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Abstract

To further investigate the usefulness of 3 purported measures of executive function (EF) in head injured children,
we administered the Twenty Questions Test (TQT), Tower of London (TOL), and the Wisconsin Card Sorting Test
(WCST) to 151 children who had sustained a closed head injury (CHI) of varying severity about 3 years earlier. In
addition, we tested 89 normal controls. Fifty-seven of the patients were included in a longitudinal study that
compared performance at 3 months and 36 months. All of the head injured children underwent magnetic resonance
imaging for investigational purposes. Severity of CHI, as defined by the lowest Glasgow Coma Scale (GCS) score,
affected performance on all 3 EF measures. Focal lesion volume incremented prediction of performance on TOL and
WCST, but not TQT. Moderate intercorrelations of the test variables were obtained. Although all three EF measures
depicted changes in performance over 3 years, a ceiling effect detracted from the sensitivity of the TOL to the
impact of CHI on development. Implications of the findings for clinical applications are discussed.

(JINS 1997,3, 598-607.)
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INTRODUCTION hierarchical organization of information. In contrast, hy-
pothesis or identity-seeking questions (e.g., “Is it the dog?”)
Cognitive development in children is characterized byg|iminate only a single alternative. Mosher and Hornsby
changes in their strategy of information seeking. As re-1966) also identified a pseudoconstraint question (e.g.,
viewed by Mosher and Hornsby (1966), the information ob-«poes it bark?”) which they described as eliminating only a
tained in the Twenty Questions Test (TQT) is determinedsingle alternative despite appearing to be more conceptual
by the type of questions asked and the individual's use ofnan the hypothesis type of question. Goldstein and Levin
sequential answers to successively constrain the alternf(llggl) found that long-term adult survivors of severe CHI
tives. In this procedure, the child views an array of picturesended to ask primarily hypothesis questions, a finding that
that belong to different categories such as animals and toyghe investigators interpreted as evidence for a conceptual
and must determine which item the examiner has Se|eCte%pairment.
Constraint-type questions, which eliminate two or more al- Developmental studies utilizing the TQT have reported
ternatives, depend on the child’s ability to identify & Super-that the proportion of constraint-type questions increases with
ordinate category (e.g., animals) which relates to exemplargge from 6 to 16 years (Levin et al., 1991; Mosher &
included in the display of items (e.g., cat, dog). Questiongyornshy, 1966), and is paralleled by a decline in the pro-
that impose constraints reflect a conceptual scheme and portion of hypothesis questions. Flexibility in conceptual-
izing the shared properties of items to formulate questions
. : i and utilizing feedback from the examiner to ask additional
Reprint requests to: Harvey S. Levin, PM&R Research Office, Baylor . . .
College of Medicine, 1333 Moursund Avenue, Rm. A205, Houston, TX questions can be construed as an executive function (EF)
77030. which depends on the maturation and integrity of the pre-
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frontal region. In view of the deleterious effects of CHI in Sorting Test (WCST). In the present study we also included
children on cognitive skills that are widely interpreted asthe WCST because it is generally regarded as a “gold stan-
EFs (Levin et al., 1993; 1994), we postulated that severelard” of problem solving skills that tap working memory
injury would impair the development of a sophisticatedand is sensitive to prefrontal lesions despite false negative
question-asking strategy. Consequently, the primary goaland false positive errors (S. Anderson et al., 1991). Based
of this study were to evaluate the effects of CHI severity onon neuropathologic (Adams et al., 1980) and neuroimaging
TQT performance and investigate the relationship of thigfMendelsohn et al., 1992) evidence for the selective vulner-
cognitive measure to more established, purported tests a@hility of the prefrontal region to focal lesions associated
EF. To accomplish these goals, we administered all threvith CHI, our investigation of the TQT encompassed an anal-
cognitive tests to a cross-sectional cohort of head injuregsis of focal brain lesions in head injured children. For com-
patients that included a subgroup whom we also studied lorparison, we also studied the contribution of focal brain
gitudinally. We hypothesized that the TQT would have atlesions to cognitive performance on the TOL and the WCST.
least a moderate relationship with both the TOL and WCST,
because all three measures assess flexibility in problem-
solving, including utilization of feedback to change re- METHODS
sponse strategy.

