial 

sequence and may have been impacted by earlier learning of the task structure, it was the 

case that everyone included in this sample achieved the specified criterion for initial 

learning and each of the reversals for the simple reversal learning block. This pattern 

verifies that everyone was able to complete a simple discrimination and reversal. The 

average trials to criterion on each initial learning and reversal block for the total sample is 

shown in Figure 1.  

The data generally show the classic pattern for reversal learning tasks with fewer 

trials required to reach criterion on the initial learning blocks, more for the first reversal, 

and then less for subsequent reversals. The only exception is the higher trials to criterion 

on the 80% accurate feedback probabilistic reversal trial. This block could be more 

difficult because there is no warning to participants of the change in feedback accuracy or 

because it is also a reversal from the last 90% accurate feedback trial. 
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Figure 1. Mean (+/- standard error) number of trials to reach criterion for each block at 

each level of probabilistic feedback, collapsed across age groups. 
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Figure 1 also shows that task performance is ordered according to putative 

difficulty, with participants taking more trials to reach criterion on the 80% accurate 

feedback blocks than the 90% accurate feedback blocks, which, in turn, take more trials 

than the simple reversal learning blocks. These differences were shown to be statistically 

significant using paired sample t-tests. For initial discrimination, individuals took more 

trials to reach criterion on the 90% accurate feedback condition than the simple reversal 

learning task, t128 = 8.71, p < .01, and they took more trials on the 80% accurate feedback 

condition than the 90% accurate feedback condition, t128 = 5.15, p < .01. For the average 

trials to criterion on reversal blocks, individuals took more trials in the 90% accurate 

feedback condition than the simple reversal learning condition, t128 = 10.02, p < .01, and 

they took more trials in the 80% accurate feedback condition than the 90% accurate 

feedback condition, t128 = 3.25, p < .01.  Although there was a significant effect of 

condition when the raw scores were examined, once the variables were Blom-

transformed to yield normalized distributions for the repeated measures ANCOVAs, the 

main effect of condition was no longer significant. However, condition was included as a 

within-subjects variable to determine whether any of the other variables interacted with 

it. 
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Age-Related Changes in Reversal Learning Performance 

Trials to Criterion on Discrimination and Probabilistic Reversal Trials 

Blom-transformed trials to criterion on discrimination and probabilistic reversal 

blocks were examined separately within each condition using univariate ANCOVAs. For 

these first blocks of each condition, (90% accurate feedback, 80% accurate feedback, and 

simple reversal learning) there were no significant effects of age group, gender, actual 

percent inaccurate feedback (for the 90% accurate feedback and 80% accurate feedback 

blocks), or the interaction of age and gender.  

Trials to Criterion on Within-Probability Reversal Learning Trials 

For Blom-transformed average trials to criterion on reversals, condition was not 

significant in multivariate tests and did not interact with any of the other variables.  

 Between-subjects tests indicated a significant effect of age group, F(3,120) = 

5.19, p < .01, partial η2 = .12. Follow-up Helmert contrasts indicated that 9-12 year-olds 

took significantly more trials to reach criterion on reversals, regardless of condition, than 

the older age groups (p < .01). There were no significant differences between 13 – 15 

year-olds and older groups or between 16 – 18 year-olds and 19 – 23 year-olds. Average 

trials to criterion on reversal blocks for each age group are graphed in Figure 2. 

There was also a trend for a between-subjects effect of gender, F(1,120) = 3.29, p 

= .07, partial η2 = .03. Examination of the estimated marginal means showed that, overall, 
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males took more trials to reach criterion on reversals than females. The age group by 

gender interaction was not significant. 

Finally, there was also a significant effect of the covariate, actual percent 

inaccurate feedback, F(1,120) = 13.23, p < .01, partial η2 = .10. To determine the 

direction of the effect, the Pearson correlation between actual percent inaccurate feedback 

and the average trials to criterion on reversal blocks was computed. The correlation was 

positive and significant, r = .35, p < .01, indicating that those individuals who received 

more inaccurate feedback tended to take more trials to successfully reach the criterion. To 

ensure that this was not driving the age effect, differences in the actual percent inaccurate 

feedback between the age groups were assessed with a one-way ANOVA. The effect of 

age group was not significant, F(3,128) = 1.85, ns. The correlation between actual 

percent inaccurate feedback and trials to criterion on reversal blocks remained significant 

after controlling for age using a partial correlation, r = .30, p < .01.  
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Figure 2. Mean (+/- standard error) number of trials to reach criterion on reversal blocks, 

collapsed across probabilistic feedback levels, for each age group. 
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Failure to Maintain Set Errors 

 For the Blom-transformed average failure to maintain set errors per reversal, 

condition was significant in multivariate tests, Wilks’ Λ = .93, F(2,119) = 4.65, p = .01, 

partial η2 = .07. However, follow-up paired-samples t-tests for the Blom-transformed 

variables showed that there were no significant differences between individual 

conditions. Condition did not interact with age or gender.  

 Between-subjects tests did show a significant effect of age group, F(3,120) = 

4.57, p < .01, partial η2 = .10. Follow-up Helmert contrasts showed that 9 – 12 year-olds 

made significantly more failure to maintain set errors than the older groups, p < .01. 

Average failure to maintain set errors per reversal for each age group are graphed in 

Figure 3. There were no significant differences between 13 – 15 year-olds and older 

groups or between 16 – 18 year-olds and 19 – 23 year-olds. 

 There was also a trend for a between-subjects effect of gender, F(1,120) = 3.39, p 

= .07, partial η2 = .03. Examination of estimated marginal means showed that, overall, 

males made more failure to maintain set errors than females. The interaction of age and 

gender was not significant.  
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Figure 3. Mean (+/- standard error) number of failure to maintain set errors per reversal 

block, collapsed across probabilistic feedback levels, for each age group. 
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The final significant effect was for actual percent inaccurate feedback, F(1,120) = 7.08, p 

< .01, partial η2 = .06. Blom-transformed average failure to maintain set errors were 

significantly positively correlated with actual percent inaccurate feedback, r = .31, p < 

.01, indicating that individuals tended to make more failure to maintain set errors when 

they received higher levels of inaccurate feedback. Multivariate tests also showed that 

condition interacted with actual percent inaccurate feedback, Wilks’ Λ = .93, F(2,119) = 

4.62, p = .01, partial η2 = .07. Follow-up Pearson correlations showed that actual percent 

inaccurate feedback was significantly correlated with Blom-transformed failure to 

maintain set errors in the 90% accurate feedback condition, r = .20, p = .03, and the 80% 

accurate feedback condition, r = .34, p < .01. 

Perseverative Errors  

 For Blom-transformed average perseverative errors per reversal, condition was 

not significant in multivariate tests.   

 Age group was not significant in between-subjects tests, but the age group by 

condition interaction was significant in multivariate tests, Wilks’ Λ = .89, F(6,238) = 

2.35, p = .03, partial η2 = .06. Follow-up univariate ANOVAs assessed the effect of age 

group on perseverative errors within each of the conditions. Age group was only 

significantly related to perseverative errors on the 80% accurate feedback condition, 

F(3,125) = 5.50, p < .01, partial η2 = .13. Tukey post-hoc tests showed that 9 – 12 year-
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olds made more perseverative errors on the 80% accurate feedback condition than 16 – 

18 year-olds, p < .05, and 19 – 23 year-olds, p < .01. There was a trend for 9 – 12 year-

olds to make more perseverative errors than 13 – 15 year-olds, p = .08. There were no 

significant differences between any of the other age groups. Figure 4 shows perseverative 

errors within each condition by age group.  

 Gender was also not significant in between-subjects tests, but there was a trend 

for an interaction of gender by condition in multivariate tests, Wilks’ Λ = .95, F(2,119) = 

2.99, p = .05, partial η2 = .05. Follow-up univariate ANOVAs within each condition 

showed that there was a trend for males to make more perseverative errors than females 

in the simple reversal learning condition, F(1,127) = 3.07, p = .08, partial η2 = .02. There 

were no significant gender differences in the other conditions. 

  Percent inaccurate feedback was a significant between-subjects predictor of 

perseverative errors, F(1,120) = 7.81, p < .01, partial η2 = .06. Pearson correlations 

indicated that actual percent inaccurate feedback was significantly positively correlated 

with Blom-transformed average perseverative errors, r = .30, p < .01, suggesting that 

those individuals who received more inaccurate feedback tended to make more 

perseverative errors. Percent inaccurate feedback did not significantly interact with 

condition for perseverative errors.  
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Figure 4. Mean (+/- standard error) number of perseverative errors per reversal block for 

each age group within each level of probabilistic feedback. 
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Summary of Age-Related Changes 

 Age group did not have a significant effect on trials to criterion in the first block 

of any condition, but it was significant for trials to criterion on later reversal blocks. On 

the reversal blocks, 9 – 12 year-olds took significantly more trials to reach criterion than 

older age groups. When error types were examined, age group had a significant effect on 

failure to maintain set errors, with 9 – 12 year-olds making more failure to maintain set 

errors than older age groups. For perseverative errors, age only had an effect within the 

80% accurate feedback condition, but the effect within that block was similar. 9 – 12 

year-olds made significantly more perseverative errors than 16 – 18 year-olds and 19 – 23 

year-olds, and there was a trend for 9 – 12 year-olds to make more perseverative errors 

than 13 – 15 year-olds.  

 Gender was not significant in any analyses, but there were trends for overall 

gender differences in trials to criterion on reversal blocks and failure to maintain set 

errors, with males performing worse than females. There was also a trend for a gender by 

condition interaction on perseverative errors, with males making more perseverative 

errors than females in the simple reversal learning condition but not in other conditions. 

There were no significant interactions of age and gender. 
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 The random fluctuations of percent inaccurate feedback between individuals were 

also associated with performance. Individuals who happened to receive relatively more 

inaccurate feedback tended to take more trials to reach criterion on reversal learning 

blocks, and to make more failure to maintain set and perseverative errors.  

Effects of Pubertal Status 

The same univariate and repeated-measures ANCOVAs were repeated with pubertal 

stage instead of age as a between-subject predictor. Age was entered as a continuous 

covariate to determine effects of pubertal status beyond the previously reported effects of 

age. 

Trials to Criterion on Initial Blocks of Each Condition 

For the first block of each condition (the discrimination and probabilistic reversal 

trials), there were no significant effects of pubertal status after controlling for age, and the 

age covariate was not a significant predictor of performance. As in the age analyses, there 

were no significant effects of gender, actual percent inaccurate feedback (for the 90% 

accurate feedback and 80% accurate feedback conditions), or the pubertal status by 

gender interaction.  

Trials to Criterion on Within-Probability Reversal Learning Trials 

For Blom-transformed average trials to criterion on the reversal blocks, there was 

a significant effect of condition in multivariate tests, Wilks’ Λ = .94, F(2,114) = 3.56, p = 
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.03, partial η2 = .06, but follow-up t-tests did not show significant differences in Blom-

transformed trials to criterion on reversal blocks between individual conditions. 

Condition did not interact with age, pubertal status, gender or their interaction.  

Pubertal stage was a significant predictor in between-subjects tests, even after 

controlling for age, F(4,115) = 3.14, p = .02, partial η2 = .10. Helmert contrasts showed 

that those in pubertal stage 1 took more trials to reach criterion than those in later 

pubertal stages, p < .01. There was not a significant difference between those in stages 2, 

3, or 4 and later stages. Figure 5 shows average trials to criterion across reversal blocks 

within each pubertal stage. 

With pubertal stage in the model, the effect of age was not significant. In this 

model, gender was not significant and pubertal status did not interact with gender.  

As in the age analyses, there was a significant effect of actual percent inaccurate 

feedback, F(1,115) = 13.13, p < .01, partial η2 = .10. There was also a trend for a percent 

inaccurate feedback by condition interaction in multivariate tests, Wilks’ Λ = .95, 

F(2,114) = 2.84, p = .06, partial η2 = .05, but follow-up Pearson correlations showed that 

percent inaccurate feedback was significantly positively correlated with Blom-

transformed trials to criterion on reversals within each condition (for 90% accurate 

feedback r = .22, p = .01, for 80% accurate feedback r = .37, p < .01, and for simple 

reversal learning r = .23, p = 01). The fact that percent inaccurate feedback on the 80%  
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Figure 5. Mean (+/- standard error) number of trials to reach criterion on reversal blocks, 

collapsed across probabilistic feedback levels, for each pubertal stage. 
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and 90% accurate feedback conditions was correlated with performance on the later 

simple reversal learning block suggests that receiving more inaccurate feedback may 

have changed the individuals’ response strategy even after they were told that all of the 

feedback was accurate. 

Failure to Maintain Set Errors 

For Blom-transformed failure to maintain set errors, as before, there was a 

significant effect of condition, Wilks’ Λ = .88, F(2,114) = 7.65, p < .01, partial η2 = .12.  

 Between-subjects tests showed a trend for an effect of pubertal stage after 

controlling for age, F(4,115) = 2.27, p = .06, partial η2 = .07, but pubertal status did not 

interact with condition in multivariate tests. Helmert contrasts showed that those in 

pubertal stage 1 made significantly more failure to maintain set errors than those in later 

stages, p < .01. There was a trend for those in stage 3 to make more failure to maintain set 

errors than those in later stages, p = .08. There was not a significant difference between 

those in stage 2 or 4 and later stages. Figure 6 shows average failure to maintain set errors 

across conditions for individuals in each pubertal stage.  

 With pubertal status in the model, the effect of age was no longer significant. In 

this model, gender was not significant in between-subjects tests. Pubertal status did not 

interact with gender in between-subjects tests, but there was a significant condition by 

pubertal status by gender interaction in multivariate tests, Wilks’ Λ = .87, F(8,228) =  
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Figure 6. Mean (+/- standard error) number of failure to maintain set errors per reversal 

block, collapsed across probabilistic feedback levels, for each pubertal stage. 
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2.09, p = .04, partial η2 = .07. Follow-up univariate ANOVAs were conducted to assess 

the effect of pubertal status within each gender for each condition. For the 90% accurate 

feedback condition, the effect of pubertal status was significant within the females, 

F(4,63) = 4.41, p < .01, partial η2 = .22, but not the males, F(4,54) = 0.56, ns, partial η2 = 

.04. In contrast, for the 80% accurate feedback condition, the effect of pubertal status was 

a trend within the males, F(4,54) = 2.14, p = .09, partial η2 = .14, and was not significant 

within the females, F(4,63) = 1.33, ns, partial η2 = .08. For simple reversal learning, there 

was a significant effect of pubertal status within each gender (for males: F(4,54) = 2.58, p 

< .05, partial η2 = .16, for females: F(4,63) = 4.44, p < .01, partial η2 = .22). Pubertal 

status effects on failure to maintain set errors by gender for the 90% accurate feedback 

and 80% accurate feedback condition are shown in Figure 7. 

Perseverative Errors 

For Blom-transformed perseverative errors, as in the age analyses, condition was 

not significant in multivariate tests.  

 Pubertal stage was not significant in between-subjects tests or multivariate tests 

after controlling for age. With pubertal stage in the model, age was a trend-level predictor 

of performance in between-subjects tests, F(1,115) = 2.86, p < .10, partial η2 = .02, and 

did not interact with condition in multivariate tests.  
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Figure 7. Mean (+/- standard error) number of failure to maintain set errors per reversal 

block for the 90% accurate feedback and 80% accurate feedback conditions for males and 

females within each pubertal stage.
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 Gender was not significant in between-subjects tests but did interact with 

condition in multivariate tests, Wilks’ Λ = .91, F(2,114) = 5.45, p < .01, partial η2 = .09. 

Follow-up univariate ANOVAs showed a trend for males to make more perseverative 

errors in the simple reversal learning condition, F(1,127) = 3.07, p = .08, partial η2 = .02. 

The gender difference was not significant in the other conditions, but males made more 

perseverative errors in the 80% accurate feedback conditions while females made more 

perseverative errors on the 90% accurate feedback condition.  

