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Abstract
While longitudinal studies of children treated for brain tumors have consistently revealed declines
on measures of intellectual functioning, greater specification of cognitive changes following
treatment is imperative for isolating vulnerable neural systems and developing targeted
interventions. Accordingly, this cross-sectional study evaluated the performance of childhood
brain tumor survivors (n= 50) treated with conformal radiation therapy, solid tumor survivors (n=
40) who had not received CNS-directed therapy, and healthy sibling controls (n= 40) on measures
of working memory [Digit Span and computerized self-ordered search (SOS) tasks]. Findings
revealed childhood brain tumor survivors were impaired on both traditional [Digit Span
Backward- F(2, 127)= 5.98, p< .01] and experimental [SOS-Verbal- F(2, 124)= 4.18, p< .05; SOS-
Object- F(2, 126)= 5.29, p< .01] measures of working memory, and performance on working
memory measures correlated with intellectual functioning (Digit Span Backward- r= .45, p< .
0001; SOS- r= −.32 − −.26, p< .01). Comparison of performance on working memory tasks to
recognition memory tasks (computerized delayed match-to-sample) offered some support for
greater working memory impairment. This pattern of findings is consistent with vulnerability in
functional networks that include prefrontal brain regions and has implications for the clinical
management of children with brain tumors.
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Survivors of brain tumors (BTs) diagnosed in childhood are at significant risk for cognitive
impairments secondary to disease- and treatment-related factors. As survival rates improve,
efforts to optimize long-term cognitive outcomes take on added importance. Longitudinal
studies of children treated for BTs most consistently reveal declines in intellectual
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functioning (Mulhern et al., 2004). Progressive IQ loss likely reflects a decreased rate of
learning compared to peers rather than a loss of previously acquired knowledge (Palmer et
al., 2001). Risk factors associated with IQ decline most reliably include younger age at
treatment, longer time since treatment, female gender, treatment intensity, and complicating
medical factors (as reviewed in Mulhern & Butler, 2004).

Historically, the cancer survivorship literature has been limited by over reliance on global
cognitive measures not functionally specific enough to facilitate identification of vulnerable
neural systems or development of targeted cognitive interventions. In more recent years,
investigations have begun to identify specific areas of cognitive impairment including
attention (Dennis et al., 1998; Reeves et al., 2006), working memory (WM; Dennis et al.,
1992; Dennis et al., 1998; Kirschen et al., 2008 but not Mabbott et al., 2008) and processing
efficiency (Waber et al., 2006; Mabbott et al., 2008) that may be proximal contributors to
global IQ declines. Emerging areas of core deficit are informative as nearly half of age-
related improvements in IQ can be accounted for by developmental improvements in WM
and processing speed (Fry & Hale, 1996). WM may be particularly vulnerable to radiation
effects as indicated by findings revealing WM impairment larger than predicted based on
reduced processing speed (Schatz et al., 2000).

A primary method of treatment for childhood BTs is radiation therapy, which is a well-
established cause of change in cerebral white matter (Filley & Kleinschmit-DeMasters,
2001). There is accumulating evidence to suggest reduced cerebral white matter accounts for
a notable proportion of the observed decline in IQ among BT survivors (Mulhern et al.,
1999; Reddick et al., 2000). Total dose of irradiation plays a significant role in cognitive
outcomes following radiation therapy (Grill et al., 1999). Thus, there is strong rationale for
reduction in radiation dose and volume when appropriate tumor control can be maintained.
Accordingly, conformal radiation therapy (CRT) encompasses sophisticated planning and
delivery techniques developed to limit highest radiation doses to volumes at risk while
sparing surrounding normal tissues (Merchant et al., 2004). Preliminary evidence suggests
CRT results in a high rate of disease control and better preservation of cognitive abilities
(Conklin et al., 2008; Merchant et al., 2004). Further characterization of cognitive outcomes
following therapy, including exploration of specific processes that may be more sensitive to
radiation effects, is warranted to understand risks and benefits of this treatment approach.

