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Abstract

Objective—Examine age group effects and sex differences by applying a comprehensive

computerized battery of identical behavioral measures linked to brain systems in youths that were

already genotyped. Such information is needed to incorporate behavioral data as

neuropsychological “biomarkers” in large-scale genomic studies.

Method—We developed and applied a brief computerized neurocognitive battery that provides

measures of performance accuracy and response time for executive-control, episodic memory,

complex cognition, social cognition and sensorimotor speed domains. We tested a population-

based sample of 3500 genotyped youths ages 8–21 years.

Results—Substantial improvement with age occurred for both accuracy and speed, but the rates

varied by domain. The most pronounced improvement was noted in executive control functions,

specifically attention, and in motor speed, with some effect sizes exceeding 1.8 standard deviation

units. The least pronounced age group effect was in memory, where only face memory showed a

large effect size on improved accuracy. Sex differences had much smaller effect sizes but were

evident, with females outperforming males on attention, word and face memory, reasoning speed

and all social cognition tests and males outperforming females in spatial processing and

sensorimotor and motor speed. These sex differences in most domains were seen already at the

youngest age groups, and age group × sex interactions indicated divergence at the oldest groups

with females becoming faster but less accurate than males.

Conclusions—The results indicate that cognitive performance improves substantially in this age

span, with large effect sizes that differ by domain. The more pronounced improvement for

executive and reasoning domains than for memory suggests that memory capacities have reached
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their apex before age 8. Performance was sexually modulated and most sex differences were

apparent by early adolescence.
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Studies have examined the developmental course of specific behavioral domains ranging

from auditory processing (Keith, 2000) to executive-control functions, such as attention and

working memory (e.g., Conklin, Luciana, Hooper, & Yarger, 2007; Goldberg, Maurer, &

Lewis, 2001; Pickering, 2001), language and reasoning (e.g., Friederici & Wartenburger,

2010; Kuhl, 2010) and, more recently, social cognition (e.g., Burnett, Sebastian, Cohen-

Kadosh, & Blakemore, 2010; Shaw et al., 2011). General intelligence measures have been

reported as stable across development (Salthouse, 2004), but improved performance from

childhood to young adulthood has been especially pronounced for executive domains of

attention and working memory (Ang 2008, 2010; Gao et al., 2011). Neural substrates for

these age-related changes have been examined with structural and functional neuroimaging

and several consistent findings have emerged. These findings highlight childhood and

adolescence, periods during which important changes occur in neural substrates associated

with functional age-related changes (Casey, Duhoux & Malter, 2010; Giedd, et al., 1999;

Matsuzawa et al., 2001; Shaw et al., 2008, 2011). Integrating neuroimaging with behavioral

findings, Jung and Haier (2007) identified a central role for frontal and parietal regions in

the neurodevelopment of cognition, and this hypothesis has received support in large-scale

studies (Deary, Penke & Johnson, 2010).

Sex differences have been extensively documented in behavioral measures (e.g., Halpern,

Benbow, Geary, Gur, Hyde, & Gernsbacher, 2007; Hines, 2010). Males perform better than

females on spatial (Voyer, Voyer & Bryden, 1995; Linn & Petersen, 1985) and motor tasks

(e.g., Moreno-Briseño, Díaz, Campos-Romo, & Fernandez-Ruiz, 2010; Thomas & French,

1985), while females perform better than males on some verbal and memory tasks (e.g.,

Hedges & Nowell, 1995; Hyde & Linn, 1988; Saykin et al., 1995) and measures of social

cognition (Erwin et al., 1992, Williams et al., 2008). Some sex differences have been related

to structural neuroimaging (e.g., De Bellis et al., 2001; Goldstein et al., 2001; Gur et al.,

1999; Lenroot, et al., 2007) and functional imaging measures (e.g., Gur et al., 1982; 1995;

2000; Lenroot & Giedd, 2010), including volumetric differences in executive and memory-

related areas, supporting neural substrates for sex differences in cognition. However, the

developmental course of sex differences in brain-behavior relationship is still relatively

unexamined.

Several shortcomings of most cognitive measures used in studies to date limit their

applicability in establishing further links between brain function and behavioral domains.

They tend to be broadly defined and load heavily on the “g factor” (Salthouse, 2004) and

they do not separate accuracy from speed, which would preclude rigorous testing of

hypotheses on the effects of brain connectivity on performance. Furthermore, the paper-and-

pencil administration format precludes their use in studies that are scaled to the size required

for neuroimaging genomics. More narrowly defined behavioral tasks, used in functional

neuroimaging studies, have been adapted for use as computerized tests to obtain rapid and

efficient quantification of individual differences (Gur, Erwin & Gur, 1992, Gur et al., 2001,

2010). No available studies have applied an identical neurocognitive test battery across a

population ranging from childhood to adulthood in a prospective study aiming to integrate

behavior with neuroimaging and genomics.
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The present study is a collaboration between the Center for Applied Genomics (CAG) at

Children’s Hospital of Philadelphia (CHOP) and the Brain Behavior Laboratory at the

University of Pennsylvania (Penn). The target sample consists of 10,000 youths ages 8–21

who consulted the CHOP network and volunteered to participate in genomic studies of

complex pediatric disorders. All research participants undergo clinical assessment, including

a neuropsychiatric structured interview, and review of electronic medical records. They are

also administered a neuroscience based computerized neurocognitive battery (CNB) (Gur et

al., 2001, 2010) and a subsample (1000) undergoes neuroimaging. The CNB, developed for

large-scale studies, yields measures of accuracy and speed for domains of executive-control

functions (abstraction, attention, working memory), episodic memory (verbal, facial,

spatial), complex cognitive processing (language reasoning, nonverbal reasoning, spatial

processing), social cognition (emotion identification, emotion intensity differentiation, age

differentiation) and sensorimotor and motor speed. Here we present CNB testing results for

the first 3,500 participants to evaluate its sensitivity and specificity for developmental age

effects and sex differences. Importantly, establishing both age effects and sex differences in

this age range required some adaptation of instructions and stimuli compared to earlier

versions of the CNB.

In the standardization sample for the computerized battery (Gur et al., 2010), where the age

range was 18–84, we found negative correlations between age and performance reflecting

the sensitivity of the tests to senescence. Based on the available literature and the age range

of 8 to 21 in this new sample, we hypothesized that performance will improve with

increased age group, and that age effects are more pronounced for executive domains (e.g.,

Gao et al., 2011). Given the evidence of increased white matter volume and connectivity

with age (e.g., Matsuzawa et al., 2001; Shaw et al., 2011; Deary, Penke & Johnson, 2010),

we hypothesized that the age group effect will be pronounced for speed of sensory-motor

response. We also hypothesized sex differences, with better performance in females on

memory and social cognition tests and better performance for males on spatial and motor

tests (Halpern et al., 2007). We did not have a basis to hypothesize age group × sex

interaction effects on specific cognitive development, but since females mature earlier

physically we expected to see earlier apex performance in females.