We studied the convergence of the TQT with other meastdy Population
sures of EF, including the Tower of London (TOL) of Shal-
lice (1982) and a computerized version of the WisconsinThe sample included patients who had been hospitalized for
Card Sorting Test (Grant & Berg, 1948; Heaton et al., 1993) CHI of varying severity which was defined by the lowest
The relationship of these widely accepted measures of Epostresuscitation score on the Glasgow Coma Scale (GCS)
to the TQT is largely unknown. We selected the TOL basedf Teasdale and Jennett (1974). Selection criteria included
on our recent principal components analysis (Levin et al.(1) age 5 to 18 years at the time of testing; (2) nonpenetrat-
1996) of EF measures which were given to 81 CHI patientsng head trauma due to sudden acceleration or deceleration
and 102 normal children. A five-factor solution was ob- of the freely moving head, or being struck with a blunt ob-
tained, including a factor on which a Twenty Questions vari-ject; and (3) no preinjury history of diagnosed neurologic
able and a TOL variable loaded. We interpreted this findingor psychiatric disorder. Exclusion criteria included (1) in-
as the capacity to conceptualize a “schema” to guide probjury due to child abuse; (2) a history of substance abuse,
lem solving. Although Levin et al. (1996) suggested thatmental retardation, or learning disability; and (3) previous
measures of the efficiency of asking questions and solvindpead injury resulting in hospitalization. All patients were
the TOL problems were tapping a common dimension, theyecruited from consecutive admissions to neurosurgery ser-
also acknowledged the need for replication. Interpretatiorvices.
of the TOL as a measure of EF development received sup- Table 1A summarizes the demographic and clinical fea-
port from a cross-sectional study by P. Anderson et al. (1996{ures of the CHI groups in the cross-sectional study who
who found that performance improved from age 7 to 13had been admitted to Children’s or Parkland Hospitals in
years, and was moderately correlated with Controlled OraDallas, Texas, Hermann Hospital in Houston, Texas, the John
Word Association. However, a recent report by CockburnSealy Hospital in Galveston, Texas or the Johns Hopkins
(1995) indicated the relative insensitivity of the TOL to the Hospital in Baltimore, Maryland. To assess the effects of
long term cognitive sequelae of CHI in adults who exhib- CHI severity on question asking strategy, we compared the
ited deficits on word fluency and a modified Wisconsin Cardperformance of 88 children who sustaireslrere CH(i.e.,

Table 1A. Demographic and clinical features of the head injured and control groups in cross-sectional study

Controls Mild CHI Severe CHI
(N = 89) (N = 63) (N = 88)
Variable M SD M SD M SD
Age at study (years) 11.65 3.11 12.31 3.38 12.30 3.58
Age at injury (years) - - 7.94 3.86 7.27 3.69
Injury—study interval (months) - - 52.38 24.13 60.29 29.31
Parental education (years) 14.11 2.63 14.44 2.72 13.80 1.95
GCS score - - 14.48 0.69 5.57 1.69
Sex
% Boys 61.80% 69.84% 59.09%
% Girls 38.20% 30.16% 40.91%
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GCS score 3-8) to 63 pediatric patients who were hospitalin the severe CHI group (Table 1B) reflects their prolonged

ized for amild CHI, which we defined as a GCS score from disturbance of consciousness, injury complications, and ex-

13 to 15, duration of unconsciousness less than 30 min, nvacerebral injuries, which necessitated deferral of the first

brain lesion on computed tomography (CT) within 24 hr of assessment to 6 or 12 months postinjury in selected cases.

injury, and no focal brain lesion on magnetic resonance im-

aging (MRI) performed as part of this study. Eighty-nine .

neurologically intact children residing in the Dallas—Fort Materials and Procedure

Wor.th' metropolitan area, th were recruited throu.gh adMagnetic resonance imaging (MRI)

vertising on community bulletin boards and contacting lo-

cal organizations, participated in the cross-sectional studgince the inception of the project in 1990, the MRI technol-

to provide comparison data. The normal control partici-0gy has evolved using various pulse sequences, thinner slices,

pants were selected to approximate the demographic fe@nd higher field magnets. However, the protocol has con-

tures of the CHI patients. As summarized in Table 1A, theresistently included T1-weighted sagittal images, T1-weighted

were no group differences in age at the time of the studygoronal images, and T2-weighted coronal images. Begin-

sex, or parental education. Separate comparison of the milding in August 1991, patient®l(= 86) were imaged in Dal-

and severe CHI groups disclosed no differences in the agl@s with a 1.5T Picker magnet (Picker International, Highland

at injury or at the time of this study. The interval from the Heights, OH) to obtain 5-mm 3DFT T1-weighted sagittal

date of injury to the time of study tended to be longer in theand coronal images. In addition, 5-mm T2-weighted coro-

severe CHI group as compared to mildly injured patientsnal images were done with no gap. All of the MRI scans

(Table 1A). Implicit in the selection criteria for the two CHI were reviewed by a neuroradiologist independent of the cog-

groups, there was no overlap in the GCS scores. Severe CHitive data. The findings were entered on a coding form that

was most frequently produced by motor vehicle crashes (38pecified the location of each focal area of abnormal inten-

patients, or 43% of group) and pedestrian motor vehicle insity and atrophy. Intracranial lesions were measured with a

jury (31 patients, or 35% of group) as compared to the mildJandel planimeter (Jandel Scientific; Rafael, CA) con-

CHI patients [13 (21%) involved in motor vehicle crashes;nected to a microcomputer (IBM; Armonk, NY). The area

