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Abstract

Studies have investigated planning skill development using the Tower of London (TOL). Reports
conflict regarding maturational trajectories and associations with 1Q, other executive functions,
and impulsivity. A convenience sample of 9- to 20-year-olds completed the TOL and other
measures. TOL accuracy improved until ages 15-17. Digit span backwards (DSB), response
inhibition, and 1Q were correlated with TOL performance. DSB contributed to TOL accuracy
above and beyond age and 1Q. Inhibitory control and DSB both contributed to the modulation of
planning times across problems. Self-reported inattention and hyperactivity were associated with
low performance. Task approaches reflecting planning and psychometric issues are discussed.

Conventional wisdom suggests that effective planning is crucial to self-organization. It
involves setting a goal, formulating a checklist of tasks necessary to achieve it, and
executing each one until the goal is achieved. Anecdotal reports suggest that children and
adolescents are perceived as deficient in planning skills, which is not surprising given that
executive functions improve markedly through adolescence (Luciana, Conklin, Hooper, &
Yarger, 2005; Luna, Garver, Urban, Lazar, & Sweeney, 2004). The planning involved in
real-life contexts is difficult to measure experimentally (Phillips, Kliegel, & Martin, 2006),
but one frequently used planning task is the Tower of London (TOL: Shallice, 1982). It
requires individuals to manipulate objects to conform to visible spatial solutions. Task
variants can be distinguished by their physical structure, the problem space sampled, and
scoring techniques. Most incorporate measures of planning accuracy and planning time,
which is the time taken to initiate a problem. Non-computerized versions quantify rule-
breaking errors (Berg & Byrd, 2002). Because each trial’s solution is visible, one critique of
the task is that the goal does not have to be internalized to succeed on a given problem. An
individual can work step-by-step using trial and error feedback to assess each move’s
consequences (Purcell, Maruff, Kyrios, & Pantelis, 1998), implying that the TOL recruits
perceptual and visuospatial, as well as higher cognitive, functions. Nonetheless,
performance is compromised with frontal lobe impairment, in impulsive behavior disorders,
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and in severe psychopathology (Badcock, Michiel, & Rock, 2005; Owen, Downes,
Sahakian, Polkey, & Robbins, 1990; Rhodes, Coghill & Matthews, 2005).

Given the importance of planning for self-organized behavior, the TOL has been used in
developmental studies. Performance improves throughout childhood and into adolescence
(Krikorian, Bartok, & Gay, 1994; Luciana & Nelson, 1998, 2002). Luciana and Nelson
(2002) used the Cambridge Neuropsychological Testing Automated Battery (CANTAB) to
measure executive functions in healthy 4- to 12-year-olds as compared to college students,
and reported that 12-year-olds had not reached young adult levels of TOL performance in
terms of perfect solutions and number of moves to complete five-move problems. De Luca
et al. (2003) studied 8- to 64-year-olds using the CANTAB and reported that 8- to 14-year-
olds achieved fewer perfect solutions than 15- to 29-year-olds. The groups were maximally
different in solving three- and five-move problems. Planning times were not reported in
these studies. Asato, Sweeney, and Luna (2006) reported negative associations between age
and the number of moves to complete four- and five-move CANTAB TOL problems in
healthy 8- to 30-year-olds as well as age-related increases in initiation times. Age also
impacted the execution times for three- and four-move problems. The sample was
aggregated into child (ages 8-13), adolescent (ages 14-17), and adult (ages 18-30) groups.
All age-related differences were due to differences between children and adolescents and/or
adults with no differences between the latter groups. However, adults scored one standard
deviation below children and adolescents in full-scale 1Q scores, which may have attenuated
performance differences between adolescents and adults, because planning skills have been
predicted by fluid intelligence (Unterrainer et al., 2004; Zook, Welsh, & Ewing, 2006).

Asato et al. (2006) also found that better TOL performance was associated with the ability to
suppress inappropriate eye movements during an antisaccade task. Smaller correlations were
reported between the TOL and an oculomotor delayed response measure of working
memory (WM). These findings support that the TOL is associated with inhibitory control
(IC) (Welsh, Satterlee-Cartmell, & Stine, 1999) as well as WM (Gilhooly, Wynn, Phillips,
Logie, & Della Sala, 2002; Welsh et al., 1999; Zook, Davalos, DeLosh, & Davis, 2004). The
TOL/oculomotor task correlations were not moderated by age.

Whether age-related increases in planning are due to similar increases in other executive
functions has not been well-investigated. Huizinga, Dolan, and van der Molen (2006)
examined the contributions of WM, shifting, and IC to TOL performance using structural
equation modeling. Each cognitive domain was represented by three tasks. TOL planning
times leveled off at age 15. The number of perfect TOL solutions increased until age 21.
However, there was not a reliable multivariate model that could predict TOL summary
variables using latent variables generated from other behavioral domains. For the prediction
of the number of perfect solutions, Stroop task performance was correlated with TOL
accuracy only in 21-year-olds, suggesting that IC impacts performance only in adulthood.
But for 7- to 15-year-olds, the 95% confidence intervals for the regression coefficients could
not be calculated, and latent measures of shifting and WM cohered in factor analyses, but
measures of inhibition did not. Thus the role of IC in the development of planning remains
unclear. Other disparities exist as well. Some studies have reported better TOL performance
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in adult males (Asato et al., 2006); others have found no sex effects (DeLuca et al., 2003;
Krikorian et al., 1994; Luciana & Nelson, 2002).