WM is an ideal system to study in this regard as it is well defined behaviorally, in keeping
with Baddeley and Hitch's tripartite model (Baddeley, 1998), and neuroanatomically, with
convergent evidence for involvement of the dorsolateral pre-frontal cortex from both
primate (Goldman-Rakic, 1995) and functional neuroimaging (Petrides, 1995; Smith &
Jonides, 1998) studies. WM is a limited capacity system that facilitates online maintenance
and manipulation of information used to guide cognition and behavior (Baddeley, 1998;
Goldman-Rakic, 1995). It is an important cognitive system that has been shown to subserve
many cognitive and academic skills including language comprehension (Hanten, Levin &
Song, 1999), mathematical computation (Ayr, Yeates & Enrile, 2005), reading and writing
(De Jonge & de Jong, 1996; Swanson, 1999). Given protracted myelination of the prefrontal
cortex (Giedd, 2004; Sowell, et al., 2001), and radiation induced cerebral white matter
changes, WM may be particularly vulnerable to radiation-related neurotoxicity.

Studies conducted by Dennis and colleagues in the 1990s provided the first evidence for
WM impairment among childhood BT survivors. Using clinical measures, they identified
WM deficits associated with a history of radiation therapy and principal tumor site involving
thalamic/epithalamic brain regions (Dennis et al., 1992). Subsequently they found risk for
WM impairment depended on the interaction between tumor location and treatment, with
worst outcomes for patients receiving radiation therapy for a posterior third-ventricle tumor
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(Dennis et al., 1998). More recently, investigators have found WM impairment in patients
with tumors in other locations, including cerebellar tumors (Kirschen et al., 2008). However,
these findings have not been ubiquitous, with other investigators failing to find WM
impairment in children treated for posterior fossa tumors (Mabbott et al., 2008). Further
investigation is warranted using experimental measures that may better isolate specific
cognitive processes and offer clues regarding neurological processes based on prior
empirical studies.

Whereas clinical WM tasks typically require free recall of information, recognition memory
tasks involve identification of previously encountered information using a forced-choice
matching procedure. Thus, recognition memory tasks exert a relatively low level of WM
executive control dependent on frontal brain regions (Luciana et al., 2005). Recognition
memory has traditionally been thought to rely on more posterior, medial temporal lobe,
memory systems (Nelson, 1995), which is supported by recent functional neuroimaging
studies (Olsen et al., 2009; Schon et al., 2004). Research with typically developing children
has revealed a dissociation in findings whereby performance improves during adolescence
on WM tasks but not recognition tasks, in keeping with protracted frontal lobe development
(Conklin et al., 2007). These findings suggest WM, not fully matured by adolescence, may
be more vulnerable than recognition memory in childhood BT survivors. To our knowledge,
this is the first study that assesses BT survivors using a battery of memory measures,
including traditional and experimental measures, WM and recognition memory, grounded in
the prevailing cognitive and neuroscience models.

For the current study, we used a controlled, cross-sectional experimental design to test our
hypotheses about WM performance. The primary objective was to assess childhood BT
survivors, treated homogeneously with CRT, on experimental measures of WM and
recognition memory in order to identify cognitive processes that may contribute to the well-
established decline on global cognitive measures. We predicted: 1) childhood BT survivors
would perform significantly worse than solid tumor (ST) survivors who had not received
CNS-directed therapy and healthy siblings on measures of WM, 2) performance on
measures of WM would have a modest but significant association with performance on a
measure of intellectual functioning and 3) childhood BT survivors would demonstrate a
significantly higher incidence of WM impairment than recognition memory impairment. In
the event WM deficits were identified among BT survivors, we planned exploratory
analyses to identify demographic or clinical factors predictive of WM performance.

