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a  b  s  t  r  a  c  t

Longitudinal  study  provides  a  robust  method  for tracking  developmental  trajectories.  Yet  inherent  prob-
lems of  retesting  pose  challenges  in  distinguishing  biological  developmental  change  from  prior  testing
experience.  We  examined  factors  potentially  influencing  change  scores  on  16  neuropsychological  test
composites  over  1 year  in 568  adolescents  in  the  National  Consortium  on  Alcohol  and  NeuroDevelopment
in  Adolescence  (NCANDA)  project.  The  twice-minus-once-tested  method  revealed  that  performance  gain
was mainly  attributable  to testing  experience  (practice)  with  little  contribution  from  predicted  devel-
opmental  effects.  Group  mean  practice  slopes  for 13  composites  indicated  that  60%  to  ∼100%  variance
was  attributable  to test  experience;  General  Ability  accuracy  showed  the  least  practice  effect  (29%).
Lower  baseline  performance,  especially  in  younger  participants,  was a strong  predictor  of  greater  gain.
Contributions  from  age,  sex,  ethnicity,  examination  site,  socioeconomic  status,  or  family  history  of alco-
lcohol
dolescence
ractice effects

hol/substance  abuse  were  nil to small,  even  where  statistically  significant.  Recognizing  that  a substantial
proportion  of change  in  longitudinal  testing,  even  over  1-year,  is attributable  to testing  experience  indi-
cates  caution  against  assuming  that  performance  gain  observed  during  periods  of maturation  necessarily
reflects  development.  Estimates  of testing  experience,  a form  of  learning,  may  be a  relevant  metric  for
detecting interim  influences,  s

©  2017  The  Authors.  Publis

� EVS received additional support from the Moldow Women’s Hope and Healing
und.
�� This work was  supported by the U.S. National Institute on Alcohol Abuse
nd  Alcoholism with co-funding from the National Institute on Drug Abuse, the
ational Institute of Mental Health, and the National Institute of Child Health and
uman Development [NCANDA grant numbers: AA021697 (AP + KMP), AA021695

SAB + SFT), AA021692 (SFT + SAB), AA021696 (IMC + FCB), AA021681 (MDDB),
A021690 (DBC), AA021691 (BN); K05 AA017168 (EVS)].
∗ Corresponding author at: Department of Psychiatry and Behavioral Sciences,
tanford University School of Medicine (MC5723), 401 Quarry Road, Stanford, CA
4305-5723, United States.

E-mail address: edie@stanford.edu (E.V. Sullivan).

ttp://dx.doi.org/10.1016/j.dcn.2017.01.003
878-9293/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article 

/).
uch  as  alcohol  use  or traumatic  episodes,  on  behavior.
hed  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND

license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

1.1. Background

Advancement in ability to engage in complexity of thought
and analysis characterizes maturation throughout adolescence.
Despite the many test batteries available to measure such func-
tional advancement, metrics to quantify developmental changes

studied cross-sectionally or longitudinally are necessarily con-
taminated by numerous factors, including socioeconomic status
(SES), geographically-linked educational opportunities, and ethnic-
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elated cultural differences, that are often secondary to primary
uestions about the differential rates of development for constella-
ions of functions. An additional confounding factor in longitudinal
tudy is prior experience with test material and procedures, com-
only considered practice effects, which, if unaccounted, can be
isinterpreted as developmental change.
Over the past several decades, a number of studies have been

nitiated to investigate the rate and pattern of different component
unctional processes and factors that influence their development.
mong the recent large scale longitudinal, child and adolescent
tudies are the NIH MRI  Brain Development Cooperative Group
evelopmental Study (Giedd et al., 2014; Waber et al., 2012),

he Pediatric (Longitudinal) Imaging, Neurocognition, and Genet-
cs Study (P[L]ING) (Akshoomoff et al., 2014; Jernigan et al., 2016),
he IMAGEN study (Schumann et al., 2010), and the Philadelphia
eurodevelopmental Cohort (Gur et al., 2012; Satterthwaite et al.,
016). These studies have identified significant contributions to
erformance age-related differences or change from SES or site
Akshoomoff et al., 2014). Typically, the sexes do not differ in
ognitive developmental trajectories, even where they differ in per-
ormance level (Cromer et al., 2015; Gur et al., 2012; Waber et al.,
012). Varying amounts of practice have been reported and depend
n the function tested (Ibrahim et al., 2015; Waber et al., 2012)
nd test interval and can show effects of prior testing experience,
ven over a 2-year interval (Waber et al., 2012). One exceptionally
arge study used the Cogstate Brief Battery to assess four pro-
esses (psychomotor function, attention, working memory, and
isual learning) in 38,778 adolescents cross-sectionally and 5788
dolescents (10–18 years old) longitudinally over a 1-year inter-
al (Cromer et al., 2015). Little change was detected over the year,
oys and girls performed similarly, and rate of responding slowed
ith older age; a practice effect was noted on only one learning test.

ikewise, the Philadelphia study identified few prior-testing effects
ver 5 years and less variability in healthy controls and unaffected
amily members than in retested patients with schizophrenia; all
ere adults (Gur et al., 2010; Roalf et al., 2013).