Thus, controversy remains regarding when planning performance asymptotes, whether
performance differences are evident between adolescence and young adulthood, whether the
nature of age trends varies for accuracy versus planning times, how the task’s timing
variables relate to performance, and how strongly the task is impacted by other executive
functions. A less extensively investigated issue concerns whether TOL performance maps
onto other indicators of planning or impulsivity. The current study addresses each of these
areas.

METHODS

Participants

Two convenience samples (combined N = 323, ages 9 to 20 years) were tested across
consecutive years. The first study (N = 152; 79 male, 73 female) employed behavioral
measures. The second study (N = 171; 93 male, 78 female) used the same measures as well
as structural neuroimaging (not reported here). In both studies, participants under the age of
18 were recruited from a database maintained by the University of Minnesota’s Institute for
Child Development. When their children were born, parents were identified through birth
records and invited to join the database. We invited consenting families with children
between the ages of 9 and 17 years were to participate in a study of adolescent brain
development. Inclusion criteria included being a native English speaker, having normal/
corrected-to-normal vision and hearing, and having no history of neurological or
psychological illness, mental retardation, or learning difficulties. These criteria were
assessed by telephone and verified by in-person interviews of the participant and parent (see
later). All 18- to 20-year-olds were recruited through on-campus advertisements. Selection
criteria were the same as described earlier. In the first study, the criteria were assessed
through a telephone screening of the parent (or adult participant) followed by a direct
interview using an in-house questionnaire. In the second study, this questionnaire was
followed with parent and child structured interviews (Kaufmann et al., 1997). Intelligence
was measured in the first study by the Vocabulary and Block Design subtests of the
Wechsler Intelligence Scale for Children—I11 (ages 9 to 16: Wechsler, 1991) or the Wechsler
Adult Intelligence Scale-I11 (ages 17 or higher: Wechsler, 1997a). Intelligence was
measured in the second study by the four subtests of the Wechsler Abbreviated Scale of
Intelligence (Wechsler, 1999). Participants and parents provided informed consent/ assent
according to local IRB requirements. The samples were equivalent in all measures reported
herein, so they were combined (Table 1).

Procedures

Testing occurred on a separate day. The TOL was one of several cognitive tasks, including
Go-No-Go and digit span tasks, that were administered. A subset of study two’s participants
(N =116, aged 11 to 20 years) completed self-report versions of the Conners Rating Scale—
Revised (CRS:R:L: Conners, 2000), which yields an attention deficit hyperactivity disorder
(ADHD) index score and inattention and hyperactivity/impulsivity subscale scores.
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Tower of London—This computerized task is referred to as the Sockings of Cambridge
within the Cambridge Neuropsychological Testing Automated Battery (CANTAB: Sahakian
& Owen, 1992). It was administered using a personal computer and touch-screen monitor. A
full task description can be found in Luciana and Nelson (1998). The task consists of a
problem-solving block and a yoked following block. Using a touch-screen, participants
move colored balls to match a target display (problem-solving block) or to mimic moves
initiated by the computer (yoked following block). Participants were told at the start of each
problem-solving trial that the trial should be completed in X number of moves, where X is
the minimum number of moves required to achieve a perfect solution. The starting position
of the balls varied. Across trials, the solution could be reached after two, three, four, or five
moves. The time before making the first move and the subsequent execution time were
recorded.

On each trial of the yoked condition, the computer executes moves, and the participant
imitates them. This task is yoked to the problem-solving portion in that for each trial of the
yoked condition, the balls’movements are exact replicas of moves made by the participant in
the corresponding problem-solving trials (Veale, Sahakian, Owen, & Marks, 1996). These
movement times allow planning and execution times to be derived for the main task. For
each problem, the planning time is the time between the presentation of the problem and the
first touch minus the corresponding initiation time from the yoked task. When planning or
initiation times are referenced throughout this article, we are referring to this difference
score. The execution time is also a difference score, calculated as the time between selecting
the first move and problem completion minus the corresponding times from the yoked task.
The task consists of 2 two-move problems, 2 three-move problems, 4 four-move problems,
and 4 five-move problems. The total number of perfect solutions was recorded. For each
problem set, the average number of moves to complete the set, planning times, and
execution times were calculated.

Go-No-Go task—The Go-No-Go task (Braver, Barch, Gray, Molfese, & Snyder, 2001)
was programmed in E-Prime (Psychology Software Tools, www.psnet.com). Participants
viewed letters (20% Xs) presented one-by-one on a computer screen. Stimulus duration was
250 msec with a 1,000 msec inter-stimulus interval. In the first no-go trial block, participants
responded to all letters except X and inhibited responses to Xs. A second target detection
block demanded attentional vigilance but not motor inhibition. Instructions were to press a
button only in response to Xs (20% occurrences).

