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Abstract

Verbal learning and memory (VLM) following pediatric stroke was characterized in a cross-sectional
neuropsychological and neuroimaging study of 26 subjects, aged 5 to 17, with a history of pediatric stroke and
26 age, SES, and gender matched orthopedic controls. Further comparisons were made between the VLM profiles
of stroke subjects with rightversusleft hemisphere lesions and early (#12 months)versuslate (.12 months)
strokes. Overall, stroke subjects scored significantly lower than control subjects on several VLM indices (California
Verbal Learning Test–Children; CVLT–C), as well as on measures of intellectual functioning (IQ) and auditory
attention0working memory (Digit Span). Subgroup analyses of the stroke population foundno significant
differences in VLM, Digit Span, Verbal IQ or Performance IQ when left-hemisphere lesion subjects were compared
to right-hemisphere lesion subjects. In contrast, early strokes were associated with significantly fewer words
recalled after delay, reduced discriminability (fewer correct hits relative to false positive errors on recognition
testing), and relatively worse auditory attention0working memory scores (Digit Span). These findings indicate that
pediatric stroke subjects demonstrated more VLM impairment than control subjects, and early strokes were
associated with greater recall and recognition deficits. In stark contrast with adult-onset stroke, both left- and
right-hemisphere lesions during childhood resulted in similar VLM performance. (JINS, 2004,10, 742–752.)
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INTRODUCTION

The examination of neurocognitive functions after child-
hood stroke provides rich data that inform our under-
standing of normal and abnormal brain development and
illuminates the role of hemispheric specialization and plas-
ticity in the developing brain. Studies to date, however,
have found that neural plasticity is more limited than pre-
viously thought and focal brain lesions in childhood often
result in a variety of residual neurocognitive deficits. To
date, investigation into neurocognitive dysfunction second-
ary to pediatric stroke has focused primarily on four impor-
tant cognitive areas: language development and skills (Aram
& Ekelman, 1987; Bates et al., 1999; Eisele & Aram, 1994;
Stiles & Thal, 1993), intellectual ability (Aram & Eisele,

1994; Aram & Ekelman, 1986; Ballantyne et al., 1994),
academic functioning (Aram et al., 1985), and visuospatial
skills (Stiles & Nass, 1991; Stiles & Thal, 1993). Few stud-
ies, however, have examined profiles and processes of ver-
bal learning and memory (VLM) among children and
adolescents with a history of stroke.

Despite a significant body of research on language devel-
opment, VLM is an under-researched topic within the child-
hood stroke literature. This oversight is critical because the
acquisition of new information is essential for academic
skill building and directly impacts the potential for remedi-
ation efforts. In part, past research was limited by a lack of
standardized memory measures appropriate for pediatric pop-
ulations, but recent psychometric test development has
resulted in measures with normative data on both qualita-
tive and quantitative aspects of VLM in children and ado-
lescents (Cohen, 1997; Delis et al., 1994, 2000; Sheslow &
Adams, 1990) which allow exploration of verbally medi-
ated memory skills at a depth not previously possible.
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Early studies made inferences about VLM in neurologi-
cally involved pediatric populations based on language
comprehension assessments with the Token Test. Vargha-
Khadem et al. (1985) found impaired Token Test perfor-
mance only among those subjects with left hemisphere
involvement. They hypothesized that language deficits rather
than memory deficits were responsible for the observed
Token Test impairment. This hypothesis was based on sig-
nificant correlations between Full Scale IQ, Verbal IQ, and
Token Test scores in the absence of a relationship between
Digit Span (representing short term auditory verbal mem-
ory) and Token Test scores among left hemisphere lesion
subjects. Because the subject pool was composed of youth
with potentially diffuse or bilateral damage (e.g., head inju-
ries and tumors), these findings are difficult to interpret.
Utilizing a more homogenous sample of youth with unilat-
eral strokes, Aram and Ekelman (1987) speculated that
impaired performance on the Revised Token Test arose from
attentiondeficits in children with right-hemisphere lesions
and from memorydeficits in youth with left-hemisphere
lesions. Their hypothesis was based on the observation that
the right-hemisphere subjects were more impulsive in their
response style and asked for fewer command repetitions
(putatively indicating attention deficits), while left-
hemisphere subjects requested numerous command repeti-
tions, suggesting memory deficits. It is important to note,
however, that in addition to small sample sizes, these stud-
ies examined performance on a task that is dependent on
multiple skills, including language comprehension, atten-
tion, verbal memory, spatial processing, and sequencing
ability.