6 (10%) struck by motor vehicles]. In contrast, falls wereof each lesion was measured on successive slices, and

more common in the mild CHI groum(= 16; 25%) rela- summed to obtain a total volume. All brain lesions were

tive to severely injured childrem(= 3; 3% of group). traced on templates developed for MRI coronal slices (Dam-

Table 1B shows the corresponding demographic and clinasio, 1991).

ical features for the subset of head injured children who were

stgdied longitudinally e_lt both 3 and_36 months after S“STwenty Questions Test

taining a CHI. Comparison of the mild versus severe CHI

groups who completed both the 3-month and 36-month asthe display consisted of 42 colored line drawings of com-

sessments in the longitudinal study revealed no differencesion objects (e.qg., bee, carrot, airplane) used by Mosher and

in demographic features or time from injury to the secondHornsby (1966) that were placed on a 4661 cm board.

assessment. The longer interval from injury to the initial testThe figures were arranged on the display such that their
shared conceptual features were noncontiguous. The child
was first asked to name each picture and was corrected if an
inappropriate label was supplied. Next, the following in-

Table 1B. Demographic and clinical features of the head structions adapted from Denney and Denney (1973) were
injured groups in longitudinal study given:
Mild CHI Severe CHI We are going to play a question-asking game. | am think-
(N =27) (N =30) ing of one of these pictures, and you have to guess which
Variable M ) M sD one it is. The way to guess is by as.king questions that |
- : can answer “yes” or “no"—any question at all as long as |
232 2: gfgo%a::va;;ﬁgtion :?éQZG 2'2827 12'2034 3'3124 can answer it “yes” or “no.” So go ahead and ask a ques-
Age at injury 0.68 285  0.64 3.26 tion and try to find out which one it is in the fewest num-

ber of questions. Remember to try to guess the picture in

Injury—first evaluation 3.44 0.64 4.72 2.73 .
the fewest number of questions you can.

interval (months)
Injury—second evaluation 36.99 ~ 1.67 37.25 191 The goal of guessing the item in the fewest number of ques-
interval (months) tions was emphasized. In view of the lack of interactions
Parental education (years) 13.89 281 1343  1.87 .\ een number of trials and groups (head injured or con-

S;:XS score 14.33 0.62 607 1.7z trols) in a previous study of adults (Goldstein & Levin, 1991),
% Boys 62.96% 53.33% the present study was limited to a single trial. The child was
% Girls 37.04% 46.67% allowed up to 30 attempts to guess the picture. Different

items were selected for the 3- and 36-month examinations.
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Scoring percentile score in the analysis. To provide consistency with

Questions were scored as hypothesis (asking about a Sp%r_evious studies based on this ongoing project (Fletcher

cific item: “Is it the shoe?”); pseudoconstraint (asking aboutet al., 1990, 1996), we analyzed the percentile score rather

a specific item in a nondirect manner: “Does it have shoe-than the standard score on the VABSC.
laces?”); constraint (asking about a category that referred

to two or more pictures and thus narrowed down the alterStatistical Analysis

natives: ulf] 'tan arumal?'-’); and repeat or r(;adundant AUeSKpyltivariate analysis of covariance (MANCOVA) was used
t|<f)ns. IIEac t)_/pe 0 (i]uestloln Wasbexprfesse asa pekrcgntagﬁest group and age at test effects on the performance mea-
of total questions. The total number of questions asked wag, o (age at injury was analyzed in the longitudinal study,

also analyzed. which was confined to the CHI groups because controls were
tested on a single occasion). Age was used as a covariate in
all of the analyses. To determine whether the volume of fo-
A modified version of the TOL (Shallice, 1982) was admin- ca| brain lesion was related to cognitive function, we per-
istered, which consisted of three colored beads (one bluggrmed multiple regression analyses to explore whether this
onered, one green) presented on three pegs of varying lengifariable incremented the prediction of cognitive perfor-
The test materials included two TOL units (the test unit anqnance after first entering the severity of injury (indexed by
model), each consisting of a 72615 cm wooden base and the GCS score), the child’s age at injury, and the interaction
three metal rods of varying length (3.5, 5, and 7.5 cm). Aof CHI severity with age. Consequently, a multiple regres-
series of problems involved planning successive moves ofjon was performed for each region of interest (i.e., left fron-
beads from a standard initial position to one of 12 goal ar+g|, left extrafrontal, right frontal, right extrafrontal) to assess
rangements, displayed on the adjacent model. This versiofhe incremental contribution of lesion volume to the GCS
of the TOL consisted of 12 problems, including four prob- score, age at injury, and the interaction of these variables.
lems at each of three levels of increasing compleXty(  preliminary analysis revealed that some of the variables were
medium high), defined by the minimum number of moves mjidly skewed and not normally distributed. However, the
needed to match the model (2-3, 4, or 5 moves). The simstatistics are based on tRetest, which is relatively robust
pler problems could be solved by directly transferring bead$p moderate departures from normality, particularly with re-
from an initial to a goal position, whereas more complexspect to mild skewness. Since the assumption of equivalent
problems involved planning the correct sequence of movessjopes was not rejected in a preliminary analysis of the TQT
The examiner explained to the child that the goal was taand WCST, the interaction of group with age is fitted only
rearrange the beads to match the model using the minimufiyr the TOL. In view of the large number of multiple re-
number of moves. Although the Iatency prior to Inltlatlng gressionsl we view these anaiyses as expioratory' and ad-
the first move on Trial 1 of each problem (initial planning vise caution in interpreting the results due to the increased