Digit memory span—The digit span task (Wechsler, 1997b) was administered to yield
measures of forward and backward verbal memory span. The span was the largest number of
items that could be successfully remembered in the correct (forward or backward) order.

RESULTS

Data were analyzed using the Statistical Package for the Social Sciences, version 11.5. Age
effects on TOL performance were assessed using analyses of variance. Measures of 1Q,
WM, and response inhibition were correlated with performance. Hierarchical regressions
assessed whether associated processes contributed to task performance above and beyond
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the other measures. Associations between levels of inattentive/impulsive behavior (CRS)
and TOL performance were also determined. Alpha levels of .05 were used to determine
statistical significance. Effect sizes are represented by npz, r, and R? values.

Age-Related Trends in Performance (see Table 2)

Age groups were created to fully represent adolescence (9-11-year-olds: N = 92; 12-14-
year-olds: N = 82; 15-17-year-olds: N = 81; 18-20-year-olds: N = 65). TOL variables were
examined using mixed model analyses of variance, with difficulty (performance on two-,
three-, four-, and five-move problems) as a within subjects variable and age group as a
between-subjects variable. Difficulty by age group interactions were followed up with one-
way analyses of variance. Other summary variables were compared between age groups by
one-way analyses of variance. The Tukey HSD procedure was used to determine the nature
of observed age effects.

Accuracy—Analysis of the average number of moves to complete each problem set
revealed a main effect of difficulty level, F(3, 948) = 2016.29, p < .001, npz = .87, amain
effect of age group, F(3, 316) = 18.97, p <.001, npzz .15, and a difficulty by age group
interaction, F(9, 948) = 7.13, p<.001 npzz .06. Age group effects were found for all sets
(np2 values were .03, .04, .09, and .10 for two-, three-, four-, and five-move problems). For
two-move problems, 15-17-year-olds performed worse than 12-14- (p = .03) and 18-20-
year-olds (p = .04), but as Table 2 indicates, most individuals performed perfectly. For
three-move problems, 9-11-year-olds performed worse than 18-20-year-olds (p = .02).. For
four-move problems, 9-11-year-olds performed worse than all other groups (all ps < .02),
which were equivalent. For five-move problems, 9—11-year-olds were worse than 15-17-
and 18-20-year-olds (ps < .001). The 12-14- year-olds were worse than 18-20-year-olds (p
=.004). The older two groups were equivalent. The number of perfect task solutions varied
by age, F(3, 316) = 21.07, p <.001, npz =.17. The 9-11-year-olds were worse than all other
groups (ps < .001). The 12-14-year-olds were worse than 18-20-year-olds (p = .002). The
15-17-year-olds were not different from 18-20-year-olds (p = .08). Participant sex did not
impact these findings.

Planning times—Analysis of planning times across problem sets revealed a main effect of
difficulty, F(3, 948) = 191.07, p < .001, np2 = .38, no main effect of age group, and a
difficulty by age group interaction, F(9, 948) = 7.12, p < .001, npz =.06. The age groups
varied in planning times for three- and five-move problems (np2 values were .05 and .06).
For three-move problems, 9-11-year-olds were slower than 12-14- and 15-17-year-olds (ps
=.05 and .00, respectively), but not 18-20-year-olds (p = .06). For five-move problems, 9-
11-year-olds were faster than 15-17- and 18-20-year-olds (ps = .008 and .001). Sex did not
moderate these findings.

Given the pattern of planning times for five-move problems, we assessed whether longer
planning times supported better performance on the TOL. Planning times were positively
correlated with the number of perfect solutions, r (318) = .32, p < .001. To examine how this
association varied by age, an index (Number of Perfect Solutions x Average Planning Time)
was computed, reflecting the extent to which planning time contributed to maximal
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performance. This score increased with age, F(3, 316) = 3.69, p=.01, npz =.03. The 18-20-
year-olds had higher scores than 9-11-year-olds (p = .01).

Because planning times were computed as difference scores (see Methods), increases could
reflect increments in deliberation prior to starting a problem or decrements in the time to
initiate movements in the yoked condition. Analyses of yoked initiation times yielded a
significant effect of difficulty, F(3, 948) = 31.72, p < .001, npz =.09, a significant effect of
age group, F(3, 316) = 25.66, p < .001, n°2= .20, but no significant interaction, F(15, 942) =
0.79, p = .49. The main effect of difficultywas due to slower movement initiation times for
two-move problems than for all other sets (all ps <.001). Movement times for three-move
sets were slower than for four- (p = .000) and five-move sets (p = .045). The age group
effect was due to 9-11- year-olds being slower than all other groups (ps < .001).

