Journal of the International Neuropsychological Society (2005), 11, 686-696.
Copyright © 2005 INS. Published by Cambridge University Press. Printed in the USA.
DOI: 10.1017/S1355617705050885

Neuroanatomic correlates of CVLT-C performance
following pediatric traumatic brain injury

CYNTHIA F. SALORIO,"? BETH S. SLOMINE,"* MARCO A. GRADOS,'* ROMA A. VASA,!3
JAMES R. CHRISTENSEN,"2# aND JOAN P. GERRING'3#

'Kennedy Krieger Institute, Baltimore, Maryland

2Department of Physical Medicine and Rehabilitation, Johns Hopkins University School of Medicine, Baltimore, Maryland
3Department of Psychiatry and Behavioral Sciences, Johns Hopkins University School of Medicine, Baltimore, Maryland
4Department of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, Maryland

(RECEIVED February 20, 2004; FINAL REVISION May 12, 2005; ACCEPTED May 19, 2005)

Abstract

Traumatic brain injury (TBI) frequently results in memory problems, and the degree of memory impairment is
related to injury severity and is commonly associated with lesions in frontal and temporal brain areas. This study
examined the relationship among injury severity, brain lesions, and memory in children with moderate to severe TBI
using Donders’ (1999) 5-factor model of performance on the California Verbal Learning Test—Children’s Version
(CVLT-C). Seventy-six children underwent magnetic resonance imaging (MRI) scans 3 months post-TBI and
testing 1 year post-TBI. Results showed injury severity (Glasgow Coma Scale) was not predictive of performance
on 4 of the 5 factors. Volume of frontal and/or temporal brain lesions was significantly predictive of performance
on 3 of the 5 factors. Unexpectedly, lesion volume outside these areas (extra-frontotemporal) was predictive of
performance on all 5 factors. In contrast, Verbal IQ at 1 year was most strongly associated with preinjury factors
(socioeconomic status and special education involvement), although extra-frontotemporal lesions also contributed to
the variability in this measure. Results suggest that in children with moderate to severe TBI, extra-frontal /temporal
lesions are predictive of memory outcome 1 year postinjury above and beyond initial severity or frontal/temporal
contusions. This finding may relate to widespread diffuse axonal injury, which potentially disconnects brain circuits
mediating memory following moderate to severe TBI. (JINS, 2005, 11, 686—696.)

Keywords: TBI (Traumatic brain injury), Memory, Children, Magnetic resonance imaging, Diffuse brain injury,
Neuropsychological test

INTRODUCTION (Delis et al., 1994). The CVLT-C is an individually admin-
istered 15-item word-list learning test that assesses a child’s
ability to learn and remember verbally presented infor-
mation. Based on a factor analytic analysis of CVLT-C
performance in typically developing children using the stan-
dardization sample, Donders (1999) proposed a 5-factor
model of CVLT-C performance, consisting of attention span,
learning efficiency, free delayed recall, cued delayed recall,
and inaccurate recall. Memory abilities as measured by the

. . . . : CVLT-C are of particular interest to rehabilitation profes-
The California Verbal Learning Test—Children’s Version . . . .
sionals, as impaired performance on this test has been shown

,(CVLT_C) 18 frequepFly used to assess asp ect's of.new .learn- to be predictive of new special education placement in chil-
ing and memory ability for verbal information in children dren after TBI (Miller & Donders, 2003)

Moderate to severe traumatic brain injury (TBI) in children
frequently results in impairments in learning and remem-
bering new information ('Yeates, 2000). Studies suggest that
although memory significantly improves during the first
year following pediatric TBI (e.g., Ewing-Cobbs et al., 1990),
persisting deficits in memory can be found 6 months (Cat-
roppa & Anderson, 2002), 1 year, 3 years (Jaffe et al., 1992,
1993, 1995), and 4-5 years postinjury ( Yeates et al., 2002).

Using the CVLT-C, several studies demonstrated differ-
] ] ) o ences in the level and pattern of performance related to
Reprint requests to: Cynthia F. Salorio, Ph.D., Department of Pediatric

Rehabilitation, 707 North Broadway, Kennedy Krieger Institute, Balti- injury severity in children with TBI (e.g., Rom.an et al.,
more, MD, 21205. E-mail: salorio@kennedykrieger.org 1998; Yeates et al., 1995). In general, these studies report
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that learning and memory is impaired in children with mod-
erate to severe injury at 1 year and at 4-5 years postinjury
compared to both age-matched and orthopedic or non-TBI
trauma controls (Jaffe et al., 1992, 1993, 1995; Levin et al.,
1982, 1988; Yeates et al., 1995, 2002). Furthermore, the
magnitude of memory deficits is generally related to injury
severity in almost a “dose-dependent” fashion. For exam-
ple, Jaffe and colleagues (1993) have reported a decline in
recall and recognition performance on the CVLT-C with
increasing injury severity [as measured by the Glasgow
Coma Scale (GCS) score recorded in the emergency depart-
ment] in children with TBI. Other studies have compared
children by injury severity, and found that children with
mild to moderate injuries generally perform at a level sim-
ilar to controls on measures of memory (Roman et al., 1998),
whereas children with moderate to severe injuries perform
about one standard deviation below control participants
(Hoffman et al., 2000; Massagli et al., 1996) at one year
postinjury.