time) was recorded, the instructions emphasized accuragysk of a Type | error. The results of the multiple regressions
rather than Speed of performance. A maximum of three tri'foiiow the anaiysis of Severity of CHI and age.

als was given to solve each problem. The number of broken

rules incurred (e.g., attempting to transfer more than one

bead at a time) was recorded for each child. The examindRESULTS

reminded the child of the instructions after each broken rule.

The TOL measures included the percentage of problemgross-sectional Study
solved on Trial 1, the percentage of problems solved within ]

the three trials given for each problem, and the number of Wenty Questions Test
broken rules.

Tower of London

Table 2 indicates the mean number of questions to solution
Wisconsin Card Sorting Test and the proportions of each type of_qu.estio_n for the CHI
and control groups. The pattern of findings in Table 2 re-
The WCST (Grant & Berg, 1948) was administered andflects a tendency for the severe CHI group to ask a higher
scored using a portable computer with 22A5 cm screen  percentage of hypothesis questions and a lower percentage
and standard instructions (Heaton et al., 1993). Consisteryf constraint questions relative to the mild CHI and control
with our previous studies employing the WCST (Levin groups. Consistent with the view that constraint and hypoth-
etal.,, 1993, 1996), we analyzed the percent conceptual ressjs types of questions represent different levels of concep-
sponses, number of categories attained, and the percent p@lialization, we confined the multivariate model to these
severative errors. variables. AMANCOVA was performed to compare the pro-
portions of constraint and hypothesis types of questions asked
by the head injured and control groups, disclosing a sig-
To assess the relationship of the cognitive measures to ewificant overall effect of CHI severity, which was con-
eryday functioning, we included the Vineland Adaptive Be-firmed on the univariate analyses for the percentage of
havior Scale (Sparrow et al., 1984) composite (VABSC)hypothesis and constraint questions (Table 2). Total num-

Vineland Adaptive Behavior Scale
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Table 2. Summary of multivariate analysis of covariance and analysis of covariance for testing effects of severity of injury and age at test on Twenty Tese§fipnvisconsin
Card Sorting (B), and Tower of London (C) in cross-sectional study. Means are also given (D)

Group (G) Age (A) GX A Level GXL A XL
Measure F p F p F p F F p F p
A. 20 Questions Test
MANCOVA
% constraint, % hypothesis 4.09 .003 46.11 .0001
ANCOVA
% constraint 8.08 .0004 85.94 .0001
% hypothesis 3.35 .04 76.49 .0001
Total no. questions* 411 .02 12.12 .001
B. Wisconsin Card Sorting Test
MANCOVA
% conceptual, no. of categories 2.89 .02 25.81 .0001
ANCOVA
% conceptual 5.87 .003 51.06 .0001
No. of categories 3.96 .02 39.01 .0001
% perseverative errors* 9.63 .0001 38.10 .0001
C. Tower of London
MANCOVA
% solved on Trial 1, % solved
in 3 trials, no. of broken rules 5.46 .0001 17.86 .0001 4.96 .0001 10.56 .0001 4.25 .0001
ANCOVA
% solved on Trial 1 3.87 .02 63.10 .0001 39.95 .0001 6.30 .002
% solved in 3 trials 12.52 .0001 29.46 .0001 7.88 .0004 12.63 .0001 2.29 .06 6.27 .002
No. of broken rules 9.45 .0001 28.70 .0001 6.15 .002 1.73 .18
IPT* 5.69 .004 .05 .82 9.85 .0001 1.82 .16 9.64 .0001
D. Summary of group means in cross-sectional study after adjusting for age &t test.
20 Questions Test WCST Tower of London Test
Group % constr % hypoth Total quest % concept Total cat % persev % Trial 1 % 3 trials Rules IPT
Control 51.29 35.49 10.73 64.64 4.96% 12.458° 62.59 96.43 0.05% 4220
Mild 48.74° 37.23 11.70 59.40 4.61 1470 66.98° 98.07 0.09 5.48
Severe 38.0% 4553 12.9¢° 55.24 4.32 17.56% 61.38 93.3FP 0.17%° 5.14°

Note Within columns, common superscript letters denote significant(.05) pairwise contrasts.
F tests in MANCOVA are based on Wilks’ Lambda.

*not included in MANCOVA.