When the initiation times (i.e., uncorrected by subtraction of the corresponding times from
the yoked condition) were examined, there was a main effect of difficulty level, F(3, 948) =
179.32, p<.001, npz = .36, no effect of age group, F(3, 316) =0.79, p=.50, and an
interaction between age group and difficulty level, F(9, 948) = 6.79, p < .001, npz =.06. The
effect of difficulty was due to shorter initiation times for two-move relative to three-, four-,
and five-move problems (all ps < .001). Three-move problems elicited shorter initiation
times than did four- and five-move problems, and four-move problems elicited shorter
initiation times than five-move problems (all ps <.001). The age by difficulty interaction
was due to age effects on initiation times to two-, three-, and five-move problems (Tlpz
values = .03, .07, and .04). For two-move problems, 9—-11-year-olds had longer latencies to
begin the problems than did 15-17-year-olds, p = .02. For three-move problems, 9-11-year-
olds had longer latencies to initiate than all older age groups, all ps < .02. For five-move
problems, 9-11-year-olds had shorter initiation times than 15-17- (p = .03) and 18-20-year-
olds (p = .003). Thus, the age-by-difficulty interaction for planning times appears to reflect
cognitive versus motor processes.

Execution times—Analysis of execution times (see Methods) yielded a main effect of
difficulty, F(3, 948) = 120.93, p < .001, npzz .28, a main effect of age, F(3, 316) = 4.65, p
=.003, an: .04, and an age by difficulty interaction, F(9, 948) = 3.12, p =.001, npz =.03.
T-tests indicated that two-move problems were solved faster than all other problem sets,
three-move problems were solved faster than four- and five-move problems, and four-move
problems were solved slower than five-move problems (all ps < .001). The Age x Difficulty
interaction was due to group differences in executing three- and four-move problems (np2 =.
04 and .06, respectively). For three move problems, 12—14-year-olds were faster than 15—
17- and 18-20- year-olds (ps = .003 and .03). For four-move problems, 9-11-year-olds took
more time than 15-17- and 18-20-year-olds (ps = .000 and .02). No other differences were
significant.

Proportion of problem solution time due to planning—We next considered whether
age impacts the relative amount of time allotted to planning versus execution across sets. For
each problem, a ratio was calculated, dividing uncorrected initiation time by total problem
time (initiation plus execution time). These scores (see Table 2) indicate that more than half
of a problem’s overall solution time reflected planning, and upon analysis, they showed an
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effect of difficulty, F(3, 945) = 79.32, p<.001, np2 = .20, an effect of age group, F(3, 315)
=8.97, p<.001, npz = .08, and a difficulty by age group interaction, F(9, 945) = 11.45, p<.
001, npz =.10. For two-move problems, there was less time spent planning relative to three-,
four-, and five-move problems (all ps < .001); for three-move problems, there was relatively
more time spent planning as compared to four-move (p < .001) but not five-move problems;
and for four-move problems, there was less time spent planning than for five-move
problems (p < .001). The age effect was due to 9-11- and 12-14-year-olds spending less
overall solution time planning versus executing as compared to 15-17- and 18-20-year-olds
(ps < .02). In terms of the interaction, there were no age effects for two- or three-move
problems. Age impacted four-move problems, F(3, 315) = 8.00, p < .001, an: .07, with 9—
11- and 12-14-year-olds both spending relatively less time planning relative to 15-17- and
18-20-year-olds. Age also impacted five-move problems, F(3, 315) = 24.64, p < .001, npz
=.19. The 9-11-year-olds spent less relative time planning than did all other groups; the 12—
14- year-olds spent less time planning than 15-17- and 18-20-year-olds. The older groups
did not differ from one another. We considered the slope of this performance feature, that is,
the extent to which the proportion of time devoted to planning versus execution increased
linearly from two-to-three-to-four-to-five-move problems for each participant. The slope
showed a strong age effect, F(3, 315) = 25.11, p < .001, npz =.19. The 9-11-year-olds had
lower values than all other groups; 12—14-year-olds exhibited lower values than 15-20-year-
olds.

Correlations Between Timing Variables and Accuracy

The average execution time across difficulty levels was positively correlated with the
average planning time, r(318) = .25, p < .001. Individuals who took more time to start a
problem took more time to complete it. This correlation was carried most by easier problem
sets and was not significant for the most difficult problems: two-move, r(318) = .21, p<.
001; three-move, r(318) = .21, p < .001; four-move: r(318) = .12, p = .04; and five-move
problems: r(318) = .10, p = .07. In addition, increased planning times benefited performance
as indicated by a positive correlation between the average planning time and perfect task
solutions, while increased execution times reflected poorer performance, r(318) = -.29, p<.
001. When execution times were correlated with the average number of moves to complete
each problem set, longer times were associated with greater numbers of moves (two-move:
r(318) = .32, p < .001; three-move: r(318) = .42, p < .001; four-move: r(318) = .49, p<.
001; five-move: r(318) = .34, p < .001). This pattern held within each age group. In contrast,
increased planning times within sets correlated with more accurate performance on four-,
r(318) = -.13, p=.02, and five-move, r(318) = -.32, p < .001, problems.

The planning time slope correlated with perfect solutions, r(318) = .52, p < .001, with the
mean number of moves to complete four- (r(318) = -.30, p < .001) and five-move (r(318) =
-.53, p <.001) problems, and with the accuracy-by-planning time index, r(318) = .47, p <.
001.