“Practice effects” refer to prior experience with testing and not
ecessarily with specific test materials per se.  Improvement over
ime is strongly related to initial performance level. For example,

 longitudinal controlled study of children and adolescents with
emophilia used age-appropriate IQ batteries (Wechsler Intelli-
ence Scale for Children-Revised and Wechsler Adult Intelligence
cale-Revised) over 4 years of annual testing (Sirois et al., 2002).
erformance scaled scores improved over 2 years, whereas Ver-
al scaled scores declined slightly but insignificantly, regardless
f whether controls were given the same test or aged into the
dult version. Compared with the modest practice effect, baseline
erformance was the strongest predictor of later performance. A
eta-analysis of about 1600 effect sizes of change scores and prac-

ice effects identified use of different test forms, age, diagnosis, and
est-retest interval as contributing factors to change (Calamia et al.,
012). The mainstay of these studies was based on change scores

n adulthood, disease, or senescence.
Among studies identifying clear differential contributions to

hange from childhood to early adolescent development relative to
ractice is one by Anderson et al. (Anderson et al., 2001). The report
rovided a re-analysis of a longitudinal study by Nettelbeck and
ilson (Nettelbeck and Wilson, 1985), who reported substantial
aturational effects on an inspection time task with little con-

ideration of potential practice effects. The re-analysis examined
ifferences in performance over the four test sessions: baseline
nd retest conducted immediately, 1 year, and 2 years after base-

ine. Although little gain, averaging 1.18%, was measurable between
aseline and the immediate retest, improvement from baseline to

 year averaged nearly 30%; little further gain accrued at year 2.
he calculation to quantify practice vs. development in this study
ive Neuroscience 24 (2017) 72–83 73

was, in principle, the twice-minus-once-tested method (Salthouse,
2015).

1.2. Study aims

Our current study examined multiple factors influencing change
scores on neuropsychological testing (Sullivan et al., 2016) over
1 year in 568 adolescents in the National Consortium on Alcohol
and NeuroDevelopment in Adolescence (NCANDA) project (Brown
et al., 2015) using general additive modeling. In particular, we
focused on two  study aims. The first was to distinguish and quantify
developmental and prior experience (practice) effects on cognitive
and motor measures assessing seven functional domains, rep-
resented by 14 composite scores, tested over a 1-year interval.
Accordingly, we examined performance by NCANDA participants
who had baseline and 1 year follow-up neuropsychological test-
ing and remained in the no-to-low drinking and drug consumption
group; that is, these adolescents met  age- and sex-specific cri-
teria for alcohol and drug consumption at study entry (Brown
et al., 2015) and maintained that status at the 1-year exami-
nation. The neuropsychological battery used the same methods
and test forms at both examinations, and the same compos-
ite scores were derived for both test sessions. The mainstay of
the tests was  drawn from the University of Pennsylvania Web
Computerized Neuropsychological Battery (WebCNP) (Gur  et al.,
2012), thereby affording measures of accuracy and speed; tra-
ditional tests were also included in the battery (Sullivan et al.,
2016). To estimate effects of prior testing experience, we used
a version of the twice-minus-once-tested method by comparing
longitudinally-determined change over the 1-year test interval
and expected change estimated from cross-sectionally-determined
age-dependent baseline averages (see Statistical Analysis for the
formula). A second study aim was to assess the contributions of
age, baseline test performance, sex, SES, ethnicity, family history
of alcohol or substance use, and examination site to performance
change.

2. Material and methods

2.1. Participants

The participants in this analysis included 568 adolescents (age
12–21 at entry) with baseline and 1-year followup data and were
drawn from the 831 adolescents tested at baseline (Sullivan et al.,
2016). The reduction in sample size from baseline to the 1-year
follow-up reflects attrition and change in drinking status over the
test interval. At baseline, the participants were recruited across five
NCANDA sites: University of California at San Diego, SRI Interna-
tional, Duke University Medical Center, University of Pittsburgh
Medical Center, and Oregon Health & Science University (Brown
et al., 2015). Of the 831 participants, 692 met criteria for no/low
alcohol or drug exposure at baseline, and 568 with test scores
remained in the no/low group at the one-year follow-up.

2.1.1. Informed consent
All participants underwent informed consent processes at both

visits with a research associate trained in human subject research
protocols. Adult participants or the parents of minor participants
provided written informed consent before participation in the

study. Minor participants provided assent before participation. The
Institutional Review Boards of each site approved this study, and
each site followed this procedure to obtain voluntary informed
consent or assent, depending on the age of the participant.
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Table 1
NCANDA demographics for 1-year followup.

Age (years) mean= 15.4
SD= 2.35
N= 568

Male mean= 15.4
SD= 2.31
N= 289

Female mean= 15.5
SD= 2.39
N= 279

Socioeconomic statusa mean= 16.7
SD= 2.47

Family History of Alcoholism
negative, positive = 489, 79

Self-declared Ethnicity
Caucasian N= 413
African-American N= 80
Asian N= 64
Other N= 11

Site
UPitt N= 78
SRI  N= 106
Duke N= 116
OHSU N= 114
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UCSD N= 154

a Highest education of a parent.