Multivariate tests also indicated a gender by pubertal stage by condition 

interaction, Wilks’ Λ = .85, F(8,228) = 2.34, p = .02, partial η2 = .08. Follow-up 

univariate ANOVAs examining the effect of pubertal status within each gender and 

condition showed no effect of pubertal status on perseverative errors in either gender for 

the 90% accurate feedback or simple reversal learning conditions. There was a significant 

effect of pubertal status within each gender for the 80% accurate feedback condition (for 

males: F(4,54) = 2.81, p = .03, partial η2 = .17, for females: F(4,63) = 3.18, p < .01, 

partial η2 = .21). Helmert contrasts showed slightly different patterns, though. For males, 

those in pubertal stage 1 made significantly more perseverative errors than those in all 

other stages, p < .01, but there were no significant differences between those in stage 2, 3, 

or 4 and the later pubertal stages. For females, the development was somewhat later. 
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Females in pubertal stage 2 and 3 made more perseverative errors than those in later 

stages, p < .01 for stage 2, p = .03 for stage 3. Figure 8 shows the average perseverative 

errors on the 80% accurate feedback condition by males and females within each pubertal 

stage. 

The final significant effect was a between subjects effect of percent inaccurate 

feedback, F(1,115) = 7.14, p < .01, partial η2 = .06, similar to the effect seen in the age 

analyses. This did not interact with condition.   

Summary of Effects of Pubertal Stage 

Even after controlling for age, pubertal status exerted a significant effect on 

reversal learning performance for most variables. Many of the results with pubertal stage 

in the model were similar to those seen with age, such as the effect of actual percent 

inaccurate feedback on most aspects of reversal learning performance. Pubertal status 

was a significant predictor of trials to criterion on reversal blocks and a trend-level 

predictor of failure to maintain set errors, after controlling for age. With pubertal status in 

the model for these variables, the effect of age (entered as a continuous covariate) was no 

longer significant, suggesting that pubertal status mediated the earlier reported 

association between age and trials to criterion on reversals and failure to maintain set 

errors. For perseverative errors, the pattern was somewhat different. The age covariate  
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Figure 8. Mean (+/- standard error) number of perseverative errors per block for the 80% 

accurate feedback condition for males and females within each pubertal stage.  
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was a trend-level predictor of performance and pubertal status was not significant on its 

own in between-subjects or multivariate tests. 

Main effects involving gender were not significant when pubertal status was in 

the model, but males and females showed different pubertal effects on performance for 

failure to maintain set errors and perseverative errors. For failure to maintain set errors, 

there was a stronger effect of pubertal status within males for the 80% accurate feedback 

condition and within females in the 90% accurate feedback condition. For perseverative 

errors, even though the main effect of pubertal status was not significant after controlling 

for age, there was a significant interaction between pubertal status, gender, and condition. 

The effect of puberty was significant for both males and females only in the 80% 

accurate feedback condition. However, within that condition, females showed somewhat 

more protracted development than males.  

Discussion 

This study examined the effects of age, gender, and pubertal stage on performance 

of a reversal learning task with both simple and probabilistic conditions in healthy 

adolescents and young adults between the ages of 9 and 23. Individuals showed the 

expected pattern of performance across blocks. The manipulation of adding probabilistic 

feedback made the task more difficult, so that individuals had more difficulty with the 

80% accurate feedback condition than the 90% accurate feedback condition, which, in 
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turn, was more difficult than the simple reversal learning condition. Even the small 

random variations in the amount of inaccurate feedback that individual subjects received 

were related to performance, such that those who received more inaccurate feedback took 

more trials to reach criterion on the reversal blocks and made more perseverative and 

failure to maintain set errors. This pattern provides further support that the manipulation 

of probabilistic feedback was successful in making the task more difficult.  

The developmental time-course of performance on this task had not previously 

been established. As reversal learning has been shown to depend on the orbitofrontal 

cortex in adults (Cools et al., 2002; Fellows & Farah, 2003; Hornak et al., 2004; 

O'Doherty et al., 2001; Rolls et al., 1994), and performance on a more complex decision-

making task that depends on the ventromedial prefrontal cortex has been shown to have 

protracted development during adolescence (at least up to age 17) (Crone et al., 2003; 

Hooper et al., 2004; Overman et al., 2004), protracted development of aspects of reversal 

learning performance were expected, as well. However, the results suggest that reversal 

learning performance may mature earlier. 

There were no significant age effects on learning the probabilistic contingencies 

(i.e., the first block of each condition). This skill has been shown to depend on regions 

outside of the frontal cortex, such as the inferior temporal lobe (e.g., Buffalo, Stefanacci, 

Squire, & Zola, 1998; Cowey & Gross, 1970), which may functionally mature earlier 
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than the age range studied. In contrast, age effects were seen on trials to reach criterion 

for reversal blocks, with 9 – 12 year-olds performing worse than older age groups. The 

age effect did not interact with condition, suggesting that, even though the probabilistic 

task was more difficult, the developmental trends were similar. When error types were 

examined, failure to maintain set errors showed a similar pattern to trials to criterion on 

reversals; 9 – 12 year-olds made more of these errors than those in older age groups in a 

way that did not interact with condition. For perseverative errors, the age effect was only 

significant for the 80% accurate feedback condition. This is in line with another study 

that showed that frontal lobe lesions impaired probabilistic reversal learning without 

increasing the number of perseverative errors (Swainson et al., 2000). In the 80% 

accurate feedback condition, the age effect was similar, in that 9 – 12 year-olds made 

more perseverative errors than those in older age groups.   

Performance on this task can be used to infer something about development of the 

orbitofrontal cortex because previous studies have shown strong links between task 

performance and the integrity of this brain region (L. Clark et al., 2004; Cools et al., 

2002; Fellows & Farah, 2003; Hornak et al., 2004; O'Doherty et al., 2001). Thus, despite 

evidence of protracted brain development of the orbitofrontal cortex and its limbic 

connections (Benes, 1989; Gogtay et al., 2004; Sowell et al., 2001; Yakolev & Lecours, 
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1967), this brain area appears to be developed enough to mediate adult-like performance 

on simple and probabilistic reversal learning tasks by approximately age 12.  

Gender was not significant in the analyses with age, but there were trends for 

males to perform worse than females in trials to criterion on reversal blocks and failure to 

maintain set errors, and for males to make more perseverative errors than females on the 

simple reversal learning task. Previous studies with young adolescents and college 

students have also shown no significant gender differences in reversal learning 

performance on reversal learning tasks (Overman, 2004). 

Because gender differences have been found in early development on reversal 

learning tasks that parallel hormonally-based gender differences in monkeys (Overman et 

al., 1996), it was expected that pubertal stage might be a better predictor of reversal 

learning performance during adolescence than age and that gender by pubertal stage 

interactions may occur. This hypothesis was partially supported by the findings. Results 

suggested that pubertal status mediated the earlier associations between age and trials to 

criterion on reversals and failure to maintain set errors, as age was no longer significant 

when pubertal stage was entered. The biggest difference in performance was between 

those in pre-pubertal stage one and those in later stages, although the graphs show 

gradual decreases in errors and trials to criterion across the five pubertal stages. Again, 

perseverative errors showed a somewhat different pattern, as they were not related to 
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pubertal stage when age was in the model. This suggests that age is a better predictor of 

the development of perseverative errors.  

The puberty analyses also revealed gender by pubertal stage interactions on some 

performance variables. For the most difficult 80% accurate feedback condition, males 

seemed to show strong improvements in behavior from the pre-pubertal to pubertal 

transition, which, based on previous studies (A. S. Clark & Goldman Rakic, 1989; 

Overman et al., 1996), could be related to the increase in testosterone they experience at 

this time. In early development, males outperform females on reversal learning tasks, but 

these gender differences in monkeys can be eliminated by the administration of 

androgens to females (A. S. Clark & Goldman Rakic, 1989). Females may show more 

protracted changes with puberty and show puberty-related changes on the easier 90% 

accurate feedback condition, which appear to be gradual increases in performance 

throughout the pubertal stages. Females also experience increased testosterone levels 

during adolescence, although testosterone is not responsible for as many of the physical 

changes of puberty in females as it is in males (as reviewed in: Buchanan, Eccles, & 

Becker, 1992). Perhaps this lesser testosterone surge relates to the more protracted 

development of reversal learning performance in females. Although complicated by the 

significant variation in adolescent hormonal levels across time of day and across the 
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month for females (Buchanan et al., 1992), it would be interesting for future studies to 

include direct measures of hormone levels in order to better understand this finding.  

Despite these findings, there are some limitations of this study. First, it was a 

cross-sectional study. Therefore, the effects of age cannot be completely disambiguated 

from cohort effects. Future studies should assess the development of reversal learning 

performance in longitudinal samples to confirm these developmental findings. Although 

there are strong links between reversal learning performance and the integrity of the 

orbitofrontal cortex based on the previously reviewed literature, this study did not 

directly examine OFC activity. Third, the analyses of pubertal status may be limited by 

having only self-report measures of pubertal status rather than the gold-standard 

physician assessment. Physician examination was not feasible for this study and there 

was concern that including it would reduce participation rates. To minimize the effect of 

only having self-report data, two different well-validated measures of pubertal stage were 

used (Petersen et al., 1988; Taylor et al., 2001). The measures have been validated within 

this age range, and results were consistent across the measures, providing support for this 

method of pubertal assessment, but it is impossible to completely rule out the possibility 

that some children may have misunderstood the puberty questions or rated themselves 

inaccurately. Another limitation of the puberty findings is that sample sizes are small 
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within groups. It would be useful in future studies to start at a younger age to better 

characterize gender differences in performance across the range of pubertal stages.  

Despite these limitations, this study adds significantly to the literature regarding 

adolescent behavioral development. Age-related changes in reversal learning 

performance were demonstrated during adolescence through approximately age 12 and 

then performance leveled off. This finding may be related to development of the 

orbitofrontal cortex. The results suggest that by age 12, the orbitofrontal cortex appears to 

be “on-line” enough to allow for adult-like performance on both simple and probabilistic 

reversal learning. Prior to age 12, adolescents have difficulty sustaining a correct 

response set and are more likely to perseverate on choices that are no longer correct in the 

face of a more difficult task. However, this does not rule out further development of the 

orbitofrontal cortex after age 12, which may be related to the reward and emotion 

processing areas of this brain region and may have implications for risk-taking behavior 

in adolescents. The results of this study suggest that prior to age 12, children may behave 

like patients with OFC lesions who have difficulty shifting to a new behavior when the 

one they have been performing is no longer rewarding or is punishing. After age 12, the 

ability to shift is present when measured in a laboratory setting with a simple task. 

However, older adolescents may continue to perseverate on non-rewarding or punishing 
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behavior in the context of high activation of the limbic system. This may help explain the 

high adolescent rates of substance abuse and risk-taking behavior.   

The processes that are measured by reversal learning tasks include flexible 

shifting of response set, sensitivity to environmental feedback, and response to 

probabilistic contingencies. These processes are likely to be necessary but not sufficient 

for performance of more complex decision-making tasks, which have been shown to have 

protracted development during adolescence, such as gambling tasks. Even in another arm 

of this study, performance on the Iowa Gambling Task has shown age-related changes 

that continue beyond age 17 (Wahlstrom, Hooper, & Luciana, in review). However, 

gambling tasks have additional task requirements, such as reward processing and being 

able to ignore short-term rewards in favor of longer term rewards, and they may also 

recruit additional areas of the prefrontal cortex, including its dorsolateral aspects 

(Bechara, Damasio, Tranel, & Anderson, 1998; Bolla, Eldreth, Matochik, & Cadet, 2004; 

L. Clark et al., 2004; Ernst et al., 2002).  

Interestingly, pubertal stage was a better predictor of most aspects of reversal 

learning performance than age, and gender differences in puberty-related task 

performance were seen. Pubertal stage analyses also showed more protracted 

development of some task variables than the age analyses showed, although this pattern 

was only a statistical trend. These findings suggest that orbitofrontal cortex development 
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may be especially sensitive to hormonal influences during adolescence, as it is in earlier 

stages of life. Despite the current interest in adolescent brain and behavioral 

development, few studies directly assess pubertal status. The results of this study suggest 

that puberty is an important variable to measure during this age range. Future studies 

should address whether pubertal status is a better predictor than age of other 

neuropsychological tasks that depend on other areas of the prefrontal cortex and should 

directly assess the impact of puberty on brain development.  

One of the broad aims of this dissertation is to study OFC development using 

multiple methodologies. Study 2 will expand upon the behavioral findings of Study 1 by 

assessing brain development directly using structural neuroimaging. The brain correlates 

of reversal learning performance will also be assessed, both during the period in which 

age-related changes in performance were observed in Study 1 and during the period in 

which reversal learning performance was stable from a developmental standpoint.  

STUDY 2: ADOLESCENT BRAIN DEVELOPMENT AND ITS RELATION TO 

REVERSAL LEARNING PERFORMANCE 

Introduction 

In this study, brain development was directly assessed in the same sample of 

healthy adolescents whose reversal learning performance was discussed in Study 1. 
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Previous studies of brain development have used multiple methodologies (although not 

often within the same study) to directly assess or to infer the changes occurring in the 

brain during adolescence. Few studies have combined these structural measures of brain 

maturation with functional measures of maturation, such as performance on 

neuropsychological tests. This study assesses the association between age and both 

cortical thickness (as a measure of gray matter maturation) and fractional anisotropy (as a 

measure of white matter maturation) in the current sample of healthy adolescents, ages 9 

to 23. Then the association between these brain variables and performance on the 

probabilistic reversal learning task (described previously) is examined. 

In order to understand how brain development may contribute to the development 

of reversal learning performance, it is necessary to understand the processes involved in 

normal brain development. Therefore, a review of the current state of the literature on 

adolescent brain development is provided. This also provides a context for understanding 

OFC development.   

A number of processes are involved in brain development at the cellular level, and 

most of these processes have been shown to occur at different rates in different parts of 

the brain. Early in development, an overabundance of neurons and synapses are formed 

(Easter, Purves, Rakic, & Spitzer, 1985; Webb, Monk, & Nelson, 2001). As development 

continues, there is a regressive period in which approximately half of the neurons 
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originally generated undergo apoptotic cell death (Cowan, Fawcett, O'Leary, & Stanfield, 

1984). After neuron death, there is usually a period of synapse elimination and 

elimination of axon collaterals which continues throughout childhood and adolescence 

and serves to refine pathways in a way that takes into account the child’s environment 

and experiences. For example, it is thought that synapses that are frequently activated in 

concert are more likely to remain, while those that are not as frequently activated together 

are more likely to be eliminated. Although these events are regressive (involving loss of 

neurons and synapses), it is thought that they may be adaptive in that they substantially 

reduce the amount of genetic information required to code for the vast number of the 

brain’s connections and they provide a mechanism for environmental influence on brain 

development (Cowan et al., 1984; Innocenti & Price, 2005; Katz & Shatz, 1996; O'Leary, 

1992). Progressive changes also continue to occur throughout adolescence and into 

adulthood, most notably an increase in the myelination of white matter pathways leading 

to more efficient transduction of neural signals.  

Development of Gray Matter 

Most of the initial studies of brain development involved microscopic 

examination of postmortem tissue after staining. For example, classic studies on the 

development of gray matter were conducted by Huttenlocher and colleagues 

(Huttenlocher, 1979; Huttenlocher & Dabholkar, 1997; Huttenlocher & deCourten, 1987; 
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Huttenlocher, deCourten, Garey, & Van Der Loos, 1982). They examined age-related 

changes in synaptic density in different areas and layers of the cortex by selectively 

staining synapses with ethanolic phosphotungstic acid (EPTA) and then counting them. 

Neuronal density was assessed in the same sections by staining with hematoxylin and 

eosin or with toluidine blue and counting the neurons. Synapse elimination was found to 

continue later in the frontal cortex than in the visual or auditory cortex. Adult synaptic 

density is reached at around age seven in primary visual cortex (Huttenlocher, 1990) and 

age eleven in primary auditory cortex (Huttenlocher & Dabholkar, 1997). In contrast, 

synapse elimination does not begin in the frontal cortex until age seven, and adult levels 

are not reached until approximately sixteen years of age. Neuronal density reaches its 

peak during the second year of life (when levels are approximately 55% greater than that 

of an adult), and this density begins to decline during childhood. By age seven, neuronal 

density is only 10% greater than adult levels (Huttenlocher, 1979). Huttenlocher (1979) 

found few changes in synaptic or neuronal density between the ages of 16 and 72, but this 

analysis was limited by a small sample size (only 8 brains) to cover this age range.   