Research relating patterns of memory performance to
injury severity in children with TBI shows disparate results
(e.g., Jaffe et al., 1992, 1993, 1995; Levin et al., 1993). For
example, Levin and colleagues (1993) reported less use
of semantic clustering and more intrusion errors on the
CVLT-C in children with TBI, related to injury severity
(initial GCS score). Most of these studies only report on
some variables from the CVLT-C, and thus it is difficult to
draw conclusions regarding the consistency of patterns
of performance and the effect of injury severity on the
CVLT-C. Yeates and colleagues (1995) compared children
with severe TBI, mild-moderate TBI, and noninjured con-
trol children across variables on the CVLT-C, and found
that children with severe TBI showed deficits in learning,
storage, and retrieval, whereas children with mild-moderate
TBI had difficulty primarily in retrieval when compared
with controls.

In individuals with TBI, the most common brain lesions
are frontal and anterior temporal contusions (Gentry et al.,
1988; Mendelsohn et al., 1992). Widespread diffuse axonal
injury (DAI) is also common in patients with moderate to
severe TBI as demonstrated by MRI scans (e.g., Levin et al.,
1989). DAI consists of small punctate lesions, each of which
can potentially disrupt brain circuits mediating a variety of
cognitive functions (e.g., Geddes et al., 2001).

Memory impairment has been most commonly associ-
ated with lesions in the frontal and temporal areas of the
brain (Janowsky et al., 1989; Squire et al., 1989). Classic
neuropsychological studies (Eslinger & Damasio, 1985;
Stuss et al., 1981), as well as more recent neuroimaging
studies (Alexander et al., 2003; Mandzia et al., 2004), sug-
gest that the frontal lobes of the brain are involved in aspects
of memory strategy use, encoding, retrieval, and organiza-
tion of material to be learned, possibly reflecting executive
function status. In contrast, the temporal lobes of the brain
are commonly associated with forming new memories, and
with memory retrieval and recognition (Squire et al., 1989;
Weis et al., 2004). Although the relationship between DAI
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and memory has been less studied, diffuse lesions could
potentially interrupt circuits mediating the various compo-
nents of memory (Blumbergs et al., 1994).

Few pediatric studies examine the neuroanatomic corre-
lates of memory performance after TBI. Levin and col-
leagues have examined brain lesions using T-1 weighted
MRI scans in relation to memory performance (e.g., Di
Stefano et al., 2000; Levin et al., 1993, 1994, 1996). In
these studies, frontal lobe lesion volume was predictive of
memory performance even when controlling for injury sever-
ity, whereas lesions outside this area (i.e., extra-frontal) were
not predictive of memory performance. Temporal lobe
lesions were not examined separately from the other extra-
frontal lesions. Donders and Minnema (2004) found that
children with anterior cerebral lesions performed worse on
the first CVLT-C list but were also less likely to demon-
strate a significant proactive interference effect (i.e., signif-
icantly worse performance on the distractor list when
compared to performance on the first list).

The present study sought to further explore the relation-
ship among injury severity, neuroanatomic lesion location,
and memory, by examining CVLT—C variables at one year
postinjury in a sample of children with moderate to severe
TBI. We investigated several hypotheses. First, we hypoth-
esized that injury severity would be predictive of learning
and memory performance one year after injury. Second, we
hypothesized that lesions to frontal and/or temporal lobes
would predict memory functioning on the CVLT—C at one
year postinjury, after accounting for injury severity and other
demographic factors. The 5-factor model of CVLT-C per-
formance was used to explore whether the impact of brain
injury variables would vary across the different skill com-
ponents of this test (Donders, 1999). Finally, we predicted
that our memory findings would be in contrast to the pre-
diction of general cognitive ability (i.e., Verbal 1Q), which
we hypothesized would be more related to preinjury vari-
ables than to lesion or severity variables.

METHODS

Research Participants

One hundred and thirteen children and adolescents (ages
5-16) with TBI who were consecutively transferred from
tertiary trauma centers to the neurorehabilitation unit of a
university-affiliated hospital (Kennedy Krieger Institute)
between 1992 and 1997 were considered for this study. The
current study sample is a subgroup of a larger sample of
children with TBI that has been described in detail else-
where (Gerring et al., 1998, 2000; Grados et al., 2001; Vasa
et al., 2004). Children older than age 17 were not included
as they received a different version of the CVLT on follow-up
(adult version). Of the potential participants, 11 patients
were excluded for mild TBI (GCS 13-15). Other exclusion
criteria (9 children) included open head injury, previous
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hospitalizations or emergency room visits for TBI, pre-
morbid mental retardation, documented child abuse, or pre-
morbid central nervous system pathology (e.g., seizure
disorder). Seven children were not included because they
were enrolled prior to availability of the CVLT-C. Two
more children were not included due to inability to com-
plete the MRI. In addition, § children were not included due
to missing data from the CVLT-C at the one year follow-
up. Analysis of the 8 children did not reveal any systematic
reason for the missing data (e.g., being too impaired to
complete the measure), based on disability ratings and scores
on other measures.