.1.2. Subject demographics
As described in our baseline analysis (Sullivan et al., 2016),

articipants were characterized by age, sex, self-identified ethnic-
ty, socioeconomic status (SES) determined as the highest level
f education achieved by either parent (Akshoomoff et al., 2014),
nd family history of alcohol or drug use disorder. In light of
he substantial differences in salaries and incomes across the five
eographically-distributed data collection sites, we expressed SES
ith reference to parental education level, which is less sub-

ect than family income to geographical differences in the U.S.
ost subjects reported a single self-identified ethnicity (Caucasian,

frican-American, Asian, Pacific Islander, and Native American)
ith some reporting mixed heritage. There were adequate numbers

f the first three types to assign categorical ethnicity, with dual-
eritage identifications assigned to the minority ethnicity group
e.g., Asian-Caucasian was  categorized as Asian) (Table 1).

.1.3. Alcohol history and testing
Participants completed the Customary Drinking and Drug use

ecord (CDDR, Brown et al.,1998) to characterize past and cur-
ent alcohol and substance use. All participants also submitted
amples to a 12-panel urine toxicology screen for amphetamine,
ethamphetamine, cocaine, phencyclidine, benzodiazepines, bar-

iturates, opiates, oxycodone, propoxyphene, methadone, tricyclic
ntidepressants, marijuana and a breathalyzer for alcohol to con-
rm absence of evidence for recent use of drugs of abuse. Positive
creens other than marijuana were sent for GC/MS confirmation,
nd if confirmed, participants were excluded from testing.

.2. Neuropsychological tests and procedures

Assessment was the same across all sites and used a combina-
ion of computerized tests [WebCNP (https://webcnp.med.upenn.
du/) (Gur et al., 2012; Gur et al., 2010)] and traditional neu-

opsychological tests (Sullivan et al., 2016). Testing was conducted
y research assistants trained with annual reliability evalua-
ions to criterion and calibrated annually by a centrally-trained
sychometrician using procedures established by the NCANDA
ive Neuroscience 24 (2017) 72–83

Data Analysis Component. The tests were administered in the
same order across all sites and were generally completed in
approximately 3 h. Test results were uploaded to the software
platform, Scalable Informatics for Biomedical Imaging Studies
(Nichols and Pohl, 2015; Rohlfing et al., 2014; SIBIS; https://
github.com/sibis-platform) at SRI International. The longitudinal
data used in this manuscript were organized via a formal, locked
data release (NCANDA RELEASE 00001 V01). Additional informa-
tion about SIBIS, the data management system used by NCANDA,
has been published elsewhere (Nichols and Pohl, 2015; Rohlfing
et al., 2014).

The WebCNP has established construct validity and reliability
and was  standardized on upwards of 10,000 participants (depend-
ing on the measure) with a broad, age range (8–90 years old) (Gur
et al., 2010). Descriptions of the 15 WebCNP tests used were pro-
vided in our earlier report (Sullivan et al., 2016) (Supplemental
Table 3), with most tests having both accuracy and speed (response
time) measures. The descriptions were modified from the WebCNP
support manual. A subset of measures from these tests was used to
create theoretically-driven composite Z-scores for 8 accuracy mea-
sures (General Ability, Abstraction, Attention, Emotion, Episodic
Memory, Working Memory, Balance, and Total) and 8 speed mea-
sures (General Ability, Abstraction, Attention, Emotion, Episodic
Memory, Working Memory, Motor, and Total). The individual tests
and computed composites are summarized next and fully described
elsewhere [(Sullivan et al., 2016), where Table 2 lists the cognitive
and motor domains and specific processes assessed, with associ-
ated brain regions reported to support each process; Supplemental
Table 2 lists the composite domains, test measures and variable
names entered into each composite domain, and scoring procedure
for each measure].

Composite score construction followed three steps (Gur et al.,
2012; Sullivan et al., 1994). First, each measure was standardized
on baseline scores achieved by all male and female adolescents who
met  NCANDA entry criteria (maximum N = 692) and expressed as a
Z-score (mean = 0 ± 1SD). This transformation function was applied
to all subjects at all times. Not all participants had scores for all
measures, typically due to computer failure, participant’s refusal to
perform a test, or lack of testing time. Next, all scores for which a low
score signified good performance were transformed by multiplying
scores by −1 so that high scores for all measures were in the direc-
tion of good performance. Finally, the mean Z-score of all individual
measures that comprised a composite was calculated; if a subject
was missing a score, that composite score was not calculated for
that subject.

2.3. Neuropsychological test composite composition

The test battery comprising numerous performance mea-
sures assessed 7 functional domains, enabling construction of
hypothesis-driven composite accuracy scores. Of the 8 accuracy
composites (based on the 7 functional domains and a total com-
posite score), only the Balance composite score did not have a
complementary speed or response score. Of the 8 speed compos-
ites, only the Motor Speed composite did not have a complementary
accuracy score.

2.3.1. Abstraction
Conditional Exclusion measures abstraction and mental flexibil-

ity. There are three principles for choosing an object: line thickness,
shape, and size. The target principle changes as the participant
achieves 10 consecutive correct responses for each principle. There

is only one principle in effect for any trial, but a response may  match
more than one principle. The participant is not told what the tar-
geted principle is and must derive the correct principle through
feedback. The participant has 48 trials to make 10 consecutive cor-

https://webcnp.med.upenn.edu/
https://webcnp.med.upenn.edu/
https://webcnp.med.upenn.edu/
https://webcnp.med.upenn.edu/
https://webcnp.med.upenn.edu/
https://webcnp.med.upenn.edu/
https://github.com/sibis-platform
https://github.com/sibis-platform
https://github.com/sibis-platform
https://github.com/sibis-platform
https://github.com/sibis-platform
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Table 2
GAM of the slopes for each composite.