Method

Participants

The 3,500 participants, aged 8–21 years, were sampled from ~25,000 CHOP genotyped

volunteers. The participants were from the greater Philadelphia area and selected at random

after stratification by sex, age and ethnicity. Participants in the present study have been

enrolled in the genetic study at CAG and they and their parents have provided informed

consent (assent) to be re-contacted for additional information or participation in other

studies. Participants were first mailed a letter that described the study, followed by a

telephone call. The purpose of the phone call, which followed a prescribed script, was to

establish that the potential participant is still interested in participation and is able to

participate by meeting the following minimal inclusion criteria: 1. Able to provide signed

informed consent. For participants under age 18 assent and parental consent were required.

2. English proficiency. 3. Physically and cognitively able to participate in an interview and

computerized neurocognitive testing. The inclusion bar was set at a minimal level, just to

make sure that the child can provide useful data, but children at this stage were not

otherwise screened out for any specific medical or psychiatric disorder. Thus, the sample

consists of children who came for pediatric care, gave blood for genomic studies, and

consented to be contacted for future studies. Most came for primary care in one of the many

CHOP-affiliated clinics throughout the Delaware Valley, but the sample could be somewhat

enriched by children with more complicated illnesses including rare genetic disorders who
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still met inclusion criteria. Thus, the sample was not screened for neurological or other

deficits except for such that would result in damage severe enough to cause failure to meet

the inclusion criteria (e.g., pervasive developmental disorder, mental retardation, or

intracranial lesions that impact the sensory, motor or mental ability to be tested.) However,

the sample is not enriched by people with behavioral disorders or those who seek out

participation in research by responding to advertisements. In addition to the computerized

cognitive battery described below, participants also received a structured clinical interview

adapted from the Kiddie-SADS (Kaufman et al., 1997). A team of clinical investigators is

scrutinizing the data and future analyses could be targeted toward specific diagnostic groups.

Data from these interviews and electronic medical records will be used to evaluate the

presence of subgroups with diagnosable medical or psychiatric disorders. The sample

demographics are presented in Table 1.

Computerized Neurocognitive Battery

A one-hour computerized neurocognitive battery (CNB) was administered to participants

using a system developed at Penn (Gur et al., 2010). The CNB consisted of 14 tests

assessing 5 neurobehavioral functions: Executive-Control, Episodic Memory, Complex

Cognition, Social Cognition, Sensorimotor Speed (Table 2). Except for the tests designed

exclusively for measuring speed, each test provides measures of both accuracy and speed.

Instructions and vocabulary for verbal stimuli were simplified from the adult CNB (Gur et

al., 2010). Tests were also abbreviated based on psychometric analysis of data from other

large-scale genomic studies, and the details of these analyses will be provided in separate

manuscripts. The time saving allowed us to add two social cognition tests: Emotion

Differentiation and Age Differentiation. A brief standardized reading test from the Wide

Range Achievement Test (WRAT4, Wilkinson & Robertson, 2006) was administered first to

determine participants' ability to complete the battery and to provide an estimate of IQ.

The following functional domains were assessed with the CNB using child appropriate

versions of the language related tests.

Executive-Control

Abstraction and mental flexibility: Penn Conditional Exclusion Test is a measure of

abstraction and concept formation. Participants decide which of 4 objects does not belong

with the other 3, based on one of three sorting principles (e.g., size, shape, line thickness).

The participant is guided by feedback and, after 10 successful trials demonstrating that the

principle was solved, the principle is changed without informing the participant (Gur et al.,

2010; Kurtz et al. 2004).

Attention: The Penn Continuous Performance Test presents 7-segment displays at a rate of

1/sec. The participant’s task is to press the space bar whenever the display forms a digit (for

the first half of the test) or a letter (for the second half of the test). The original Penn

Continuous Performance Test (Kurtz et al., 2001, Gur et al., 2001, 2010) has been

abbreviated from 6 minutes (3 minutes for digits, 3 for letters) to 3 minutes (1.5 minutes for

each).

Working Memory: The Letter N-back test displays sequences of uppercase letters with

stimulus duration of 500 ms (ISI 2,500 ms.) In the 0-back condition, participants respond to

a single target (i.e., X). In the 1-back condition they respond if the letter is identical to that

preceding it. In the 2-back condition, they respond if the letter is identical to that presented

two trials back (Ragland et al., 2002, Gur et al., 2001, 2010).
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Episodic Memory

Word Memory: The Penn Word Memory Test presents 20 target words that are then mixed

with 20 foils equated for frequency, length, concreteness and imageability (Gur et al., 1997,

2001, 2010). The participants are asked to memorize the target words as they are presented

(1/sec) and after the presentation of the target words they are asked to indicate whether a

word presented was included in the target list on a 1 to 4 scale (definitely yes, probably yes,

probably not, definitely not).

Face Memory: The Penn Face Memory Test presents 20 faces that are then mixed with 20

foils equated for age, sex and ethnicity (Gur et al., 1997, 2001, 2010). The presentation

paradigm is otherwise identical to the verbal memory test.

Spatial Memory: The Visual Object Learning Test uses Euclidean shapes as stimuli with

the same paradigm as the word and face memory (Glahn et al., 1997, Gur et al., 2001, 2010).

The presentation paradigm is otherwise identical to the verbal and face memory tests.

Complex Cognition

Language and Analogical Reasoning: The Children’s version of the Penn Verbal

Reasoning Test consists of verbal analogy problems with simplified instructions and

vocabulary (Gur et al., 1982, 2001, 2010).

Nonverbal Reasoning: The Penn Matrix Reasoning Test consists of matrices requiring

reasoning by geometric analogy and contrast principles (Gur et al., 2010).

Spatial Processing: The Penn Line Orientation Test presents two lines at an angle, and

participants click on a button that makes one line rotate until it has the same angle as the

other. The relative location of the lines and their sizes differ across trials (Gur et al., 2010).

Social Cognition

Emotion Identification: The Penn Emotion Identification Test displays faces expressing

one of 4 emotions (Happy, Sad, Anger, Fear) and Neutral faces, 8 each. The faces are

presented one at a time, and the participant is asked to identify the emotion displayed from

the set of four listed. The facial stimuli are balanced for sex, age, and ethnicity (Carter et al.,

2008; Gur et al., 2002; RE Gur et al., 2006; Mathersul et al., 2008).

Emotion Differentiation: The Penn Emotion Differentiation Test presents pairs of

emotional expressions, each pair obtained from the same individual expressing the same

emotion, one more intense than the other or of equal intensity. Gradations of intensity were

obtained by morphing a neutral to an emotionally intense expression and the difference

between pairs of stimuli ranged between 10–60% of mixture. The task is to click on the face

that displays the more intense expression or indicate that they have equal intensity. The

same emotions are used as for the Emotion Identification test but the faces are different.

Age Differentiation: The Penn Age Differentiation Test requires the participant to select

which of two presented faces appears older, or if they are the same age. The stimuli were

generated by morphing a young person’s face with that of an older person who has similar

facial features. The stimuli vary by percent of difference in age (calculated based on the

percentage contributed by the older face) and are balanced for sex and ethnicity.
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Sensorimotor

Sensorimotor Processing Speed: The Motor Praxis task requires moving the mouse and

clicking on a green square that disappears after the click. The square gets smaller and

appears in unpredictable locations (Gur et al., 2001, 2010).

Motor: Motor speed is assessed with the Finger Tapping Test, which requires the

participant to tap on the spacebar as quickly as possible for 10 sec with the index finger,

alternating between dominant and nondominant hand for 5 trials (Gur et al., 2001, 2010).