Associations with 1Q

IQs ranged from 80 to 150 and were weakly associated with perfect solutions, r(314) = .18,
p = .001, with three-move planning times, r(314) = -.13, p = .03, execution times for three-,
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four-, and five-move problems (each r(314) = —.14, ps < .02), and moves to complete three-,
r(314) = -.18, p = .002, and four-move problems, r(314) = -.11, p = .04.

Associations with Memory Span

Digit span was evaluated in a mixed model ANOVA with two levels of process (forward,
backward). There was an effect of age group, F(3, 317) = 37.75, p <.001, Tlp2= .26, an effect
of process, F(1, 317) = 426.7, p < .001, np2 = .57, but no interaction between the two.
Forward span exceeded backward span. The 9-11-year-olds had lower spans than all other
groups (ps < .001). The 12-14-year-olds had lower spans than 15-17- (p = .004) and 18-20-
year-olds (p < .001). The 15-17-year-olds had lower spans than 18-20-year-olds (p = .05).
Sex was unrelated to digit span.

Positive associations were found between forward digit span and the number of perfect TOL
solutions, r(316) = .25, p <.001, and average moves to complete three- (r(316) = -.17, p=.
003), four- (r(316) = -.21, p<.001), and five-move (r(316) = —.14, p = .01) problems. It
was also correlated with planning times for three- (r(316) = —.11, p =.049) and five-move
(r(316) = .11, p = .046) problems as well as with the planning time proportion slope variable
(r(316) = .21, p < .001). Backward span was correlated with number of perfect solutions,
r(316) = .39, p < .001, average moves to complete three-, r(316) = -.17, p = .003, four,
r(316) = -.25, p < .001, and five-move problems, r(316) = —.30, p < .001, and planning
times for three-, r(316) = -.12, p = .03, four-, r(316) = .12, p = .04, and five-move problems,
r(316) = .23, p < .001, average planning times, r(316) = .14, p = .02, the Planning Time x
Accuracy index score, r(316) = .23, p <.001, average execution times, r(316) = -.15,p<.
01, and the slope variable, r(316) = .30, p < .001.

Associations With Measures of Attention and Response Inhibition (Go-No-Go Task)

Hit and false alarm rate variables were log-transformed prior to analysis. For vigilant
attention, age effects were found on target detection reaction times (RTs), F(3, 312) = 62.20,
p <.001, ny? = .37, hit rates, F(3, 312) = 10.83, p < .001, 1,2 = .09, and false alarm rates,
F(3, 312) =29.84, p<.001, np2= .22. RTs decreased until ages 15-17. Hit and false alarm
rates both improved until ages 12—14. In terms of response inhibition, RTs to “go” stimuli
during the no-go block were impacted by age, F(3, 312) = 46.42, p <.001, Tlp2= .31, as were
false alarm rates, F(3, 312) = 64.20, p <.001, npz =.38. RTs and false alarm rates both
decreased until ages 15-17.

Associations between the TOL and Go-No-Go variables were examined excluding one
outlier who responded opposite to the task rules. Target detection and no-go false alarm
rates were related to poorer TOL performance as measured by perfect task solutions, rs(311)
= -.27 and -.30, respectively; both ps < .001). High false alarm rates on both conditions
were also associated with more moves to complete three-, four-, and five-move problems (rs
ranged from .14 to .27, all ps < .01, dfs = 311). High target detection and no-go false alarm
rates were also associated with shorter planning times for five-move problems, rs(311) = -.
15 and -.19, ps < .01, and with lower values of the proportion slope variable, rs (311)= -.30
and -.39, ps < .001.
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High target detection hit rates were associated with greater numbers of perfect solutions,
r(311) = .21, p < .001. For moves to complete three, four- and five-move problems, a higher
target detection hit rate also related positively to performance, rs(311) = -.13, -.15, and -.
15 respectively; ps =.03, .01, and .01. High hit rates were also associated with high values of
the proportion slope variable, r(311) = .24, p < .001. Faster target detection RTs were
associated with higher numbers of perfect solutions, r(311) = -.28, p <.001, as were Go-
No-Go RTs, r(311) = -.19, p = .001. Slower go trial and target detection RTs were
associated with greater numbers of moves to complete three-, four-, and five-move problems
(rs ranged from .13 to .23).

Multivariate Prediction of TOL Performance

We next predicted TOL performance on the basis of age, 1Q, WM, attention and I1C using
hierarchical regression analyses, incorporating TOL dependent variables that reflected
global aspects of task performance: the number of perfect TOL solutions, the average
planning time, the Accuracy x Planning Time index, and the planning time proportion slope
variable. For each dependent variable, a three-step regression analysis was performed, first
entering age and 1Q, then Go-No-Go and target detection hit and false alarm rates, and then
the two digit span variables.