Composite N Age at Baseline Baseline
Performance

SESa Ethnicity Sex Site Family History Group mean practice
slope = % group mean
observed slope

variance p variance p variance p variance p variance p variance p variance p

Accuracy Composites
General Ability 545 0.0030 0.0918 0.0513 0.0000 0.0183 0.0027 0.0109 0.1046 0.0023 0.2549 0.0119 0.1335 0.0013 0.3909 29.17
Abstraction 542 0.0263 0.0000 0.2534 0.0000 0.0185 0.0001 0.0219 0.0012 0.0009 0.4169 0.0145 0.0266 0.0017 0.2452 76.49
Attention 553 0.0129 0.0004 0.4691 0.0000 0.0002 0.6248 0.0053 0.1200 0.0001 0.7150 0.0043 0.3090 0.0000 0.9083 67.33
Emotion 551 0.0040 0.0509 0.2509 0.0000 0.0026 0.1783 0.0098 0.0642 0.0071 0.0220 0.0097 0.1218 0.0004 0.5915 62.67
Episodic Memory 549 0.0000 0.9999 0.1643 0.0000 0.0015 0.3203 0.0095 0.1018 0.0012 0.3796 0.0058 0.4375 0.0010 0.4106 94.96
Working Memory 548 0.0033 0.0447 0.4553 0.0000 0.0016 0.2176 0.0104 0.0149 0.0001 0.7514 0.0063 0.1907 0.0015 0.2139 87.65
Balance 540 0.0446 0.0000 0.1709 0.0000 0.0031 0.1524 0.0069 0.1953 0.0032 0.1406 0.0102 0.1443 0.0092 0.0126 NAb

Total 519 0.0166 0.0012 0.1577 0.0000 0.0052 0.0765 0.0192 0.0080 0.0028 0.1881 0.0066 0.3986 0.0000 0.9415 68.32

Speed  Composites
General Ability 549 0.0089 0.0195 0.3357 0.0000 0.0066 0.0185 0.0029 0.4999 0.0017 0.2377 0.0121 0.0416 0.0002 0.7073 75.05
Abstraction 542 0.0000 0.9999 0.2823 0.0000 0.0000 0.9082 0.0069 0.1554 0.0011 0.3576 0.0082 0.1858 0.0023 0.1866 ∼100
Attention  550 0.0000 0.9999 0.1432 0.0000 0.0005 0.5519 0.0052 0.3330 0.0002 0.7443 0.0116 0.1081 0.0008 0.4570 NAc

Emotion 550 0.0053 0.0283 0.2743 0.0000 0.0002 0.7095 0.0119 0.0260 0.0031 0.1187 0.0226 0.0014 0.0007 0.4647 93.48
Episodic Memory 549 0.0076 0.0136 0.2156 0.0000 0.0001 0.7495 0.0093 0.0770 0.0000 0.9296 0.0130 0.0507 0.0114 0.0038 85.51
Working Memory 548 0.0000 0.9999 0.2242 0.0000 0.0000 0.9043 0.0039 0.3926 0.0017 0.2792 0.0138 0.0379 0.0003 0.6297 99.99
Motor  536 0.0000 0.9999 0.1969 0.0000 0.0017 0.2698 0.0040 0.4199 0.0052 0.0557 0.0351 0.0001 0.0001 0.7555 68.09
Total  519 0.0066 0.0261 0.1987 0.0000 0.0007 0.4909 0.0069 0.2054 0.0002 0.7424 0.0338 0.0002 0.0025 0.2016 69.58

Family-wise Bonferroni correction for 8 comparisons = 0.0063 (� = 0.05, 2-tailed).
practice slope = observed slope − predicted group GAM fit baseline developmental slope from baseline age to 1-yr followup age.
site  effects measured against UCSD.

a SES = socioeconomic status determined from the highest education of one parent.
b NA: The mean developmental slope was nonmonotonic, whereas the practice slope was monotonic, resulting in invalid ratios.
c NA: The mean developmental slope was nonmonotonic, whereas the average practice is negative and expected development is positive, resulting in invalid ratios.
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ect responses for each of the three principles. If the participant
oes not achieve a principle within 48 trials, the test ends.

Matrix Analysis Test, a measure of abstraction and mental flex-
bility, is a multiple choice task in which the participant must
onceptualize spatial, design, and numerical relations that range in
ifficulty from very easy to increasingly complex. The participant
hooses a square that best fits in the missing space of a pattern. Pat-
erns are made up of 2 × 2, 3 × 3, and 1 × 5 arrangements of squares.
ach item has five response options.

Logical Reasoning, a measure of verbal intellectual ability, is a
ultiple-choice task in which the participant must complete verbal

nalogy problems.

.3.2. Attention
The Continuous Performance task has two parts: one in which

he participant must press the spacebar whenever lines form a
omplete number, and one whenever lines form a complete letter.
ach part lasts 1.5 min. Each stimulus flashes for 300 ms  followed
y a blank page displayed for 700 ms,  giving the participant 1 s to
espond to each trial.

.3.3. Emotion
For Emotion Recognition, participants view a series of 40 faces

nd indicate what emotion the face is showing: Happy, Sad, Angry,
cared, or No Feeling. There are 4 female faces for each emotion
4 × 5 = 20) and 4 male faces for each emotion (4 × 5 = 20).