The CNB was administered by assessors trained in a standard protocol. The four-hour

didactic and hands-on training sessions included exercises in proctoring instruction,

assignment of validity codes to indicate data quality, noting protocol deviation as well as

technical and security issues. A training checklist including several mock administrations, an

online test, and observation of CNB administrations was completed for each assessor. In

addition, each assessor's first CNB was observed and rated on specific items and general

rating categories including professionalism, ethics, standard administration, rapport and

organization. Feedback was provided and a score of 88% was required for certification.

Periodic rater reliability exercises were completed.

The web based platform for the CNB was developed using Perl CGI, HTML, a mySQL

database and the Apache web server; tests were developed using Adobe Flash®. Scoring is

fully automated. The web-based system was installed on Macbook Pro laptops and

administered off-line in participants' homes or at the laboratory. Test data were later

uploaded to Penn's web server. Data quality assurance comprised a three-stage validation

process. Test administrators applied a data validity code to each test and noted anything that

could affect validity of the data, including distractions, lack of participant effort,

misunderstanding of the instructions and participant disabilities. Upon upload, data

underwent an automated validation check for unusual response patterns or times, extreme

scores, administrator notes or other indications of possible problems. About 85% of batteries

were flagged as having one or more tests requiring further review. A trained validator,

following specified guidelines and under supervision of a psychologist, reviewed the data

and notes. About 1.6% of all tests administered were marked invalid after review, leading to

the exclusion of 55 test scores due to unacceptable conditions or clear lack of cooperation,

effort or understanding of the tasks.

Procedures

During an initial phone call, following up on a letter of invitation to participate in the study,

participants were evaluated on whether they were interested in participation and met the

inclusion criteria stipulated above. At that time logistical questions were addressed and the

assessment session was scheduled at home (68.8% of participants) or in the laboratory

(31.2%), according to the family’s choice.

Participants met with a certified Research Coordinator who explained the research and its

goals. The process included the child and the legal guardian (usually parents). After full

explanation of research procedures and reading the consent form, written informed consent

was obtained from the participant. For participants age <18, assent was obtained from the

child/adolescent in addition to parental consent. These procedures were approved by the

Institutional Review Boards of Penn and CHOP.

Standardized testing procedures were ensured with the tester sitting at the table next to the

participant. Potential interference was minimized (e.g., no cell phones, television), standard

instructions were read in addition to appearing on the screen and a professional testing

environment was maintained. Tests were administered in a fixed order that was based on
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previous experience and designed to maintain participants' engagement in the tasks and

prevent fatigue. Breaks were offered approximately every 15 minutes. Tests requiring

greater cognitive effort (e.g., Matrix Reasoning) were preceded or followed by a test that

involved motor speed (e.g., Finger tapping) or by a break. Tests with colorful stimuli (e.g.,

Emotion Identification) were interspersed with monochromatic verbal stimuli. Tests

requiring sustained attention (e.g., Continuous Performance Test) were placed so that they

are followed by a break. Tasks with feedback regarding performance, which can be

frustrating (e.g., Conditional Exclusion Test) were placed in the middle of the battery, when

participants were "warmed up" but not yet fatigued, and were preceded by a break. The

careful design of the battery resulted in high completion rates, even for the youngest age

group: 99.5% of all participants completed the entire battery. Test order was: reading test

(WRAT4), motor praxis, emotion identification, continuous performance; face memory,

word memory, working memory; conditional exclusion, emotion differentiation, finger

tapping, matrix reasoning; spatial memory, verbal reasoning, age differentiation, line

orientation.

Data Analysis

Most tests yielded measures of accuracy and speed (response time). For the Penn

Conditional Exclusion Test, the number of categories solved was multiplied by the

proportion of correct choices, with 1 added to the number of categories to avoid a floor

effect of 0 for individuals who did not solve any category. For the Penn Continuous

Performance Test, number of true positive responses was used to calculate sensitivity. For

the working memory test (Letter N-back), number of correct responses across conditions

was a dependent measure of accuracy. For the episodic memory tests (Penn Word Memory

Test, Penn Face Memory Test, Visual Object Learning Test), as well as the reasoning (Penn

Verbal Reasoning Test, Penn Matrix Reasoning Test) and social cognition tests (Penn

Emotion Identification Test, Penn Emotion Differentiation Test, Penn Age Differentiation

Test), the number of correct responses was the measure of accuracy. Measures of speed

included response time (in milliseconds) for correct responses on each test as well as

response time for the motor praxis and number of taps on the motor test. Raw scores were

standardized (z-transformed) based on the means and SDs of the entire sample. For ease of

presentation, higher z-scores always reflect better performance; z-scores where higher

numbers reflected poorer performance (i.e. response time) were multiplied by −1.

Accuracy and speed measures were evaluated separately. Participants were divided into 7

age groups formed using two-year intervals: 8–9 (163 males, 133 females), 10–11 (277

males, 244 females), 12–13 (227 males, 254 females), 14–15 (262 males, 269 females), 16–

17 (254 males, 314 females), 18–19 (313 males, 506 females), 20–21 (101 males, 131

females). Age and sex factors were evaluated using a sex × age group ANOVA with test as a

repeated measures factor. As the two largest ethnic groups included African Americans and

Caucasians and because genomic analyses are conducted within ethnic groups to reduce

heterogeneity, we also examined age differences in each ethnic group independently over

both males and females. Here we report the data for the entire sample to optimize study

power. Ethnic group data are reported separately in the Supplement.

Effect sizes were calculated for significant main effects using Cohen’s d (Cohen, 1977),

with the difference between the means in the numerator and the pooled standard deviation in

the denominator. For age group effects, where more than two groups are included in the

factor, d was calculated using the difference between the highest and lowest performing age

group as numerator.
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Results

Across sample performance and correlations with age

Two participants requested to withdraw from the study and their data were deleted leaving a

final sample of 3448. Performance across the sample on each test and correlations with age

and parental education (average of mother and father education) are provided in Table 3.

The sample’s estimated IQ based on the WRAT is average, with an age-adjusted mean scale

score of ~101 and SD of ~15, indicating that our population-based sample has similar

characteristics to that on which the WRAT was standardized. The expected correlations with

age were substantial for the WRAT raw score (0.54) and, expectedly, low (−0.14) for the

age-adjusted scale scores. The WRAT score also correlated with parental education (0.31 for

raw and 0.42 for standardized). Of the computerized tests, correlations with age were

generally positive for accuracy and negative for response time, reflecting improved accuracy

and speed with age. However, the magnitude of the correlations had a wide range. The

highest correlations with age were for speed of attention (0.52), motor speed (.49) and

language-mediated reasoning accuracy (0.45). The lowest correlations with age were for

spatial memory (0.01) and verbal memory (0.10). Notably, test accuracy scores had lower

correlation with parental education than with participant age. In addition, all speed scores

except the language-mediated reasoning had no association with parent education. Overall,

the highest correlations with parent education were with the WRAT scale scores (0.42) and

with accuracy for language-mediated reasoning (0.30) and nonverbal reasoning (0.23).

Analysis by age groups, sex and domains

The ANOVA on accuracy scores yielded main effects for age group, F (6, 2906) = 133.28, p

<. 0001 and domain, F (11, 31966) = 3.62, p < .0001, as well as interactions of domain × age

group, F (66, 31966) = 11.02, p <. 0001 and domain × sex, F (11, 31966) = 19.78, p <. 0001.