The regression model to predict average planning time was not significant. However, in the
prediction of the planning time proportion slope variable, the first step (age and 1Q) was
significant with an RZ of .19. Both increased age and higher 1Qs were significant predictors
of a high slope value. The second step yielded a significant increment in R2, F(6, 306) =
15.26, p < .001, R? = .23. Significant predictors were age (t = 4.04, p = .27), IQ (t = 1.98, B
=.10), and no-go false alarm rate (t = -2.55, § = —.17). The third step (digit span variables)
yielded a non-significant (p =.057) increase in R, F(8, 306) = 12.31, p < .001, R%=.25.
Within this model, age and no-go false alarm rate remained as significant predictors along
with digit span backward (t = 2.34, 3 =.14), but not full-scale 1Q. In the prediction of perfect
solutions the first step was significant with an R? of .22, F(2, 306) = 42.48, p <.001. Age (t =
8.59, B = .44) and 1Q (t = 4.32, B =.22) were significant predictors. The increment in R? on
the second step was not significant. The third step was significant with an overall R? of .27,
F(8, 306) = 13.65, p < .001. Significant predictors were age (t = 4.15, f =.30), 1Q (t = 2.94,
3 =.16), and backward digit span (t = 3.97, B = .23). For the Planning Time x Accuracy
index, only digit span backward (t = 3.01, p = .20) remained as a significant predictor after
the third step, F(8, 306) = 3.24, p = .001, R? = .08.

Interactive age effects were explored in additional regressions on the number of perfect
solutions and the Planning Time x Accuracy score. The first step entered age and 1Q, the
second step entered backward digit span, and the third step entered the interactive term of
age multiplied by backward digit span. The interaction term was not a significant predictor
of either variable. A similar analysis was conducted for the planning time slope proportion
variable that also included age by no-go false alarm rate interactions. Again, the interaction
term was not significant.
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Associations With Measures of Inattention and Hyperactivity

Raw CRS scores were converted to age and gender-scaled T-scores. The T-score range for
the inattention index was 31 to 71 (M= 42.4, SD = 8.7); the range for the hyperactivity index
was 28 to 74 (M = 39.5, SD = 9.8). The number of perfect TOL solutions correlated
negatively with self-reported inattention, r(114) = -.22, p = .02; hyperactivity, r(114) = -.
24, p=.01; and the ADHD composite, r(114)= -.23, p = .01). Planning times, the
proportion slope variable, and the Planning Time x Accuracy score did not correlate with
these indices. Backward digit span was negatively related to the inattention index, r(114) =
-.20, p=.03, and the ADHD composite, r(114) = -.21, p = .03. Partial correlations
controlling for backward span were still significant in the associations between the number
of perfect solutions and the hyperactivity index, r (113) = -.21, p = .03, and the ADHD
composite, r(113) = -.18, p = .05 but not the inattention index.

Go-No-Go hit rates were associated with inattention, r (111) = -.20, p = .03; hyperactivity, r
(111) = -.22, p=.02, and the ADHD composite, r(111) = —.24, p = .01. Go-No-Go false
alarm rates were also associated with inattention, r (111) = .34, p <.001, and the composite,
r(111) = .29, p = .001, but not with hyperactivity, r (111) = .08, ns. Target detection hit and
false alarm rates were not associated with CRS scores. Partial correlations between TOL
perfect solutions and the CRS variables remained significant after Go-No-Go hit rates or
false alarm rates were controlled.

DISCUSSION

Several inferences can be made regarding how planning improves in adolescence, how it is
impacted by concurrently maturing cognitive skills, and its association with self-reported
impulsivity. Similar to Asato et al. (2006), age-related improvements were observed on most
problem sets and in perfect task solutions until ages 15-17. Others have reported improved
accuracy into the 20s (DelLuca et al., 2003; Huizinga et al., 2006). Results for planning times
were more complex. Longer initiation times could reflect planning or difficulties with task
understanding. Shorter initiation times could reflect impulsivity, or they could reflect
increased processing speed. Initiation times for easier versus more challenging problems
appeared to reflect distinct processes and/or task approaches, which is not surprising given
that perceptual and motor skills may facilitate success on easier problems. On three-move
problems, 9-11-year-olds performed more slowly than 12-17-year-olds, which may be due
to the fact that these trials come early in the trial sequence, while on more difficult problems
they performed significantly faster than 15-20-year olds but with less accuracy. This speed—
accuracy trade-off under more challenging conditions may reflect the “act before thinking”
style that characterizes poor planning. More difficult problems may selectively capture this
compromise.

A distinction has been made between the mental preplanning that occurs before problem
initiation and the online planning that ensues with execution (Goel & Grafman, 1995; Ward
& Allport, 1997). Because the CANTAB’s TOL variant does not limit completion times or
the number of moves to execute each problem, it may be well suited to isolate individual
differences in preplanning. The significant positive but moderate correlation observed
between perfect solutions and average planning times indicates that deliberation before
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beginning a problem supports accurate performance only in some cases or instances.
Increased initiation times did not necessarily imply that subsequent execution times would
be shorter, verifying that the pre- versus online planning task phases may not be inversely
correlated (Phillips, Wynn, McPherson, & Gilhooly, 2000). Our finding of a moderate
positive correlation between planning and execution times seems to support that deliberate
planning extends throughout the task. Yet, increased planning times contributed to more
accurate performance while increased execution times contributed to poor performance. The
implications are threefold. First, increased deliberation on more difficult problems seems to
reflect the type of cognitive preplanning that one hopes to assess via the TOL. Second, the
optimal performance pattern may be for planning and execution times to be inversely
correlated. Third, the interpretation of the TOL’s timing variables must be considered
relative to performance quality. To the extent that better performance is associated with
more deliberation, the pre-planning processes demanded by the task continue to mature until
ages 15-17. When the proportion of total solution time devoted to planning was examined,
15-20-year-olds devoted increasing amounts of time to planning versus execution as
problem complexity increased as opposed to 9-14-year-olds. Thus, the modulation of
planning skills according to task demands appears to be actively maturing in mid-
adolescence.