Emotion Differentiation measures the ability to detect emotion
ntensity. The participant views pairs of faces and chooses the face
howing greater intensity of emotion (anger, fear, happiness, sad-
ess), or chooses a central button labeled Equal. The stimuli are
reated using software to morph faces into differing intensities of
motion. There are 36 trials, divided into happy, sad, angry, and
earful faces. Of the 36 trials, 4 show no emotional difference. The
emaining 32 trials have emotion differentials in increments of 10%
anging from 10% to 60%, distributed more heavily toward 30% and
0% items. Trials are presented in random order, and the test is a
orced-choice task with no time limit per trial.

.3.4. Episodic memory
In the Face Memory test, participants are first shown 20 faces

hat they will be asked to identify later during immediate and
elayed recognition trials. During immediate recall, participants
iew a series of 40 faces; 20 faces are targets for memory and 20
re distractors. Participants decide whether they had been previ-
usly shown the face by choosing one of four buttons, presented in

 4-point scale: “definitely yes,” “probably yes,” “probably no,” and
definitely no” via the mouse. Delayed memory is tested approxi-
ately 25 min  after immediate memory.
The Word Memory test is a verbal analogue to Face Memory and

ollows the same procedure for immediate and delayed recognition.
Visual Object Learning requires participants to view 10 three-

imensional Euclidean shapes that they will be asked to identify
or immediate and delayed recognition in the same manner as Face

emory and Word Memory.

.3.5. Working memory
Short Fractal N-back measures attention and working memory.

articipants view fractal designs displayed on the computer screen
nd indicate the “target design.T̈here are three trial conditions. Dur-
ng the 0-back condition, the target design is designated before the
rial and the participant responds each time they see it. For the 1-

ack and 2-back conditions, the target design is indicated by the
epetition of a design, with the participants responding when they
ee a design that is the same as the design immediately preceding it
1-back condition) or is the same as the design immediately preced-
ive Neuroscience 24 (2017) 72–83

ing the last design (2-back condition). In all trials, the participant
has 2500 ms  to respond.

2.3.6. Balance
Postural stability, measured with the modified Fregly-Graybiel

Walk-a-Line ataxia test (Fregly et al., 1972; Sullivan et al., 2000),
has 4 conditions and was  conducted twice if the first trial was not
completed perfectly. All trials were conducted with arms folded,
eyes closed, and feet straight on a line on the floor: stand heel-to-
toe for 60 s; stand on one and then the other foot for 30 s each; walk
heel-to-toe for 10 steps.

2.3.7. General ability
Vocabulary from the WebCNP comprises five subtests, each

containing 10 multiplechoice items with four response choices.
The questions in each section are presented in order of increas-
ing difficulty. A section is discontinued if the participant answers
5 questions incorrectly. Each subtest uses a different measure of
verbal knowledge. In Part I, the participant chooses a word ‘closest
in meaning’ to the target word. In Part II, the participant chooses
the word that has a similar meaning to a bolded phrase within a
sentence. In Part III, the participant selects the one word that is not
a valid English word. In Part IV, the participant selects the word
that is opposite in meaning to the target word. In Part V, the par-
ticipant must choose the correct sentence based on contextual use
of a target word.

The Wide Range Achievement Test-4 (WRAT4) assesses general
ability in word reading and math calculation (blue form) (Wilkinson
and Robertson, 2010); these scores were included in the General
Ability composite.

2.3.8. Motor speed
This speed composite comprised response times from the Motor

Praxis WebCNP test, which measures sensorimotor ability by hav-
ing the participant use the mouse to click on a shrinking box when
it moves to a new position on the screen. This test screens a par-
ticipant’s dexterity, an essential ability to perform the WebCNP
tests.

2.4. Statistical analysis

The analyses focused on neuropsychological data acquired from
the 568 adolescents in the no/low-drinking group that continued
to meet criteria across time. This set of analyses assessed the con-
tributions of practice, age, sex, ethnicity, SES, examination site, and
family history on change scores.

Performance measures of each participant at both test times
were expressed as Z-scores calculated from all available baseline
scores of the no/low group. Slopes of each measure for each partic-
ipant were the Time 2 score minus the Time 1 score divided by the
test interval, which was  approximately 1 year. Prior testing experi-
ence, i.e., practice, was  operationalized as the observed change over
1 year minus the predicted change over 1 year, determined from the
cross-sectional baseline age regression function (Fig. 1). For exam-
ple, a 16.4 year old boy at baseline achieving a score of −0.4 Z and a
follow-up score of + 0.3 Z would have an observed slope = 0.7 Z/year.
If the average cross-sectional difference between 16.4 year-old and
17.4 year-old boys is +0.1 Z, the practice slope of the participant at
the second test would be 0.6 Z/year. Conversely, the developmen-
tal effect was  the observed change minus the practice score (0.7
Z − 0.6 Z = 0.1). Estimation of the contribution of practice relative
to expected development on the observed slopes indicated that the

majority of the change over the year was  attributable to practice
rather than development for almost all measures (Table 2, last col-
umn). Therefore, practice effect was  the primary unit of analysis for
all composites and variables in the following analyses.
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Fig. 1. Individual baseline and follow-up Z-scores for Abstraction Accuracy composite (gray). Predicted age-dependent improvement determined from the cross-sectional
baseline age regression function (solid black line) with ± 1 and 2 SD (dashed black lines). Cutout: example of a single subject age 16.4 years at baseline and 17.4 years at
f  0.7 SD
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ollowup  (red). At baseline his Z-score was −0.4 SD and at follow-up it was +0.3 SD =
rom  the baseline age regression function was  0.1 SD “Age expected increase” (blac
olour  in this figure legend, the reader is referred to the web  version of this article.)