Postmortem studies have also examined the morphology of individual cells in 

cortical layers using Golgi and Nissl stains (Mrzljak, Uylings, Van Eden, & Judas, 1990). 

From age five to age eleven, axonal plexuses of pyramidal and nonpyramidal neurons in 

the medial and superior frontal gyri became less pregnable to Nissl and Golgi stains due 



59 

 

 

 

to increasing myelination. During late adolescence and adulthood, the cortical layers in 

this region continue to become more well-defined due to differential levels of 

myelination and to changes in the morphology and arrangement of pyramidal neurons 

(Mrzljak et al., 1990).  

The development of magnetic resonance imaging (MRI) techniques has greatly 

enhanced the field’s ability to study brain development. Samples of postmortem brains 

tend to be small, to not include many individuals in the older childhood and adolescent 

age range, and to potentially be confounded by the individuals' causes of death. MRI can 

be performed in vivo without exposure to radiation, which makes it ideal for studying 

structural brain changes in healthy children and adolescents. However, the measures 

obtained using MRI are less directly related to the cellular processes involved in brain 

development, so the causes of changes in signal intensity or structural volume must be 

inferred based on results from previously described postmortem studies.  

MRI studies initially examined the volume of all brain tissue or of various brain 

components (i.e., white matter, gray matter, and cerebrospinal fluid) within the whole 

brain or different regions of interest. Total intracranial volume, which includes brain 

tissue, CSF-filled spaces, and blood-filled sinuses, has been shown to follow a cubic 

function, increasing rapidly until around age 5, more slowly until around age 10, and then 

leveling off (Pfefferbaum et al., 1994). Just focusing on brain tissue, Giedd (2004), has 
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shown that the brain is approximately 90% of its adult volume by the age of 6 years, and 

Reiss and colleagues have shown little change in total cerebral volume after the age of 5 

years (Reiss, Abrams, Singer, Ross, & Denckla, 1996).  

Differences in gross brain morphology between late childhood (age 8 to 10) and 

adulthood (age 25 to 39) have been shown in both the cerebrum and cerebellum (Jernigan 

& Tallal, 1990). After controlling for gender, they showed a decreased ratio of gray 

matter to white matter from 1:8 at around age 8 to 1:3 in adulthood, which they attributed 

mostly to a decrease in the proportion of cortical gray matter (Jernigan & Tallal, 1990). 

They also showed an increase in the proportion of ventricular fluid and an increase in 

cerebellar volume. When the intermediate ages were added to the sample and regional 

changes in cortical morphology were examined more closely, further age effects were 

found (Jernigan, Trauner, Hesselink, & Tallal, 1991). Between the age of eight and 35, 

they found a continuing increase in volume in the superior frontal region despite little 

change in the overall volume of the brain. When just the frontal lobe was studied, 

Kanemura and colleagues (Kanemura, Aihara, Aoki, Araki, & Nakazawa, 2003) have 

shown particularly prolonged development of the "prefrontal lobe" (anterior to the 

precentral sulcus). The total frontal lobe (which also includes the primary motor regions) 

was shown to increase steadily in volume until around age ten and then slowly thereafter. 

The prefrontal portion didn't begin rapid growth until approximately eight years of age 
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and its volume rapidly increased until around fourteen years of age and then more slowly 

until age eighteen (the oldest age studied) (Kanemura et al., 2003). This led to a slow 

increase in the ratio of prefrontal to frontal lobar volumes until age eight, followed by a 

growth pattern best described by a cubic function, with rapid increase until age fourteen 

followed by a leveling off (Kanemura et al., 2003).  

When the cortex was divided into smaller regions the later growth in superior 

regions was replicated, but a finer distinction between areas of the prefrontal lobe was 

possible. It was found that primary sensorimotor areas began to lose gray matter earliest 

and the latest development was seen in the dorsolateral prefrontal cortex and superior 

temporal gyrus (Giedd et al., 1996). Within hand-drawn regions of interest, volume of the 

cerebellum was found to increase between seven and sixteen years, and increases were 

also found in the white matter of the frontal, parietal, and occipital lobes (Sowell, 

Trauner, Gamst, & Jernigan, 2002). After controlling for total brain volume, decreases in 

the relative proportion of gray matter were found (indicating a proportional decrease in 

gray matter due to the absolute increase in white matter). Regional results after 

controlling for brain volume indicated a trend for a decrease in parietal gray matter, a 

steeper decrease in frontal and mesial temporal gray matter, and a slower decrease in 

cingulate cortex (Sowell et al., 2002). The volume of white matter was found to increase 
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and the proportion of gray matter to decrease most rapidly in the frontal lobes, followed 

by the occipital lobes, and most slowly in the temporal lobes (Sowell et al., 2002). 

Volumetric changes during adolescence are not limited to the cortex, although 

changes in subcortical gray matter are somewhat complex. Overall, the subcortical region 

increases in proportion to total brain volume during adolescence (Sowell et al., 2002). 

After controlling for cranial size, the caudate, lenticular nucleus, and posterior 

diencephalon (primarily the thalamus) have been shown to decrease between the age of 8 

and 35, while anterior diencephalic gray matter (mostly the hypothalamus and septal 

nucleus) shows increases in volume during the same age range (Jernigan et al., 1991). 

Giedd and colleagues replicated the decrease in caudate volumes during the teenage 

years, but they were not able to reliably quantify other areas of the basal ganglia or the 

hippocampus and amygdala (Giedd, 2004). 

The trend in neuroimaging studies has been to quantify brain development in 

smaller and smaller regions so that more specific developmental changes can be 

determined. Different cortical properties have also been assessed so that the changes 

observed can more easily be related to the cellular processes demonstrated by 

postmortem studies. For example, deformation fields have been used to analyze local 

growth on a voxel-by-voxel basis (Thompson et al., 2000). By repeatedly scanning the 

same children at intervals from two weeks to four years, the amount of change necessary 
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to reconfigure the anatomy at the earlier time point to match the anatomy at the later time 

point (based on manually-placed landmarks) can be calculated for each of approximately 

0.1 billion points in a vector field covering the brain (Thompson et al., 2000). This 

technique has shown near zero change at short intervals (around two weeks), providing 

some indication of the method's reliability. Changes observed over longer time periods 

can distinguish local growth patterns from bulk shifts in volume. In one study (Thompson 

et al., 2000), the highest growth rates throughout the age range from six to fifteen were 

seen in temporoparietal systems. Later in development (between age seven and fifteen), 

primary somatosensory and motor cortices were stable, but growth continued in temporo-

parietal and prefrontal regions, while regressive changes were seen at the head of the 

caudate nucleus (Thompson et al., 2000). While this technique provides interesting 

indication of heterogeneity of local growth rates, it should be noted that the previously-

described study was based on only six children who were scanned repeatedly, so 

replication and extension is needed. 

Another unique methodological technique is the measurement of regional gray 

matter "density," which has been used by Sowell, Thompson, and colleagues (Gogtay et 

al., 2004; Sowell, Thompson, Holmes, Jernigan, & Toga, 1999; Sowell et al., 2001). This 

is quantified as the proportion of gray matter (identified by an automated segmentation 

procedure) within a 15 mm sphere centered at each point on the cortical surface. By 
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matching points on the cortical surface between older and younger individuals, spheres 

can be identified which contained mostly gray matter in children or adolescents but are 

mostly white matter or CSF in adults. This is a way to index the decline in gray matter 

and increase in white matter at specific points on the cortex. Using this method, areas in 

which gray matter density decreases between adolescence and adulthood included dorsal, 

medial, and lateral frontal lobes, as well as some subcortical regions (the putamen and 

globus pallidus) (Sowell et al., 1999).  

In addition to measuring gray matter density, the distance from the center of the 

brain to each cortical point can be measured to assess group differences in local growth 

(Sowell et al., 2001). When comparing children (age 7 - 11), adolescents (age 12-16), and 

adults (age 23-30), a combination of progressive (e.g., myelination) and regressive (e.g., 

synaptic pruning) events was seen during the postadolescent years. Local growth 

(expansion of the distance from the center of the brain) was seen in both dorsal and 

orbital aspects of the frontal lobe and in the posterior temporo-occipital junction. Inverse 

associations were seen between growth and gray matter density changes in the superior 

frontal regions, indicating loss of gray matter combined with an increase in white matter 

(Sowell et al., 2001). 

Perhaps the most detailed view of later adolescent and adult changes in gray 

matter density was developed by Gogtay and colleagues (Gogtay et al., 2004), who 
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created time-lapse "movies" of cortical gray matter development based on repeated scans 

of thirteen children between the ages of four and 21. Matching the gyral patterns across 

all time points and all subjects revealed nonlinear changes at different points of interest 

across the age range. This gives a descriptive picture of cortical gray matter development, 

but it is difficult to compare to other studies using predefined regions or volumes. 

Qualitatively, total gray matter volume was shown to increase at earlier ages and begin to 

decrease around puberty, with earliest loss in the dorsal parietal cortex (primary 

sensorimotor areas). Gray matter loss spread rostrally over the frontal cortex and caudally 

and laterally over the parietal, occipital and temporal cortex. Within the frontal cortex, 

the precentral gyrus matures early and maturation progresses rostrally and anteriorly, 

ending with the prefrontal cortex. The latest maturation was seen in the superior temporal 

gyrus in dorsal views, and in orbitofrontal cortex when viewing the inferior surface of the 

brain. This generally supports previously described volumetric studies. The mechanism 

of cortical change seems to be a combination of synaptic pruning, increases in white 

matter (which cause relative gray matter decreases), and changes in sulcal and gyral 

folding. 

In this study, gray matter development was examined by measuring the thickness 

of the cortex at each of 163,842 vertices on the cortical surface. This provides a 

measurement which corresponds to a tangible property of the cortex (the distance 
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between the gray/white matter boundary and the surface in millimeters), as opposed to a 

more abstract property like gray matter “density” which can only be calculated from MRI 

images. Measurements of cortical thickness were conducted using Freesurfer, which is a 

fully automated process, reducing error variance introduced by manually labeling points 

on the cortex. This method has been validated against histological analysis in patients 

with Huntington's disease (Rosas et al., 2002) and against manual measurements of 

cortical thickness on MRI scans (Kuperberg et al., 2003; Salat et al., 2004). Freesurfer 

also uses a gyral-based system to align individual brains to a standard spherical 

coordinate system. This method is often more accurate than systems which align brains to 

a standard template using standard affine transformations. Freesurfer ensures, for 

example, that a vertex on the surface of the inferior frontal gyrus in one brain is aligned 

to the inferior frontal gyrus in every subject’s brain, which accounts for individual 

differences in gyrification. Freesurfer’s morphometric procedures have also been 

demonstrated to show good test-retest reliability across scanner manufacturers and across 

field strengths (Han et al., 2006).  

Some studies have begun to examine cortical thickness during adolescent 

development. Most of the neocortex has shown a cubic function with age, in which the 

thickness of the cortex increases from age 3 until age 8 to 10, followed by a decrease in 

cortical thickness during adolescence, and a plateau around age 25 – 30 (Shaw et al., 
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2008). Similar trajectories of change during adolescence have been seen in large regions 

of interest consisting of the dorsolateral and frontopolar cortex and within males and 

females (O'Donnell, Noseworthy, Levine, & Dennis, 2005).  

Development of White Matter 

The initial postmortem studies of white matter development used Weigert’s 

haematoxylin and Luxol to selectively stain myelin so that the progression of myelination 

could be assessed (Yakolev & Lecours, 1967). During adolescence, the reticular 

formation, intra-cortical neuropil, and heteromodal association areas continue to show 

increasing levels of myelination (Yakolev & Lecours, 1967), as do subcortical fibers of 

the dorsolateral prefrontal cortex (Benes, 1989). Some areas, particularly parts of the 

limbic system, do not even begin to show significant myelination until the second decade. 

For example, the anterior and posterior cingulate cortices and subcortical areas of the 

parahippocampal gyrus show their greatest increases in the second decade (Benes, 1989). 

Yakolev and Lecours (1967) obtained similar results in that the fibers of the commissural 

and association systems of the supralimbic zone showed long cycles of myelination 

extending into later adulthood. Within the limbic system, myelination of the subiculum 

and presubiculum increases most rapidly in the second decade, and the measured area of 

myelination in the broader superior medullary lamina continued to increase until the sixth 

decade (Benes, 1989; Benes, Turtle, Khan, & Farol, 1994). Interestingly, the basofrontal 
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and orbital regions of the prefrontal cortex, which are also part of the limbic system, 

showed poor myelination even through adulthood (Benes, 1989).  

Volumetric studies of gray to white matter ratios are described above and 

generally indicate a relative increase of white matter during development. Studies have 

also studied changes in volume or area within specific white matter structures, most 

commonly the corpus callosum.  The area of the corpus callosum has been demonstrated 

in a combined longitudinal and cross-sectional study to show protracted change during 

adolescence, with prominent changes in size observed during the 20’s but not the 30’s 

(Pujol, Vendrell, Junque, & Marti-Vilalta, 1993).  

Diffusion tensor imaging (DTI) allows for a more sensitive evaluation of white 

matter microstructure by measuring water flow through the brain. The measurement of 

diffusion is useful because the flow of water is restricted by the brain structures through 

which it travels. In CSF, there is little restriction on the water’s movement and it diffuses 

equally in all directions. This is called isotropic diffusion, and the water movement can 

be described as a sphere. In contrast, white matter tracts affect the speed of diffusion in a 

directional manner. Within white matter, water flows more quickly parallel to a bundle of 

fibers than perpendicular to the same bundle, so diffusion in white matter is best 

described as an 3-dimensional ellipse (rather than a sphere) with its longest axis in the 

direction parallel to the primary fiber orientation in that voxel. This is called anisotropic 
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diffusion, and fractional anisotropy (FA) is the most frequently used measure of the 

degree to which the water flow deviates from spherical diffusion.  

During development, increases in FA are expected as fibers are myelinated. 

Myelination increases FA within a fiber bundle because it slows the diffusion of water 

perpendicular to the fibers. However, anisotropy can be seen on DTI images before 

histological markers for myelin are present (Wimberger et al., 1995), so factors other than 

myelination must also contribute to anisotropy. Some possibilities are: wrapping of axons 

by oligodendroglia in preparation for myelination, increasing concentration of 

macromolecules, greater ratio of membrane surface to cell volume, increase in the 

complexity of the extracellular matrix, decline of amount of extracellular space (as axon 

diameter increases), and properties within the axon such as increasing axoplasmic flow 

and increasing microtubule structure (e.g., Engelbrecht, Scherer, Rassek, Witsack, & 

Modder, 2002; Suzuki, Matsuzawa, Kwee, & Nakada, 2003). In addition to these within-

voxel characteristics, anisotropy also depends on the coherence between voxels. When 

the principal direction of diffusion is similar between neighboring voxels (i.e., high 

coherence), it is likely that a bundle of axons (or fiber pathway) is present, and FA is 

increased. Low coherence occurs when several fiber bundles cross or when fibers branch 

within a voxel. This causes decreases in anisotropy, regardless of the myelination of the 

fibers (Klingberg, Vaidya, Gabrieli, Moseley, & Hedehus, 1999) 
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A DTI study assessing the differences between a group of children (age 8 to 10 

years) and a group of adults (age 20 to 31 years) found that children had lower FA values 

than adults in frontal white matter, despite a lack of significant difference in T2 values or 

coherence (Klingberg et al., 1999). The increase in FA between childhood and adulthood 

was significant, even after controlling for coherence, which suggests that myelination is 

contributing to the development of anisotropy above and beyond the increase caused by 

physical orientation of fibers (Klingberg et al., 1999). Another DTI study used a high 

magnetic field to separately quantify each of the eigenvalues of the diffusion tensor 

(Suzuki et al., 2003). They also found significantly lower FA in children (age 1 – 10) 

than adults (age 18 to 34) in both frontal and parietal white matter, while FA in the 

posterior limb of the internal capsule remained stable. When the individual eigenvalues 

were examined, diffusion in all directions decreased with age, indicating that the increase 

in FA was due to a decrease in the smaller eigenvalues rather than an increase in the 

principal diffusion eigenvalue (Suzuki et al., 2003). Increased FA and decreased apparent 

diffusion coefficient have also been observed between children (age 9 – 12) and adults 

(age 21 – 27) in most major white matter pathways of the brain (all except the centrum 

semiovale) and in subcortical gray matter structures.  