Only one published study to date has empirically addressed
the effect of lesion severity and laterality on VLM in chil-
dren with a history of stroke (Block et al., 1999). In addi-
tion to examining language, attention, and functional
memory, these investigators assessed VLM with the Cali-
fornia Verbal Learning Test (CVLT) for children and adults,
as appropriate to each youth’s age. Block et al. (1999) found
evidence for subtle VLM deficits on the CVLT, attention
problems (speed of information processing on the Symbol
Digit Modalities Test), and functional memory impairment
for tasks of everyday living (Rivermead Behavioural Mem-
ory Test) after lesions toeither hemisphere. Despite the
notable similarity in performance of both right and left lesion
subjects, differences in VLM and attention observed between
the right lesion group and their matched controls only
approached significance due to the limited number of sub-
jects, while the differences between the left lesion group
and their matched controls was significant. Overall, the
observed VLM deficits among children with strokes were
limited to the number of words recalled during initial learn-
ing measures, with no differences noted on short- or long-
delay free recall. Early lesions, occurring prior to age two,
were also associated with the lowest IQ scores. The inves-
tigators had a total childhood stroke sample of only 11 sub-
jects (7 left, 4 right hemisphere lesions) comprised of youth
with ischemic CVA lesions involving the middle cerebral

artery. Unfortunately, the CVLT variables explored were
restricted to the recall of words on three initial learning
trials (Trial 1, 1–5 total, List B) and free recall of words
after short and long delays. No attempt was made to ana-
lyze process measures that may reflect underlying mecha-
nisms of VLM impairment in this population (e.g., semantic
clustering, rate of forgetting, recognition discriminability).
Thus, the study was limited both by sample size and few
indices of VLM. We therefore chose to examine a broader
range of CVLT–C variables in order to explore the VLM
profile of pediatric stroke populations.

The goals of this study were twofold. Ourprimary goal
was to characterize the VLM profile of consecutively eval-
uated pediatric stoke subjects. We compared the VLM pro-
files, auditory attention scores, and intellectual function
indices of children with unilateral strokes to those of matched
control subjects. Based on prior findings in the pediatric
stroke literature (Aram, 1998; Block et al., 1999), we hypoth-
esized that youth with a history of stroke would demon-
strate poorer performance relative to their matched controls,
but that their VLM functioning would likely fall within
normal limits. Further, because of the high number of lesions
encroaching prefrontal and frontal regions in these pediat-
ric stroke subjects (seeMethods), we anticipated deficits
similar to those observed among adults with frontal lesions:
diminished encoding, less efficient use of encoding strat-
egies, and greater difficulty with word retrieval in the con-
text of normal recognition memory (Baldo et al., 2002).

Our secondary goal was to compare the VLM profiles of
youth with left- versusright-hemisphere involvement and
those with a history of earlyversuslate stroke. Based on the
Block et al. (1999) findings, we hypothesized that we would
be unable to detect differences in VLM performance between
left and right hemisphere lesion subjects. Given that data
suggest cognitive compromise often occurs after early cen-
tral nervous system (CNS) damage (Aram & Eisele, 1994;
Block et al., 1999; Isaacson, 1975; Levin et al., 1992), we
also hypothesized that early stroke onset would be associ-
ated with greater VLM deficits than late onset stroke.

We choose these comparisons because (1) left-hemisphere
lesions are typically associated with language disruption
and verbal memory impairments in the adult stroke litera-
ture (Delis et al., 2000; Goodglass & Kaplan, 1972; Squire,
1987); and (2) because research findings are mixed regard-
ing the effects of earlyversuslate brain injuries on cogni-
tive outcomes. While greater deficits in language have been
associated with later age of injury after focal stroke (Riva
& Cazzaniga, 1986; Vargha-Khadem et al., 1985; Woods,
1980; Woods & Carey, 1979; Woods & Teuber, 1973, 1978),
a large body of data supports the premise that (1) neurocog-
nitive development is more adversely affected the younger
the child is at the time of more diffuse neurological insults
(i.e., traumatic brain injury, low birth weight, hypothyroid-
ism, fragile X, unilateral right hemisphere disease, and expo-
sure to prophylactic cranial irradiation, see review by Taylor
& Alden, 1997); and (2) intellectual outcome is more
impaired afterearly focal stroke(Aram & Eisele, 1994;
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Riva & Cazzaniga, 1986; Vargha-Khadem et al., 1985;
Woods, 1980), with one exception (Goodman & Yude, 1996).
As VLM is dependent on language as well as a broader
range of cognitive skills (i.e., attention, memory), we hypoth-
esized relatively greater VLM impairment in the earlyver-
suslate stroke subjects.

METHODS

The research design, previously reported in detail by Max
et al. (2002), is a cross-sectional study of children with a
history of a single stroke and a medical control group. The
study focus was on psychiatric outcome in children with
strokes in addition to neuropsychological, academic, adap-
tive, executive, and family function outcomes. In accor-
dance with previous studies (Riva & Cazzaniga, 1986;
Woods, 1980), stroke subjects were considered to have
“early” lesions if their brain lesion occurred prenatally or
up to 12 months of postnatal life. The “late” lesion group
consisted of children who acquired their stroke after the age
of 12 months. We matched stroke and control subjects on
age, gender, and SES. Further, “early” stroke subjects were
matched with children who had clubfoot, with the rationale
that physical deformity in both groups was an early, and
frequently congenital, insult. We matched “late” stroke sub-
jects with children who had scoliosis because these chil-
dren were without physical deformity prior to their acquired
disorders. See “Orthopedic Controls” for complete details
about matching criteria and procedures.