The primary analysis tools were the General Additive Model
GAM) (Hastie and Tibshirani, 1986, 1990; Wood, 2006, 2011) and
nalysis of variance (ANOVA) from the “mgcv” package in R (Wood,
006) Version 3.1.0 [http://www.r-project.org/], testing for the pre-
ictive value of the main effect of age with selected covariates.
he GAM tested the predictive value of age and 6 covariates (with
espect to each subject, i)—baseline performance (baseline i), SES
SESi), ethnicity (ethnicity i), sex (sex i), examination site (site i),
nd family history (FHi)—on each performance score [i.e., practice
ffects = (observed slope − predicted slope)/interval].

GAM : composite practice slopei∼ˇ0 + S1(baseline agei)

+ ˇ2baseline scorei + ˇ3SESi + ˇ4ethnicityi

+ ˇ5sexi + ˇ6sitei + ˇ7FHi

Age was allowed to be a nonlinear smooth effect, implemented
ia thin plate splines S1(age) with 3 knots (Wood, 2003). Roughness
enalties for the smooth effects were estimated using generalized
ross validation (Wood, 2004).

Many scores were modulated by several or all covariates. Contri-
utions of covariates were considered significant with p ≤ 0.0063,
eflecting family-wise Bonferroni correction for 8 comparisons
ith � = 0.05, 2-tailed. The sample sizes varied slightly across mod-

ls tested (noted in the results tables) because not all participants
ad data for all test measures.

. Results

.1. Performance change over 1 year
With a few exceptions, the average extent of improvement in
erformance over 1 year was primarily attributable to prior testing
xperience with little contribution from predicted developmental
 “Observed increase” (red). The expected age-dependent improvement determined
us, his practice effect was 0.7 −0.1 = 0.6 SD. (For interpretation of the references to

effects (Table 2, last column; Figs. 2 and 3). Note that the cross-
sectional age regressions produced from the GAM at follow-up
(orange lines) are similar to those at baseline (black lines), only
shifted in the positive direction reflecting the practice effect and to
the right by one year. The group mean practice slope, expressed as
the percent of the group mean observed slope, estimated that for 13
composites, approximately 63% to nearly 100% was attributable to
previous experience with the tests. In 2 other instances, these ratios
were invalid because either the developmental or practice slope
was nonmonotonic while the complementary slope was mono-
tonic. The measure showing the least practice effect (29.2%) was  the
General Ability Accuracy composite, suggesting a greater contribu-
tion from development to performance change on this composite
score than on any other test composite score.

3.2. Baseline test performance

In the full general additive model the amount of variance that
was attributable to baseline test performance was  highly significant
for all 16 composite scores and ranged from a high of 47% for the
Attention Accuracy composite to a low of 5% for the General Ability
Accuracy composite (Table 2 and Fig. 4). For all 16 composite scores,
participants who scored lowest at baseline showed the greatest gain
over the 1-year interval.

3.3. Age

Age made small (1.5%–4.6%) but significant contributions to the
variance of 4 accuracy composite scores: Abstraction, Attention,

Balance, and Total (Table 2, Fig. 5). In general, the younger partici-
pants showed greater gain than their older counterparts. This age
effect is consistent with the low baseline score effect because lower
scores were typically achieved by younger participants.

http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
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Fig. 2. Individual baseline and follow-up Z-scores for the Accuracy composite scores (gray). Predicted age-dependent improvement determined from the cross-sectional
baseline age regression function is plotted in solid black line with ± 1 and 2 SD as dashed black lines. The predicted age-dependent improvement determined from the
cross-sectional follow-up age regression function is plotted in orange. Note the baseline and follow-up cross-sectional functions are similar with the latter being shifted
positively and beginning and ending a year later than the baseline function. The individual black lines at yearly intervals are the average baseline and follow-up Z-scores for
each  year (slope of improvement) for all 12 year olds, 13 year olds, etc. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Individual baseline and follow-up Z-scores for Speed Composite Scores (gray). Predicted age-dependent improvement determined from the cross-sectional baseline
age  regression function is plotted in solid black line with ± 1 and 2 SD as dashed black lines. The predicted age-dependent improvement determined from the cross-sectional
follow-up age regression function is plotted in orange. Note the baseline and follow-up cross-sectional functions are similar with the latter being shifted positively and
beginning and ending a year later than the baseline function. The individual black lines at yearly intervals are the average baseline and follow-up values for each year (slope
of  improvement) for all 12 year olds, 13 year olds, etc. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4. Bar graph presentation of the proportion of variance accounted for by the baseline performance in the GAM predicting practice effect for the Accuracy and Speed
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omposites.
AM:  composite practice slopei ∼ �0 + S1(baseline age i) + �2baseline score i + �3SESi

.4. Socioeconomic status (SES)

SES, in terms of the highest education level achieved by a parent,
as significant and accounted for ∼1.7% of the variance for General
bility and Abstraction Accuracy composites, where the higher the
ducation, the larger the practice effect (Table 2).