The final sample consisted of 76 children with moderate
to severe TBI (classified by initial GCS scores of =12).
The average age at the time of injury was 10.1 years (SD =
3.3). There were slightly more boys than girls in the sample
(46/30). The mean Hollingshead index score of socioeco-
nomic status was 33.9 (range = 3 to 66). Initial GCS scores
ranged from 3 to 11 with a mean of 5.9. Most of the sample
(89%) was classified as severe TBI based on initial GCS
score of 8 or below; the rest (11%) were classified as mod-
erate TBI (GCS 9-12). Eleven of the children received spe-
cial education services prior to the injury. Additionally, 13
of the children met the criteria for attention deficit hyper-
activity disorder (ADHD) prior to their injury. Four chil-
dren met criteria for ADHD and also received special
education services prior to their injury. Demographic infor-
mation is summarized in Table 1.

Table 1. Demographic and injury characteristics of children
and adolescents with moderate to severe traumatic brain
injury (N = 76)

n %

Gender

Male 46 61%
Preinjury educational status

Receiving special education services 11 15%
Preinjury ADHD

Criteria met preinjury 13 18%
Ethnicity

Caucasian 42 55%

African American 29 38%

Other Racial 5 7%
MRI lesion location

No lesions 6 8%

Frontal /temporal only (FT) 14 18%

Extra-frontal /temporal only (XFT) 4 5%

Both FT and XFT 52 68%

Mean = SD  Range

Age at injury (years) 10.1 £33  4.6-15.6
Socioeconomic status 339 £ 12.6 3-66

Glasgow Coma Scale score 59+22 3-11
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Materials
Memory outcome measures

The CVLT-C was used to measure aspects of new verbal
learning (Delis et al., 1994). The CVLT-C is comprised of
5 recall trials of a 15-item word list; the list items belong to
3 semantic categories (Fruits, Clothing, Toys). The learning
trials are followed by a single presentation of a distracter
list, a second, novel 15-item word list. Learning and mem-
ory is assessed by number of words recalled over the 5
learning trials, after presentation of the distracter list (short-
delay free recall and cued recall), after a longer 20-minute
delay (long-delay free recall and cued recall), and on
recognition.

The following CVLT-C variables from Donders’ (1999)
5-factor model were examined: (1) total words recalled at
the first trial of the first list (A1, representing the Attention
Span Factor), (2) total words recalled at the fifth trial of the
first list (A5, representing the Learning Efficiency Factor),
(3) total words correctly recalled on the long-delay free
recall trial (LDFR, representing the Free Delayed Recall
Factor), (4) total words correctly recalled on the long-delay
cued recall trial (LDCR, representing the Cued Delayed
Recall Factor), and (5) total number of false positives dur-
ing the recognition trial (FP, representing the Inaccurate
Recall Factor).

For each variable, the CVLT-C raw scores for each child
were converted to standard scores based on the normative
sample (z-score). Z-scores have a mean of 0 and a standard
deviation of 1. For the first 4 factors, negative z-scores
indicate worse performance; for the Inaccurate Recall
Factor, positive z-scores indicate worse performance. In addi-
tion, because the z-scores are provided only in 0.5 incre-
ments, we also examined the total learning summary score
(T-score, List A Trials 1-5) for comparison. This score has
a mean of 50 and a standard deviation of 10.

Consistent with previous reported literature, the children’s
scores across all memory measures were generally within
the average to low average range at one year postinjury
(Hoffman et al., 2000; Massagli et al., 1996). There was
some variability in performance in the sample, with indi-
vidual test scores ranging from the significantly impaired to
above average ranges. The overall mean learning summary
score for the group (List A, Trials 1-5) compared to the
normative sample was a T-score of 40.25 (SD = 12.64).
Mean group z-scores, standard deviations, and median scores
for each of the five CVLT-C factors shown in Table 2.

The Wechsler Intelligence Scale for Children—Third Edi-
tion (WISC-III) was used to measure general verbal intel-
lectual ability (VIQ) (Wechsler, 1991). The verbal scale of
the WISC-III was chosen as the outcome measure over the
performance scale because it has been shown to be less
sensitive to post-TBI deficits of motor control and response
speed and therefore felt to be a more valid measure of intel-
lectual ability in this population (Ewing-Cobbs et al., 1998).
The group as a whole demonstrated overall verbal intellec-
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Table 2. Standard scores (z-scores) and standard deviations for the CVLT-C variables*

in children with TBI

Mean z-score Median
Factor CVLT-C Variable (SD) z-score
Simple attention List A, Trial 1 —.35(1.15) —-.50
Learning efficiency List A, Trial 5 —.99 (1.31) -1.00
Delayed free recall Long-delay free recall —.90(1.27) -1.00
Delayed cued recall Long-delay cued recall —.89(1.27) -1.00
Inaccurate recall False positives .60 (1.72) .00

Note. The CVLT-C provides z-scores in 0.5 increments.* Donders, 1999.

tual functioning in the low average range compared to age-
norms, with variability in performance noted across the sam-
ple (M = 86.99, SD = 15.49; range = 59-126).