Method
Participants

Participants were recruited to form three groups: BT survivors treated with CRT, healthy
siblings of children treated for a BT, and ST survivors. A sibling control group was included
given the use of experimental measures without published norms, and to increase group
similarity on potentially contributory variables. A ST control group was included to
facilitate identification of cognitive effects specific to CNS-directed therapy while
accounting for the childhood cancer experience including frequent school absences.
Participants were required to be English speaking and between 8 and 18 years of age. All
three groups were stratified by gender and age (8–12; 13–18). The BT group was further
stratified by tumor location (infratentorial; supratentorial). The study was approved by the
Institutional Review Board; written informed consent was required prior to participation.
Eligible participants were contacted in the order of upcoming hospital visits for routine
medical care.
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All BT patients were treated for a primary CNS tumor (ependymoma, low grade glioma or
craniopharyngioma) on an institutional phase II trial of CRT (RT-1). They were required to
have initiated radiation therapy at least two years prior to enrollment, with no evidence of
recurrent disease, to characterize late rather than acute effects of treatment. Patients received
CRT, including intensity-modulated radiation therapy, over six to seven weeks with a
prescribed dose of 54–59.4 Gy. The irradiated clinical target volume included a 10 mm
margin surrounding the tumor, tumor bed or both, in order to treat microscopic disease. An
additional 3 to 5 mm was included to account for uncertainty in patient positioning and
image registration. Target volume definitions and treatment parameters have been
previously reported (Merchant, 2002). All ST survivors were treated for a primary ST
(Ewing sarcoma, osteosarcoma, soft tissue/rhabdomyosarcoma, neuroblastoma or Wilms'
tumor), without CNS-directed therapy (i.e., cranial radiation therapy, intrathecal
chemotherapy or high dose methotrexate), and were diagnosed at least two years prior to
study enrollment. Sibling control participants were healthy siblings of St. Jude BT patients
(15 of which participated in this study).

Individuals were excluded from participation for significant impairment in global
intellectual functioning to maximize the ability to complete cognitive tasks. All BT patients
were excluded for an IQ less than 70 as indicated by prior RT-1 testing. ST and sibling
control participants were excluded if they had a history of pull-out special education
services. In the unlikely event current study testing revealed an IQ less than 70, data from
that participant was removed from analysis. Participants were also excluded for a history of
CNS injury or disease (predating cancer diagnosis in BT patients), documented Attention
Deficit Hyperactivity Disorder (predating cancer diagnosis for BT patients), treatment with
psychostimulant or psychotropic medication within two weeks of study participation, or a
major sensory or motor impairment that would preclude valid testing.

Procedure
Assessment of Working Memory—All participants were administered the Digit Span
Task from the age appropriate Wechsler Scale [Wechsler Intelligence Scale for Children-
Fourth Edition, Integrated (WISC-IV Integrated; Wechsler, 2003) or Wechsler Adult
Intelligence Scale-Third Edition (WAIS-III; Wechsler, 1999)]. Internal consistency
reliability for this task is high (WISC-IV Integrated, r= .87). Z-scores were computed
separately for longest Digit Span Forward and Digit Span Backward using published
normative data so WISC-IV and WAIS-III scores could be combined.

Two experimental WM measures were also administered: Self-Ordered Search-Verbal
(SOS-V) and Self-Ordered Search-Object (SOS-O), modeled after examiner administered
tasks by Petrides and Milner (1982). They have been used previously in behavioral studies
of typically developing children (Conklin et al., 2007; Luciana et al., 2005) and patients with
schizophrenia (Conklin et al., 2005), as well as neuroimaging studies with healthy adults
(Curtis, Zald & Pardo, 2000). Positron emission tomography indicates performance on SOS-
O is associated with an increase in regional cerebral blood flow in the dorsolateral prefrontal
cortex and the frontopolar region, with better performing participants demonstrating a
greater amount of blood flow to the prefrontal cortex (Curtis et al., 2000).

For the SOS-V task, words are presented in an array on a computer monitor. Four array size
trials were used: 2 × 2 for four words, 3 × 2 for six words, 3 × 3 for nine words and 4 × 3 for
12 words (see Figure 1). Participants select each word once, and only once, in any order.
After each response, the words randomly rearrange cueing initiation of the next response.
The goal is to complete each trial with as few responses as possible, thus requiring the
participant to hold previously selected words in WM. All words have an age of acquisition
of ≤ eight years of age (Gilhooly & Logie, 1980) and were chosen to be low in visual
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imagery to encourage verbal mnemonic strategies (Gilhooly & Logie, 1980). The computer
program precludes an alphabetization strategy or selecting the same location multiple times
in a row, thus capitalizing on randomized spatial presentation of words. For each difficulty
level, the trial ends when the participant selects all words or after 3N responses (where N is
the number of words in a trial), whichever occurs first. The dependent variable of interest is
the error score (E) which is the number of erroneous attempts per word. E= (R−N)/N where
R is the number of responses.