.5. Ethnicity

Ethnicity accounted for small (1.3% to 3.1%) but statistically sig-
ificant proportions of variance for 4 accuracy scores. Specifically,
frican Americans and Asians showed less of a practice effect than
aucasians on the Abstraction Accuracy composite (Table 2). Fur-
her, the practice effect exhibited by African Americans was smaller
han that observed in Caucasians for 3 additional accuracy compos-
tes (Episodic Memory, Working Memory, and Total), suggestive of
imilar performance over the test interval.

.6. Sex

Regarding sex, no differences were detected between male and
emale participants with respect to gains from prior test experience
Table 2).

.7. Examination site

The UCSD site participants showed a greater advantage from
rior test experience than the remaining 4 consortium sites on
peeded performance for the Emotion, Motor, and Total Speed com-
osite scores accounting for 2–3% of the variance (Table 2).

.8. Family history of alcohol or substance abuse

Family history exerted a statistically significant influence on

nly one measure; here, family history positive participants exhib-
ted greater gain from prior experience with testing material in the
pisodic Memory Speed composite than did family history negative
articipants, although accounting for only 1.1% of the variance.
hnicity i + �5sex i + �6site i + �7FHi .

3.9. Proportion of participants with performance gains or losses

Chi-square tests of the proportion of participants who  improved
relative to those whose scores remained the same or declined over
the 1-year retest interval failed to identify differences related to sex
or ethnicity for any test composite. By contrast, the proportion of
participants whose scores improved over the interval was  signifi-
cantly higher than those whose scores were the same or lower on
6 accuracy and 6 speed measures, again indicative of benefit from
prior experience with the tests (Table 3).

4. Discussion

This longitudinal analysis addressed two study aims. The first
aim was  to distinguish and quantify developmental effects from
prior testing experience effects (commonly called practice effects)
on cognitive and motor measures over a 1-year interval. Here,
we found that previous experience with the test materials and
procedures accounted for a substantial amount of variance of
change scores in accuracy and speed performance on most aggre-
gated functions examined. The second aim estimated the variance
accounted for by age, baseline performance, sex, SES, ethnicity,
family history of alcohol or other substance use, and examination
site to performance change and found that baseline score accounted
for a greater amount of variance in change scores (ranging from ∼5%
to 47% for accuracy and ∼14% to 34% for speed change scores) than
any other factor examined. These results are expanded next.

The most salient finding of this study was that prior experience
with the test material and procedures, also considered practice
effects, was  the overwhelmingly strongest factor affecting both
accuracy and speed change scores, despite a 1-year test interval.
To estimate practice effects, we used a version of the twice-minus-
once-tested method (Anderson et al., 2001; Salthouse, 2015) by
comparing longitudinally-determined change over the 1-year test

interval and change estimated from cross-sectionally-determined
developmental trajectories. Some studies have shown that the
greatest practice effect occurs between the first and second test-
ing (Ibrahim et al., 2015; Waber et al., 2012) but diminishes at later
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Fig. 5. Examples of the relation of baseline and follow-up data for the General Ability Accuracy (left) and Speed (right) Composites (boys in blue; girls in red). (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web version of this article.)
Top: Follow-up Z-score (y) as a function of Baseline Z-score (x); isoline, i.e., no difference (gray), boy (blue) and girl (red) linear regression lines.
M oline
B  diffe

r
l
a
2
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t

iddle: Slope (change in 1 year) in Z-score/year as a function of Baseline Z-Score; is
ottom: Slope (change in 1 year) in Z-score/year as a function of Age; isoline, i.e., no

epeated testing, observed in studies of pre-adolescence and ado-
escence development (Falleti et al., 2006; Thomas et al., 2016)
nd of healthy adults (e.g., Anderson et al., 2001; Ivnik et al.,

000; Nettelbeck and Wilson, 1985; Salthouse and Tucker-Drob,
008). Whether developmental change ultimately overrides prac-
ice effects with later follow-up testing remains to be examined.
, i.e., no difference (gray), boy (blue) and girl (red) linear regression lines.
rence (gray), boy (blue) and girl (red) linear regression lines.

Not all participants improved over the 1-year interval, but �2

tests indicated that more participants gained than lost points over
the 1-year. The general trend in the present study was that the

younger the participant at baseline, the greater the gain at the
1-year follow-up, especially on Abstraction, Attention, and Bal-
ance accuracy. A factor potentially contributing to this age effect
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Table 3
Proportion of participants whose scores improved over 1 year vs. declined or remained at baseline level.

Composite Sex Ethnicity Family History Positive Negative

�2 p �2 p �2 p N N �2 p Direction

Accuracy Composites
General Ability 0.3020 0.5827 1.8207 0.4024 0.0000 1.0000 359 277 5.0524 0.0246 p > n
Abstraction 0.2806 0.5963 1.6759 0.4326 0.0000 1.0000 416 216 31.8123 0.0000 p > n
Attention 1.6138 0.2040 1.0978 0.5776 0.8096 0.3682 390 256 13.6327 0.0002 p > n
Emotion 1.9709 0.1604 2.8611 0.2392 1.4513 0.2283 372 271 7.6686 0.0056 p > n
Episodic Memory 0.1082 0.7422 1.3535 0.5083 0.0000 1.0000 464 177 66.7009 0.0000 p > n
Working Memory 0.9413 0.3320 3.0795 0.2144 0.1218 0.7271 387 253 13.7633 0.0002 p > n
Balance 0.0155 0.9008 0.4385 0.8031 0.0417 0.8381 302 329 0.4955 0.4815 p < n
Total  0.0432 0.8353 0.8946 0.6394 0.0000 1.0000 442 163 66.9731 0.0000 p > n