Predictor variables

Glasgow Coma Scale (GCS) score was used to classify injury
severity (Teasdale & Jennett, 1974). The GCS is a standard-
ized severity scale that predicts mortality and morbidity in
the acute phase after brain injury and global outcome in the
follow-up period (Zafonte et al., 1996). The initial GCS
score on admission to the emergency room was used as the
measure of injury severity (Massagli et al., 1996). Sixty-
eight children sustained severe TBI (GCS = 3-8) and 8
children sustained moderate TBI (GCS = 9-12).
Socioeconomic status (SES) was assessed by obtaining
marital status, maternal and paternal occupations, and years
of education (Hollingshead Four Factor Index of Social
Status, 1975). Scores range from 3 to 66. Lowest scores
correspond to parents with less education and who are
unskilled laborers. Highest scores correspond to parents with
professional degrees working in skilled, professional jobs.
The diagnosis of preinjury Attention Deficit Hyperactiv-
ity Disorder (ADHD) was established by administration of
the Diagnostic Interview for Children and Adolescents
(DICA), a structured interview for children between 6 and
17 years old (Welner et al., 1987). The DICA-P, or parent
version, was administered to the parent on the day of enroll-
ment, to obtain information about preinjury ADHD. The 14
DICA criteria for ADHD conform to the Diagnostic and
Statistical Manual of Mental Disorders, Third Edition,
Revised (American Psychiatric Association, 1987).

Neuroimaging variables

Variables derived from the neuroimaging analysis and used
as predictor variables included the volume of lesions in the
following areas: frontal lobe, temporal lobe, frontal and
temporal lobes (by combining the first two variables), and
extra-frontotemporal regions (i.e., outside these two areas).
Extra-frontotemporal volume was calculated by subtracting
the total volume of lesions in frontal and temporal areas
from the total lesion volume (whole brain) for each child,
and therefore potentially represents both cortical and sub-

https://doi.org/10.1017/51355617705050885 Published online by Cambridge University Press

cortical lesions; however, 60% of the extra-frontotemporal
volume was comprised of lesions in the regions of the
basal ganglia, corpus collusum, thalamus, brainstem, and
cerebellum.

Log-transformed lesion volumes were calculated to nor-
malize the data. In addition, the total number of lesions
(across all brain areas) was calculated for each child. There
were 62 children who had lesions in the frontal regions, 49
children had lesions in the temporal regions, and 56 chil-
dren had lesions outside of these two brain areas (note,
these groups are not mutually exclusive). Table 1 shows the
distribution of lesions in frontal /temporal regions only, extra-
frontotemporal only, or both in the sample.

Procedure

On the day of study enrollment, a board-certified child and
adolescent psychiatrist (J.P.G.) conducted a structured psy-
chiatric interview with the parent to assess preinjury ADHD.
Enrollment typically occurred 1 to 3 weeks after injury. The
parent was asked whether the child was receiving special
education services prior to the injury. GCS scores were
obtained through medical record review. All subjects had
MRI scans performed approximately 3 months after injury
to detect chronic lesions (Wilson, 1990). An initial neuro-
psychological evaluation was completed immediately fol-
lowing termination of posttraumatic amnesia, which occurred
approximately 2 to 4 weeks after injury. A second neuro-
psychological evaluation and psychiatric interview was com-
pleted approximately one year from the date of injury, and
included measures of memory, intellectual functioning, atten-
tion, and executive function. For purposes of this study,
only results of the CVLT—C and WISC-III VIQ from the
one-year neuropsychological evaluation are described.

Neuroimaging Methods

Magnetic resonance images were obtained using a 1.5 Tesla
GE scanner, and required a total scan time of 18 minutes.
Subjects were trained in a procedure to inhibit body move-
ment through operant conditioning (Slifer et al., 1993). An
axial T1-weighted, 3D volumetric sequence with 1.5 mm
thick contiguous slices was obtained from the vertex to the
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foramen magnum [spoiled gradient recalled echo in steady
state (SPGR): 35; 45; 1:TR:TE:NEX]. The images were
displayed on a 1024 X 1024 pixel 3D workstation for eval-
uation by trained readers who were blind to any informa-
tion except that the study was part of a TBI project. Two
independent readers, an experienced neuroimaging technol-
ogist (C.W.) and a physician (J.P.G.), read each image. A
senior board-certified radiologist with subspecialty training
in neuroradiology (R.N.B.) adjudicated disagreement on each
of the readings. All lesions were processed on an ISG Alle-
gro workstation with measurement of lesion volumes and
dimensions, using an automated threshold-based method
(ISG Technologies, 1995).