The sex × age group × domain interaction was also significant, F (66, 31966) = 1.46, p =.

0089. Figure 1 illustrates the domain × sex interaction. As can be seen (upper panel),

females across all age groups performed more accurately on several domains, notably

attention and working memory, verbal and facial memory, and all social cognition measures,

while males were more accurate on the abstraction and spatial memory tasks and

substantially more accurate on the spatial processing task.

The ANOVA on speed scores yielded main effects for age group F (6,2822) = 88.20, p <.

0001, and domain, F (14, 39508) = 3.24, p <. 0001, as well as interactions of age group ×

sex, F (6, 2822) = 2.52, p = .0197, domain × age group, F (84, 39508) = 23.90, p <. 0001,

domain × sex, F (14, 39508) = 21.03, p <. 0001, and domain × age group × sex, F (84,

39508) = 1.90, p <. 0001. Figure 1 (bottom panel) illustrates the domain × sex interaction.

Females were faster for verbal memory, language and emotion processing domains, while

males were faster for working memory and motor domains.

Analysis of sub-domains—The accuracy and speed results for the univariate ANOVAS

by sub-domains are presented in Table 4, which also presents effect-sizes. Figures 2–6

present data by age group and sex for the Executive, Episodic Memory, Complex Cognition,

Social Cognition, and Sensorimotor speed, respectively. The hypothesized age group effect

was significant for nearly all domains, with increased performance for both accuracy and

speed. The exception was spatial memory, which did not show improved accuracy. Also as

hypothesized, the greatest age group associated improvement was seen for Executive

functions including attention and working memory where large effect sizes were evident

both in accuracy and speed. However, large effect sizes were also notable for Complex

Cognition and Social Cognition. Sensorimotor and Motor Speed had moderate and large

effect sizes respectively. Effect sizes are on average in the large range for both accuracy
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(mean ES 0.98 SDs, range .27 to 1.45 SDs) and speed (mean ES 0.93 SDs, range .29 to 1.84

SDs, excluding the reverse effect for nonverbal reasoning speed). Notably, spatial

processing showed little age-related improvement in speed, and nonverbal reasoning showed

decline in speed starting in adolescence. The speed decline is most likely a result of an

inherent characteristic of the matrix-reasoning test, whereby the items range widely in

difficulty and more difficult problems require greater processing time.

The hypothesized sex differences were evident for Episodic Memory, where females were

more accurate and faster on verbal memory and more accurate in face memory. The effect

sizes were small. The expected female advantage for Social Cognition was also supported

with females showing better accuracy and speed with effect sizes ranging from 0.11 SD for

speed of emotion differentiation to 0.33 SD for speed of emotion identification. Females

also performed more accurately but more slowly on attention and were less accurate but

faster in language and non-verbal reasoning. The expected better performance of males on

the spatial test and on sensorimotor and motor speed was also supported by small effect

sizes. Age group × sex interactions were noted only for spatial memory accuracy and speed,

non-verbal reasoning accuracy and speed and all social cognition tests for speed. Motor

speed also showed a significant interaction. As can be seen in Figures 3, 5 and 6, these

interactions indicated that sex differences became more pronounced in the age groups

following mid-adolescence. The interaction for spatial memory and nonverbal reasoning

indicated that females became less accurate and faster in the older age groups. The

interaction for speed on the Social Cognition tests indicated that while females continued to

improve in speed into the last age group, males actually began to show decline in speed at

the later age groups. The age group × sex interaction on the sensorimotor and motor speed

measures indicated that males and females performed similarly until mid-adolescence and

then males became faster at later age groups.

Discussion

The study examined age group effects and sex differences in performance in a large

population-based sample of youths using a brief yet comprehensive set of tests that have

been linked to circumscribed brain systems. This approach allowed the examination of

hypotheses on age related effects on performance and their modulation by sex. Several

findings stand out, some confirming hypotheses based on previous observations and some

novel. With regard to age group effects, performance improved across domains, as expected,

but there was substantial variability among domains in the extent and rate of improvement.

As hypothesized, based on evidence for greatest maturational changes in frontal systems,

Executive domains showed the largest differences between the youngest and oldest groups,

with very large effect sizes (approaching or exceeding 1 standard deviation) for both

accuracy and speed of attention and working memory. Both domains have been linked to

prefrontal lobe function, a link demonstrated specifically for the tests used in this study (Gur

et al., 2007; Ragland et al., 2002), where maturation is delayed relative to other brain

regions (e.g., Giedd et al., 1999; Gogtay et al., 2004; Matsuzawa et al., 2001; Perrin et al.,

2009; Pfefferbaum et al., 1994). On the other hand, abstraction and mental flexibility, also a

frontal lobe domain, showed only a moderate effect size for improvement with age in

accuracy and smaller effect size for speed. This domain could relate to aspects of frontal

lobe functioning that mature earlier or can be supported by early maturing other brain

systems.

Age related improvement in memory was considerably less pronounced than that for

executive functions and was seen mostly in speed of response time rather than accuracy. The

exception was face memory, which showed large effect sizes for both accuracy and speed.

For verbal memory accuracy the effect size was small and spatial memory accuracy showed
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no age group related improvement. Perhaps the developmental epoch sampled (based on

mean age=14.8) has already missed the years of steeper developmental gains for memory,

which is consistent with evidence for relatively early maturation of temporal lobe structures

(Matsuzawa et al., 2001). Alternatively, ceiling effects could be a concern, since we lowered

the level of word readability to accommodate the youngest age group. It is unlikely,

however, to explain entirely the low correlation with age because we did find significant sex

differences, and in all other domains age effects vastly overshadowed sex differences.

Furthermore, the spatial memory test was as difficult as the face memory test, and showed

no correlations with age. Thus, a conclusion that age effects are much less pronounced for

accuracy of episodic memory than for the other domains seems justified.

Complex Cognition and Social Cognition domains showed comparable improvement that

was more pronounced than for memory but not quite as pronounced as for Executive-control

domains. For Complex Cognition, all domains showed improvement with age for accuracy,

with very large effect sizes (all exceeding 1 standard deviation unit). For speed, the effect

size was large only for language-mediated reasoning. It was small for spatial cognition, and

for nonverbal (matrix) reasoning it was opposite in direction - response time for correct

answers actually increased with age. Because items on the matrix-reasoning test vary greatly

and appear in order of difficulty, this effect is likely due to success with more difficult items

that take longer to solve. For Social Cognition, all age group related effect sizes were large

for accuracy and moderate to large for speed. These results accord with evidence that

heteromodal cortical association areas mature later than temporal cortex, but not quite as late

as frontal lobe cortex (Gogtay et al., 2004).

As hypothesized, speed itself also improved with age even in the absence of a cognitive task.

Indeed, improved speed was more pronounced for a simple motor task than for the task

requiring sensorimotor integration. While there is evidence that the sensorimotor strip and

cerebellum are among the earliest to mature (Gogtay et al., 2004; Yakovlev & Lecours,

1967), the present results suggest that performance continues to improve into early

adulthood. Perhaps the continued physical growth interacts with brain maturation in

affecting motor performance.