DTI studies have also directly examined adolescents and found results similar to 

those seen when children and adults were compared. FA, probability, and displacement 
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measures of anisotropy have all been shown to indicate increasing organization between 

the ages of 12 and 22 (Bashat et al., 2005). Increases in anisotropy appear to occur earlier 

in the genu than the splenium of the corpus callosum (Bashat et al., 2005). In a sample 

that overlaps with that used in the current study, associations between age and FA within 

the corpus callosum were shown only in a region of interest within the splenium of the 

corpus callosum and not in more anterior regions between the ages of 9 and 23 (Muetzel 

et al., 2008). Other pathways have also been studied. Between the ages of 8 and 22, 

increasing FA was shown in regions of interest within the anterior limb of the internal 

capsule, the superior longitudinal fasciculus, and the cingulum (Bonekamp et al., 2007).  

The current study used voxel-based morphometry within whole-brain white 

matter tracts to examine associations among age, reversal learning task performance, and 

FA. FA has been shown to be a reliable and precise measure of white matter organization 

across scans and across raters in children (Bonekamp et al., 2007). When compared to 

region of interest analysis, voxel-based analysis has been shown to be fairly comparable, 

but it avoids the pitfall of masking localized changes by averaging all the voxels within a 

region of interest (Snook, Plewes, & Beaulieu, 2007). FA tends to be especially sensitive 

to edge effects in regions of interest, as extending beyond a myelinated fiber bundle 

greatly reduces the FA in the edges and can reduce the average.   
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Aims and Hypotheses 

The first aim of this study was to assess the association between age and variables 

associated with brain maturity. Cortical thickness was used as the measure of gray matter 

development and FA was used as the measure of white matter development. As reviewed 

above, most previous studies have used only one neuroimaging methodology to assess 

brain maturity. The current strategy allows comparisons between maturity of specific 

regions of the cortex and organization of the white matter pathways connecting these 

cortical regions during a broad range of adolescent development. To my knowledge, this 

is the first study capable of addressing this question. It is also the largest study to date of 

the adolescent development of white matter organization (as assessed by diffusion tensor 

imaging). Although the primary region of interest in relation to reversal learning 

performance is the OFC, age-related changes in brain variables are assessed throughout 

the brain in order to put the OFC development into the context of broader adolescent 

brain development. 

 It was hypothesized that there would be widespread decreases in cortical 

thickness and increases in FA throughout the age range studied (9 to 23 years). The most 

prolonged cortical changes were expected to be found in association areas, such as the 

prefrontal cortex, and limbic areas, including the orbitofrontal cortex. FA was expected to 
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increase most dramatically in the white matter pathways connecting these later-

developing cortical areas.  

The association between reversal learning performance and these brain variables 

was also examined, with and without controlling for the effects of age. Because of the 

complexity of the reversal learning task, the analysis was limited to one of the reversal 

learning variables discussed in the behavioral portion of the paper, specifically 

perseverative errors. In previous lesion studies, the hallmark of animals and humans with 

orbitofrontal damage has been their perseverative tendency (Iversen & Mishkin, 1970; 

Swainson et al., 2000). They continue to choose the previously rewarded stimulus, even 

after the contingencies have been reversed and it is no longer rewarded. Blom-

transformed perseverative errors averaged across the three task blocks was used to 

provide a normally distributed variable with sufficient variability across the age range.  

Study 1 showed that 9-12 year-olds performed worse than older adolescents on 

the reversal learning task in general and on perseverative errors within the 80% accurate 

feedback block in particular. This allowed us to examine whether the brain correlates of 

task performance differed between the age group during which task performance was 

developing (i.e., the 9 – 12 year-olds) versus the age groups in which performance had 

stabilized from a developmental standpoint (i.e., the 13 – 23 year-olds. The brain regions 

correlated with reversal learning performance within the 9 – 12 year-old group should be 
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related to development, while the brain correlates within the older group are more likely 

to represent stable individual differences in performance. It was hypothesized that the 

development of task performance would be related to broad networks of brain areas 

including the OFC. Many brain areas are developing around the same time, so it may be 

difficult to separate out the specific effect of OFC development. Also, performance of the 

reversal learning paradigm depends on other skills that may also be developing during 

early adolescence. For example, skills such as the ability to sustain attention throughout 

the task, to hold the currently good color in working memory, and to judge probabilistic 

contingencies are all likely to show continuing development during early adolescence. 

These skills are necessary for successful reversal learning performance but are not 

specifically associated with the OFC. In contrast, once development of reversal learning 

performance and these other skills has reached a plateau from a developmental 

standpoint, the brain correlates of individual differences in performance should be more 

limited and more closely related to the OFC.  

In Study 1, when pubertal stage was used to predict perseverative errors, there 

was a significant pubertal stage by gender by condition interaction. The effect of pubertal 

stage was only significant for the 80% accurate feedback condition, and in that condition 

males and females showed different developmental patterns. Specifically, males showed 

the greatest improvement in performance in the pre-pubertal to pubertal transition, 
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whereas females showed more protracted development in relation to pubertal stage. A 

preliminary aim of Study 2 was to examine whether brain correlates of task performance 

were related to these gender differences in behavior. The association between 

perseverative errors and brain variables was evaluated within each gender separately after 

controlling for pubertal stage. It was hypothesized that brain variables would be more 

strongly related to perseverative errors in males after controlling for the effect of pubertal 

stage, as puberty on its own seemed to be a better predictor of development of reversal 

learning performance in females than males.   

Method 

 Subjects 

 All subjects previously described in Study 1 underwent neuroimaging on the same 

day that behavioral data on reversal learning performance was collected. Thus, 

recruitment procedures and subject demographics are identical to those described above. 

However, some subjects did not provide imaging data that was usable for one or the other 

method of image analysis. Data could be unusable due to excessive motion by the 

subject, poor registration between the subject’s brain and a template brain (e.g., due to 

unusual anatomic characteristics of the subject’s brain), or problems with processing a 

particular subject’s data. Cortical thickness data were unusable for eight subjects, 
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yielding a sample size of 121 individuals for these analyses. FA data were unusable for 

eleven subjects, yielding a sample size of 118 individuals for these analyses. 

MRI Data Acquisition 

MRI image acquisition was performed on a Siemens 3 Tesla Trio scanner 

(Siemens Medical Systems, Erlangen, Germany) using an 8-channel array head coil, at 

the University of Minnesota Center for Magnetic Resonance Research. A three 

dimensional T1 weighted volume was obtained using a coronal magnetization prepared 

gradient echo (MPRAGE) sequence (TR=2530ms, TE=3.65ms, TI=1100ms, 240 slices, 

voxel size=1.0x1.0x1.0, flip angle =7 degrees, FOV=256mm). DTI data were acquired 

axially using a dual spin echo, single shot, pulsed gradient, echo planar imaging (EPI) 

sequence (TR=12.5s, TE=86ms, 64 slices, voxel size=2.0x2.0x2.0mm, 0mm skip, 

FOV=256mm, 2 averages, b value=1000s/mm2).  Thirteen unique volumes were 

collected to compute the tensor: a b=0 s/mm2 image and 12 images with diffusion 

gradients applied in 12 non-collinear directions: (Gx,Gy,Gz) = [1.0,0.0,0.5], [0.0,0.5,1.0], 

[0.5,1.0,0.0], [1.0,0.5,0.0], [0.0,1.0,0.5], [0.5,0.0,1.0], [ 1.0, 0.0,-0.5], [ 0.0,-0.5, 1.0], [-

0.5, 1.0, 0.0], [ 1.0,-0.5, 0.0], [ 0.0, 1.0,-0.5], [-0.5, 0.0, 1.0].  Field maps were acquired 

and used to correct the DTI data for geometric distortion (TR=700ms, 

TE=4.62ms/7.08ms, flip angle=90 degrees, voxel parameters identical to the DTI, 

magnitude and phase difference contrasts). 
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MRI Data Analysis 

Cortical Thickness 

Cortical reconstruction and thickness measurements were performed with the 

Freesurfer image analysis suite, which is documented and freely available online 

(http://surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are 

described in prior publications (Dale, Fischl, & Sereno, 1999; Dale & Sereno, 1993; 

Fischl & Dale, 2000; Fischl, Liu, & Dale, 2001; Fischl et al., 2002; Fischl, Salat et al., 

2004; Fischl, Sereno, & Dale, 1999; Fischl, Sereno, Tootell, & Dale, 1999; Fischl, van 

der Kouwe et al., 2004; Han et al., 2006; Jovicich et al., 2006; Segonne et al., 2004). 

Briefly, this processing starts with the raw T1-weighted images and performs motion 

correction, removal of non-brain tissue using a hybrid watershed/surface deformation 

procedure (Segonne et al., 2004), automated transformation into Talairach space, 

segmentation of the subcortical white matter and deep gray matter volumetric structures 

(including hippocampus, amygdala, caudate, putamen, ventricles) (Fischl et al., 2002; 

Fischl, Salat et al., 2004) intensity normalization (Sled, Zijdenbos, & Evans, 1998), 

tessellation of the gray matter white matter boundary, automated topology correction 

(Fischl et al., 2001; Segonne, Pacheco, & Fischl, 2007), and surface deformation 

following intensity gradients to optimally place the gray/white and gray/cerebrospinal 

fluid borders at the location where the greatest shift in intensity defines the transition to 
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the other tissue class (Dale et al., 1999; Dale & Sereno, 1993; Fischl & Dale, 2000) Once 

the cortical models were complete, a number of deformable procedures were performed 

for further data processing and analysis including surface inflation (Fischl, Sereno, & 

Dale, 1999), registration to a spherical atlas which utilized individual cortical folding 

patterns to match cortical geometry across subjects (Fischl, Sereno, Tootell et al., 1999), 

parcellation of the cerebral cortex into units based on gyral and sulcal structure (Desikan 

et al., 2006; Fischl, van der Kouwe et al., 2004), and creation of maps of cortical 

thickness. This method uses both intensity and continuity information from the entire 

three dimensional MRI volume in segmentation and deformation procedures to produce 

representations of cortical thickness, calculated as the closest distance from the 

gray/white boundary to the gray/CSF boundary at each vertex on the tessellated surface 

(Fischl & Dale, 2000). The maps are created using spatial intensity gradients across tissue 

classes and are therefore not simply reliant on absolute signal intensity. The maps 

produced are not restricted to the voxel resolution of the original data thus are capable of 

detecting submillimeter differences between groups.  

Fractional Anisotropy 

DTI data were processed with FMRIB’s Software Library (FSL, 

http://www.fmrib.ox.ac.uk/).  The Brain Extraction Tool (BET) was used to remove skull 

and other non-brain areas from the DTI b=0 images. The diffusion tensor was computed 
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using the Diffusion Toolbox (FDT) from FSL. A linear affine transformation was applied 

to diffusion weighted images to correct for the distortions caused by eddy currents 

(Haselgrove & Moore, 1996).  Six maps of the apparent diffusion coefficient (ADC) were 

computed using the single b=0 image and the twelve eddy current corrected diffusion 

weighted images.  The diffusion tensor was then derived, and fractional anisotropy (FA) 

maps were created.  The DTI b=0 image and the two scalar maps were corrected for the 

geometric distortion caused by magnetic field inhomogeneity using FUGUE (FMRIB). 

Associations Between Task Performance and Imaging Variables 

Cortical Thickness  

Cortical thickness maps were registered to Freesurfer’s spherical template and 

then transformed back into the shape of each hemisphere of the brain. The hemispheres 

were inflated to allow visualization of cortex within sulcal folds. The maps were 

smoothed with a Gaussian kernel of 10 mm full width at half maximum. The association 

between task performance and cortical thickness was assessed at each of the 163,842 

vertices on the cortical surface of each hemisphere using an in-house linear regression 

script created in Matlab. Each vertex has an area of approximately 0.5 mm2, so this 

provides excellent resolution to detect small changes in cortical thickness. Each 

hemisphere was analyzed separately. Clusters of significant (p < .01) vertices were 

extracted using Freesurfer’s mri_surfcluster procedure. This uses a general linear model 
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to extract clusters in which the slope of cortical thickness is significantly related to the 

predictor variables. The significance of clusters is based not only on the strength of the 

statistical association but also on the extent of contiguous vertices in which the predictors 

are significantly related to cortical thickness. Data were corrected for multiple 

comparisons using Monte Carlo simulations. Specifically, the vertices were filled with 

Gaussian white noise, smoothed with a 10-mm FWHM kernel and these randomly 

occurring significant clusters were extracted. This simulation was performed for 500 

iterations for each combination of degrees of freedom in the analyses described. The 

resulting cluster maximum sizes and significance values were used to create cluster-wise 

p-values for the clusters extracted from the real data using the mri_surfcluster procedure.  

Fractional Anisotropy 

FA maps were normalized to a Montreal Neurological Institute-registered sample-

averaged template and smoothed with a Gaussian kernel of 8 mm full width at half 

maximum. FA was thresholded at 0.2 to restrict the statistical analysis to white matter, 

and a mask was applied to restrict analyses to the cerebrum. Voxel-wise analyses of 

association between FA values and reversal learning variables were carried out using 

random-effects multiple regression procedures as implemented in Statistical Parametric 

Mapping software (SPM5; Wellcome Department of Cognitive Neurology, London, UK).  

All analyses were thresholded at p < .001 uncorrected for multiple comparisons, with an 
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extent threshold of 25 voxels to eliminate isolated small clusters from further 

consideration. 

Results 

Association Between Brain Variables and Age 

Cortical Thickness and Age 

 Vertex-based analysis was used to identify clusters that were significantly related 

to age. The location of the clusters extracted was determined using Freesurfer’s 

automated parcellations, which divide the surface of the brain into 34 gyral based regions 

of interest (Desikan et al., 2006). In the right hemisphere, three clusters were extracted 

but there was only one large cluster in which age was significantly negatively associated 

with cortical thickness, cluster-wise probability p < .01. This cluster covered most of the 

hemisphere, having an area of 56,145.8 mm2, and the maximally-significant vertex, p < 1 

x 10-15, was located at Talairach coordinates (14.3, -24.5, 43.7), which is in the 

paracentral lobule. In the left hemisphere, eight clusters were extracted, but, again, only 

one large cluster was significant, cluster-wise probability p < .01. This cluster covered 

most of the hemisphere, having an area of 53,600.3 mm2, with a maximally-significant 

vertex, p < 1 x 10-15, located at Talairach coordinates (-7.4, -33.9, 32.7), which is in the 

isthmus of the cingulate gyrus. Figures 9 and 10 show all of the clusters extracted by  
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Figure 9. Cortical thickness maps showing clusters related to age in the whole sample (N 
= 121, ages 9 - 23). Lateral (top), medial (middle), and ventral (bottom) views of the right 
(right side of the figure) and left (left side of the figure) hemispheres are shown on an 
inflated average brain. Significant clusters based on cluster-wise probability are marked 
with asterisks. A heat scale is used so that blue represents p-values < .01 in the negative 
direction and red represents p-values < .01 in the positive direction. Cyan is used for p-
values < .0001 in the negative direction and yellow is used for p-values < .0001 in the 
positive direction.
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Figure 10. Scatterplots showing the association between age (in years) and cortical 
thickness (in mm) at the maximally significant vertex of clusters in which the effect of 
age on cortical thickness was significant. The graph on the left shows the maximally 
significant voxel from the left hemisphere cluster (located in the isthmus of the cingulate 
gyrus). The graph on the right shows the maximally significant vertex from the right 
hemisphere cluster (located in the paracentral lobule). 
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mri_surfcluster with the significant clusters, based on cluster-wise probability, marked 

with an asterisk placed near the maximally-significant vertex. The association between 

age and cortical thickness at the maximally-signficant vertices is graphed in Figure 10.  