Focal injuries were defined as hyper- or hypointense local
signal abnormalities on 3D T1-weighted images. Only intra-
axial abnormalities were considered, which included DAI,
cortical contusions, intracerebral hematomas, and infarcts.
A proprietary software program (ISG Technologies, 1995)
was used to compute lesion volumes. Volumetric data were
then converted to the Talairach stereotaxic reference frame
(Talairach & Tournox, 1988). Lesion locations were deter-
mined using a standardized 3D map of approximated brain
regions according to positions and dimensions defined in
the Talairach atlas.

Volumetric measurement and lesion detection reliability
were evaluated on 10 randomly selected cases by compar-
ing the readings of 2 blind readers. Interrater reliability was
determined by intraclass correlation coefficients (ICC). There
was no tendency for systematic bias between the 2 readers.
The ICC between Reader 1 and Reader 2 was 0.99 for
adjusted total lesion volume per subject and for total num-
ber of lesions per subject.

Statistical Analysis

A correlation matrix was calculated for the neuroanatomic
lesion variables to determine the degree of colinearity among
these variables prior to conducting the multivariate regres-
sion analyses. Because there was a moderate correlation
between the logs of the frontal lobe lesion volume and the
temporal lobe lesion volume (.399, p < .001), we used only
the combined variable (frontal /temporal lesion volume) in
the regression analyses. The combined variable (log of
frontal /temporal lesion volume) was not highly correlated
(.08, p > .10) with the other lesion variable used in the
models (log extra-frontotemporal lesion volume).
Hierarchical multiple linear regressions were performed
to explore the relationship between each of the CVLT-C
variables and the following predictor variables: age at injury
was entered into the model first, followed by SES, pre-
injury ADHD status, preinjury special education status, injury
severity (GCS), frontal /temporal lesion volume, and finally
extra-frontotemporal lesion volume. The change in predic-
tive power at each step was evaluated to examine the addi-
tional contribution of each variable to the model. The
CVLT-C summary score from List A, Trials 1-5 was also
examined in this way for comparison, because of the some-
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what better reliability of this standardized score. In addi-
tion, the VIQ score from the WISC-III was examined in this
way to determine if the same significant predictors of mem-
ory performance were also predictive of general verbal 1Q.
Collinearity diagnostics were examined carefully for all of
the regressions, particularly regarding the frontal /temporal
and extra-frontotemporal lesion volumes. None of the indi-
cators suggest that the analyses violate the allowable levels
of collinearity, and in fact, the diagnostics suggest a low
chance of multicollinearity in the data. Tolerance levels for
all of the predictors were close to 1 (ranging from .892 at
the lowest, to .997). The VIF (Variance Inflation Factors)
were low, ranging from 1.001 to 1.112.

To further examine the effects of lesion site after taking
into account total lesion volume for each of the variables of
interest, follow-up hierarchical regression analyses were per-
formed. The log of the total lesion volume was entered into
the model first, followed by the presence or absence of
lesions in the frontal/temporal regions, then the presence
or absence of extra-frontotemporal lesions. This was also
repeated with total number of lesions in place of total lesion
volume. Again, collinearity diagnostics were examined care-
fully for all of the regressions, and although the VIFs were
slightly larger (1.001 to 1.6), they were still well below the
threshold for allowable levels of collinearity.

RESULTS

The results of the hierarchical regression analyses for each
of the variables of interest are presented in Table 3. For
each variable of interest, the Beta weight of the predictor
variable and the incremental R? at each step in the model is
indicated in the table. In addition, the Beta weight for each
predictor variable in the final model (with all variables
entered) is also shown in the table.

None of the preinjury demographic variables (i.e., age at
injury, SES, preinjury ADHD, preinjury special education)
contributed significant improvement in predictive power to
the models for any of the 5 CVLT-C factors. After control-
ling for these variables, GCS added significant improve-
ment only in the model for the Attention Span Factor (lower
GCS was associated with worse performance). Frontal/
temporal lesion volume added significant incremental pre-
diction to the models for Learning Efficiency, Cued Delayed
Recall, and Inaccurate Recall (greater lesion volume was
associated with worse performance). After accounting for
all of the above-mentioned variables, the log of the extra-
frontotemporal lesion volume was uniquely and signifi-
cantly associated with performance across all 5 of the
CVLT-C variables, such that greater lesion volume was
associated with worse performance.

Because the standardized scores for each of the 5 factors
were obtained as rounded in increments of 0.5 from the
normative data, we repeated the hierarchical regression pro-
cedure for the summary 7-score, representing learning over
the 5 repetition trials of list A. Notably, when variables
were entered in the same order as outlined earlier, only the
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log of extra-frontotemporal lesion volume significantly con-
tributed predictive power to the model.