Sex differences were apparent both in overall performance and in age group related

variation. However, these effect sizes were small compared to age group effects. The

hypothesized differences favoring females for memory and social cognition tests and males

on spatial and motor tests were strongly supported. Females performed more accurately and

faster for the verbal memory test and more accurately for face memory, although they were

less accurate on spatial memory, as has been reported in earlier studies (Saykin et al., 1995).

Females were both more accurate and faster on all social cognition tests. These effects are in

line with earlier reports of better performance in females for emotion processing tasks (Gur

et al., 2010; Williams et al., 2008), but extend them to other social cognition measures and

across a wide developmental epoch. On the other hand, males were more accurate on the

spatial test and were faster on both sensorimotor and motor speed (Coleman et al., 1997; Gur

et al., 1999, 2001; Halpern et al., 2007; Moreno-Briseño, Díaz, Campos-Romo, &

Fernandez-Ruiz, 2010; Thomas & French, 1985). Some sex differences were unexpected.

Thus, males were more accurate in abstraction and mental flexibility (a very small effect

size) and females were more accurate and slower for attention and slower for working

memory. The small size of the effects may explain why they have not been reported in

smaller samples. Poorer accuracy in males for attention is consistent with the higher

incidence of attention deficit disorder in males (Ramtekkar, Reiersen, Todorov, & Todd,

2010). Whether this difference can be explained by more males with attention deficit

disorder in the current sample will be clarified when results of the clinical assessments are

incorporated.
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There were few age group × sex interactions. These interactions were noted only for spatial

memory accuracy and speed, nonverbal reasoning accuracy and speed and all social

cognition tests on speed. Motor speed also showed a significant interaction. All these

interactions indicated that sex differences became more pronounced in the age groups

following mid-adolescence. Across all domains, except for memory, females reached

plateau before males. This finding accords with physical (Hills & Byrne, 2010), behavioral

(Keulers, Evers, Stiers, & Jollies, 2010; Greenstein, Blachstein, & Vakil, 2010; Review in

Yurgelun-Todd, D., 2007) and neuroimaging (Bramen et al., 2010; Tieneier, et al., 2010)

data indicating earlier maturation in females. The exception in our study is for memory,

where males peaked by age 18–19 whereas females continued to improve in word and face

memory into the 20–21 age group. Age group × sex interactions for complex and social

cognition were seen in speed, where females continued to improve while males reached a

plateau in mid adolescence and then showed decline. While we are unaware of earlier

studies where both social cognition and a broad range of other neurobehavioral domains

have been examined across this age range for both accuracy and speed, our findings

generally comport with studies examining developmental sex differences in comparable

domains (e.g., Reynolds, Keith, Ridley, & Patel, 2008).

Beyond the specific findings, the present results indicate the feasibility of administering a

brief yet comprehensive computerized neuropsychological battery of identical tests to a

large population-based sample of children, adolescents and young adults and obtaining

informative data. The testing yielded a large proportion of validated data of high quality

with information pertinent to major behavioral domains that can be linked to brain function

and genomics. Making this link requires adequate information on developmental effects

because, as our results demonstrate, these effects are substantial and modulated by sex.

Thus, while most genomic variation is fixed, the present results underscore that

neurobehavioral phenotypes require demographic information to be interpretable.

Limitations and Future Directions

The study has several potential limitations. While the sample is large and demographically

diverse, we have not excluded individuals with some medical conditions that may affect

performance and skew some of the data. An issue can be raised concerning the extent to

which the sample represents the general population. The sample was not intentionally

enriched for any specific disorders. The incentive for participation was that the children

gave blood for genomic analysis when they saw their pediatrician for a well-child visit or

any other reason, and agreed to be re-contacted for participation in other studies. Thus, it is

perhaps not as representative as a census based random sample, but more representative than

a convenience sample of responders to advertisement for psychological experiments. In this

regard, it is reassuring that the average WRAT score in our sample is identical to that

obtained in the normative sample (Mean ~100, SD ~15). When the final sample is obtained

and the results integrated with electronic medical records and updated with clinical

evaluations we performed, we will have sufficient power to examine the effects of potential

disease traits. Notably, the integration of neurobehavioral data with the neuropsychiatric

assessment will also enable us to evaluate neurobehavioral profiles associated with

psychiatric symptoms. The availability of only part of the final planned sample also presents

unequal sample sizes for males and females across the age groups. Since the standardization

was based on the entire sample, conceivably some effects in specific age groups could be

imprecisely estimated. However, standardization across the sample is the most

straightforward and easily interpretable approach and the large sample size should minimize

systematic distortion of parameter estimates. Another limitation of the study is the modest

number of tests administered in each neurobehavioral domain. This limitation was imposed

by feasibility given the scope of the study. Obviously, the tests do not reflect the depth and
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complexity of the domains sampled. For example, there is more to episodic memory than

recognition of words, faces and shapes. We are also limited in the extent to which social

cognition is measured and the battery does not include any auditory measures such as

prosody, or other aspects of social cognition. Future longitudinal follow-up could expand to

other measures pertinent to pursuing specific hypotheses in subsamples. Finally, the present

study has examined a limited number of measures within each of the tests. There are

alternative indices that can be derived for most tests and that can yield interesting

information on cognitive strategies. For example, signal detection parameters can be applied

to the attention and memory measures. Here we present data on a broad range of domains,

and to contain Type I error we have limited our examination to one measure for each

domain. However, the computerized format allows effective evaluations of multiple indices

and relations with response time in studies focusing on individual domains.

Notwithstanding these limitations, the present large-scale study demonstrates the feasibility

of obtaining reliable neuropsychological data that offer information on age and sex

differences. These data can be integrated with phenotypic measures in specific behavioral

domains associated with developmental disorders, with neuroimaging data on brain structure

and function and with genomic parameters that can propel findings that bridge between

molecular and behavioral processes. Such integration has the potential of unveiling specific

genes and gene networks that drive developmental traits as well as genetic variants that may

underlie key individual differences, including those related to sex differences and ethnic

groups. While still underpowered at this stage, the results from future genomic analyses may

contribute to understanding normal and abnormal development, with implications for

intervention approaches.
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Figure 1.

Means (±SE) of z-scores for accuracy (top panel) and speed (bottom panel) for females (red

bars) and males (blue bars) across the sample on each behavioral domain. ABF=Abstraction

and Mental Flexibility; ATT=Attention; WM=Working Memory; VME=Verbal Memory;

FME=Face Memory; SME=Spatial Memory; LAN= Language Reasoning; NVR=Nonverbal

Reasoning; SPA=Spatial Processing; EMI= Emotion Identification; EMD=Emotion

Differentiation; AGD=Age Differentiation; SM=Sensorimotor Speed; MOT=Motor Speed.

Stars indicate significant (p<.05) sex differences, red stars indicate better performance in

females, blue stars better performance in males.
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Figure 2.

Means (±SE) of z-scores for accuracy (top panel) and speed (bottom panel) for females (red

bars) and males (blue bars) on executive-control functions. The results are shown by age

groups and correlations with age are provided by sex (bold correlations are significant at p<.

001). Stars indicate significant (p<.05) sex differences, red stars indicate better performance

in females, blue stars better performance in males.
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Figure 3.