+WCST = Wisconsin Card Sorting Test; IP¥F initial planning time; conste= constraint; concept conceptual; hypoth= hypothesis; quest questions.
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ber of questions asked was analyzed by using a univariate To summarize, the WCST was sensitive to both severity
model and was also found to have a significant effect forof injury and the age at study. In addition, the volume of
group. Pairwise contrasts of all groups indicated that théesions in the left and right prefrontal lobes and the left ex-
severe CHI group asked a lower percentage of constrairitafrontal region incremented the prediction of card sorting
questions than the mildly injured children and normal con-performance beyond the level attained by the GCS score
trol group (Table 2). The severe CHI group also asked morand age.

total questions and higher percent of hypothesis questions

than controls (Table 2). In the multivariate and univariateTower of London

models of TQT, age at testing had a significant effect on

the percentages of constraint and hypothesis questioSMANCOVAwas performed onthe TOL measures (i.e., per-

(Table 2). None of the Age< CHI Severity interactions centage of problems solved correctly on Trial 1, within three
reached significance. trials, and the number of broken rules) using the level of com-

plexity as a within-subject variable (Table 2). Initial plan-

Multiple regression model including lesion volume to pre-ning time was analyzed separately, because the TOL is an
dict twenty questions scoresUsing focal brain lesion vol-  untimed task, and we did not view this variable as closely
ume to explore the predictive usefulness of models whicHinked to the measures of problem solving. The MANCOVA
incorporated the severity of CHI indexed by the GCS scoreindicated thatthree main factors, including injury group, age,
age at injury, the interaction of injury severity with age, andand level of complexity were significant, a finding which was
the lesion volume on MR, four sets of multiple regressionsconfirmed in the ANCOVA models (Table 2), with the ex-
(i.e., left frontal, left extrafrontal, right frontal, right extra- ception ofthe number of broken rules. Pairwise comparisons
frontal) were run for the percentage of constraint and hy-indicated thatthe severelyinjured children solved alower per-
pothesis questions and the total number of questions askedentage of problems within three trials and had a greater num-
Although the models were predictive of the percentage conber of broken rules than the mild CHI and control groups
straint (23—-45% of variance) and the percentage hypothes{able 2). The mild CHI group solved a higher percentage of
(28-54% of variance) questions, lesion volume did not sigproblems on Trial 1 than either the severe CHI or control group
nificantly increment the prediction of performance beyond(Table 2).
the level obtained using the GCS score, age, and the inter- The significant interaction of CHI group with age reflects

action of these two variables. the fact that young children who sustained a severe head in-
jury had a disproportionate impairment of solving TOL prob-
Wisconsin Card Sorting Test lems relative to older children who had been in coma

Severity of injury and age. As reflected in Table 2, the (Table 2). The univariate analyses confirmed the AgeHI
normal control children tended to perform at a higher levelS€eVerity interaction on the percentage of problems solved
than both head injured groups. Pairwise comparisons indiwithin three trials and the number of broken rules. In partic-
cated that the severe CHI patients had the lowest percent 8far, the increased tendency to break rules while performing
conceptual responses, and attained the fewest categories rdle TOL was particularly salient in young children, as re-
ative to controls, and had the highest percent of perseveflected by the Agex Severity interaction. The other signif-
ative errors compared to both the controls and the mild CHicant 2-way interaction in MANCOVAwas age with level of
groups. MANCOVA and ANCOVA models of the WCST complexity, which reflected that level of complexity that had

variables revealed significant effects for group and age? disproportionate effect on the performance by young chil-
(Table 2), but there was no interaction. dren relative to older children. Young children had more dif-

ficulty in solving the high complexity problems than older
Multiple regression model including lesion volume to pre- children. The univariate analyses confirmed the Ageevel

dict Wisconsin Card Sort. Multiple regression analyses dis- of Complexity on the percentage of problems solved on
closed thatthe modelincluding GCS score, age, the interactiofrial 1 and the percentage of problems solved within three
of GCS score with age, and lesion volume resulted in signiftrials.
icant prediction of card sorting performance on the percent In the univariate model for initial planning time, both the
conceptual level responses (10-37% of variance), number dige X CHI Severity and Agex Level of Complexity in-
categories (1-27% of variance), and percent perseverative deractions were still significant. Both interactions have the
rors (9—27% of variance). Incremental prediction of percensame interpretation as before. ANCOVA also disclosed that
conceptual level responses was provided by lesion volume ithe effect of group on the initial planning time was signif-
the right frontal regionp = .006) and the left extrafrontal re- icant. Table 2 reflects a tendency for head injured children
gion (p = .05). Incremental prediction of both the total num- to have longer latencies before initiating their first move as
ber of categories attained and the percent perseverative errstgmpared to controls.
was provided by lesion volume in the left & .03) and right
frontal (p = .04) regions. Incremental prediction of the per-  Multiple regression model including lesion volume to pre-
centperseverative errors was provided by the addition of leftlict Tower of London performance Multiple regressions
frontal (p = .01) and right frontal p = .01) lesion volumes. for each region of brain lesion disclosed that the overall mod-
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els consisting of the GCS score, age, the GCS8ge inter-  cant for the percent constraint and percent hypothesis ques-
action, and lesion volume were predictive of performanceions, there were no interactions.