Participants With a History
of Childhood Stroke

Inclusion criteria for stroke cases were (1) neuroimaging
documentation of a focal, non-recurrent and non-progressive
supratentorial brain parenchymal lesion caused by a stroke
before age 14; (2) subjects aged 5–19 years at the time of
the assessment; (3)$1 year since stroke; and (4) English as
first language. The following exclusions were applied: (1)
neonatal bleeds (e.g., intraventricular hemorrhages, germi-
nal matrix hemorrhages) potentially associated with pre-
maturity; (2) neonatal watershed infarcts associated with
hypoxia; (3) hemoglobinopathies; (4) progressive neuro-
metabolic disorders; (5) Down’s syndrome and other chro-
mosomal abnormalities; (6) malignancy; (7) congenital
hydrocephalus; (8) shunts; (9) congenital and acquired CNS
infections; (10) clotting factor deficiency; (11) stroke in a
pregnant minor; (12) previous organ or bone marrow trans-
plant; (13) cerebral cysts; (14) trauma; (15) transient ische-
mic attack; (16) moya-moya; (17) severe and profound
mental retardation; (18) quadriplegia, triplegia, or diplegia
diagnoses; (19) syndromic vascular malformations (exclud-
ing A-V aneurysm ruptures); (20) systemic lupus erythema-
tosis; and (21) multiple lesions (unless in close proximity).

We studied 29 subjects with confirmed unilateral lesions.
Three stroke subjects and their controls are not included in

this manuscript because their age ranges (i.e., 17 years old
or older) at assessment were outside the available norma-
tive data for the neuropsychological measures reported. The
final stroke sample for this study included 26 youth, includ-
ing 16 with early lesions and 10 with late lesions. Table 1
provides specific lesion data for all of the 26 stroke sub-
jects. The mechanisms of stroke were occlusive in 19 cases
and hemorrhagic in 7 cases. Occlusive etiology included 14
idiopathic cases, 1 case possibly linked to comorbid ulcer-
ative colitis, and 4 cases in subjects with congenital heart
disease (3 after cardiac surgery or catheterization and 1
after varicella zoster infection). Hemorrhagic etiology
included 4 cases of arteriovenous malformation rupture, 1
case with a ruptured angioma, and 2 idiopathic hemor-
rhagic cases. We defined several anatomical regions of inter-
est in our cohort guided by research on various domains of
memory functioning and related neuroanatomical corre-
lates in adult stroke patients, e.g., prefrontal, striatal, mesial
temporal, ventrolateral frontal, and dorsolateral frontal cor-
tical areas. Prefrontal–striatal involvement (PFS) occurred
in 17026 subjects. Prefrontal lesions were defined as occur-
ring anterior to the motor strip and striatal lesions consisted
of the caudate nucleus and0or lenticular nucleus. The PFS
lesions in the sample included the following anatomical
sites (Damasio & Damasio, 1989): F01, F03–04, F06–07
(Brodmann areas 24, 6, 8–10, 44–46), the prefrontal por-
tion of F08 (Brodmann area 6), F11–13 (Brodmann areas
10–13, 47, basal forebrain), and basal ganglia areas BG1–4
(caudate nucleus and lenticular nucleus). Mesial–temporal
involvement, another region of interest with regard to mem-
ory function, only occurred in 3 subjects who did not also
have concomitant PFS lesion involvement. Comparisons
between youth with ventrolateral frontal cortex involve-
ment (areas 12, 47, 45) could not be made with those youth
who had dorsolateral frontal cortex involvement (areas 9,
46) because there was complete overlap between these two
groups (i.e., all subjects with ventrolateral frontal lesions
also had dorsolateral frontal lesions; see Owen, 1997; Pet-
rides, 1994). Sixty-nine percent of early onset stroke sub-
jects had PFS involvement (11016) and 60% percent of late
onset stroke subjects had PFS involvement (6010, see
Table 1).

Orthopedic Controls

The control subjects were children with either congenital
clubfoot or scoliosis who were individually matched to stroke
subjects according to age of onset of stroke (i.e., earlyvs.
late). Controls were not matched with stroke subjects
on IQ (seeDiscussion) but were matched for SES (using
the Hollingshead Four Factor Index, 1975; seeMeasures
below), which is related to IQ. Control subjects were matched
within 2 levels of the relevant stroke subject: 14 subjects
had identical SES levels, 30 were matched within one SES
level, and only 8 subjects (four pairs) required matching
within two levels. Other matching variables included gen-
der, ethnicity, and age within 1 year. Age matching had to
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be extended to 16 months in only 2 cases. The controls
were excluded if there was evidence of acquired or congen-
ital CNS injury that may be part of a broader (e.g., neuro-
muscular) syndrome unrelated to the common idiopathic
syndromes. We matched early stroke subjects with clubfoot
youth and late stroke subjects with youth who had scoliosis
for all but two children with late stroke onset. We were
unable to find 2 males with scoliosis to match children aged
3 and 5 years at the time of their stroke and aged 6 and 8
years respectively at the time of the assessment, because
scoliosis that presents this young is often associated with
cardiac or neurological disorders in the case of infantile
idiopathic scoliosis, and juvenile idiopathic scoliosis is less
common than adolescent idiopathic scoliosis (Winter & Lon-
stein, 1999). Therefore, these two late-onset stroke subjects
were matched with children with clubfoot, which resulted
in slightly uneven groups (see Table 2).

Forty-three subjects (including all stroke subjects) were
recruited from one university hospital, and 9 subjects were
recruited from a second university hospital due to the relo-
cation of the principal investigator.