Means (±SE) of z-scores for accuracy (top panel) and speed (bottom panel) for females (red

bars) and males (blue bars) on memory functions. The results are shown by age groups and

correlations with age are provided by sex (bold correlations are significant at p<.001). Stars

indicate significant (p<.05) sex differences, red stars indicate better performance in females,

blue stars better performance in males.
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Figure 4.

Means (±SE) of z-scores for accuracy (top panel) and speed (bottom panel) for females (red

bars) and males (blue bars) on complex cognitive tasks. The results are shown by age groups

and correlations with age are provided by sex (bold correlations are significant at p<.001).

Stars indicate significant (p<.05) sex differences, red stars indicate better performance in

females, blue stars better performance in males.
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Figure 5.

Means (±SE) of z-scores for accuracy (top panel) and speed (bottom panel) for females (red

bars) and males (blue bars) on social cognition. The results are shown by age groups and

correlations with age are provided by sex (bold correlations are significant at p<.001). Stars

indicate significant (p<.05) sex differences, red stars indicate better performance in females,

blue stars better performance in males.

Gur et al. Page 21

Neuropsychology. Author manuscript; available in PMC 2013 March 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6.

Means (±SE) of z-scores for sensorimotor processing and motor speed for females (red bars)

and males (blue bars). The results are shown by age groups and correlations with age are

provided by sex (bold correlations are significant at p<.001). Stars indicate significant (p<.

05) sex differences, red stars indicate better performance in females, blue stars better

performance in males.

Gur et al. Page 22

Neuropsychology. Author manuscript; available in PMC 2013 March 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Gur et al. Page 23

T
a
b

le
 1

S
am

p
le

 D
em

o
g
ra

p
h
ic

s.

M
a
le

s
F

em
a
le

s
T

o
ta

l

C
au

ca
si

an
, 
N

o
t 

H
is

p
an

ic
9
5
0

2
7
.6

%
1
0
2
4

2
9
.7

%
1
9
7
4

5
7
.3

%

C
au

ca
si

an
, 
H

is
p
an

ic
1
5

0
.4

%
1
8

0
.5

%
3
3

1
.0

%

A
fr

ic
an

 A
m

er
ic

an
, 
N

o
t 

H
is

p
an

ic
5
3
1

1
5
.4

%
7
0
7

2
0
.5

%
1
2
3
8

3
5
.9

%

A
fr

ic
an

 A
m

er
ic

an
, 
H

is
p
an

ic
6

0
.2

%
9

0
.3

%
1
5

0
.4

%

A
si

an
, 
N

o
t 

H
is

p
an

ic
8

0
.2

%
1
6

0
.5

%
2
4

0
.7

%

M
ix

ed
/O

th
er

 R
ac

e,
 N

o
t 

H
is

p
an

ic
6
4

1
.9

%
4
8

1
.4

%
1
1
2

3
.2

%

M
ix

ed
/O

th
er

 R
ac

e,
 H

is
p
an

ic
2
3

0
.7

%
2
9

0
.8

%
5
2

1
.5

%

T
o
ta

l
1
5
9
7

4
6
.3

%
1
8
5
1

5
3
.7

%
3
4
4
8

1
0
0
.0

%

M
ea

n
 A

g
e 

(S
D

)
1
4
.4

(3
.6

)
1
5
.1

(3
.5

)
1
4
.8

(3
.5

)

Neuropsychology. Author manuscript; available in PMC 2013 March 1.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Gur et al. Page 24

T
a
b

le
 2

C
o
m

p
u
te

ri
ze

d
 N

eu
ro

co
g
n
it

iv
e 

B
at

te
ry

 D
o
m

ai
n
s 

an
d
 T

es
ts

.

T
es

t 
N

a
m

e
L

a
b

el

A
d

m
in

 T
im

e
(m

in
u

te
s)

M
ea

n
S

D

R
ea

d
in

g
 l

ev
el

W
R

A
T

4
 R

ea
d
in

g
 T

es
t

W
R

A
T

4
3
.2

2
.2

N
eu

ro
b

eh
a
v
io

ra
l 

fu
n

ct
io

n
s

D
o
m

a
in

E
x
ec

u
ti

v
e-

C
o
n

tr
o
l

A
B

F
 (

A
b
st

ra
ct

io
n
/f

le
x
ib

il
it

y
)

P
en

n
 C

o
n
d
it

io
n
al

 E
x
cl

u
si

o
n
 T

es
t

P
C

E
T

4
.1

2
.6

A
T

T
 (

A
tt

en
ti

o
n
)

P
en

n
 C

o
n
ti

n
u
o
u
s 

P
er

fo
rm

an
ce

 T
es

t
P

C
P

T
5
.3

0
.5

W
M

 (
W

o
rk

in
g
 m

em
o
ry

)
L

et
te

r 
N

-B
ac

k
L

N
B

9
.8

1
.8

E
p

is
o
d

ic
 M

em
o
ry

V
M

E
 (

V
er

b
al

 M
em

o
ry

)
P

en
n
 W

o
rd

 M
em

o
ry

P
W

M
T

3
.3

0
.4

F
M

E
 (

F
ac

e 
M

em
o
ry

)
P

en
n
 F

ac
e 

M
em

o
ry

P
F

M
T

3
.9

0
.5

S
M

E
 (

S
p
at

ia
l 

M
em

o
ry

)
V

is
u
al

 O
b
je

ct
 L

ea
rn

in
g
 T

es
t

V
O

L
T

2
.1

0
.4

C
o

m
p

le
x
 C

o
g
n

it
io

n
L

A
N

 (
L

an
g
u
ag

e 
R

ea
so

n
in

g
)

P
en

n
 V

er
b
al

 R
ea

so
n
in

g
 T

es
t

P
V

R
T

2
.7

1

N
V

R
 (

N
o
n
v
er

b
al

 r
ea

so
n
in

g
)

P
en

n
 M

at
ri

x
 R

ea
so

n
in

g
 T

es
t

P
M

A
T

4
.6

3

S
P

A
 (

S
p
at

ia
l 

ab
il

it
y
)

P
en

n
 L

in
e 

O
ri

en
ta

ti
o
n
 T

es
t

P
L

O
T

5
.2

1
.3

S
o
ci

a
l 

C
o
g
n

it
io

n
E

M
I 

(E
m

o
ti

o
n
 I

d
en

ti
fi

ca
ti

o
n
)

P
en

n
 E

m
o
ti

o
n
 I

d
en

ti
fi

ca
ti

o
n
 T

es
t

P
E

IT
2
.3

0
.5

E
M

D
 (

E
m

o
ti

o
n
 D

if
fe

re
n
ti

at
io

n
)

P
en

n
 E

m
o
ti

o
n
 D

if
fe

re
n
ti

at
io

n
 T

es
t

P
E

D
T

3
.1

0
.8

A
G

D
 (

A
g
e 

D
if

fe
re

n
ti

at
io

n
)

P
en

n
 A

g
e 

D
if

fe
re

n
ti

at
io

n
 T

es
t

P
A

D
T

2
.6

0
.8

S
en

so
ri

m
o
to

r
S

M
 (

S
en

so
ri

m
o
to

r 
sp

ee
d
)

M
o
to

r 
P

ra
x
is

M
P

1
.5

1
.2

M
O

T
 (

M
o
to

r)
F

in
g
er

 T
ap

p
in

g
 T

es
t

T
A

P
3
.7

0
.3

T
o
ta

l 
D

u
ra

ti
o
n

5
7
.4

Neuropsychology. Author manuscript; available in PMC 2013 March 1.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Gur et al. Page 25

T
a
b

le
 3

M
ea

n
s,

 s
ta

n
d
ar

d
 d

ev
ia

ti
o
n
s 

(S
D

),
 m

in
im

u
m

 a
n
d
 m

ax
im

u
m

 s
co

re
s 

o
n
 t

h
e 

te
st

s 
ad

m
in

is
te

re
d
 a

n
d
 c

o
rr

el
at

io
n
s 

w
it

h
 a

g
e 

an
d
 m

ea
n
 p

ar
en

ta
l 

ed
u
ca

ti
o
n
 (

P
A

R

E
D

).