 Note that most of the negative associations between cortical thickness and age in 

this age range (9 to 23 years) are within association cortex. Areas not showing age-

related decreases include parts of the primary sensory and motor gyri and primary visual 

cortex. Within the orbitofrontal cortex, there do not appear to be age-related decreases in 

the gyrus rectus or more posterior aspects of the ventral surface, which includes the 

primary olfactory cortex. 

Nonlinear effects of age on cortical thickness within the whole sample. Quadratic 

and cubic effects of age were examined within the whole sample in order to determine 

whether they accounted for a significant amount of variance beyond the linear effect of 

age. When a quadratic age term was added to the linear model predicting cortical 

thickness by age, 24 clusters were extracted from the left hemisphere. All the significant 

clusters in the left and right hemispheres are shown in Figure 11.  One cluster in the left 

hemisphere was significant after correcting for cluster-wise probability, p = .03. It had an 

area of 273.8 mm2 and the maximally significant vertex was at Talairach coordinates (-

58.2, -47.2, 15.6), which is located in the superior temporal gyrus. The association  
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Figure 11. Cortical thickness maps showing clusters related to age2 after controlling for 
the linear effect of age. Lateral (top), medial (middle), and ventral (bottom) views of the 
right (right-hand side of the figure) and left (left-hand side of the figure) hemispheres are 
shown on an inflated average brain. The maximally significant vertex of significant 
clusters based on cluster-wise probability is marked with an asterisk. If a cluster is related 
to age2 at a trend level, a “t” is placed at the maximally significant vertex of that cluster. 
A heat scale is used so that blue represents p-values < .01 with a negative quadratic term 
and red represents p-values < .01 with a positive quadratic term.  
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between age and cortical thickness at this vertex is shown in Figure 12 (left). Two 

additional left hemisphere clusters were significant at a trend level. One cluster, p = .07, 

had an area of 238.0 mm2, and the maximally significant vertex was at Talairach 

coordinates (-47.1, -17.6, 15.4), which is located in the post-central gyrus. This cluster 

also extended into the supramarginal gyrus. The other cluster, p = .09, had an area of 

224.0 mm2, and the maximally significant vertex was at Talairach coordinates (-56.9, -

46.5, 31.4), which is in the supramarginal gyrus. In these clusters and most of the other 

clusters (23 out of 24), the coefficient for the quadratic term in the significant clusters 

was positive. This describes an association in which cortical thickness initially decreases 

with age and then the change levels off.  

In the right hemisphere, 29 clusters were extracted, one of which was significant 

based on cluster-wise probability, p = .002. This cluster had an area of 841.5 mm2, and 

the maximally significant vertex was located at Talairach coordinates (43.8, -72.2, 12.5), 

which is in the lateral occipital cortex. The association between age and cortical thickness 

at this vertex is graphed in Figure 12 (right). The cluster also extended into the inferior 

parietal cortex and middle temporal gyrus. Another right hemisphere cluster was 

significant at a trend level after correcting for cluster-wise probability, p = .05. This 

cluster was located at Talairach coordinates (13.3, -60.3, 5.5), which is in the lingual 
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Figure 12. Scatterplots showing the association between age (in years) and cortical 
thickness (in mm) at the maximally significant vertex of clusters in which the quadratic 
effect of age was significant. The graph on the left shows the maximally significant voxel 
from the cluster in the superior temporal gyrus of the left hemisphere. The graph on the 
right shows the maximally significant vertex from the cluster in the lateral occipital lobe 
of the right hemisphere.  
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gyrus. As in the left hemisphere, the quadratic coefficient was positive in the significant 

clusters and most of the other clusters (27 out of 29). 

When a cubic age term was added to the model with quadratic and linear age 

terms, 23 clusters were extracted from the left hemisphere in which the cubic term was 

significantly related to cortical thickness. All of the clusters extracted from both 

hemispheres are shown in Figure 13. Two left-hemisphere clusters were significant after 

correcting for cluster-wise probability. One cluster, p = .002, had an area of 505.9 mm2 

and the maximally significant vertex was located at (-28.3, -70.5, 19.4), which is in the 

superior parietal cortex. This cluster extended into the sulcus adjoining the inferior 

parietal cortex. The second significant cluster, p = .03, had an area of 271 mm2 and its 

maximally significant vertex was located at Talairach coordinates (-61.3, -12, 24.8), 

which is on the post-central gyrus. There was also one cluster in the left hemisphere in 

which age3 was a trend-level predictor of cortical thickness, p = .09. Its area was 232.6 

mm2 and the maximally significant vertex was located at (-31.6, 16.6, -5.4), which was in 

an unlabeled area of the cortex near the insula. For the two significant clusters, the 

coefficient of the cubic term was positive, indicating that cortical thickness increased at 

early ages, then decreased, and then leveled off at the oldest ages. The association 

between age and cortical thickness at the maximally significant vertex in the superior  
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Figure 13. Cortical thickness maps showing clusters related to age3 after controlling for 
the quadratic and linear effects of age. Lateral (top), medial (middle), and ventral 
(bottom) views of the right (right-hand side of the figure) and left (left-hand side of the 
figure) hemispheres are shown on an inflated average brain. The maximally significant 
vertex of significant clusters based on cluster-wise probability is marked with an asterisk. 
If a cluster is related to age3 at a trend level, a "t" is placed at the maximally significant 
vertex of that cluster. A heat scale is used so that blue represents p-values < .01 with a 
negative cubic term and red represents p-values < .01 with a positive cubic term. 
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parietal cortex is graphed in Figure 14. The coefficient of the cubic term for the trend-

level cluster was negative, indicating that cortical thickness decreased at the youngest 

ages, then leveled off for most of the adolescent period, followed by a further decrease 

after age 20. Most of the clusters extracted (21 of 23) showed positive coefficients for the 

cubic term. 

In the right hemisphere, 21 clusters were extracted in which the cubic age term 

was significant after controlling for the linear and quadratic age terms, but only two 

clusters passed the significance threshold based on cluster-wise probability. One of these 

clusters, p = .002, had an area of 358.7 mm2, and the maximally significant vertex was 

located at Talairach coordinates (55, -19.8, 20.8), which is in the supramarginal gyrus. 

This cluster also extended into the postcentral gyrus. The association between age and 

cortical thickness at the maximally significant vertex of this cluster is graphed in Figure 

14. The second significant cluster, p = .02, had an area of 289.5 mm2 and its maximally 

significant vertex was located at Talairach coordinates (16.6, -84.2, -5.6), which is in the 

lingual gyrus. Both of these significant clusters, as well as most of the other clusters (18 

of 21) had a positive coefficient for the cubic term. 
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Figure 14. Scatterplots showing the association between age (in years) and cortical 
thickness (in mm) at the maximally significant vertex of clusters in which the cubic effect 
of age was significant. The graph on the left shows the maximally significant vertex from 
the cluster in the superior parietal cortex of the left hemisphere. The graph on the right 
shows the maximally significant vertex from the cluster in the lingual gyrus of the right 
hemisphere.  
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 Within the age range of this sample, most of the effects of age were linear. There 

were some relatively small clusters in which a quadratic term accounted for a significant 

amount of variance. These clusters were located in the parietal, temporal, and occipital 

lobes. The direction of the effect suggested that cortical thickness decreased in the early 

part of the age range but the change leveled off at the older ages. There were also some 

relatively small clusters in which a cubic effect was observed. These clusters were 

located in the parietal and temporal lobes. Within these clusters, cortical thickness 

initially increased with age, then decreased over most of the adolescent period before 

leveling off. There were no significant nonlinear effects of age within the frontal lobe, 

and the nonlinear effects were quite small when compared to the linear effects. Therefore, 

in further analyses using cortical thickness, only linear associations were examined.  

Cortical thickness in relation to age within 9 - 12 year-olds. The association 

between cortical thickness and age was separately examined within the 9 - 12 year-old 

age group (n = 26), the age during which reversal learning performance is developing, 

and within the 13 - 23 year-old age group (n = 95). Within the 9 - 12 year-old age group, 

25 clusters were extracted in the left hemisphere, but these were mostly small (ranging in 

area from 2 to 173 mm2) and positively associated with age (19 of 25 clusters) and none 

were significant based on cluster-wise probability. In the right hemisphere, 14 clusters 
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were extracted. Based on cluster-wise probability, there was one cluster in which age was 

significantly positively related to cortical thickness, p = .04. This cluster had an area of 

280.4 mm2 and the maximally-significant vertex, p < .001, was located in the superior 

frontal gyrus at Talairach coordinates (21.5, 8.1, 53). There was also one right-

hemisphere cluster in which age was a trend-level negative predictor of cortical 

thickness, p = .06. This cluster had an area of 245.5 mm2 and the maximally-significant 

vertex, p < .001, was located in the body of the corpus callosum at Talairach coordinates 

(2.4, 8.4, 24).  Figure 15 shows the clusters that were related to age within the 9 to 12 

year-old group. 

Cortical thickness in relation to age within 13 - 23 year-olds. The analysis of the 

association between age and cortical thickness was repeated within the 13 - 23 year-old 

age group (n = 95). For the left hemisphere, 36 clusters were extracted. Fourteen of these 

were significant based on the cluster-wise probability, and all of the significant 

associations were in the negative direction. For the right hemisphere, 30 clusters were 

extracted. Seven clusters showed significant negative associations with age and two 

showed trend-level negative associations using cluster-wise probability. The size, 

location, and cluster-wise p-value of the significant clusters are shown in Table 2, and the 

clusters are graphically represented in Figure 16. 
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Figure 15. Cortical thickness maps showing clusters related to age in the 9 – 12 year-olds 
(N = 26). Lateral (top), medial (middle), and ventral (bottom) views of the right (right-
hand side of the figure) and left (left-hand side of the figure) hemispheres are shown on 
an inflated average brain. The significant cluster based on cluster-wise probability is 
marked with an asterisk, and the trend-level cluster is marked with a t. A heat scale is 
used so that blue represents p-values < .01 in the negative direction and red represents p-
values < .01 in the positive direction.  
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Table 2. Clusters in which Cortical Thickness Was Significantly Negatively Associated 

with Age within 13 – 23 Year-Olds. 

Left Hemisphere 

Cluster # Max Sig. Size(mm2) Cluster-Wise 
Probability 

Location of max. vertex 

1 -7.195 1257.35 0.002 fusiform gyrus 

2 -7.101 3041.27 0.002 superior frontal gyrus 

3 -7.05 3020.45 0.002 inferior parietal 

4 -6.645 1865.75 0.002 paracentral lobule 

5 -4.586 296.47 0.022 supramarginal gyrus 

6 -4.557 612.43 0.002 superior temporal 

7 -4.241 959.12 0.002 pars opercularis 

8 -4.186 459.91 0.002 precuneus 

9 -4.128 731.73 0.002 caudal middle frontal 

10 -3.966 711.59 0.002 rostral middle frontal 

11 -3.825 1177.16 0.002 middle temporal 

12 -3.677 322.45 0.02 rostral middle frontal 

13 -3.303 418.68 0.002 middle temporal gyrus 

14 -3.044 695.56 0.002 rostral middle frontal 

Right Hemisphere 

1 -6.579 6346.34 0.002 precuneus 

2 -6.255 2117.41 0.002 middle temporal gyrus 

3 -5.18 2324.53 0.002 frontal pole 

4 -4.791 3313.08 0.002 insula 

5 -4.639 838.37 0.002 fusiform gyrus 

6 -4.494 637.56 0.002 superior parietal 

7 -4.046 1342.12 0.002 lateral occipital 

8 -4.003 254.31 0.054 inferior parietal 

9 -2.683 257.61 0.054 inferior parietal 

Note. Max sig. is the significance of the maximally-significant vertex. The sign denotes 
the direction of the association and the magnitude is the p-value in -log10(p-value) units. 
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Figure 16. Cortical thickness maps showing clusters related to age in the 13 - 23 year-
olds (N = 95). Lateral (top), medial (middle), and ventral (bottom) views of the right 
(right-hand side of the figure) and left (left-hand side of the figure) hemispheres are 
shown on an inflated average brain. The significant cluster based on cluster-wise 
probability is marked with an asterisk, and the trend-level cluster is marked with a t. A 
heat scale is used so that blue represents p-values < .01 in the negative direction and red 
represents p-values < .01 in the positive direction. Cyan represents p-values < .0001 in 
the negative direction.  
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Fractional Anisotropy and Age 

 Voxel-wise associations between age and fractional anisotropy were evaluated 

using SPM5. The location of clusters was identified using the DTI-based atlases of white 

matter tracts developed by the Laboratory of Brain Anatomical MRI at John's Hopkins 

University (Hua et al., 2008; Mori, Wakana, Nagae-Poetscher, & van Zijl, 2005; Wakana 

et al., 2007). Clusters that were significantly positively correlated with age (p < .001, 

uncorrected, extent threshold of 25 voxels) were extracted for the white matter within the 

cerebrum. One large cluster was extracted from each hemisphere (consisting of 4742 

voxels on the right and 4140 voxels on the left) that encompassed many of the major 

white matter pathways of the brain. It included parts of the superior and inferior 

longitudinal fasciculi, the uncinate fasciculus, and the thalamic radiations. The 

association between age and the average FA within each of these large clusters is shown 

in Figure 17. Eight smaller clusters were also extracted. All of the clusters are presented 

and numbered in Table 3 and are graphically represented in Figure 18. Part of the body of 

the corpus callosum showed increases in FA with age (cluster 5), but most of the corpus 

callosum did not show changes with age in this sample. There were no clusters in which 

age was significantly negatively related to FA.  
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Figure 17. Scatterplots showing the association between age and average FA within the 
large clusters extracted from the left (top) and right (bottom) hemispheres. 
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Table 3. Clusters in which FA was Significantly Positively Related to Age in the Whole 

Sample. 

Note. Size is presented as the number of voxels within each significant cluster.  
R indicates clusters in the right hemisphere, L indicates clusters in the left hemisphere. 
Coordinates (x,y,z) are in MNI space. When clusters are large, t-values, coordinates, and 
locations for up to three local maxima at least 8 mm apart are presented. 

cluster # size (k) t x,y,z Location 

1 4742 8.38 14,0,0 R anterior thalamic radiation 

7.56 44,-16,-20 R inferior longitudinal fasciculus 

7.44 18,-6,-16 R amygdala 

2 4140 8.36 -18,-26,10 L thalamus 

8.22 -12,0,-2 L anterior thalamic radiation 

7.95 -38,-16,-20 L inferior longitudinal fasciculus 

3 206 6.59 -12,-46,6 L posterior cingulum 

4 117 5.59 14,-46,4 R posterior cingulum 

5 453 5.17 -18,2,44 L superior corona radiata 

5.09 -18,-4,32 L body of corpus callosum 

4.26 -18,26,28 L anterior corona radiata 

6 46 4.9 22,-66,28 R posterior corona radiata 

7 58 4.57 24,-68,0 R inferior fronto-occipital fasciculus 

8 328 4.54 26,4,40 R superior longitudinal fasciculus 

4.5 30,-10,40 R superior longitudinal fasciculus 

4.15 22,-6,44 R superior corona radiata 

9 33 4.12 20,-86,0 R inferior fronto-occipital fasciculus/ 
inferior longitudinal fasciculus 

3.42 16,-86,10 R forceps major 

10 31 3.86 -22,-42,26 L posterior corona radiata 
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Figure 18. Dorsal (left) and lateral (right) views of clusters of white matter in which FA 
was significantly positively associated with age in healthy adolescents, age 9 - 23 (N = 
118). 



101 

 

 

 

Nonlinear effects of age on FA. Quadratic and cubic effects of age on FA were 

examined within the whole sample in order to determine whether they accounted for a 

significant amount of variance beyond the linear effect of age. The same voxel-based 

morphometry approach was used as was used to determine the linear effects of age. 

When a quadratic age term was added to the linear model predicting FA by age, two 

significant clusters were extracted, one in which the quadratic term was positive and one 

in which the quadratic term was negative. The positive cluster consisted of 31 voxels and 

was maximally significant at MNI coordinates (16, 36, -6). This location is in the anterior 

corona radiata. The location of this cluster and the association between age and the 

average FA within that cluster are shown in Figure 19. The negative cluster consisted of 

44 voxels and was maximally significant at MNI coordinates (-18, -28, 6). The cluster 

was located in the left thalamus. The location of this cluster and the association between 

age and the average FA within that cluster are shown in Figure 20. 