The stroke (all stroke subjects) and orthopedic (com-
bined clubfoot and scoliosis) groupswere not significantly
different on matching variables, including age at assess-
ment, race, and SES. Age means (SD) of stroke (early and
late) and orthopedic (clubfoot and scoliosis) subjects were
11.2 (3.4) and 11.4 (3.5), respectively (df 5 50, t 5 .203,
p 5 .8). SES means (SD) of stroke and orthopedic subjects
were 2.54 (1.07) and 2.46 (.99), respectively (df 5 50, t 5
2.270,p . .7). There were a total of 16 males in each of
the stroke and control groups and 24 Whites and 2 biracial
children in each of the stroke and orthopedic groups. Table 2
presents demographic data for each of the four subgroups.

There were no significant gender differences between
the two orthopedic control groups, [x2~1, N 5 26! 5 2.82,
p 5 .10]. Mean age at assessment of clubfoot and scoliosis
subjects did not differ significantly [10.61 (3.6) and 13.1
(2.6), respectively;df 5 24, t 5 21.767,p 5 .1]. SES was
also comparable, with means of clubfoot and scoliosis sub-
jects falling at 2.44 (.92) and 2.50 (1.20), respectively (df 5
24, t 5 2.130,p 5 .9). No significant differences emerged
on estimated IQ indices. Estimated VIQ scores for clubfoot

Table 1. Lesion data for stroke subjects

Subject
ID # Gender

Age @
testing
(yrs)

Age @
stroke
(yrs)

Type
of

stroke
Lesion

laterality
Lesion
location

Lesion
volume
(cm3)

Early onset
1 F 5.92 0.00 Hem L F-T0T-P 1.75
2 M 6.50 0.00 Occ L P0P-O* 18.3
3 M 7.50 0.00 Occ R F-T0T-P 0.56
4 M 8.25 0.00 Occ R F-T0T-P 22.9
5 M 8.83 0.00 Occ L MCA* 150.7
6 M 10.67 0.00 Occ R P0P-O* 9.66
7 M 11.08 0.00 Occ R P0P-O 66.9
8 M 11.50 0.00 Occ R MCA* 43.2
9 M 12.33 0.00 Occ R MCA **

10 F 12.67 0.00 Hem L F-T0T-P* 54.5
11 F 13.42 0.00 Occ L MCA* 256.8
12 F 13.92 0.00 Occ L Putamen* 1.03
13 M 14.00 0.00 Occ L Putamen* 0.27
14 F 14.08 0.00 Occ L Putamen* 1.35
15 M 14.75 0.21 Occ R F-T0T-P* 3.00
16 M 16.67 0.75 Occ R MCA* 143.8

Late onset
17 M 6.17 3.00 Occ R Putamen* 0.70
18 M 8.00 5.00 Hem L MCA* 39.3
19 F 8.50 4.00 Occ R Putamen* 0.45
20 M 9.75 8.00 Occ R Putamen* 6.40
21 F 12.42 9.00 Hem R F-T0T-P* 21.8
22 F 13.58 5.00 Hem R F-T0T-P* 3.84
23 M 15.08 10.00 Occ L F-T0T-P 0.58
24 F 15.17 10.00 Occ R F-T0T-P 0.95
25 F 15.25 13.00 Hem L F-T0T-P **
26 M 16.08 10.00 Hem R MCA **

Note. “*” denotes subjects with prefrontal striatal lesions. “**”denotes subjects who did not receive a research scan. F-T0T-P 5
fronto–temporal or temporo–parietal lesions sparing the deep gray matter, Hem5 hemorrhagic; L5 left; MCA 5 middle cerebral
artery; Occ5 occlusive; P0P-O5 parietal or parieto–occipital lesions; R5 right.
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and scoliosis youth were 102.33 (12.71) and 105.50 (10.84),
respectively (df 5 24, t 5 2.611, p 5 .6). Clubfoot and
scoliosis subjects had PIQ estimated scores of 99.06 (17.26)
and 104.88 (12.82), respectively (df 5 24, t 5 2.851,
p 5 .4).

Next, we directly compared demographic and neurolog-
ical characteristics between our early and late stroke sub-
groups. The early and late stroke subgroups did not differ in
terms of gender [x2~1, N 5 26)5 .91,p 5 .34]. The mean
age at assessment of early and late stroke subjects did not
differ significantly [10.88 (3.2) and 11.7 (3.7), respec-
tively; df 5 24, t 5 2.601,p5 .6]. SES means of early and
late stroke subjects were comparable at 2.63 (1.09) and
2.40 (1.08), respectively (df 524,t5 .515,p5 .6). Although
there were fewer hemorrhagic strokes in the early stroke
relative to the late stroke group [x2 ~1, N5 26! 5 4.40,p5
.04],nogroup differences emerged on lesion laterality [x2 ~1,
N 5 26! 5 1.01, p 5 .32], or lesion type [i.e., Putamen,
MCA; x2 ~3, N 5 26! 5 .78,p 5 .85]. Lesion volume was
analyzed using a Mann-WhitneyU test because the data are
non-parametric. No significant differences emerged in terms
of rank ordered lesion volume~U 5 36.00,p 5 .12; see
below). Although not reported here, the same set of analy-
ses were conducted comparing right and left hemisphere
stroke subjects and no significant differences were found.