M
E

A
N

S
D

M
IN

M
A

X

A
g
e

1
4
.7

6
3
.5

4
8

2
1

C
o
rr

C
o
rr

P
a
re

n
t

ed
u

ca
ti

o
n

T
es

t

1
4
.2

5
2
.2

9
8

2
0

W
it

h
A

G
E

W
it

h
P

A
R

 E
D

W
R

A
T

 R
A

W
5
2
.3

2
9
.2

3
2
0

7
0

0
.5

3
6

0
.3

1
1

S
C

A
L

E
1
0
1
.2

7
1
5
.6

2
5
9

1
4
5

−
0.
13
8

0
.4

1
7

A
C

C
U

R
A

C
Y

P
C

E
T

1
.9

7
0
.6

9
0
.0

2
3
.4

3
0
.1

9
3

0
.1

6
4

P
C

P
T

5
2
.4

0
7
.2

1
1
1

6
0

0
.3

9
9

0
.1

1
9

L
N

B
1
7
.9

7
2
.1

2
4

2
0

0
.3

1
3

0
.1

7
4

P
W

M
T

3
7
.1

8
2
.8

3
1
9

4
0

0
.1

0
3

0
.0

8
7

P
F

M
T

3
1
.1

6
4
.0

8
1
6

4
0

0
.3

1
0

0
.1

2
6

V
O

L
T

1
5
.5

7
2
.3

2
4

2
0

0
.0

1
4

0
.1

5
9

P
V

R
T

7
6
.5

2
1
7
.8

2
1
3

1
0
0

0
.4

5
0

0
.2

9
5

P
M

A
T

1
0
0
.9

6
1
3
.9

4
4
9

1
3
2

0
.3

4
7

0
.2

3
0

P
L

O
T

4
2
.3

0
2
0
.1

0
0

1
0
0

0
.3

1
3

0
.1

8
0

P
E

IT
3
2
.1

7
3
.3

2
1
4

4
0

0
.2

7
1

−
0.
02
9

P
E

D
T

1
0
0
.2

5
1
3
.6

4
5
1

1
3
8

0
.2

9
2

0
.1

3
3

P
A

D
T

9
9
.4

0
1
3
.4

0
4
8

1
3
5

0
.3

3
5

0
.0

6
2

R
T

P
C

E
T

2
4
1
4
.1

1
0
6
2
.8

8
5
7

3
2
0
4
9

−
0.
04
1

−
0.
09
8

P
C

P
T

4
8
3
.3

5
9
.9

3
0
7

8
2
9

−
0.
52
1

0
.0

2
1

L
N

B
5
3
3
.9

1
2
8
.5

3
1
6

1
4
8
5

−
0.
28
5

−
0.
04
1

P
W

M
T

1
4
5
6
.6

2
9
1
.1

9
2
8

4
0
7
0

−
0.
39
9

−
0.
02
8

P
F

M
T

1
9
2
6
.3

4
4
6
.2

1
0
7
3

5
9
4
7

−
0.
25
7

0
.0

3
2

V
O

L
T

1
7
6
1
.7

3
9
8
.1

8
3
8

4
4
2
1

−
0.
19
2

0
.0

2
9

P
V

R
T

6
0
9
4
.5

2
1
4
8
.1

1
6
0
8

2
2
7
1
2

−
0.
21
1

−
0.
18
0

P
M

A
T

6
9
8
3
.7

3
7
1
3
.3

2
1
5
3

4
6
4
4
6
 

0
.1

2
7

0
.0

6
4

P
L

O
T

1
1
3
7
.0

7
6
2
.2

4
1
6

3
0
1
7
4

−
0.
11
6

−
0.
03
4

Neuropsychology. Author manuscript; available in PMC 2013 March 1.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Gur et al. Page 26

M
E

A
N

S
D

M
IN

M
A

X

P
E

IT
1
9
9
3
.8

3
8
7
.6

1
2
7
1

4
7
1
2

−
0.
22
3

−
0.
03
9

P
E

D
T

2
9
8
4
.1

7
6
9
.6

1
2
3
5

9
4
4
1
 

−
0.
15
8

−
0.
08
3

P
A

D
T

2
3
9
3
.2

7
0
1
.4

9
4
9

8
0
9
8
 

−
0.
12
2

0
.0

0
1

M
P

7
2
0
.7

1
1
3
0
.1

4
1
9

1
5
7
9

−
0.
15
8

−
0.
07
5

T
A

P
9
7
.9

6
1
3
.2

1
3
3

1
5
7

0
.4

8
9

0
.0

6
4

P
C

E
T

=
 P

en
n
 C

o
n
d
it

io
n
al

 E
x
cl

u
si

o
n
 T

es
t;

 P
C

P
T

=
P

en
n
 C

o
n
ti

n
u
o
u
s 

P
er

fo
rm

an
ce

 T
es

t;
 L

N
B

=
 L

et
te

r 
N

-B
ac

k
; 

P
W

M
T

=
 P

en
n
 W

o
rd

 M
em

o
ry

 T
es

t;
 P

F
M

T
=

 P
en

n
 F

ac
e 

M
em

o
ry

 T
es

t;
 V

O
L

T
=

 V
is

u
al

 O
b
je

ct

L
ea

rn
in

g
 T

es
t;

 P
V

R
T

=
 P

en
n
 V

er
b
al

 R
ea

so
n
in

g
 T

es
t;

 P
M

A
T

=
 P

en
n
 M

at
ri

x
 R

ea
so

n
in

g
 T

es
t;

 P
L

O
T

=
 P

en
n
 L

in
e 

O
ri

en
ta

ti
o
n
 T

es
t;

 P
E

IT
=

 P
en

n
 E

m
o
ti

o
n
 I

d
en

ti
fi

ca
ti

o
n
 T

es
t;

 P
E

D
T

=
 P

en
n
 E

m
o
ti

o
n

D
if

fe
re

n
ti

at
io

n
 T

es
t;

 P
A

D
T

=
 P

en
n
 A

g
e 

D
if

fe
re

n
ti

at
io

n
 T

es
t;

 M
P

=
M

o
to

r 
P

ra
x
is

; 
T

A
P

=
 F

in
g
er

 T
ap

p
in

g
 T

es
t.

 N
o
n
si

g
n
if

ic
an

t 
co

rr
el

at
io

n
s 

ar
e 

in
 s

m
al

le
r 

fo
n
t.