These data also support relations between planning and other executive functions, such as
WM (digit span) and response control (Go-No-Go performance). Accurate TOL
performance was associated with these processes as evidenced by significant first-order
correlations, consistent with other studies (Asato et al., 2006; Huizinga et al., 2006; Welsh et
al., 1999). Since these processes are concurrently maturing, a question of interest concerns
whether any of them contribute to performance independent of the others. Regression
analyses revealed that only digit span backward contributed to TOL accuracy (perfect
solutions) after age and 1Q (also significant predictors) were controlled. The selectivity of
this relationship coheres with reports emphasizing the importance of WM for planning
(Gilhooly et al., 2002; Phillips, Wynn, Gilhooly, Della Sala & Logie, 1999; Welsh et al.,
1999). In addition, higher scores on the Accuracy-by-Planning Time index were predicted
only by digit span backward, suggesting that strong WM skills support the ability to use
mental preplanning adaptively regardless of age or intellect. Further exploration of the
variance shared by digit span backward and the TOL may clarify which processes and
neural structures facilitate planning in adolescents.

Despite reported associations between TOL performance and 1Q (Unterrainer et al., 2004;
Zook et al., 2004), correlations in this sample, which was characterized by above-average
full-scale 1Qs, were significant but small in magnitude. With the exception of Huizinga et al.
(2006), studies that have estimated 1Q through matrix reasoning tasks (Unterrainer et al.,
2004; Zook et al., 2004) have yielded more robust relations. In addition, Unterrainer et al.
(2004) used a TOL variant that extended to seven moves and used a weighted scoring
scheme. In Zook et al.’s (2006) TOL task, the number of pegs varied from three to five
instead of remaining constant throughout the task. Thus, the 1Q/performance relationship
may be augmented when fluid intelligence is specifically examined or when the task is made
more challenging or unpredictable.

Dev Neuropsychol. Author manuscript; available in PMC 2014 October 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Luciana et al.

Page 12

Similarly, our Go-No-Go findings illuminate how IC relates to planning. Others (Huizinga
et al., 2006; Welsh et al., 1999) have reported significant TOL/Stroop associations. The
Stroop measures interference suppression as opposed to motor inhibition. The proportion of
time spent planning versus executing increased here as trials became more complex and the
rate of increase across problem sets related to IC independent of age, 1Q, and WM. Thus,
on-task behavioral control may be disrupted when a person has a weak capacity for
sustained response control.

Finally, we observed that CRS inattention and hyperactivity scores were higher in
individuals who achieved fewer perfect TOL solutions. The hyperactivity association
remained significant when digit span backward performance was controlled, but the
attention association did not, suggesting that associations between TOL accuracy and
inattention were influenced by WM. In contrast, inhibitory control of motor responses did
not mediate the associations between deliberative planning and CRS inattention or
hyperactivity scores. Thus, the TOL appeared to be sensitive to individual differences in
both task-demonstrated and self-reported motor control, as well as to WM-mediated
variations in attentional control. Because the CRS is age-scaled, levels of self-reported
inattention and hyperactivity likely measure trait variance. Thus, competent planning may be
impacted independently by maturation and by early-emerging individual differences in trait
impulsivity.

Limitations of this study include the use of a convenience sample that was not fully
representative of the larger population of adolescents due to our selection criteria and
included participants who were, on average, relatively high in socioeconomic status with
above-average 1Q scores. The reported developmental trends represent those that occur in
the absence of risk. Because the study excluded clinical conditions, the range of
measurement of some variables (e.g., CRS) was restricted, and the magnitude of TOL
correlations may have been attenuated. Only three individuals obtained CRS T-scores at or
above 60 on the ADHD index, and their TOL scores were not remarkable for their ages;
accordingly, the clinical utility of the CRS/TOL association remains to be determined. Also,
many of the reported correlations, while statistically significant, were small in magnitude,
raising the possibility of Type 1 errors. However, the significant correlations formed a
meaningful set of associations predicted a priori and that replicate past studies.
Alternatively, the lack of shared method variance across measures may have reduced the
magnitude of associations (Campbell & Fiske, 1959). For example, the correlations between
the TOL and the CRS involve variables derived from a timed computerized task using
highly abstract stimuli and rules in relation to variables derived from a questionnaire that
requires respondents to reflect on their real-world behavior and rate it in terms of general
tendencies over time and in relation to others. Obviously the core processes involved are
different (i.e., visuospatial reasoning vs. self-reflection). Moreover, complex tasks like the
TOL inevitably have multi-factorial influences over performance, while self-report
inventories are constructed to provide homogenous measurement scales. As a result,
correlations between experimental tasks and self-report measures are often small in
magnitude (absolute values of .2 to .3), especially when measured in large samples (Mischel,
1968). The scientific and practical significance of small effects measured in large samples
can be as great as for any other effect size (Spencer, 1995). It also may be that the small
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external correlations reflect the TOL’s psychometric deficiencies (Bishop, Aamodt-Leeper,
Creswell, McGurck, & Skuse, 2001) or simply indicate that performance is influenced by
contributions from as-yet-unidentified factors. This issue merits investigation given its
implications for understanding the complexity of planning behavior and how it develops
actively during adolescence, given the moderate-to-large independent effects of age on TOL
performance that emerged in multiple regression analyses.