Measures

Intellectual function

TheWechsler Intelligence Scale for Children, Third Edition
(WISC–III; Wechsler, 1991) was used to assess general intel-
lectual function. IQ estimates were based on a prorated Per-
formance IQ (PIQ: Picture Arrangement, Block Design, and
Coding subtests) and Verbal IQ (VIQ: Information and Sim-
ilarities subtests). In addition, we administered the Digit
Span subtest of the WISC–III as a basic index of auditory
attention that also captures information about working mem-
ory (digit span backwards). The Digit Span scaled score
wasnot used to estimate VIQ.

Verbal learning and memory

The California Verbal Learning Test–Children’s Version
(CVLT–C) was administered, in its complete and standard

form, as a measure of VLM (Delis et al., 1994). The CVLT–C
has been found to be a valid and reliable measure for the
assessment of memory in children and adolescents (Delis
et al., 1994) and has been used in studies of pediatric pop-
ulations with known or suspected central nervous system
involvement (e.g., childhood stroke and head injury, fetal
alcohol syndrome youth; Block et al., 1999; Jaffe et al.,
1993; Mattson et al., 1996; Roman et al., 1998; Yeates et al.,
1995) and language impairment (Shear et al., 1992). We
present data derived from the CVLT–C computer-scoring
program (Fridlund & Delis, 1994).

Guided by prior work in pediatric populations (Jaffe et al.,
1993; Levin et al., 1993; Mattson et al., 1996; Shear et al.,
1992; Yeates et al., 1995), we chose to include CVLT–C
variables that tapped immediate learning (total words recalled
from the five initial learning trials), delayed recall, and rec-
ognition memory, as well as more process-oriented mea-
sures (e.g., semantic clustering; contrast measures tapping
rate of forgetting and retroactive and proactive interfer-
ence). See Tables 3 and 4 for a list of assessed variables.

Socioeconomic status

SES assessment was derived using theFour Factor Index
(Hollingshead, 1975), which provides five levels of classi-
fication dependent on the mother’s and father’s educational
and occupational levels.

Neuroimaging

MRI scans were obtained (T1-weighted volumetric mode,
SPGR0408, TR0TE5 2607 ms, NEX5 2, X/Y/Z51313
1.5 mm thickness with no skip; T2-weighted dual-echo,
FSE0V, TR 5 2350, TE5 170102, NEX5 1, X/Y/Z 5 1 3
1 3 5 mm thickness with 1 mm skip). All images were
globally spatially normalized through transformation to the
Talairach coordinate system using SN software (Lancaster
et al., 2000; http:00ric.uthscsa.edu0projects0). A neurolo-
gist, F.F.M., marked the lesions on hard copy films. Guided
by these lesion markings, an experienced neuroanatomist
“painted” each lesion using a 3-D brain-morphometrics pack-
age (Paus et al., 1996) under supervision of P.T.F. and J.L.L.
Lesion volume was computed in native and Talairach coor-
dinate systems for intersubject differences in brain size (Lan-
caster et al., 2000). Rank-ordered lesion volume was the

Table 2. Stroke and matched orthopedic control subjects: Demographic data

Group
Total N

(male, female) Mean age of onset
Mean age

at assessment Mean SES

Early Stroke Subjects 11, 5 Prenatal Ss,n 5 11
Postnatal Ss,n 5 5
Age range (postnatal)5 1–270 days

10.88 (3.24) 2.63 (1.09)

Clubfoot 13, 5 Congenital 10.61 (3.62) 2.44 (.92)
Late Stroke Subjects 5, 5 7.70 (3.27) years 11.70 (3.65) 2.40 (1.07)
Scoliosis 3, 5 10.13 (2.75) years 13.13 (2.59) 2.50 (1.20)

Note.Standard deviations reported in parentheses.
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variable used in analyses relevant to lesion volume because
distribution was skewed. Twenty-three of 26 stroke sub-
jects underwent research scans that were the basis of their
lesion location analyses. The other 3 subjects who could
not have a research MRI (due to either refusal, concern
about intracerebral metallic clips or equipment failure) had
lesion location determined from previous clinical CT (2) or
MRI (1) scans.

Statistical Analysis

Group comparisons were made with independent samplet
tests, with an alpha set at .05 due to oura priori hypotheses
and the small sample size. Scores for the WISC–III are
reported using standard index scores (M 5 100,SD5 15),
and the Digit Span subtest (not included in the prorated
calculation of IQ scores) is presented as a scaled score (M 5
10, SD5 3). The total number of words learned across the
five learning trials for List A on the CVLT are presented in
T scores (M 5 50,SD510), all other CVLT–C indices are
presented aszscores (M 5 0,SD51). Because of the broad
range of ages in this sample we chose only to analyze stan-
dardized scores rather than raw scores in order to better
assess subtle differences that may occur across the age
ranges. In addition, effect sizes (Cohen’sd) were calcu-
lated for comparisons among stroke subjects because of
small sample size.