The SOS-O task is parallel in format to the SOS-V task but includes geometric objects rather
than words as stimuli. Four array size trials were used: 2 × 2 for three objects, 3 × 2 for five
objects, 3 × 3 for eight objects and 4 × 3 for eleven objects (see Figure 2). During this task,
the location of the most recently selected object is muted with a black square that does not
accept a response for the subsequent response. Random rearrangement of objects and muting
of previous responses limits the use of spatial mnemonic strategies. Objects were selected
that are not readily nameable in order to limit verbal mnemonic strategies.

Assessment of Recognition Memory—To assess recognition memory, analogous
verbal and face recognition tasks were administered. Both tasks require recognition of
previously presented stimuli using a forced-choice, delayed match-to-sample, procedure. For
the Verbal Recognition Memory Task, a series of twelve words is presented one-by-one on a
computer monitor. Subsequently, the participant is presented with twelve word pairs and
must indicate which of two presented words was on the list of twelve previously viewed
words. Two trials of twelve words were administered. The dependent variable of interest is
the percent of correct responses.

The Face Recognition Memory Task is the same as the Verbal Recognition Memory Task
but includes twelve faces rather than words. The faces are neutral in facial expression and
derived from the MacBrain Stimulus Set (developed by Nim Tottenham at the University of
Minnesota). Two trials of twelve faces were administered.

Assessment of General Cognitive Ability—All participants were administered the
Vocabulary and Matrix Reasoning subtests of the Wechsler Abbreviated Scale of
Intelligence (WASI; Wechsler, 1999). This abbreviated IQ is highly correlated with full-
scale IQ (correlation with WISC-IV is .82; Wechsler, 2003). The Reading subtest of the
Wide Range Achievement Test, Third Edition (WRAT-3; Wilkinson, 1994) was
administered to estimate reading level of participants and verify adequate ability for
completing verbal tasks.

Assessment of Demographic Characteristics—Caregivers completed a demographic
and developmental questionnaire that includes questions for derivation of an index of
socioeconomic status (SES). The Barratt Simplified Measure of Social Status was used
(Barratt, 2006). Scores can range from 8 to 66 with higher scores indicative of higher SES.

Identification of Clinical Variables—Clinical variables were extracted from the
medical record. Extent of surgical resection was categorized as biopsy, subtotal resection,
near total resection or gross total resection based on gross residual disease on post-operative
neuroimaging. Hydrocephalus was categorized as present/not present and tumor location as
infratentorial/supratentorial based on neuroimaging scans at diagnosis. Medical records were
also reviewed to identify BT patients who received a ventriculo-peritoneal shunt for
hydrocephalus management.
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Data Analytic Plan
Descriptive statistics of demographic and clinical variables were calculated to characterize
participant groups. Groups were compared using binomial tests, analyses of variance
(ANOVA) or chi-square to establish group similarity. ANOVAs were used to investigate
group differences on the Digit Span and Recognition Memory tasks, with appropriate post
hoc comparisons to evaluate significant findings. For the SOS tasks, linear mixed models
were used to examine main effects of age, task difficulty (array size) and group, as well as
their interactions. When significant main effects were identified, post hoc comparisons were
conducted. To address multiple comparisons and risk of Type I error, the Adaptive Holm
method was used to ensure statistically significant findings remained significant after
adjusting for number of group comparisons for each outcome measure.

The association between WM performance and intellectual functioning was characterized by
Pearson correlation coefficients. To compare the rate of WM impairment to recognition
memory impairment in BT survivors, each BT patient was categorized as impaired/not
impaired based on the sibling control group (performance more than one standard deviation
worse than siblings). A McNemar test was then used to compare the percentage impairment
on WM tasks to recognition memory tasks. This process was repeated using the ST group to
define impairment. Further, linear mixed models were used to investigate whether group
differences on the SOS tasks remained after adjusting for performance on recognition
memory tasks. Finally, univariate linear models were used to explore clinical predictors
(variables listed in Tables 1 and 2) of WM performance on the Digit Span Task and SOS
tasks for the BT group.