on the TOL. The percentage of problems solved on Trial 1

and the IPT were the TOL measures most consistently préA/isconsin Card Sorting Test

dicted by the overall models. Incremental prediction by brainT
. . . . . able 3 shows the percentage of conceptual level responses,
lesion volume was confined to lesions situated in the left

number of categories, and percent perseverative errors for
the initial and follow-up examinations. The results of MAN-
planning time @ = .003). The volume of left extrafrontal COVA and ANCOVA (Table 3) indicated that the effect of

. ; L occasion was significant for all three WCST measures re-
lesions contributed to the prediction of the number of bro-; =~ . .
flecting an overallimprovementin performance. Table 3 also
ken rules p = .0005).

In summary, the TOL was sensitive to the severity of CHIShOWS that the e_ffect of age at injury was S|gn|f|can_t for _all
. . . three WCST variables. The interaction of CHI severity with
and the volume of left hemisphere lesion. Both sustainin

. . : %Decasion was significant in the MANCOVA model and in
CHI at an early age and increasing the complexity of thethe ANCOVA for the percentage of conceptual responses
problems accentuated the effects of CHI severity on TOL P 9 P P

e and number of categories. However, there was no signifi-
performance. Although the minimum number of moves re- - ; . -
. . cant effect of injury group in MANCOVA, nor did severity
quired for solution was related to the percentage of prob-_. .~ . g
.of injury interact with age.
lems solved and the number of broken rules, complexity

interacted with age but not with severity of injury. Latency
to initiate the first move was increased in head-injured pa_Tower of London

hemisphere, including the contribution of frontal lesions to
the percent problems solved on Trial @ € .02) and initial

tients as compared to the normal controls. The multivariate analysis confirmed the cross-sectional re-
sults in showing significant overall effects of CHI severity,
Intercorrelations of cognitive variables level of complexity, and the interaction of AgeLevel and

Age X Severity on TOL performance. Occasion, and its in-
The Spearman intercorrelations were significant, and genteractions with CHI severity and age, were also significant.
erally ranged between .36 and .46, corresponding to approx- Table 3 presents the mean scores for each occasion, and in-
imately 13 to 20% of shared variance. The highest correlationlicates that the interaction of OccasignAge and Occa-
obtained was between the TQT (percent constraint quessionx Severity Group were significant for percent problems
tions) and WCST (percent conceptual level responses, solved inthree trials, the number of broken rules, and the ini-
.46,p < .0001). The percent constraint questions were alseial planning time. This reflects that the increased percent of
correlated with TOL variables (e.g., percent solved withinproblems solved in three trials and the reduction in broken

three trialsy = .39,p < .0001). rules and initial planning time over 3 years was greater in

young children relative to older patients, and in more se-
Relationship between cognitive variables and verely injured patients as compared to the mild CHI group.
adaptive behavior Severity of head injury had a more pronounced effect on the

TOL performance of young children relative to older chil-
To examine the prediction of the VABSC from the execu-dren, reflecting the Group Age interaction for the number
tive function measures, we first performed a multiple re-of broken rules and initial planning time (Table 3). Severe CHI
gression analysis on all of the variables listed in Table 2patients disproportionately improved their performance over
This overall regression equation accounted for 21% of theime relative to the children who sustained mild head injury,
variance in the VABSC percentile score. Entering subsetas supported by the significantinteraction of Occasid®e-
of the cognitive measures in a series of multiple regressiongerity Group in the univariate test for the number of broken
indicated that the most efficient prediction was obtained byrules. The number of broken rules declined at follow-up, as
using a model that consisted of the percent of hypothesimdicated by the significant effect of occasion in Table 3.
guestions on the TQT and the percent of conceptual re-
sponses on the WCST. This model producedaguare of
.1874, accounting for nearly 19% of the variance in VABSCDISCUSSIOI\I
scores. In view of the vulnerability of the prefrontal region to focal
lesions associated with severe CHI (Mendelsohn et al., 1992)
o and the implications for development of EF in children, the
Longitudinal Study usefulness of putative EF measures for outcome research
and clinical application assumes importance. Consequently,
we investigated the relationship of three EF measures to the
Table 3 depicts the mean percent of constraint and hypottseverity of CHI, age at injury, and volume of focal brain
esis questions according to the occasion. Overall, the MAN}esions.
COVA revealed significant effects of CHI severity, age, and The TQT assesses the child’s ability to formulate ques-
occasion (Table 3). Although the effect of age was signifi-tions that reflect the semantic features common to two or