Verbal 1Q was evaluated in the same manner, but the
results revealed different variables contributing significant
predictive power to the model. Variables that added signif-
icant incremental prediction of VIQ included SES, pre-
injury special education placement, and finally the log of
extra-frontotemporal lesion volume.

Once all of the predictor variables were entered into the
model, the resultant Beta values for each predictor variable
did not change substantially. The only statistical changes
were that the predictive effect of frontal/temporal lesion
volume on CVLT-C A5 and LDCR disappeared with the
addition of extra-frontotemporal lesion volume. All other
variables remained significant.

To further clarify whether the predictive value of lesion
volume outside the frontal and temporal areas reflects the
overall size and diffuseness of the injury, additional regres-
sion analyses were employed to examine the effects of lesion
site on CVLT-C performance after taking into account total
lesion volume. The results of these regression analyses are
shown in Table 4.

The log of the total lesion volume was predictive of 3 of
the 5 CVLT-C factors (learning efficiency, cued delayed
recall, and inaccurate recall), but was not predictive of atten-
tion span, free delayed recall, or the overall summary 7-score.
The presence of lesions in the frontal /temporal regions did
not add predictive power to any of the models. Interest-
ingly, the presence of lesions outside the frontal /temporal
regions significantly contributed predictive power to the
model above and beyond total lesion volume for all but the
inaccurate recall factor. Total lesion volume did not remain
significantly predictive of either the learning efficiency or
inaccurate recall factors once all variables were entered into
the models.

Finally, these analyses were repeated using total number
of lesions (in place of total lesion volume) as the marker for
diffuseness of injury. These results are presented in Table 5.

In contrast to the total lesion volume, total number of
lesions was predictive of performance on all 5 of the factors
and the total summary 7-score. The addition of the pres-
ence of lesions in the frontal /temporal regions did not add
predictive power to any of the models. The addition of the
presence of lesions outside the frontal /temporal regions sig-
nificantly contributed predictive power to the model, above
and beyond total number of lesions, for the learning effi-
ciency factor and the total summary 7-score only.

Once all variables were entered into the model, only the
presence /absence of frontal /temporal lesions remained sig-
nificant in predicting CVLT-C Al, only the presence/
absence of extra-frontotemporal lesions remained significant
in predicting CVLT—C A5 and the total summary 7-score,
none of the variables remained significant in predicting
CVLT LDFR or FP, and only total number of lesions
remained significant in predicting CVLT LDCR. Although
the limit of tolerance for collinearity was not violated for
these analyses, these changes may reflect the large overlap
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Table 4. Regression analyses exploring the impact of lesion location after accounting for total lesion volume

Al A5 LDFR LDCR FP T1-5
AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model)
TLV .00 .08 —.13 .09 —.30%* —.18 .03 —.18 —.11 .08 —.27% —.28% .06 26% 1 .05 —-.22 13
+F/T .03 —.20 24 .01 -.07 —.01 .00 —.02 .02 .00 11 .16 .02 .19 .16 .00 .02 .09
+Extra-F/T .07 —.28% 28% 11 —.35%* —.35%* .08 —.29% —.29% .07 —.27* —.27% .02 .16 .16 17 —.44%* —.44%*
Overall Model R? = .10* R? = 21%%* R? = .11% R? =, 15%* R?=.11% R? = 22%%

Note. A1 = CVLT-C List A, Trial 1; A5 = CVLT-C List A, Trial 5; LDFR = CVLT-C Long-Delay Free Recall; LDCR = CVLT-C Long-Delay Cued Recall; FP = CVLT-C False Positives; T 1-5 = CVLT-C Summary 7-score for List A,
Trials 1-5. 8 = standardized Beta weights at each step. S(model) = standardized Beta weights for each variable once all variables have been entered into the model. AR? = change in R? at each step. TLV = log of Total Lesion Volume.
+F/T = presence/absence of lesions in the frontal /temporal regions. +Extra-F/T = presence/absence of lesions in the extra-frontotemporal regions.
*.01 < p <.05;**.001 < p = .01

Table 5. Regression analyses exploring the impact of lesion location after accounting for total number of lesions

Al AS LDFR LDCR FP T1-5
AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model) AR? B(step) B(model)
No. of lesions .06 —.24% —.24 .14 —.37%* —.20 .10 —.31%* —-.22 11 —.29%* —.26% .06 25% .10 13 —.36%* —.20
+F/T .04 23 25% .01 —.08 -.05 .00 .01 .04 .00 —-.03 .08 .20 .03 .19 .00 .04 .08
+Extra-F/T .03 —.20 —.20 11 —.29% —.29% .04 —-.22 -.22 .03 -.22 —.21 .01 14 14 11 —.38%* —.35%*
Overall Model R? = .13* R? = .20%%* R? = .14%* R? = .14%%* R? = .11% R? = 24%%

Note. A1 = CVLT-C List A, Trial 1; A5 = CVLT-C List A, Trial 5; LDFR = CVLT-C Long-Delay Free Recall; LDCR = CVLT-C Long-Delay Cued Recall; FP = CVLT-C False Positives; T1-5 = CVLT-C Summary 7-score for List A,
Trials 1-5. B = standardized Beta weights at each step. B(model) = standardized Beta weights for each variable once all variables have been entered into the model. AR? = change in R? at each step. No. of lesions = total number of lesions
on MRI. +F/T = presence/absence of lesions in the frontal /temporal regions. +Extra-F/T = presence/absence of lesions in the extra-frontotemporal regions.
*01 < p <.05; #%.001 <p=.0l.
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among total number of lesions and presence/absence of
lesions in the brain regions of interest.