RESULTS

Stroke and Control Group Comparisons

CVLT–C initial learning, recall and
recognition

Stroke subjects’ recalled fewer total words on the initial
learning trials than the control subjects (p , .05). Stroke
subjects also produced significantly fewer words on both
long delay free (p , .05) and cued (p , .05) recall and
were less able to utilize an efficient VLM strategy (utilizing
semantic clusters) than their matched controls (p , .05).
Stroke subjects were generally comparable to controls in
terms of the consistency of their word recall and forgetting
rates (long delay free recallvs.List A, Trial 5). In terms of
recognition memory, no performance differences emerged
between the groups on overall discriminability (i.e., endors-
ing targets, rejecting distractors).

CVLT–C inaccurate recall

Recall errors (i.e., perseverative responses or intrusion errors
during recall conditions) were not significantly different
between stroke and control subjects, although there was a
trend towards a higher intrusion rate among pediatric stroke
subjects (p , .08).

Table 3. Comparisons between stroke and orthopedic control subjects: CVLT–C and WISC–III performance

SubjectM (SD)

All stroke All control df t p

Initial Learning
Trials 1–5 Total Words Recall T Score 45.27 (13.79) 54.19 (11.15) 50 2.57,.05

Recall and Recognition
LD Free Recall 2.635 (1.21) .135 (.97) 50 2.53 ,.05
LD Cued Recall 2.481 (1.18) .192 (.79) 50 2.42 ,.05
Percent Recall Consistency 73.07 (21.57) 81.62 (12.04) 50 1.77,.09
Semantic Cluster 2.173 (1.25) .558 (.92) 50 2.40 ,.05
Forgetting (LD Free Recallvs.Trial 5) .135 (.97) 2.10 (.74) 50 2.97 ns
Recognition Discriminability 2.192 (1.32) .077 (1.07) 50 .81 ns

Inaccurate Recall
*Perseverative Responses .077 (.94) 2.154 (.99) 50 2.87 ns
*Intrusions .000 (1.23) 2.481 (.50) 50 21.85 ,.08

Proactive and Retroactive Interference
List B vs.Trial 1 2.827 (1.43) 2.769 (1.10) 50 .16 ns
SD Free Recallvs.Trial 5 .442 (.73) .077 (.89) 50 22.30 ,.05

**WISC–III Performance
VIQ Standard Score 91.24 (17.10) 103.96 (11.81) 48 23.06 ,.01
PIQ Standard Score 85.44 (19.91) 101.52 (15.95) 48 23.15 ,.01
Digit Span Scaled Score 6.95 (3.09) 8.92 (2.72) 42 22.25 ,.05

All reported scores arezscores unless otherwise specified. SD5 Short Delay; LD5 Long Delay. “*”variables include Trials 1–5,SD,
LD Free & Cued Recall. “**”One subject pair (stroke0control) in the final sample for this study was not included in IQ comparisons
because they were younger than the normative sample for the IQ test administered. Not all subjects received the Digit Span subtest.
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Table 4. CVLT–C and WISC–III comparisons among stroke subjects

SubjectM (SD) SubjectM (SD)

Right lesion Left lesion df t p
Effect
size Early stroke Late stroke df t p

Effect
size

CVLT–C Initial Learning
Trials 1–5 Total Words Recall T Score 45.80 (13.10) 44.55 (15.29) 24 0.23 ns .09 43.00 (13.96) 48.90 (13.40) 2421.07 ns 2.43

CVLT–C recall and recognition
LD Free Recall 2.500 (1.02) 2.818 (1.47) 24 0.65 ns .26 21.063 (1.11) .050 (1.09) 24 22.50 ,.05 21.01
LD Cued Recall 2.300 (1.12) 2.727 (1.27) 24 0.91 ns .36 2.813 (1.05) .050 (1.24) 24 21.91 ,.07 2.77
Semantic Cluster* 2.067 (1.49) 2.318 (0.87) 24 0.50 ns .20 2.469 (1.07) .300 (1.42) 24 21.57 ns 2.63
Forgetting (LD Free Recallvs.Trial 5) .167 (1.05) .091 (0.89) 24 0.19 ns .08 2.094 (1.07) .500 (.67) 24 21.57 ns 2.63
Discriminability 2.033 (1.08) 2.409 (1.63) 24 0.71 ns .28 2.531 (1.53) .350 (.63) 22 22.04 5.05 2.69
CVLT–C Inaccurate Recall
*Perseverations 2.100 (.78) .318 (1.10) 24 21.13 ns 2.45 2.063 (.87) .300 (1.03) 24 2.96 ns 2.39
*Intrusions 2.167 (.79) .227 (1.66) 24 2.81 ns 2.32 .000 (.89) 2.000 (1.68) 24 0.00 ns .00

CVLT-C Proactive and Retroactive Interference
List B vs.List A Trial 1 2.967 (1.41) 2.636 (1.50) 24 20.58 ns 2.23 2.750 (1.25) 2.950 (1.74) 24 0.34 ns .14
SD Free Recallvs.Trial 5* .433 (.70) .455 (.79) 24 20.0 ns 2.03 .281 (.66) .700 (.79) 24 21.46 ns 2.59