Twenty Questions
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Table 3. Summary of multivariate analysis of covariance and analysis of covariance for testing effects of severity of injury, age at test, and occasion@ueBtiens Test (A),
Wisconsin Card Sorting Test (B), and Tower of London (C) in longitudinal study. Means are given (D)

Group (G) Age (A) GX A Occasion Gx O Level AX O AXL
Measure F p F p F F F F p F p F p
A. 20 Questions Test
MANCOVA
% constraint, % hypothesis 5.43 .006 19.38  .0001 11.14  .0001
ANCOVA
% constraint 10.85 .001 29.71  .0001 22.47  .0001
% hypothesis 331 .07 33.82  .0001 8.54 .004
Total no. questions* 394 .05 156 .21 750 .01
B. Wisconsin Card Sorting Test
MANCOVA
% conceptual, no. of categories 277 .07 13.76  .0001 8.38 .0004 3.34 .04
ANCOVA
% conceptual 5.32 .02 27.66  .0001 14.81  .0002 6.32 .01
No. of categories 460 .03 19.27  .0001 1553 .0001 564 .02
% perseverative errors* 3.24 .07 24.6 .0001 10.37  .002 3.73 .06
C. Tower of London
MANCOVA
% solved on Trial 1, % solved  5.29  .001 191 .13 3.25 .02 7.44  .0001 5,53 .001 16.93 .0001 449 004 4.48
in 3 trials, no. of broken rules
ANCOVA
% solved on Trial 1 7.99 .005 17.89  .0001 38.43 .0001 21.01 .0001 2.09
% solved in 3 trials 8.26  .004 19.47 .0001 3.32 .07 16.58 .0001 6.63 .01 8.84  .0002 756 .01 4.89
No. of broken rules 13.08 .0003 16.93 .0001 6.08 .01 2045 .0001 14.94 .0001 .08 .92 11.63 .001
IPT* 480 .03 091 .34 484 .03 9.26 .003 6.21 .01 0.62 .54 10.67 .001 2.16
D. Summary of means in longitudinal study
20 Questions Test WCST TOL
Occasion % constr % hypoth Total quest % concept Total cat % persev % Trial 1 % 3 trials Rules
3 month 33.09 44.86" 13.5% 50.3% 3.47 19.66 55.15" 90.058* 0.34 5.39%
36 month 53.97 29.67 10.63 65.48 5.03% 12.7¢¢ 70.06" 98.02 6.05" 5.49

Note Within columns, common superscript letters denote significant(.05) pairwise contrasts.

F tests in MANCOVA are based on Wilks’ Lambda.
*not incuded in MANCOVA.

+WCST = Wisconsin Card Sorting Test; IP¥F initial planning time; conste= constraint; concept conceptual; hypotl= hypothesis; quest questions.