Neuropsychology. Author manuscript; available in PMC 2013 March 1.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Gur et al. Page 27

T
a
b

le
 4

R
es

u
lt

s 
o
f 

u
n
iv

ar
ia

te
 A

N
O

V
A

s 
an

d
 e

ff
ec

t 
si

ze
s 

fo
r 

si
g
n
if

ic
an

t 
b
et

w
ee

n
-g

ro
u
p
 d

if
fe

re
n
ce

s 
b
y
 d

o
m

ai
n
. 
D

o
m

ai
n
 a

b
b
re

v
ia

ti
o
n
s 

as
 i

n
 T

ab
le

 2
.

A
C

C
U

R
A

C
Y

S
P

E
E

D

F
1

P
E

S
2

F
1

P
E

S
3

A
B

F
A

g
e 

g
ro

u
p

1
1
.6

5
<

 .
0
0
0
1

0
.5

0
2
.3

8
0
.0

2
6
8

0
.3

7

S
ex

9
.4

9
0
.0

0
2
1

−
0.
09

A
 ×

 S

A
T

T
A

g
e 

g
ro

u
p

8
7
.2

6
<

 .
0
0
0
1

1
.4

5
2
1
5
.6

1
<

 .
0
0
0
1

1
.8

4

S
ex

1
4
.6

2
<

 .
0
0
0
1

0
.2

2
2
5
.4

4
<

 .
0
0
0
1

−
0.
06

A
 ×

 S

W
M

E
A

g
e 

g
ro

u
p

4
4
.8

9
<

 .
0
0
0
1

0
.9

2
4
8
.8

6
<

 .
0
0
0
1

0
.9

3

S
ex

1
6
.4

3
<

 .
0
0
0
1

−
0.
09

A
 ×

 S

V
M

E
A

g
e 

g
ro

u
p

4
.0

5
0
.0

0
0
5

0
.2

7
9
4
.7

5
<

 .
0
0
0
1

1
.4

3

S
ex

4
.9

1
0
.0

2
6
8

0
.1

3
7
.0

0
0
.0

0
8
2

0
.1

5

A
 ×

 S

F
M

E
A

g
e 

g
ro

u
p

4
5
.7

0
<

 .
0
0
0
1

1
.1

6
3
9
.2

0
<

 .
0
0
0
1

1
.0

4

S
ex

1
7
.6

9
<

 .
0
0
0
1

0
.2

0

A
 ×

 S

S
M

E
A

g
e 

g
ro

u
p

2
3
.4

3
<

 .
0
0
0
1

0
.8

0

S
ex

4
.1

4
0
.0

4
1
9

−
0.
07

A
 ×

 S
2
.3

7
0
.0

2
7
4

2
.5

5
0
.0

1
8
5

L
A

N
A

g
e 

g
ro

u
p

9
4
.7

6
<

 .
0
0
0
1

1
.4

4
3
5
.4

1
<

 .
0
0
0
1

1
.1

4

S
ex

6
.4

6
0
.0

1
1
1

−
0.
02

1
3
.1

7
0
.0

0
0
3

0
.1

8

A
 ×

 S

N
V

R
A

g
e 

g
ro

u
p

5
4
.0

6
<

 .
0
0
0
1

1
.0

3
1
0
.4

0
<

 .
0
0
0
1

0
.4

4
 4

S
ex

7
.6

0
0
.0

0
5
9

−
0.
04

1
9
.7

4
<

 .
0
0
0
1

0
.1

8

A
 ×

 S
3
.3

9
0
.0

0
2
5

2
.5

7
0
.0

1
7
3

S
P

A
A

g
e 

g
ro

u
p

5
6
.5

5
<

 .
0
0
0
1

1
.0

6
1
0
.7

7
<

 .
0
0
0
1

0
.2

9

Neuropsychology. Author manuscript; available in PMC 2013 March 1.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Gur et al. Page 28

A
C

C
U

R
A

C
Y

S
P

E
E

D

F
1

P
E

S
2

F
1

P
E

S
3

S
ex

5
6
.5

8
<

 .
0
0
0
1

−
0.
23

A
 ×

 S

E
M

I
A

g
e 

g
ro

u
p

3
4
.6

8
<

 .
0
0
0
1

0
.9

2
2
7
.6

8
<

 .
0
0
0
1

0
.8

5

S
ex

3
1
.5

3
<

 .
0
0
0
1

0
.2

5
6
0
.2

6
<

 .
0
0
0
1

0
.3

3

A
 ×

 S
2
.3

0
0
.0

3
2
6

E
M

D
A

g
e 

g
ro

u
p

4
1
.2

1
<

 .
0
0
0
1

0
.8

8
9
.0

8
<

 .
0
0
0
1

0
.5

2

S
ex

6
.2

6
0
.0

1
2
4

0
.1

5
7
.6

7
0
.0

0
5
6

0
.1

1

A
 ×

 S
3
.1

2
0
.0

0
4
8

A
G

D
A

g
e 

g
ro

u
p

6
1
.9

0
<

 .
0
0
0
1

1
.1

7
5
.6

3
<

 .
0
0
0
1

0
.4

3

S
ex

1
5
.3

8
<

 .
0
0
0
1

0
.1

8
1
0
.6

2
0
.0

0
1
1

0
.1

3

A
 ×

 S
3
.2

2
0
.0

0
3
8

S
M

A
g
e 

g
ro

u
p

1
4
.4

1
<

 .
0
0
0
1

0
.7

0

S
ex

1
0
.0

4
0
.0

0
1
5

−
0.
12

A
 ×

 S

M
O

T
A

g
e 

g
ro

u
p

1
5
8
.6

8
<

 .
0
0
0
1

1
.8

1

S
ex

5
9
.6

2
<

 .
0
0
0
1

−
0.
23

A
 ×

 S
5
.6

1
<

 .
0
0
0
1

1
D

F
 f

o
r 

A
g
e 

g
ro

u
p
 =

 6
, 
2
9
1
9
; 

fo
r 

S
ex

 =
1
, 
2
9

1
9

2
E

S
=

E
ff

ec
t 

si
ze

; 
N

eg
at

iv
e 

E
S

 f
o
r 

se
x
 d

if
fe

re
n
ce

: 
m

al
es

 >
 f

em
al

es
.

3
W

h
il

e 
fo

r 
n
ea

rl
y
 a

ll
 E

S
 e

st
im

at
es

 f
o
r 

ac
cu

ra
cy

 t
h
e 

h
ig

h
es

t 
sc

o
ri

n
g
 g

ro
u
p
 w

as
 a

ls
o
 t

h
e 

o
ld

es
t,

 f
o
r 

sp
ee

d
 p

er
fo

rm
an

ce
 w

as
 f

as
te

st
 f

o
r 

1
4
–
1
5
 a

g
e 

g
ro

u
p
 o

n
 A

B
F

, 
1
6
–
1
7
 g

ro
u
p
 f

o
r 

W
M

E
, 
L

A
N

, 
an

d
 E

M
O

 I
D

,

an
d
 1

8
–
1
9
 g

ro
u
p
 f

o
r 

S
M

E
M

 a
n
d
 A

G
E

 I
D

.

4
F

o
r 

th
is

 e
ff

ec
t 

si
ze

 s
lo

w
es

t 
p
er

fo
rm

an
ce

 w
as

 i
n
 t

h
e 

o
ld

es
t 

ag
e 

g
ro

u
p

Neuropsychology. Author manuscript; available in PMC 2013 March 1.