DISCUSSION

This study examined aspects of new verbal learning and
memory in relation to brain lesions in a group of children
with moderate to severe TBI using the CVLT-C. Overall,
the results revealed that brain lesion volume in the frontal
and/or temporal regions of the brain was predictive of mem-
ory performance at one year after injury. Notably, lesion
volume in extra-frontal /temporal areas was also predictive
of performance, even after controlling for subject variables
and injury severity factors.

In contrast to the hypotheses, injury severity (GCS) was
not predictive of CVLT-C performance for 4 of the 5 fac-
tors examined. This result may be related to the restricted
severity range chosen for this study (i.e., moderate-severe
only). Previous studies that have shown a relationship
between initial GCS and neurobehavioral outcome included
children with mild injuries in their samples (e.g., Jaffe et al.,
1993; Levin et al., 2001).

For the factor of attention span, in contrast to the other 4
factors, injury severity (GCS) was independently predic-
tive of performance. Other studies have found relatively
spared attention span in TBI (e.g., Kauffman et al., 1993),
in the context of impairments in other, more complex, aspects
of attention such as sustained attention on a continuous
performance test. It may be that a reduced attention span as
measured by this variable is only seen in the most severely
injured children (i.e., those with the very lowest GCS scores).

For 3 of the 5 CVLT-C factors (Learning Efficiency,
Delayed Cued Recall, and Inaccurate Recall), the volume
of brain lesions in the frontal and temporal regions of the
brain was predictive of outcome, as hypothesized. How-
ever, while there is a significant volume of literature to
suggest that frontal and temporal brain regions play an impor-
tant role in memory ability, damage to these regions, at
least in our group of children with moderate to severe inju-
ries, does not appear to be the best predictor of memory
ability at one year after injury.

Unexpectedly, the variable that provided the most predic-
tive power in explaining variance in all of the CVLT-C
factors included the volume of lesions outside these areas.
One reason for this pattern of results may be that almost all
of our participants had large frontal and temporal contu-
sions, which made it difficult to assess the differential impact
of frontal and temporal lobe lesions on the memory factors.
Therefore, in this group of children with moderate to severe
TBI and large frontal /temporal lesions, it appears to be the
addition of other lesions outside of this area (i.e., extra-
frontotemporal) that is most predictive of memory outcome.

Recent other studies have also shown that in children
with severe TBI, both frontal and extra-frontal lesions may
be independently predictive of cognitive performance on
tests that are typically felt to be sensitive to frontal brain
integrity (Levin et al., 1997; Slomine et al., 2002). In a
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sample of children from the present research project, Slo-
mine and colleagues (2002) found that extra-frontal lesions
were a better predictor of performance on one measure of
executive functioning (Letter Fluency) than were frontal
lesions. Moreover, frontal lesion volume was not predictive
of performance on any measures of executive functioning.

These and other studies suggest that in individuals with
severe injuries, diffuse brain lesions (e.g., Verger et al.,
2001) or “deep” lesions, (e.g., Grados et al., 2001; Levin
et al., 1988, 1997), rather than focal lesions, may be more
predictive of outcome after TBI (Wilson, 1990). It may be
that it is not damage to a particular brain region that is most
likely to lead to impaired cognitive function, but rather mul-
tiple disconnections across multiple circuits that ultimately
leads to the most dramatic disruption in cognitive processes
(see Medana & Esiri, 2003 for a review). Along these lines,
Donders and Minnema (2004) found that speed of informa-
tion processing appears to mediate the impact of TBI on
CVLT-C variables, suggesting that processing speed and
allocation of cognitive resources, something particularly
impacted by diffuse injury and DAI, is primarily responsi-
ble for learning difficulties on this test following TBI. The
current study also suggests that in children with moderate
to severe TBI, more diffuse injury, as measured by the exten-
sion of lesions outside the frontal and temporal brain areas,
is associated with worse prognosis, particularly regarding
memory performance.

Several adult TBI studies have suggested that DAI is the
mechanism of injury most important in the development of
prolonged coma or persistent vegetative states (Adams et al.,
1999), and possibly in disruption of hippocampal circuits
important for memory (Blumbergs et al., 1994). Addition-
ally, Adams and colleagues (1989) reported that lesions con-
sistent with DAI are found located sequentially deeper in
the brain with increasing severity of injury. Taken together,
the literature suggests that diffuse injury and/or DAI, par-
ticularly when it involves deep lesions, can be interpreted
as a marker for severity of injury and a possible indicator
for worse prognosis.