.004

13

.01

12
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more items illustrated on a display. The developmental shifative errors as compared to the level of prediction obtained
from asking primarily hypothesis-type questions to formu-by using the severity of CHI and age without considering
lating questions that impose constraints and eliminate sewhe MRI findings. Although the WCST was sensitive to
eral alternatives (Denney & Denney, 1973) presumablychanges over 3 years, the extent of improvement was re-
reflects prefrontal maturation. The capacity to utilize feed-lated to severity of CHI, but not age at injury. Further in-
back from the examiner to reformulate constraint questiongestigation of EFs in children is needed to isolate the
permits efficient elimination of items. Thus, inflexible components of working memory, attention, and other fac-
problem-solving, perseveration, and difficulty in conceptu-tors contributing to performance.
alizing common features would impair question-asking strat- The relevance of EF measures to adaptive functioning is
egy. In the present study we found that TQT performanceertinent to their potential clinical application. To explore
was sensitive to CHI severity and age at injury, especiallythe ecologic validity of the three cognitive measures used
with regard to the proportion of constraint questions askedn the cross-sectional study, we correlated the scores with
by the children. However, other variables in the TQT werethe Vineland Adaptive Behavior Composite percentile, which
not consistently sensitive to CHI severity, and performancevas obtained from a structured interview with the parent on
was minimally related to the volume of prefrontal or extra- the day of assessment. Our finding of moderate, albeit con-
frontal brain lesions. The TQT was sensitive to the effect ofsistent, correlations in the predicted direction provides sup-
occasion, indicating improvement in performance from 3 toport for the relevance of all three cognitive measures to
36 months postinjury. Although further investigation is adaptive functioning. Furthermore, a regression model on
needed to ascertain the usefulness of TQT in rehabilitatiothe EF measures showed the percent conceptual level re-
and special education settings, the cross-sectional and losponses on the WCST and the percent hypothesis questions
gitudinal findings provide support for clinical application on the TQT were the most efficient predictors for the Vine-
of this procedure. It is conceivable that using three trialdand Composite percentile, accounting for nearly 19% of
(Goldstein & Levin, 1991) instead of the single item ver- the variance. However, we acknowledge that using a func-
sion of the TQT employed in this study might be more sen-tional outcome measure such as school performance may
sitive to changes in performance over time. yield correlations with the EF measures that differ from the
We included the TOL because our previous principal com-present findings for the Vineland.
ponents analysis of EF measures in head injured and normal The clinical application of EF measures to the rehabili-
control children disclosed thatthe TQT and these tests loadedtion and special education of head injured children also
on a common factor (Levin et al., 1996). The present crossmerits investigation. Denney et al. (1979) showed that mod-
sectional study also revealed that the TOL was sensitive to seling techniques could modify the question-asking strat-
verity of CHI and that the degree of impaired performance wa®gies of young children, a finding that invites replication in
disproportionate in young children relative to older childrena special education or rehabilitation setting. Finally, studies
and adolescents. Multiple regression indicated that the voladdressing the role of emotional factors in EF performance
ume of left frontal lesion incremented prediction of the per-are also relevant to clinical application, particularly in view
centof problems solved on Trial 1 and the initial planning time,of the purported relationship between prefrontal dysfunc-
whereas left nonfrontal lesions contributed to predicting thetion and neuropsychiatric disturbance in children (Price
number of broken rules. This pattern of findings was generet al., 1990).
ally corroborated in the longitudinal study, which also showed Our findings raise three major measurement issues con-
that the extent of improvement over 3 years tended to beerning the application of EF tests to assess the cognitive
greater in children who sustained severe head injury (e.geffects of CHI in children. First, the interaction of CHI se-
number of broken rules). Plotting the longitudinal TOL dataverity with age was inconsistent across the three EF tests.
separately by complexity of the problems indicated the presAlthough severity of injury interacted with age on the TOL,
ence of a ceiling effect on solving the problems requiring twothis interaction was not found on the TQT or the WCST.
to three moves. In concert with the conclusions reached in &econd, the separate interactions of age at study with sever-
recent developmental study of the TOL (P. Anderson et al.ity group and level of complexity on the TOL are also open
1996), we postulate that extending the level of difficulty would to competing interpretations. If injury at a young age has
enhance the usefulness of the test. disproportionate effects on cerebral development (e.g., by
The WCST was included in this study because of its ex-disrupting myelination), these adverse effects should be
tensive and long-standing use as a measure of EF. Althougtresent in both cross-sectional and longitudinal analyses.
Levin et al. (1991) found a developmental trend for WCSTAIthough the interactions with age found on the TOL ap-
variables, the present cross-sectional and longitudinal stugseared to be stronger in the cross-sectional study than the
ies indicated that this test was not consistently sensitive téongitudinal investigation, this divergence could be due to
severity of CHI as measured by the GCS score. Consisterhe differences in sample size or inclusion of normal con-
with some, but not all studies of adults with focal brain le-trols in the cross-sectional study whose performance was
sions (S. Anderson et al., 1991), multiple regression showechore likely to have been characterized by ceiling effects.
that left and right frontal lesions incremented prediction ofCeiling effects in the performance by older children on the
the number of categories attained and the percent persevefOL might have also contributed to the AgeSeverity in-
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teraction in the longitudinal study due to repeated exposure berg, H.M. (1990). Behavioral changes after closed head in-
to the task. With the exception of severely injured children jury in children.Journal of Consulting and Clinical Psychol-
younger than age 9 years, ceiling effects appear to be present 09y, 58, 93-98.

in the cross-sectional and longitudinal TOL data. Implica-Goldstein, F.C. &Levin, H.S. (1991). Question-asking strategies af-
tions of our findings are that the range of difficulty should _ ter sévere closed head injuBrain and Cognition17, 23-30.

be increased for the TOL, and that a parallel form should b&"@1t D-A- & Berg, E.A. (1948). A behavioral analysis of degree
developed for repeated administration. Finally, the useful- of reinforcement and ease of shifting to new response in a Weigl

. type card sorting problendournal of Experimental Psychol-
ness of these EF measures can be challenged on the baS|sOgy 38 404-411.

that impaired performance following brain injury might be Heaton, R.K., Chelune, G.J,, Talley, J.L., Kay, G.G., & Curtiss, G.
attributable to group differences in intellectual ability as re-  (1993).wisconsin Card Sorting Test manual-Revised and ex-
flected by standard psychometric tests or to a pervasive def- panded.Odessa, FL: Psychological Assessment Resources.
icit in attention that adversely affects all cognitive measuresLevin, H.S., Culhane, K.A., Hartmann, J., Evankovich, K., Matt-
Although the design of this study does not allow us to ad- son, A.J., Harward, H., Ringholz, G., Ewing-Cobbs, L., &
dress the specificity of EF deficit following pediatric brain ~ Fletcher, JM. (1991). Developmental changes in performance

injury, this issue merits further investigation in future studies. ~ ©n tests of purported frontal lobe functionirigevelopmental
Neuropsychology7, 377-95.
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