When the cubic age term was added to the model predicting FA from the linear 

and quadratic age terms, there were no significant clusters extracted. Adding the cubic 

age effect did not account for a significant proportion of variance in FA in either 

hemisphere. As with the cortical thickness analyses, most of the significant age effects on 

FA were linear. There was a small cluster in the right anterior corona radiata in which the 

quadratic effect was significant and positive, indicating that the increase in FA might start  
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Figure 19. Location (top) of the cluster in the right anterior corona radiata in which age2 
had a significant positive effect on FA after controlling for the linear age effect. This is 
shown in a transverse section at z = -6 mm (left) and a sagittal section at y = 36 mm 
(right). The bottom half of the figure shows a scatterplot of average FA within that cluster 
in relation to age. 
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Figure 20. Location (top) of the cluster in the left thalamus in which age2 had a 
significant negative effect on FA after controlling for the linear age effect. This is shown 
in a transverse section at z = 6 mm (left) and a sagittal section at y = -28 mm (right). The 
bottom half of the figure shows a scatterplot of average FA within that cluster in relation 
to age. 
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later in that region. There was also a cluster within the left thalamus in which the 

quadratic effect was negative, indicating that FA in that region initially increased with 

age but FA leveled out in later adolescence.   

FA in relation to age within 9 - 12 year-olds. The same whole cerebrum analysis 

of fractional anisotropy was repeated separately within the 9 - 12 year-old age group (n = 

27) and the 13 - 23 year-old age group (n = 91). Within the 9 - 12 year-olds, four clusters 

were extracted in which FA was significantly positively associated with age. The clusters 

ranged in size from 42 to 107 voxels. The clusters were generally located near the 

thalamus (e.g., the anterior thalamic radiation and corticospinal tracts) or in the posterior 

regions of the brain (i.e., part of the forceps major and a posterior section of the superior 

longitudinal fasciculus). There were no clusters in which age was significantly negatively 

associated with FA. The locations of the clusters positively associated with age within 

both the 9 - 12 year-old and 13 - 23 year-old groups are shown in Table 4 and graphically 

represented in Figure 21. 

FA in relation to age within 13 - 23 year-olds. Within the 13 - 23 year-olds, nine 

clusters were extracted in which age was a significant positive predictor of FA (see Table 

4 and Figure 21). One large cluster was extracted within each hemisphere (size 1188 

voxels in the left hemisphere and 1047 voxels in the right hemisphere). These included  
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Table 4. White Matter Clusters in Which FA was Significantly Positively Associated with 

Age within 9 – 12 year-olds and 13 – 23 year-olds. 

9 – 12 year-olds (n = 27) 

cluster # size (k) t x,y,z location 

1 58 6.53 18,-84,14 R forceps major 

2 68 5.18 -32,-20,24 L superior longitudinal fasciculus 

3 107 4.87 -12,-10,10 L anterior thalamic radiation 

4 42 4.32 18,-34,2 R thalamus 

3.81 24,-22,4 R corticospinal tract 

13 – 23 year-olds (n = 91) 

1 1188 5.69 -12,14,-10 L uncinate fasciculus 

5.37 -12,0,-4 L anterior thalamic radiation 

5.02 -18,24,-8 L anterior corona radiata 

2 172 5.53 42,18,14 R superior longitudinal fasciculus 

4.26 36,28,10 R inferior fronto-occipital fasciculus 

3 1047 5.43 16,18,-10 R uncinate fasciculus 

5.28 12,0,-4 R anterior thalamic radiation 

4.96 42,-14,-18 R inferior longitudinal fasciculus 

4 233 5.06 -32,12,16 L superior longitudinal fasciculus 

4.83 -50,-8,20 L superior longitudinal fasciculus  

4.35 -40,-10,26 L superior longitudinal fasciculus 

5 120 4.99 46,-6,22 R superior longitudinal fasciculus 

6 62 4.35 -34,-30,30 L superior longitudinal fasciculus 

7 48 4.31 -36,40,-6 
L uncinate fasciculus/  
inferior fronto-occipital fasciculus 

8 60 3.81 -10,-50,10 L cingulum 

9 29 3.8 20,-2,26 R superior fronto-occipital fasciculus 

 
Note. Size is presented as the number of voxels within each significant cluster.  
R indicates clusters in the right hemisphere. L indicates clusters in the left hemisphere. 
Coordinates (x,y,z) are in MNI space. When clusters are large, t-values, coordinates, and 
locations for up to three local maxima at least 8 mm apart are presented.  
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Figure 21. Lateral (top left) and dorsal (top right) views of clusters of white matter in 
which FA was significantly positively associated with age in healthy adolescents. 
Clusters significant in 9 - 12 year-olds are shown in green and clusters significant in 13 - 
23 year-olds are shown in yellow. One voxel in the left superior longitudinal fasciculus 
was significant in both age groups. It is shown in green. The bottom figure shows a detail 
of the clusters extending into the left ventral frontal region in a transverse section at z =   
-4 mm. Note that the bottom figure follows the radiological convention while the 3D 
views are in anatomical space.  
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many of the white matter pathways in the ventral part of the brain, such as the bilateral 

uncinate fasciculus, anterior thalamic radiations, and inferior longitudinal fasciculus. The 

pathways extended into the ventromedial prefrontal cortex, more extensively on the right 

(see Figure 21, bottom figure). Other clusters included bilateral superior longitudinal 

fasciculi, superior and inferior fronto-occipital fasciculi, and the cingulum on the left. 

Clusters associated with age were much more extensive in this age group than in the 

younger age group.    

 Association Between Brain Variables and Perseverative Errors on the Reversal 

Learning Task 

Average Perseverative Errors and Cortical Thickness 

 The whole-surface cortical thickness analysis was used to determine clusters in 

which Blom-transformed average perseverative errors per reversal, averaged across all 

three levels of feedback accuracy (90% accurate feedback, 80% accurate feedback, 

simple reversal learning), was predictive of cortical thickness, regardless of age. In the 

left hemisphere, 25 clusters were extracted, but only one was significant after correcting 

for cluster-wise probability, p = .04. This significant cluster had an area of 283.6 mm2, 

and its maximally significant vertex was located at Talairach coordinates (-22.6, 13.5, 

44.7), which is in the superior frontal gyrus. The regression coefficient within this cluster 

(and in most of the other clusters extracted) was in the positive direction, indicating that 
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individuals with thinner cortex tended to make fewer perseverative errors. All clusters 

extracted in the left and right hemisphere are shown in Figure 22. In the right hemisphere, 

26 clusters were extracted, but only one was significant after correcting for multiple 

comparisons using cluster-wise probability, p = .04. This significant cluster had an area 

of 281.9 mm2, and a maximally significant vertex located at Talairach coordinates (40.1, 

-62.8, 41.1), which is in the superior parietal lobe.  

 Average perseverative errors and cortical thickness controlling for age. In order 

to determine whether the association between cortical thickness and perseverative errors 

was due to development, the whole sample surface-based analysis examining the 

association between Blom-transformed average perseverative errors and cortical 

thickness was repeated, but this time age was entered as a covariate. In the left 

hemisphere, six clusters were extracted, ranging in area from 3 to 189 mm2. None of the 

clusters were significant after controlling for cluster-wise probability. In most of the 

clusters (5 of 6), the association was in the negative direction, suggesting that after 

controlling for the influence of age thicker cortex is associated with better performance 

(i.e., fewer perseverative errors). In the right hemisphere, nine clusters were extracted, 

ranging in area from 2 to 130 mm2. As in the left hemisphere, no cluster passed the 

threshold of significance based on cluster-wise probability and most (6 of 9) showed 
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Figure 22. Cortical thickness maps showing clusters related to average perseverative 
errors in the whole sample (N = 121). Lateral (top), medial (middle), and ventral (bottom) 
views of the right (right-hand side of the figure) and left (left-hand side of the figure) 
hemispheres are shown on an inflated average brain. Significant clusters based on cluster-
wise probability are marked with asterisks. A heat scale is used so that blue represents p-
values < .01 in the negative direction and red represents p-values < .01 in the positive 
direction. 
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associations in the negative direction. 

Average perseverative errors and cortical thickness within 9 – 12 year-olds. The 

same whole-surface analysis of clusters in which Blom-transformed average 

perseverative errors per reversal predicted cortical thickness was repeated in the group in 

which reversal learning performance was continuing to develop (i.e., 9 – 12 year-olds), 

and the group in which performance had stabilized from a developmental standpoint (i.e., 

13 – 23 year-olds). Within the 9 – 12 year-olds, five clusters were extracted in the left 

hemisphere, but these were small (ranging in area from 1 to 87 mm2), and none were 

significant after correcting for cluster-wise probability. In the right hemisphere, three 

clusters were extracted ranging in area from 3 to 99 mm2. Again, none were significant 

after controlling for cluster-wise probability.   

Average perseverative errors and cortical thickness within 13 – 23 year-olds. 

Within the 13 – 23 year-olds, seven clusters were extracted in the left hemisphere in 

which cortical thickness was related to Blom-transformed average perseverative errors 

per reversal. One cluster was significant based on cluster-wise probability, p = .03. This 

cluster had an area of 282.5 mm2 and was located at Talairach coordinates (-42.4, -9.9, 

42.3), which is in the precentral gyrus. The sign of the regression coefficient within this 

cluster and most of the others extracted (6 of 7) was negative, indicating that thicker 
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cortex was associated with better performance. In the right hemisphere, ten clusters were 

extracted, but these were small (ranging in area from 8 to 74 mm2) and none were 

significant based on cluster-wise probability. Similar to the left hemisphere, most clusters 

(7 of 10) showed a negative association between cortical thickness and perseverative 

errors. The significant clusters extracted from both hemispheres are shown in Figure 23. 

Average Perseverative Errors and FA 

 The whole-cerebrum voxel-based morphometry analysis of FA was repeated to 

extract clusters in which Blom-transformed average perseverative errors per reversal, 

averaged across all three levels of feedback accuracy, was predictive of FA, regardless of 

age. Fourteen clusters were extracted in which perseverative errors were significantly 

negatively associated with FA, indicating that more organized white matter was 

associated with fewer errors. The clusters are shown in Table 5 and graphically presented 

in Figures 24 and 25. The largest clusters were in the anterior thalamic radiation in the 

left hemisphere and in the genu and body of the corpus callosum in the right hemisphere. 

The clusters in the superior longitudinal fasciculus and the inferior fronto-occipital 

fasciculus on the right were also large. Significant clusters were mostly observed 

bilaterally, although many were larger on the right. Pathways connecting the orbitofrontal 

cortex with other areas of the brain had significant clusters, including the uncinate  
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Figure 23. Cortical thickness maps showing clusters related to average perseverative 
errors in the 13 – 23 year-olds (n = 95). Lateral (top), medial (middle), and ventral 
(bottom) views of the right (right-hand side of the figure) and left (left-hand side of the 
figure) hemispheres are shown on an inflated average brain. The significant cluster based 
on cluster-wise probability is marked with an asterisk. A heat scale is used so that blue 
represents p-values < .01 in the negative direction and red represents p-values < .01 in the 
positive direction. 
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Table 5. White Matter Clusters in which FA was Significantly Negatively Associated with 

Average Perseverative Errors. 

Cluster # Size (k) t x,y,z Location 

1 358 4.72  -12, 4, -4 L anterior thalamic radiation 

3.92  -18, 18, 0 L anterior thalamic radiation 

3.51  -20, 10, 8 L anterior thalamic radiation 

2 110 4.45 40, -6, 20 R superior longitudinal fasciculus 

4.4 42, 8, 14 R superior longitudinal fasciculus 

3 321 4.34 14, 22, 18 R genu of corpus callosum 

4.19 10, -6, 30 R body of corpus callosum 

3.8 10, 6, 26 R body of corpus callosum 

4 71 4.12  -48, -12, 22 L superior longitudinal fasciculus 
3.77  -38, -12, 26 L superior longitudinal fasciculus 

(temporal part) 

5 77 4.06 30, 8, -14 R uncinate fasciculus 

6 71 4.06 24, 30, -8 R inferior fronto-occipital fasciculus 

7 35 3.87 14, 6, -8 R anterior thalamic radiation 

8 36 3.85  -16, -30, 8 L anterior thalamic radiation 

9 26 3.86  -32, 4, -14 L uncinate fasciculus 

10 51 3.74  -22, -42, 24 L posterior corona radiata 

3.34  -20, -46, 14 L forceps major 

11 103 3.72 28, 18, 4 R inferior fronto-occipital fasciculus 
  3.5 26, 36, 6 R inferior fronto-occipital fasciculus/ 

R anterior thalamic radiation 

3.46 20, 10, 6 R anterior thalamic radiation 

12 26 3.46 24, -40, 22 R posterior corona radiata 

13 34 3.5  -12, -2, 30 L body of corpus callosum 

14 51 3.47  -12, 28, 8 L genu of corpus callosum 

3.44  -10, 22, 16 L genu of corpus callosum 

 
Note. Size is presented as the number of voxels within each significant cluster.  
R indicates clusters in the right hemisphere. L indicates clusters in the left hemisphere. 
Coordinates (x,y,z) are in MNI space. When clusters are large, t-values, coordinates, and 
locations for up to three local maxima at least 8 mm apart are presented.  
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Figure 24. Lateral (left) and dorsal (right) views of clusters of white matter in which FA 
was significantly negatively associated with average perseverative errors in healthy 
adolescents. The figure is shown in anatomical space, so that left is on the left-hand side 
of the figure.   
 

 

 

 

 

 

 

 



115 

 

 

 

Cluster 1. Transverse section at z = -2 

mm 

 
Cluster 2. Sagittal section at x = 42 mm 

  

 

Cluster 3. Sagittal section at x = 14 mm 

 
Cluster 11. Sagittal section at x = 28 mm  

 
 

Figure 25.  More detailed views of the four largest clusters significantly negatively 
associated with perseverative errors in healthy adolescents. The cluster number (see 
Table 5) and the orientation and location of the slice are shown above each figure. 
Figures use the radiological convention, so that when looking at a transverse section, left 
is on the right-hand side of the picture.  
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fasciculus and fronto-occipital fasciculus bilaterally. Some small posterior clusters were 

also observed. When the analysis was repeated to extract clusters in which FA and 

perseverative errors were positively related, no significant clusters were found. 

Average perseverative errors and FA controlling for age. The voxel-based 

analysis of Blom-transformed average perseverative errors and whole cerebrum white 

matter FA was repeated with age included as a covariate, in order to determine how much 

of the association was due to development. One significant cluster remained after 

controlling for age. This cluster had a volume of 337 voxels and the maximally 

significant voxel was located at MNI coordinates (12, 20, 18), which is in the genu of the 

corpus callosum on the right. The cluster extended back into the body of the corpus 

callosum on the right, and across the commissural fibers to the genu of the corpus 

callosum on the left. The region in the left corpus callosum was not as extensive. This 

cluster can be seen in Figure 26. There were no significant clusters in which 

perseverative errors were positively related to FA after controlling for age.  

Average perseverative errors and FA within 9 – 12 year-olds. The voxel-based 

morphometry analysis to extract clusters in which Blom-transformed average 

perseverative errors were significantly associated with FA was repeated separately for the 

9 -12 year-old and 13 – 23 year-old age groups. Within the 9 – 12 year-olds, there were 

no clusters that passed the statistical threshold (p < .001, uncorrected, 25 contiguous  
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Figure 26. Sections of an average brain showing the extent of the cluster in which 
average perseverative errors were significantly negatively associated with FA after 
controlling for age. The top left figure shows a coronal section at y = 18 mm. The bottom 
left figure shows a transverse section at z = 16 mm. The right side of the figure shows the 
maximal extent of the cluster in the right hemisphere (top, x = 10 mm) and the left 
hemisphere (bottom, x = -8 mm). Figures use the radiological convention. 
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voxels) showing either a negative or a positive association between perseverative errors 

and FA.   