The results of the present study support this notion, in
that a greater total number of brain lesions was predictive
of worse performance on all of the CVLT-C variables. Addi-
tionally, the total number of lesions predicted performance
on more of the memory factors than did total lesion vol-
ume. The presence of lesions outside of the frontal /temporal
brain areas was associated with worse memory perfor-
mance (with the exception of inaccurate recall) above and
beyond the total lesion volume. Taken together, these find-
ings suggest that diffuseness of injury (as opposed to over-
all size of the lesions) is most predictive of memory difficulty
at one year postinjury. Interestingly, the presence of lesions
outside the frontal /temporal regions was predictive of learn-
ing efficiency and the overall memory summary score above
and beyond the total number of lesions across all brain
areas. As at least 60% of these extra-frontotemporal lesions
were not cortical, this may reflect “depth” of lesions. Grados
and colleagues (2001) also found that total number of lesions
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and depth of lesions were more predictive of outcome than
was lesion volume, and suggested that these lesions may be
a marker for injury severity and provide an additional way
to measure severity above and beyond GCS score in chil-
dren with moderate to severe TBI.

It should be noted that many studies of the effects of TBI
in children use samples that do not include children with
preinjury difficulties, such as children with ADHD, learn-
ing disabilities, or children in special education programs
prior to their brain injury. Because many children seen clin-
ically for rehabilitation and evaluation after TBI have these
premorbid characteristics (Gerring et al., 1998), we included
these children in this study to allow us to investigate mem-
ory outcomes in a more typical TBI population. However,
neither of these preinjury variables was significantly pre-
dictive of memory performance at one year. The current
findings suggest that injury variables (more than premorbid
learning difficulties) are more important in mediating per-
formance on the CVLT-C after TBI.

Notably, when a more global, nonmemory measure was
examined (Verbal 1Q), receipt of preinjury special educa-
tion services and SES were more predictive of score at one
year post-TBI than was initial GCS, age, or lesions in the
frontal /temporal regions. Although extra-frontotemporal
lesions were also predictive of performance, substantial vari-
ance in score was explained by the two demographic vari-
ables. This finding supports previous studies that suggest
that Verbal IQ may be a better “proxy” for preinjury ability
than other test findings (Ewing-Cobbs et al., 1998).

These results should be interpreted in the context of
several limitations. First, the children evaluated in our study
are a somewhat restricted group when compared to chil-
dren in other studies of moderate to severe TBI, in that our
subjects had injuries severe enough to warrant admission
to a pediatric rehabilitation inpatient facility. Second,
because no data from control subjects were obtained, nor-
mative data were the basis for comparisons to same-aged
peers. Normative data for the CVLT-C provides z-scores
in 0.5 increments for most measures, which reduces the
range of possible obtained values. Third, our sole measure
of initial injury severity was GCS score on admission to
the Emergency Department. Although it is commonly used
as a variable in studies of TBI, the scale is ordinal in
nature and thus its use in parametric statistical models is
questionable. Unfortunately, other measures of injury sever-
ity (such as duration of coma or posttraumatic amnesia)
were not systematically available for the study sample.
Fourth, although attempts were made to take into account
preinjury variables such as special education placement
and attentional difficulties, more detailed classification of
premorbid developmental difficulties would be helpful when
examining the effects of other factors in predicting mem-
ory in pediatric TBI samples (Taylor & Allen, 1997). Addi-
tionally, non-brain injury factors not explored in the study,
such as premorbid family characteristics, family resources,
and participation in therapeutic and special education ser-
vices following injury, may be relevant to memory recovery.
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Several limitations related to the MRI procedures should
be noted. First, MRIs were conducted at 3 months post-
injury, whereas testing was completed at one year. Although
the MRI scan is considered “chronic” and little change in
lesions is expected (Wilson, 1990), correlations between
memory and long-term neurological changes such as atro-
phy could not be examined because only a single scan was
performed, not allowing for examination of volume changes
over time (Blatter et al., 1997; Giedo et al., 1999). As the
scans and testing were done at different times, the present
results suggests that lesions at 3 months can offer prognos-
tic prediction of memory performance at 1 year, but the
study does not establish an association between specific
brain regions and memory performance. In addition, the
MRI data was not processed in a manner to allow us to
classify different lesion types (e.g., contusion, DAI) or spec-
ify all lesion locations outside of the frontal and temporal
regions (Auerbach, 1986).

More research is needed to examine the relationship
between findings on neuroimaging, age, and memory in the
developing brain following TBI. In addition, obtaining mul-
tiple neuropsychological and neuroimaging data points over
a longer follow-up period would allow for the construction
of growth curve analyses, to clarify the influence of age and
neuroanatomic variables on the development and recovery
of memory following TBI. Finally, the contribution of sec-
ondary lesions related to factors during the acute injury
period, such as cerebral perfusion pressure and exitotoxic-
ity, needs to be clarified in future studies.
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