Results
Demographic and Clinical Characteristics

The three groups were balanced with respect to gender, race, SES and age at participation
(Table 1). The ST group was significantly younger than the BT group at time of diagnosis
and was significantly further out from diagnosis than the BT group at time of study
participation. While all three groups had estimated IQ means within the average range, the
BT group had a significantly lower IQ than both the ST and sibling control groups. No
individuals, in any group, were removed from data analysis for an IQ less than 70.

The BT group was balanced by diagnosis and tumor location (Table 2). Only six patients
received chemotherapy prior to radiation therapy; whereas, all but two patients had
undergone surgical resection(s). Most patients undergoing chemotherapy received
multiagent chemotherapy including cyclophosphamide, cisplatin or carboplatin, etoposide
and vincrinstine.

Cognitive Outcomes
Working Memory—There were no significant group differences on the Digit Span
Forward Task (p= .07). There were significant group differences on the Digit Span
Backward Task. Post hoc comparisons indicated BT survivors performed significantly worse
than both ST and healthy controls (p< .01), who did not differ from one another (p= .61).
See Figure 3.

For the SOS-V task, two participants in the BT group were excluded from data analysis due
to reading ability below the 8 year-old level. Linear mixed models did not reveal any
significant interactions among array size, group and age. There were statistically significant
main effects for array size (p< .0001) and group (p< .05), but not age (p= .50). Post hoc
comparisons indicated performance across groups worsened with increasing array size. Post
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hoc comparisons also indicated, after accounting for age and array size, the BT group
performed significantly worse than the ST group (p< .01) and worse than the sibling group
(p< .05), which did not differ from each other (p= .49).

Similar to the SOS-V task, linear mixed models did not reveal any significant interaction
among array size, group and age for the SOS-O task. There were statistically significant
main effects for array size (p< .0001) and group (p< .01), but not age (p= .20). Post hoc
comparisons indicated across groups performance worsened with increasing array size. Post
hoc comparisons also indicated, after accounting for age and array size, the BT group
performed significantly worse than the ST group (p< .01) and worse than the sibling group
(p< .05), which did not differ from each other (p= .70). See Figure 4.

Working Memory and Intellectual Functioning—For data reduction purposes, a mean
score for SOS-V and SOS-O was computed. There was a small, but significant, correlation
between the SOS-V mean error score and estimated IQ for the combined sample (r= −.26,
p< .01). Likewise, there was a significant correlation between SOS-O mean error score and
estimated IQ (r= −.32, p< .001). For both Digit Span Tasks, there was also a significant
correlation between estimated IQ and span length (Digit Span Forward- r= .35, p< .0001;
Digit Span Backward- r= .45, p< .0001). When looking within groups, the correlations were
all in the expected directions and generally of similar magnitude across groups. Despite a
reduction in power to detect significance, correlations reached at least a trend for
significance (p < .10) for the SOS-V task in the ST group, the SOS-O task in the ST and
sibling groups, Digit Span Forward in the BT group and Digit Span Backward in the BT and
sibling groups.

Recognition Memory—The same two participants excluded from data analysis for the
SOS-V task were excluded for the Verbal Recognition Memory Task due to inadequate
reading ability. For both Verbal and Face Recognition Memory Tasks participants
completed two trials. Examiner observations revealed a small subset of participants
misunderstood the directions to select the stimuli previously encountered and instead
selected novel stimuli. When observed, the instructions were carefully re-explained for the
second trial. Given this finding, only data from the second trial was used for all participants.
Post hoc data inspection revealed there were still a few participants that appeared to perform
the opposite task of the instructions resulting in performance levels of 0% or near 0%
accuracy. Given this finding, data was excluded for any pariticipants with percent accuracy
scores < 25%, which is significantly less than chance performance (50%) and suggestive of
a failure to understand task instructions. This resulted in removal of data for two participants
in the BT group and two in the sibling group from the Verbal Recognition Memory Task but
none from the Face Recognition Memory Task.

There were significant group differences on the Verbal Recognition Memory Task (p< .05).
Post hoc comparisons indicated the BT group performed significantly worse than the sibling
group (p< .05), with a trend for worse performance than the ST group (p= .08); there was no
significant difference between the ST and sibling groups (p= .57). There were no significant
group differences on the Face Recognition Memory Task (p= .30). See Figure 5.