WISC–III Performance
Verbal IQ 93.87 (19.05) 86.73 (13.09) 24 0.94 ns .42 86.25 (17.74) 98.20 (12.99) 2421.84 ,.08 2.74
Performance IQ 86.80 (20.46) 82.91 (18.99) 24 0.41 ns .20 79.44 (17.89) 94.30 (19.44) 2421.99 ,.06 2.80
Digit Span Subtest SS 7.36 (3.17) 6.44 (3.09) 18 0.65 ns .29 5.55 (2.42) 8.67 (3.04) 1822.56 ,.05 21.15

All reported scores arez scores unless otherwise specified. SD5 Short Delay; LD5 Long Delay. *These variables include Trials 1–5, SD, LD Free and Cued Recall. Effect sizes are Cohen’sd.
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CVLT–C proactive0retroactive interference

While no significant differences in vulnerability to proac-
tive interference were observed (List Bvs.List A, Trial 1
recall), stroke subjects were significantly more susceptible
to retroactive interference (short delay free recallvs. List
A, Trial 5) than their control counterparts (p , .05).

WISC–III intellectual performance

Stroke subjects scored significantly lower than controls on
estimated PIQ (p , .01) and VIQ (p , .01) indices as well
as on the WISC–III Digit Span subtest (p , .05).

Table 3 presents statistics for all CVLT–C and WISC–III
variables used to compare the VLM and intellectual perfor-
mance of stroke and control subjects.

Stroke Subjects Comparisons

We conducted analyses comparing stroke subjects with right
versusleft hemisphere lesions, and earlyversuslate onset
lesions.

Lesion laterality: rightversus
left hemisphere stroke

CVLT–C and WISC–III:Notably, comparisons between sub-
jects with right and left hemispheres revealednosignificant
differences on CVLT–C indices (see Table 4), estimated
intellectual functioning, or Digit Span performance. Effect
sizes were mainly trivial (three were,.1) or small (10 were
between .20 and .45) (Cohen, 1988).

Stroke onset: earlyversuslate

CVLT–C and WISC–III:Comparisons between early and
late stroke subjects on the CVLT–C revealed that early stroke
subjects performed significantly more poorly on long-
delay free recall than late stroke subjects (p , .05) and
were less able to accurately discriminate target words dur-
ing the recognition condition (p 5 .05). Performances on
total word recall for initial learning trials, other recall and
recognition indices, error types (inaccurate recall), rate of
forgetting, and vulnerability to proactive and retroactive
interference were similar for stroke subjects regardless of
the onset age of their stroke.

Early and late stroke subjects were not significantly dif-
ferent in their PIQ or VIQ scores, although there was a
trend towards more impaired VIQ and PIQ performance
among the early stroke subjects (p , .08 and .06, respec-
tively). Significant differences were observed on the WISC-
III Digit Span subtest, with early stroke subjects performing
more poorly than late stroke subjects (p , .05). Most effect
sizes for comparisons of earlyversus late strokes were
medium (.50–.79) or high ($.80) (Cohen, 1988).

DISCUSSION

As hypothesized, stroke subjects faired less well on VLM
indices than did their matched controls. It is notable, how-

ever, that although the stroke subject group recalled fewer
total words on learning trials when compared to their matched
controls, their scores on this general index of learning fell
within the low average range compared to the CVLT–C’s
normative sample. Upon closer inspection of both qualita-
tive and quantitative variables, a more complete VLM pro-
file emerged. Stroke subjects were not as efficient as control
subjects at organizing words into semantic clusters to facil-
itate recall. Further, despite a similar ability to discriminate
between target and distracter words on a recognition task,
stroke subjects struggled significantly more with long delay
recall (free and cued) when compared to control subjects.
This suggests that the pediatric stroke group learned the
target words but did not perform as well on more demand-
ing retrieval tasks, particularly when the length of time
between word presentation and recall increased. This find-
ing is further supported by the greater vulnerability to
retroactive interference observed among stroke subjects (dif-
ference between List A, Trial 5 and short delay free recall,
with List B presented in the interim). The pediatric stroke
profile of relatively compromised encoding (learning fewer
words), less efficient use of learning strategies (semantic
clustering), less benefit from semantic cues provided by the
examiner (long delay cued recall) and diminished retrieval
after a long delay (free and cued) are generally consistent
with findings from adult patients with frontal lesions (Baldo
et al., 2002). A significant number of the pediatric stroke
subjects had lesion sites that included, but were not neces-
sarily limited to, prefrontal-striatal areas. In addition to these
17 PFS subjects, 6 more subjects (3 each in the early and
late stroke subject groups) had frontal–temporal lesions,
for a total of 89% of our sample demonstrating either fron-
tal or PFS lesion representation. These findings suggest that
further study of the VLM patterns of PFS strokes in pedi-
atric populations is warranted to assess how their profile
compares to both matched controls and adults with frontal
or, specifically PFS, lesions.

Finally, although verbal intellectual functioning was a
relative strength for these youth with a stroke history, they
scored significantly lower on measures of VIQ, PIQ, and
attention0working memory (Digit Span) than control sub-
jects. Consistent with other findings, our data suggest that
focal brain damage in childhood results in relatively mild
compromise in general intellectual functioning, auditory
attention0working memory, and VLM after pediatric stroke
(Bates, 1994; Bates & Roe, 2001).