Average perseverative errors with FA within the 13 – 23 year-olds. Within the 13 

– 23 year-old age group, eight significant clusters were extracted in which Blom-

transformed average perseverative errors were negatively related to FA. Within this age 

range, more organized white matter in several regions was associated with fewer 

perseverative errors on the probabilistic reversal learning task. The clusters are shown 

and numbered in Table 6 and graphically presented in Figure 27. The largest cluster 

(cluster 1, 782 voxels) was located within the corpus callosum and was maximally-

significant in the right body of the corpus callosum. It extended anteriorly into the right 

genu, across the commissural fibers to the left hemisphere, anteriorly to the left genu, and 

posteriorly to the left body. Another large cluster was located in the anterior thalamic 

radiation on the left. In the right hemisphere, there were significant clusters in pathways 

connecting to the OFC, including the inferior fronto-occipital fasciculus and the uncinate 

fasciculus. The inferior fronto-occipital fasciculus was also significant in the left 

hemisphere, but this was a more posterior cluster that also extended into the forceps 

major. The superior longitudinal fasciculus, anterior thalamic radiation, and forceps 

major were also significant in the right hemisphere. When the analysis was repeated to  
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Table 6. White Matter Clusters in which FA was Significantly Negatively Associated with 

Average Perseverative Errors within 13 – 23 Year-Olds. 

Cluster # Size (k) t x,y,z Location 

1 782 4.96 8, -2, 28 R body of corpus callosum 

4.43 12, 20, 18 R genu of corpus callosum 

3.86  -12, 0, 30 L body of corpus callosum 
2 57 4.75 28, 30, 20 R anterior thalamic radiation/ 

inferior fronto-occipital fasciculus 

3 58 4.47 42, 8, 14 R superior longitudinal fasciculus 

4 87 3.99 28, 32, 6 R inferior fronto-occipital fasciculus 

3.69 28, 20 6 R inferior fronto-occipital fasciculus 

5 129 3.92  -10, 4, -6 L anterior thalamic radiation 

3.41  -8, 12, -12 L anterior thalamic radiation 

6 38 3.87  -30, -64, 12 L forceps major 
3.49  -32, -74, 10 L inferior longitudinal fasciculus/ 

inferior fronto-occipital fasciculus 

7 45 3.82 26, 10, -14 R uncinate fasciculus 

8 47 3.56 26, -38, 22 R anterior thalamic radiation  

3.4 16, -44, 20 R forceps major 

 

Note. Size is presented as the number of voxels within each significant cluster.  
R indicates clusters in the right hemisphere. L indicates clusters in the left hemisphere. 
Coordinates (x,y,z) are in MNI space. When clusters are large, t-values, coordinates, and 
locations for up to three local maxima at least 8 mm apart are presented.  
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Figure 27. Lateral (left) and dorsal (right) views of clusters of white matter in which FA 
was significantly negatively associated with average perseverative errors in 13 – 23 year-
olds. The figure is shown in anatomical space, so that left is on the left-hand side of the 
figure.   
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extract clusters in which perseverative errors were positively related to FA, no clusters 

passed the threshold for statistical significance. 

Gender by Puberty Interactions in the Association Between Task Performance and Brain 

Variables 

Because the behavioral findings showed a gender by pubertal stage interaction in 

predicting perseverative errors on the reversal learning task, the brain correlates of this 

interaction were explored. In Study 1, there was a significant condition by gender by 

pubertal status interaction in predicting perseverative errors. Effects of pubertal stage 

were only significant for the 80% accurate feedback block. The effect of pubertal stage 

was significant within both males and females, but they showed a different pattern of 

development. In males, those in pubertal stage 1 made more preservative errors than 

those in all of the other pubertal stages. In females, those in pubertal stage 2 and 3 made 

more perseverative errors than those in pubertal stage 4 or 5, suggesting development of 

performance at later pubertal stages. To examine the brain correlates of this interaction, 

the whole-surface cortical thickness and whole-brain voxel-based morphometry analyses 

were repeated separately within males and females to assess the association between 

Blom-transformed perseverative errors on the 80% accurate feedback block and either 

cortical thickness or FA after controlling for the effects of pubertal stage. 
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Cortical Thickness and Perseverative Errors on the 80% Accurate Feedback Block 

within Males and Females after Controlling for Pubertal Stage 

 Within males (n = 54), five clusters were extracted from the left hemisphere and 

seven clusters were extracted from the right hemisphere in which Blom-transformed 

perseverative errors were significantly associated with cortical thickness after controlling 

for pubertal stage. However, these clusters were small, ranging in area from 12 to 150 

mm2, and none passed the significance threshold based on cluster-wise probability. The 

results were similar within the females (n = 67). Seven clusters were extracted from the 

left hemisphere and six clusters were extracted from the right hemisphere in which 

perseverative errors were significantly associated with cortical thickness after controlling 

for pubertal stage in females. All of the clusters were small, ranging in area from 9 to 88 

mm2, and none passed the threshold of significance based on cluster-wise probability. 

From these analyses, it can be concluded that the association between cortical thickness 

and perseverative errors on the 80% accurate feedback condition can be accounted for by 

the effects of pubertal stage in both genders. 

FA and Perseverative Errors on the 80% Accurate Feedback Block within Males and 

Females after Controlling for Pubertal Stage 

 Voxel-based morphometry was used to identify white matter clusters in which 

Blom-transformed perseverative errors in the 80% accurate feedback block were 
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significantly associated with FA after controlling for pubertal stage. The analysis was 

completed separately within the male and female groups. Within the males (n = 53), three 

significant clusters were extracted that passed the threshold (p < .001, uncorrected, k > 

25). The largest cluster had a volume of 132 voxels, and its maximally-significant voxel, 

T = 4.38, was located at MNI coordinates (-2, -10, -8). This cluster included parts of the 

anterior thalamic radiation extending through the globus pallidus on the left. The next 

cluster had a volume of 46 voxels, and its maximally-significant voxel, T = 4.92, was 

located at MNI coordinates (-18, 52, 14). This cluster encompassed the anterior horn of 

the forceps minor and anterior thalamic radiation on the left. The final cluster had a 

volume of 38 voxels, and its maximally-significant voxel, T = 3.72, was located at MNI 

coordinates (-6, 16, 20). This cluster extended along the body of the corpus callosum on 

the left. The clusters are graphically presented in Figure 28. In all of the significant 

clusters, perseverative errors were negatively associated with FA, indicating that more 

organized white matter was associated with better reversal learning performance (i.e., 

fewer perseverative errors.  

When the analysis was repeated in the females, there were no clusters that passed 

the threshold of statistical significance. Therefore, in females, the association between 

perseverative errors on the 80% accurate feedback condition and FA was accounted for 

by the effect of pubertal stage, whereas within males, increases in FA in the body of the 
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Figure 28. Transverse (left) and sagittal (right) sections showing white matter clusters in 
which there were significant associations between perseverative errors on the 80% 
accurate feedback condition and FA within the males after controlling for the effects of 
pubertal stage. Cluster 1 (top) is in the anterior thalamic radiation and the globus pallidus. 
Cluster 2 (middle) is in the left forceps minor/anterior thalamic radiation, and cluster 3 
(bottom) is in the body of the corpus callosum.  
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corpus callosum and two different portions of the anterior thalamic radiation were 

significant after controlling for the effect of pubertal stage. 

Discussion  

Age-Related Changes within the Brain 

 As predicted, and as has been found in other studies, there were widespread 

regions in the brain in which cortical thickness and fractional anisotropy were associated 

with age within the age range of this sample, 9 to 23 years. During this age range, cortical 

thickness is decreasing, presumably due to synaptic pruning, and fractional anisotropy is 

increasing, presumably due to increased myelination and organization of white matter 

fibers.  

Associations of Cortical Thickness with Age in the Whole Sample 

The decreases in cortical thickness were observed throughout most of the cortex, 

but primarily in areas of association cortex. The pre- and post-central gyri, locations of 

the primary sensory and motor cortex, and parts of the primary visual cortex did not show 

significant associations with age, suggesting that synaptic pruning in those areas is 

mostly complete before age 9. Anterior and medial regions of the temporal lobe also did 

not show significant age-related decreases in cortical thickness, and the entorhinal cortex 

and adjacent sulcus actually included clusters in which cortical thickness increased with 

age, although this was not significant after correcting for cluster-wise probability. 
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Interestingly, this region has primary connections to the dentate gyrus of the 

hippocampus, which is one of the few regions of the brain in which neurogenesis 

continues throughout adulthood. Perhaps the increased cortical thickness represents the 

formation of new synapses to connect to the new neurons.  

Much of the orbitofrontal cortex showed decreases in cortical thickness with age. 

The gyrus rectus and more ventral and posterior aspects of the orbitofrontal cortex did not 

show decreases in cortical thickness with age. Perhaps these subregions are mature before 

age 9. The lateral orbitofrontal cortex, the parts of the medial orbitofrontal cortex on the 

medial surface of each hemisphere, the frontal pole, and all three subdivisions of the 

inferior frontal gyrus (pars opercularis, pars triangularis, and pars orbitalis) showed 

negative associations between age and cortical thickness. This is consistent with a 

previous study showing decreases in cortical thickness with age in a larger frontopolar 

region of interest (including parts of what in this study is referred to as the frontal pole, 

the medial orbitofrontal area, and the pars orbitalis) in a smaller sample of healthy 

individuals (N = 35) aged 8 to 20 years (O'Donnell et al., 2005). This supports the 

hypothesis that much of the orbitofrontal cortex is late to mature and shows continuing 

development during adolescence. 
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Associations of FA with Age in the Whole Sample 

In concert with the decreases in cortical thickness, widespread increases in FA 

were observed. Many of the major white matter pathways in the brain showed this 

increased organization with age, including much of the superior and inferior longitudinal 

fasciculi, the uncinate fasciculus, and the thalamic radiations. These pathways were 

primarily located in the medial and anterior parts of the brain, and only small portions of 

the most posterior pathways showed significant age-related increases. This suggests that 

information transfer to and from the frontal, temporal, and parietal lobes is becoming 

more efficient during this age range, consistent with the hypothesis.  

In contrast to a previous study (Bashat et al., 2005) the organization of the 

majority of the commissural fibers of the corpus callosum was not significantly related to 

age in this whole-brain analysis, although part of the body of the corpus callosum did 

show increases in FA. A more fine-grained analysis of regions of interest restricted to the 

corpus callosum did show significant increases in FA with age in the splenium (but not 

other regions) of the corpus callosum using participants from this same study (Muetzel et 

al., 2008). The region-of-interest analysis used in that study may be better for 

demonstrating small-scale changes in specific regions, while the current study’s whole-

brain voxel-based morphometry analysis is better for getting a broad overview of the 

pathways most significantly associated with age during the age range studied. Even if the 
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region-of-interest that was significant in the Muetzel (2008) study (a 13 mm2 circular 

area defined on the midsagittal slice) had been significant in the participants used in this 

sample, it would not have passed the threshold used in the current study of 25 contiguous 

voxels (each 2 mm3 after processing).  

Nonlinear Effects of Age on Brain Variables 

Nonlinear effects of age on both cortical thickness and FA were also examined. 

Within the presently studied age range, most of the effects of age were linear. For cortical 

thickness, there were some relatively small clusters in the bilateral parietal, temporal, and 

occipital lobes in which a quadratic term accounted for a significant amount of variance 

beyond the linear effect of age. In these regions, cortical thickness decreased in early 

adolescence but the change leveled off at the older ages. There were also some relatively 

small clusters in the parietal and temporal lobes in which a cubic effect on cortical 

thickness was observed. Within these clusters, cortical thickness initially increased with 

age, then decreased over most of the adolescent period before leveling off. There were no 

significant nonlinear effects of age on cortical thickness within the frontal lobe, and the 

nonlinear effects were quite small when compared to the linear effects.  

These results are generally consistent with the findings of Shaw and colleagues 

(2008) who used a different automated process to measure cortical thickness in 375 

children and adolescents studied longitudinally. That study covered the age range from 
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3.5 to 33 years, which is wider than the range of the present study. They found that cubic 

models best fit the cortical thickness data for most of the neocortex, with an increase in 

cortical thickness during early childhood, followed by a decrease in cortical thickness 

during adolescence, which leveled off during adulthood. The age of attaining peak 

cortical thickness was around age 7 in the somatic sensory cortex and occipital poles, 

around age 9 in primary motor cortex, around age 9 to 10 in polymodal regions of the 

parieto-occipital cortex, around age 10 in the frontal pole and supplementary motor areas, 

and around age 10.5 in the dorsolateral prefrontal cortex and cingulate cortex. Since the 

age range for the present study started at age 9, it is best able to capture the adolescent 

decrease following the peak cortical thickness. In the present study, the small areas with 

quadratic and cubic changes were likely starting to show the adult leveling-off of cortical 

thickness, but the current results support the idea that the leveling-off likely occurs after 

age 23 in most of the cortex. 

Nonlinear effects of age on fractional anisotropy have not previously been studied 

within the adolescent age range. The current study suggests that, like cortical thickness, 

most associations between age and FA between the ages of 9 and 23 are linear. There 

were two clusters in which significant quadratic effects of age were found and no regions 

in which the cubic term added significantly to prediction.  In one cluster in the right 

anterior corona radiata FA was initially fairly flat and began increasing only at later ages. 
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Within the thalamus, FA increased with age during early adolescence but then leveled off 

closer to adulthood. This is a preliminary suggestion that the association between FA and 

age may be different within gray matter than it is within white matter. The present study 

was designed to study the association of age to FA within white matter. In order to 

accomplish this, voxel-based morphometry analyses of FA were restricted to areas where 

FA was greater than .20. This selects primarily white matter, but some subcortical gray 

matter structures, such as the thalamus, have so many white matter pathways coursing 

through them that their FA exceeds this threshold. Other studies have found the thalamus 

and globus pallidus to have an FA in the range of .2 to .3 in children and adolescents 

(Hermoye et al., 2006; Snook, Paulson, Roy, Phillips, & Beaulieu, 2005). It is necessary 

to use this low threshold to avoid excluding the relatively less organized white matter 

bundles that extend into the cortex, especially in children. Therefore, while this study was 

not designed to examine the differences between maturation of FA within white and gray 

matter, this finding is suggestive and could be examined further in future studies. One 

study that examined FA within cortical and subcortical gray matter regions between 

children (age 8 – 12) and young adults (age 21 – 27) did not show age-related changes in 

FA within cortical gray matter but found that children had lower FA in most subcortical 

gray matter regions than adults (Snook et al., 2005).   
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Differences in Brain Associations with Age Between 9 – 12 Year-Olds and 13 – 23 Year-

Olds 

 When the sample was divided into the age groups in which reversal learning 

performance was developing (i.e. 9 – 12 years) and in which reversal learning 

performance had stabilized (i.e., 13 – 23 years), major differences were found. Few 

significant associations of either cortical thickness or FA with age were found within the 

9 – 12 year-old age group. Cortical thickness significantly increased with age in one 

cluster in the right superior frontal gyrus, and there was one cluster in the right body of 

the corpus callosum in which cortical thickness decreased with age at a trend level based 

on cluster-wise probability. FA increased in some small clusters located near the 

thalamus (e.g., the anterior thalamic radiation and corticospinal tracts) or in the posterior 

regions of the brain (i.e., part of the forceps major and a posterior section of the superior 

longitudinal fasciculus).  

Associations with age were much more extensive within the 13 – 23 year-old age 

group. For cortical thickness, there were large clusters in which cortical thickness 

decreased with age. These encompassed much of the dorsal frontal cortex, particularly 

the dorsomedial region, extending into the anterior cingulate cortex, bilaterally. In the 

parietal lobe, clusters extended into the precuneus and superior and inferior parietal 

cortex. The clusters in the inferior parietal cortex extended down into the lateral occipital 
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cortex, but otherwise, not many clusters were observed in the occipital lobe. Within the 

temporal lobe, there were bilateral clusters in the posterior aspects of the fusiform gyrs, 

as well as in the middle temporal gyrus, extending into the superior temporal gyrus. In 

the orbitofrontal cortex, bilateral clusters extended into the frontal pole and lateral 

orbitofrontal cortex, suggesting that cortical thinning is taking place in this region even 

after age 13.  