Speed Composites
General Ability 0.0022 0.9624 1.3484 0.5096 0.0005 0.9829 377 264 9.6860 0.0019 p > n
Abstraction 3.8785 0.0489 1.9744 0.3726 0.0219 0.8823 382 250 13.5177 0.0002 p > n
Attention 0.0011 0.9730 0.7426 0.6898 0.1259 0.7227 273 370 7.0580 0.0079 p < n
Emotion 1.1767 0.2780 0.9811 0.6123 0.0220 0.8821 422 219 32.3245 0.0000 p > n
Episodic Memory 0.5667 0.4516 6.7139 0.0348 0.0000 1.0000 451 190 54.5878 0.0000 p > n
Working Memory 0.0565 0.8121 1.7275 0.4216 0.9688 0.3250 342 298 1.3798 0.2401 p > n
Motor  0.7884 0.3746 0.2895 0.8653 0.5489 0.4588 441 184 54.3160 0.0000 p > n
Total  0.6824 0.4088 1.0231 0.5996 1.4056 0.2358 394 209 28.4378 0.0000 p > n
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amily-wise Bonferroni correction for 8 comparisons = 0.0063 (� = 0.05, 2-tailed).

as ceiling performance, which was more likely to occur in older
han younger adolescents, thereby leaving less range for change in
he older than younger participants. A similar age-related gain in
esponse speed and accuracy was reported in youth age 9–12 years
hat stabilized by age 15 years (Williams et al., 2016). Also con-
istent with the current pattern are other studies that sought and
eported practice effects in some but not all functions examined.
or example, a study aimed as distinguishing between test-retest
eliability and developmental changes over 5 years in youth age
–12 years at baseline found that of the 19 neuropsychological tests
iven, 1) the greatest gain was typically observed in the younger
articipants, 2) performance variance stabilized after 2 or 3 test
ears, and 3) practice effects differed by test: the greatest practice
ffects occurred on the Grooved Pegboard test, moderate practice
ffects occurred on figure matching and symbol search, and no
easurable practice effects occurred on Digit Span (Slade et al.,

008).
Although the overall trend was toward improvement in scores,

here was substantial variability in the degree of the influence of
esting experience. In particular, on 13 of the 14 different func-
ional domains examined, 63% to nearly 100% of the change was
ttributable to practice rather than development. The exception
as for General Ability accuracy, for which only 29% of the improve-
ent was due to prior experience. Further, although baseline

erformance was a strong predictor of gain in all 16 composite
cores, when entered as a covariate in the general additive model
he least affected was General Ability accuracy, accounting for
nly 5% of the variance compared with 14%–47% for the remaining
cores.

Sex, site, and ethnicity contributed little to nothing to the change
ariance in the present study. Girls and boys did not differ at any
ge in gain over a year. Of the 5 sites, UCSD participants showed
reater gain than the other 4 sites on 3 speed measures. The small
ut statistically significant ethnicity effect indicated greater per-
ormance consistency, that is, less of a prior experience effect, on a
ew measures by African Americans and Asians.

Given the vast number of tests, measures, and stimuli in the
est battery, it is unlikely that specific stimuli or responses were

ecalled, although items could be more readily recognized even
fter 1 year. Thus, episodic recognition or recall of specific test items
ould only partially account for the large practice effects. Another
actor possibly contributing to practice is procedural learning. This
possibility is supported anecdotally by a lead test administrator
[D.P.], who  noted that, unlike at baseline, at follow-up examina-
tions participants typically needed test instructions to be read only
once before starting a task and required only one practice trial to
be introduced to a task.

5. Conclusion

Factors that made substantial contributions to change in per-
formance over 1 year were prior experience with the testing
materials and procedures, baseline performance level, and age,
where younger boys and girls who achieved lower scores at base-
line showed the greatest gain at retest. SES, ethnicity, and testing
site made significant but trivial contributions to performance
change, whereas both sexes showed similar levels of improvement.
Estimates of practice, also considered a form of learning, may  be a
relevant metric for detecting interim influences on behavior.

Studies of adolescent populations that are likely to have signif-
icant developmental gains in performance over a few years face
a trade off. On the one hand, the more subjects there are at a
common age, the more power is available to detect preexisting
or external factors that interact with development. On the other
hand, if all participants in longitudinal study are essentially the
same age, there is little opportunity to disentangle practice from
development effects. In the current study, the three-age cohort,
accelerated longitudinal design allowed for construction of cross-
sectional developmental predictions across ten years that were
consistent at baseline and one-year follow-up, with the exception
of the quantum increase in performance attributable to prior expe-
rience, i.e., practice effects. These considerations and trade-offs
should inform other large-scale studies with respect to including a
broad enough age range at study initiation to enable estimation of
cross-sectional age-performance trajectories independent of prac-
tice effects. Indeed, Salthouse (Salthouse, 2015) warned that “prior
experience with the tests may  not only lead to underestimates of
cognitive declines in adulthood, but also to overestimates of cog-

nitive gains in childhood” (page 1269), indicating the usefulness
of the twice-minus-once-tested method to distinguish practice
effects from ontological changes associated with development or
senescence.
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