Comparison With Adult Stroke Literature

In support of our expectation, no significant lateralization
differences emerged between right and left hemisphere lesion
subjects on indices of verbal learning and memory, intelli-
gence, or attention0working memory (Digit Span). These
findings stand in stark contrast to the adult stroke literature
but are consistent with the results of the Block et al. (1999)
study. These data do not support the idea that left hemi-
sphere lesions result in greater VLM impairment than right
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hemisphere lesions in apediatricstroke population.Although
the source of relative impairments for left and right lesion
subjects may differ (e.g., underlying language or attention
deficits), clear explanations of these subtle deficits will
require a larger sample. It should also be noted that, although
the present study represents one of the largest pediatric stroke
studies to date, it was underpoweredrelative tosome stud-
ies in the adult stroke literature which may reduce the abil-
ity to detect potential left and right hemisphere differences
in pediatric stroke subjects.

Even with the present sample size, therewere, however,
indications of poorer performance among earlier stroke
subjects compared to youth with later stroke onset. Although
youth with earlier stroke onsets had generally similar VLM
profiles to their late onset counterparts, they demonstrated
specific difficulty with the most demanding recall task on
the CVLT–C, the long delayfree recall condition. Because
they were also less accurate in their recognition memory
(i.e., discriminability), early stroke subjects appear to have
both relatively impaired word retrieval and precise encod-
ing (reflected by diminished recognition accuracy) com-
pared to their late stroke counterparts, despite similar rates
of learning and comparable use of semantic learning strat-
egies. Further, there is evidence of a relatively mild com-
promise in general intellectual functioning (including
nonverbal problem-solving and visual–spatial functioning
captured by PIQ).

Limitations

First, our study is focused on understanding word-list VLM
and does not include a broader exploration of memory func-
tioning (e.g., visual memory). Second, the sample is rela-
tively small and non-epidemiological in nature. Third, the
small sample size precluded our ability to compare differ-
ent stroke subgroups (focal medial temporal lobevs. focal
prefrontal, ventrolateralvs.dorsolateral frontal). Fourth, there
was heterogeneity in stroke etiology. We utilized an ortho-
pedic control group to minimize this problem. Fifth, some
may consider it a limitation that we chose not to exclude
stroke subjects based on their IQ scores, did not match stroke
and control subjects on IQ scores, and did not use IQ as a
covariate in our analyses. However, while arguments can
be made that differences in VLM may be attributable to IQ
or verbal IQ (VIQ) performance, it is just as likely that
VLM differences may also account for VIQ performance.
Indeed, Brewer et al. (2001) have argued persuasively that
IQ scores are better conceptualized as outcome measures
rather than causal variables in studies of children with
acquired brain disorders. They noted that those processes
that lead to poor performance on neuropsychological tasks
also result in lower performance on IQ measures. That is,
strong performance on VIQ subtests likely requires, in part,
the acquisitionof verbal knowledge, which is dependent
upon intact VLM for optimal functioning. Despite these
acknowledged limitations, our sample is among the larger
number of subjects with childhood stroke, and provides an

in-depth exploration of both qualitative and quantitative
aspects of verbal memory utilizing well-normed measures
for youth.

Implications

The mild but persistent neurocognitive deficits observed in
youth with a history of stroke may be due, in part, to neu-
ronal “misconnections” (e.g., the result of neural rewiring
and0or modifications related to axonal sprouting, rerouting
and weeding) that interfere with optimal neurocognitive
performance in domains such as concentration, attention,
learning, problem-solving, and self-regulation and monitor-
ing (Goodman, 1989). Further the specific VLM pediatric
stroke profile that emerged (diminished encoding, retrieval
and semantic clustering ability but normal recognition mem-
ory) and the high number of prefrontal–striatal lesions
observed during consecutive outpatient hospital evalua-
tions, suggest that there may be rather predictable patterns
of impairment after pediatric stroke. Thus, identifying sub-
tle deficits in the neurocognitive performance of pediatric
stroke subjects is important for recognizing the needs of
these youth and better understanding brain-behavior rela-
tionships in this population.

Because subtle VLM deficits may go undetected in pedi-
atric stroke patients, we do not yet know the functional
implications or the variety of VLM impairments that may
occur in this population. Even a relatively mild deficit dur-
ing childhood may have an additive or synergistic effect
during early educational experiences, with an end result of
significantly less acquired knowledge. Further, remediation
techniques designed to teach specific learning strategies such
as the use of pneumonic devices or semantic clustering
(externally reinforced until rote) and academic environ-
ments that minimize the impact of retroactive interference
when teaching new or complex skills and concepts may be
effective memory tools for this population.

Directions for Future Research

While the current study provides initial clues about the com-
plex and subtle patterns of VLM deficits that exist in pedi-
atric stroke populations, more research is needed to evaluate
a broader range of memory functioning in this population.
In addition to examining logical verbal memory (e.g., sto-
ries), it would be useful to compare hemispheric and age of
onset differences in quantitative and qualitative aspects of
visual and verbal memory. Larger samples are also criti-
cally needed to compare various stroke etiologies at differ-
ent developmental levels. Finally, it is essential to examine
how VLM functioning translates into academic perfor-
mance and functional impairment in other arenas (e.g., social)
in order to design effective remediation interventions.
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