In conclusion, the inter-correlations observed between TOL performance, 1Q, Go-No-Go
response inhibition, digit span performance, and CRS scores suggest that meaningful
insights were generated regarding adolescent development of planning abilities, but also that
influential cognitive processes and individual difference factors remain to be identified. We
suggest that a wide range of potential external correlates should be measured in future
studies and that TOL problems should include more difficult problems (Raizner & Song,
2002), thereby providing more precise assessment of adolescent developmental
improvements in planning within the larger context of other co-developing domains of
executive function.
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TABLE 1
Participant Demographics
9-11-yr-olds 12-14-yr-olds 15-17-yr-olds 18-20-yr-olds
N= 92 84 82 65
Age 10.3+0.8 13.5+0.7 16.7+1.0 19.4+0.8
Gender (#M:#F) 47:45 39:45 41:41 25:40
Full-Scale 1Q 119.1 +13.7 1151 +11.6 1149+ 114 116.1+9.4
Mother’s Education (yrs) 159+2.0 16.2+1.9 16.0+2.0 152+29
Father’s Education (yrs) 159+28 159+25 16.2+29 16.0+3.1
Family Income (U.S. dollars) 95164.8 + 71632.3  87654.3 + 39765.6 ~ 102075.9 £ 85201.5 105250.0 + 73438.5
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Note: Unless otherwise indicated, values represent means and standard deviations. There were no significant differences between groups in any

variables except average age within groups.
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Tower of London, Target Detection, Go-No-Go, and Digit Span Performance by Age Group

TABLE 2

9-11 years 12-14 years 15-17 years 18-20 years
Tower of London
Perfect Solutions 78+1.6 8816 9.1+18 9815
Average Moves 2 20+0.1 20+0.0 21+03 20+0.0
Average Moves 3 32+x04 3204 31+£02 31+£02
Average Moves 4 57+£10 53%1.0 51+0.9 50£0.7
Average Moves 5 71+15 6.6+14 6.3+1.2 59+11
Plan 2 1666.6 + 1065.7  1624.9 +858.5 1612.1+843.9 1770.2 +1079.2
Plan 3 5635.8 + 4660.1 4361.2 +2828.2 3587.0 +1905.8 4316.8 + 2580.5
Plan 4 6972.7 + 6156.6  6466.7 + 5146.8 6562.1 + 4489.1 7460.4 + 4909.1
Plan 5 5813.3+6882.1 7589.9+6400.5 8954.4+5973.3 9883.8 +6092.7
Average Planning Time 5022.1 +3943.6  5010.7 +2815.5 5178.9+2549.6 5857.8 + 3093.8
Planning Time Proportion 2-move .68+ .10 .66 +.09 .65 +.09 .66 + .09
Planning Time Proportion 3-move 77 +.09 73+ .11 .76 +.08 J77+.08
Planning Time Proportion 4-move .66 £ .12 .68 £.13 73+ .11 T4+ .12
Planning Time Proportion 5-move .68+ .11 73+.12 .80+ .10 82+ .11
Slope of Planning Time Proportions -.01+.04 .02 £.05 .04 +.04 .05+ .05
Target Detection
Hit Rate 0.94 +0.09 0.97 £ 0.05 0.98 +£0.03 0.98 +0.03
False Alarm Rate 0.03+0.04 0.01+0.01 0.01+0.01 0.00 +0.01
Reaction Time 266.2 £ 73.2 206.2 +61.0 151.7 £51.7 158.4 +51.8
Go-No-Go Task
Hit Rate 0.79+0.17 0.79+0.21 0.77 £0.19 0.81+0.17
False Alarm Rate 0.41+0.14 0.29+0.15 0.19+0.11 0.15+0.10
Reaction Time 194.3 +86.9 127.3+63.2 91.7 +50.7 91.1+416
Digit Span Forward 57+11 63+11 6.8+0.9 72+0.9
Digit Span Backward 43+1.0 48+ 13 52+1.1 56+ 1.2
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Note: Average move variables represent the average number of moves to complete two-, three-, four-, and five-move problems, respectively.
“Plan” variables represent the average planning times (copying-following initiation times) for the same problem sets. Values represent means plus/

minus one standard deviation.
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