Increases in FA were also much more extensive within the 13 – 23 year-old age 

group than the 9 – 12 year-old age group. In the older group, increases in FA with age 

were observed within many of the white matter pathways in the ventral part of the brain, 

such as the bilateral uncinate fasciculus, anterior thalamic radiations, and inferior 

longitudinal fasciculus. Other clusters included bilateral superior longitudinal fasciculi, 

superior and inferior fronto-occipital fasciculi, and the cingulum on the left. The ventral 

pathways extended into the ventromedial prefrontal cortex, more extensively on the right, 

suggesting that connections to this region are maturing in concert with the cortical 

thinning that was also observed. 

Although changes with age within the whole sample were generally linear, it is 

possible that fewer changes were observed with age in the 9 – 12 year-old group because 

developmental changes accelerate after this age range. For example, based on previous 

work showing cubic changes in cortical thickness across a wider age range (Shaw et al., 
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2008), the 9 – 12 year-olds may be near an inflection point in which cortical thickness 

changes from increasing in early childhood to decreasing during adolescence. Changes 

with age are likely to be less pronounced around this inflection point. Nonlinear age 

effects have not previously been demonstrated in FA. Unlike cortical thickness, there is 

no change in the direction of developmental processes. Myelination (and FA) begins 

increasing in infancy (e.g., Hermoye et al., 2006) and positive associations with age have 

generally been observed until much older age ranges. However, this does not rule out the 

possibility of more subtle changes in the rate of increase of FA. For example, the initial 

infant increase in FA shows a leveling off by age 5 (Hermoye et al., 2006), and FA may 

remain relatively stable prior to an adolescent “spurt” of development. This was observed 

in the quadratic effect of age within the anterior corona radiata. The lack of age-related 

increases in FA within the 9 – 12 year-old age group may be related to more subtle 

changes with age in early adolescence that increase in later adolescence but are not strong 

enough to be seen as nonlinear effects when the sample is analyzed as a whole.  

Of course, the more extensive changes in the 13 – 23 year-old age group could 

also be related to a larger sample size and a wider age range. The important thing to note 

is that this study does not provide evidence for a leveling off of adolescent brain 

development after age 12. Although behavioral development on the reversal learning task 

plateaus after age 12, strong age-related effects are seen in the 13 – 23 year-old age group 
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when cortical thickness and FA are examined. The combination of decreasing cortical 

thickness and increasing fractional anisotropy in the 13 – 23 year-old age group suggests 

that widespread development is still occurring even between age 13 and adulthood. The 

likely mechanisms involved include pruning of cortical synapses, associated with 

degeneration of unnecessary connections between neurons, in addition to continued 

myelination of the remaining pathways. This study suggests that these developmental 

phenomena are continuing into late adolescence in the orbitofrontal cortex, particularly 

the frontopolar and lateral orbitofrontal regions, in addition to the more dorsal regions of 

the frontal lobe and the other association cortices of the brain.  

Association Between Perseverative Errors on the Reversal Learning Task and Brain 

Variables 

 Within the whole sample, individuals who made fewer perseverative errors (i.e., 

showed better reversal learning performance) tended to have thinner cortex in the left 

superior frontal gyrus and in the right superior parietal cortex. While the task 

performance was not directly related to cortical thickness in the OFC, networks including 

the dorsal frontal and parietal lobe have been associated with the performance of many 

executive function tasks, including probabilistic reversal learning (Cools et al., 2002; 

Hornak et al., 2004; O'Doherty et al., 2001).  
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DTI analyses showed that those who made fewer perseverative errors tended to 

have higher FA (i.e., better organization) in several white matter pathways. The largest 

clusters were located in the anterior parts of the corpus callosum, including the genu and 

extending into the body on the right. This region has been shown using DTI tractography 

to primarily include fibers connecting the two hemispheres of the prefrontal cortex 

(including the OFC) and the premotor and supplementary motor cortex (Hofer & Frahm, 

2006). This suggests that hemispheric integration of these regions may be important for 

avoidance of perseveration on the probabilistic reversal learning task. Increased 

organization of fibers connecting to the OFC was also associated with better reversal 

learning performance, as significant clusters were observed in the anterior parts of the 

inferior fronto-occipital fasciculus and uncinate fasciculus, and the anterior thalamic 

radiations (sending sensory information from the thalamus to the frontal cortex) were 

significant bilaterally. Dorsal clusters (e.g., the superior longitudinal fasciculus) and more 

posterior clusters (e.g., the bilateral posterior corona radiata) were also significantly 

related to performance. There were no areas in which better reversal learning 

performance (i.e., fewer perseverative errors) was associated with thicker cortex or less 

organized white matter.   

Because these studies have shown that reversal learning performance improves 

with age (at least until age 12), that cortical thickness decreases with age, and that FA 
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increases with age (throughout this age range), these associations between perseverative 

errors and brain variables may be due to the shared influence of age. As the brain 

develops, reversal learning performance improves. However, there could also be regions 

of the brain in which cortical thickness and FA are associated with perseverative errors 

regardless of age. These would represent individual differences in brain variables and 

reversal learning performance that were not developmental in nature. In order to assess 

these two possibilities, the brain-behavior analyses above were repeated with age entered 

as a covariate.  

After controlling for age in this way, the analysis of the association between 

cortical thickness and average perseverative errors did not yield any clusters that were 

significant according to their cluster-wise probability. This suggests that the previously 

described decreases in cortical thickness in the superior frontal and superior parietal lobes 

associated with decreased perseverative errors is developmental in nature. As these areas 

of the cortex show synaptic pruning with age, performance on the probabilistic reversal 

learning task improves. The small (and under the threshold of cluster-wise significance) 

clusters that were extracted mostly showed a negative association between perseverative 

errors and cortical thickness. This finding suggests that individual differences in 

perseverative errors after controlling for development may be more complex and depend 

on local regions in which relatively thicker cortex is related to better performance. 
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Although cortical thinning is associated with development, a thinner cortex is not always 

associated with better brain function. For example, cortical thinning in aging may reflect 

other mechanisms (e.g., neuronal loss) and has been associated with poorer performance 

on cognitive tasks, with pathological conditions, and with decreases in FA when multiple 

imaging methodologies are investigated together (Gold et al., 2005; Kuperberg et al., 

2003; Rosas et al., 2002; Salat et al., 2004).  

For FA, there was one relatively large cluster in the anterior portion of the corpus 

callosum in which perseverative errors were negatively related to FA even after 

controlling for age. The cluster extended bilaterally but was more extensive in the right 

hemisphere. This finding suggests that individual differences in performance on the 

probabilistic reversal learning task, regardless of age, are related to the integrity of white 

matter pathways connecting the two hemispheres of the frontal lobe. While previous 

studies have not assessed the laterality of reversal learning performance, most lesion 

studies that have found reversal learning deficits involve bilateral OFC lesions. Imaging 

studies have also shown bilateral activations. Thus, it is reasonable to assume that both 

hemispheres are involved in successful reversal learning performance and their 

coordination depends on the integrity of the connecting fibers crossing through the 

anterior corpus callosum. There is also greater power to detect task correlations with FA 

in large fiber bundles like the corpus callosum than in the smaller fibers like the 
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interneurons forming within-hemisphere connections within the OFC. Crossing small 

fibers decrease FA and individual differences in the location and path of these small 

fibers may decrease the ability to detect changes there in group analyses. 

The clusters in other white matter pathways (e.g., the anterior thalamic radiations, 

inferior fronto-occpital fasciculus, uncinate fasciculus, and the superior longitudinal 

fasciculus) that were significantly associated with perseverative errors in the previous 

analysis were no longer significant after controlling for age. This suggests that these 

associations are developmental in nature. All of the clusters, except for the one in the 

anterior corpus callosum, were located within pathways that showed significant age-

related changes within this sample in the previous analyses. This finding suggests that 

development of these white matter pathways is important for maturation of reversal 

learning performance.  

When the sample was divided into the age groups in which reversal learning 

performance was developing (i.e. 9 – 12 years) and in which reversal learning 

performance had stabilized (i.e., 13 – 23 years), differences in brain correlates were 

found. Within the 9 – 12 year-old age group, there were no areas in which associations 

between average perseverative errors and either cortical thickness or age passed the 

threshold of statistical significance. This suggests that, although behavioral performance 

is improving within this age group, the study does not have enough statistical power in 



139 

 

 

 

this relatively small group of subjects to detect brain areas that are correlated with the 

increases in performance.  

Within the 13 – 23 year-old age group, there was a cluster in the precentral gryus 

in which a thicker cortex was associated with fewer perseverative errors on the 

probabilistic reversal learning task. This supports the idea that local regions of thicker 

cortex may be associated with better reversal learning performance once task 

performance has stabilized from a developmental standpoint.  When FA was examined 

within the 13 – 23 year-old age group, several clusters were observed in which increases 

in FA were associated with fewer perseverative errors on the reversal learning task. 

Again, a large cluster was observed in the anterior corpus callosum, providing further 

support for the idea that the integrity of interhemispheric pathways connecting the frontal 

lobes are important for predicting individual differences in reversal learning performance 

regardless of development. The other clusters mostly overlapped with the clusters in 

which there were associations between perseverative errors and FA within the whole 

sample. These clusters were not significantly related to perseverative errors after 

controlling for age in the previously discussed analysis, but they did show significant 

association to perseverative errors within the 13 – 23 year-old age range. It is possible 

that subtle developmental improvements in reversal learning performance are continuing 
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during this age range, but these were not detected with the between-groups analysis of 

age-related changes in performance. This would account for this pattern of findings. 

 A preliminary aim of the present study was to examine whether there were gender 

by pubertal stage interactions in predicting the association between brain variables and 

perseverative errors. Because such an interaction was found in the behavioral data for 

perseverative errors in the 80% accurate feedback condition, this study examined whether 

the brain correlates of perseverative errors on this block of the task differed between 

males and females after controlling for the effect of pubertal stage. There were no regions 

in which cortical thickness was significantly associated with perseverative errors on the 

80% accurate feedback block after controlling for the effect of pubertal stage within 

either males or females. This is similar to analysis of average perseverative errors and 

age. After controlling for the effect of age, few regions of cortical thickness were 

associated with average perseverative errors.  

However, a gender by pubertal stage interaction was seen for the association 

between FA and perseverative errors in the 80% accurate feedback condition. In females, 

the association between perseverative errors on and FA was accounted for by the effect of 

pubertal stage, whereas within males, increases in FA in the body of the corpus callosum 

and two different portions of the anterior thalamic radiation were significant after 

controlling for the effect of pubertal stage. Since females showed more protracted 
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behavioral development with pubertal stage on this variable, it is likely that pubertal stage 

accounted for more of the variance in performance within the female group. For males, 

pubertal stage is not as good a predictor of the later decrease in perseverative errors 

(beyond pubertal stage 1). Later improvements in reversal learning performance seem to 

depend on the maturation of these white matter pathways in males, regardless of their 

pubertal stage. 

GENERAL DISCUSSION 

 These studies significantly add to our knowledge of adolescent development of 

the orbitofrontal cortex. The combination of behavioral and structural neuroimaging 

methods to assess the structural and functional development of the OFC has not 

previously been reported. Using this combination of techniques, an interesting disparity 

was noted. Behavioral measures of reversal learning performance show age-related 

changes until approximately age 12, but the many regions of the brain (including the 

OFC) continue to show decreases in cortical thickness and increases in FA well after this 

age. This leads one to speculate about the functional significance of these late-adolescent 

changes in brain morphology. 

 It is possible that later adolescent brain development is improving the efficiency 

of performance on tasks like the probabilistic reversal learning task used here. Younger 

adolescents may have to work harder or may be slower to perform at the same level as 
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older adolescents. Although ceiling levels of reversal learning performance were not 

reached on the more difficult probabilistic blocks, it is possible that choosing a task that 

is specifically associated with the OFC hindered the ability of this study to detect 

behavioral changes later in adolescence. Perhaps more complex neuropsychological 

tasks, such as those requiring integration of many different areas of the brain, may be 

more sensitive to developmental changes in late adolescence. This would be especially 

consistent with the findings of increased FA during late adolescence, which imply that 

more efficient functional connectivity between regions is one of the primary 

consequences of late adolescent brain development. 

 It is also possible that the laboratory setting is not the best place in which to 

capture the functional development of the OFC during late adolescence. For example, 

studies have shown protracted behavioral development of multi-tasking performance 

(Luciana, Conklin, Hooper, & Yarger, 2005) during adolescence. Perhaps the real-world 

consequences of late adolescent OFC development would be more easily observed in 

settings other than a quiet laboratory. For example, when adolescents have to negotiate 

social situations, such as dealing with peer pressure, in which rewards and punishments 

are more salient, there may be increased activation in the limbic system. The OFC has 

strong limbic connections, and it is likely that controlling impulses (such as a tendency to 

perseverate on behavior once it is no longer rewarding) will be more difficult in the 
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context of increased limbic activation. Cortico-cortical connections between the dorsal 

and ventral aspects of the prefrontal cortex may also be relevant in regulating other 

cognitive functions in the context of heightened emotional arousal. This limbic activation 

in the context of an underdeveloped OFC and underdeveloped brain connectivity is likely 

to put adolescents at risk for making poor decisions. They may perseverate in risky or 

oppositional behaviors, even after these behaviors have been punished. This state of 

immature brain structure and function probably contributes to the elevated rates of 

substance abuse and risk-taking behavior observed during adolescence. 

Future Directions 

 As the present studies are cross-sectional, it will be important to verify the 

findings using longitudinal data. There are plans to follow up the participants from this 

study two years after their first visit. In addition to the improved validity of longitudinal 

studies (e.g., by eliminating cohort effects), having both longitudinal and cross-sectional 

data will allow more complex modeling, such as hierarchical linear modeling. This may 

allow better detection of potential nonlinear age effects on the brain variables, as the 

slope of change between time 1 and time 2 may be related to age. This analysis strategy 

will also allow modeling of factors related to individual differences in growth curves of 

brain and cognitive variables. For example, developmental trends in cortical thickness 

have been shown to differ by IQ level (Shaw et al., 2006). It would be interesting to 
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investigate whether developmental trends in FA differ by IQ, as well, and also whether 

IQ moderates the association between brain development and reversal learning 

performance.  

 Other individual differences would also be interesting to investigate. For example, 

OFC integrity has been related to personality variables. One of the hallmarks of OFC 

damage is the frequency in which affected individuals develop personality changes, such 

as increased impulsivity, aggression, and social difficulties (Anderson, Bechara, 

Damasio, Tranel, & Damasio, 1999; Barrash, Tranel, & Anderson, 2000; Berlin, Rolls, & 

Iversen, 2005; Blair & Cipolotti, 2000). The volume the OFC has been related to 

impulsivity and aggression in psychiatric patients (Antonucci et al., 2006), and the 

cortical thickness of the OFC has been inversely related to neuroticism in healthy 

individuals (Wright et al., 2006). Performance on gambling tasks that assess OFC 

integrity have also been associated with personality variables, such as impulsivity 

(Zermatten, Van der Linden, d'Acremont, Jermann, & Bechara, 2005), sensation seeking 

(Crone, Vendel, & van der Molen, 2003), and neuroticism (Hooper, Luciana, Wahlstrom, 

Conklin, & Yarger, 2008). Future studies may assess whether children with these 

personality variables show slower structural development of the OFC or different 

developmental trajectories of reversal learning performance. 



145 

 

 

 

 In addition to the addition of longitudinal data collection, future studies should 

include other neuropsychological tasks that putatively measure other brain regions. In this 

way, the specificity of the brain-behavior relationships reported here can be assessed. 

Comparing the developmental trajectories and brain correlates of tasks relating to 

dorsolateral prefrontal cortex and OFC would provide important information relating to 

neurodevelopmental theories of adolescent risk taking, which hypothesize that a 

mismatch in timing between the development of the OFC and dorsolateral prefrontal 

cortex makes adolescents more susceptible to risk-taking behavior.  

 Studying a wider age range would also provide better information on potential 

nonlinear age-related changes. The point at which cortical thickness switches from 

increasing to decreasing could be quantified, and the point at which different brain 

regions reach maturity could be assessed. Better sampling of younger ages would also 

improve the ability of the study to assess the impact of the onset of pubertal development 

on brain and behavioral development.  
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