Working Memory vs. Recognition Memory—When defining impairment based on the
sibling group (worse than 1 SD from their mean), rate of impairment among the BT group
on the SOS-V Task (30%) was not greater than on the Verbal Recognition Memory Task
(35%; p= .79). Likewise, rate of impairment among the BT group on the SOS-O Task (34%)
was not greater than on the Face Recognition Memory Task (26%; p= .50). In contrast,
when defining impairment based on the ST group (worse than 1 SD from their mean), rate of
impairment among the BT group on the SOS-V Task (37%) was significantly greater than
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on the Verbal Recognition Memory Task (15%; p< .05). Likewise, rate of impairment
among the BT group on the SOS-O Task (44%) was greater than on the Face Recognition
Memory Task (14%, p< .01). Linear mixed models investigating group differences on the
SOS-V and SOS-O tasks after adjusting for Verbal and Face Recognition Memory,
respectively, produced convergent findings. On the SOS-V task, the BT group performed
significantly worse than the ST group (p<.05) with a trend for worse performance compared
to the sibling group (p= .07); whereas, on the SOS-O task the BT group performed
significantly worse than both the ST and sibling groups (p< .05).

Clinical Predictors—Exploratory univariate linear models were used to investigate
demographic and clinical variables predictive of WM performance for the BT group on the
Digit Span Task, SOS-V or SOS-O. Mean error scores for SOS-V and SOS-O continued to
be used for data reduction purposes. No significant predictive relationships were identified.

Discussion
Study findings were largely consistent with a priori hypotheses. Children treated for a BT
with CRT performed significantly worse than control participants on traditional, clinical
measures of WM as well as experimental, computerized measures of WM. Further, deficits
were identified in comparison to healthy siblings and children who had been treated for a ST
without CNS-directed therapy. Performance on WM tasks tended to correlate with estimated
IQ suggesting WM problems may be a contributor to previously established declines in
intellectual functioning. Given a significant proportion of age-related improvements in IQ
can be accounted for by developmental improvements in WM, WM deficits may help
explain the time-since-treatment effect whereby the gap in intellectual abilities between BT
survivors and peers widens over time. There was mixed support for the hypothesis that BT
survivors would demonstrate a significantly higher rate of WM impairment relative to
recognition memory impairment, with more support for this prediction when using ST
survivors as the control group.

Impaired WM performance on experimental measures, for which performance has been
shown to be mediated by activation of the prefrontal cortex (Curtis et al., 2000), adds
behavioral support to the theory frontal brain regions are particularly vulnerable to radiation
effects. Diffusion tensor imaging (DTI) has been used to investigate regional white matter
vulnerabilities following CNS-directed therapy for childhood BTs. For example, Qiu and
colleagues (2007) used DTI to study survivors of medulloblastoma treated with whole-brain
irradiation. Fractional anisotropy (FA- a DTI-derived index of white matter integrity) of the
frontal and parietal lobes was found to be significantly less compared with controls.
Moreover, the frontal lobe was found to have a significantly larger difference in FA
compared with the parietal lobe despite the same irradiation dose, suggestive of
radiosensitivity of frontal brain regions. In another study comparing children treated for
medulloblastoma with surgery, adjuvant chemotherapy and radiation therapy to children
treated with surgery only for pilocytic astrocytoma, both groups were found to have
significantly decreased FA values in cerebellar midline structures and the frontal lobes;
however, the amount of decreased FA was greater in medulloblastoma survivors thus
revealing distal effects of local cerebellar treatment and additional neurotoxic effects of
adjuvant treatment (Rueckriegel et al., 2010). Distal treatment effects are consistent with
reports that WM performance is related to integrity of cerebello-thalamo-cerebral
connections such that break down in myelin anywhere in this pathway may interrupt
communication with the frontal lobes (Law et al., 2011). Taken together these findings offer
important clues to neuropathology underlying cognitive late effects that may inform further
refinement of cancer-directed therapy.
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CRT represents a significant advancement in the treatment of childhood BTs. Recent
research suggests CRT results in a high rate of disease control and better preservation of
intellectual functioning (Merchant et al., 2009), academic skills (Conklin et al., 2008), and
learning and memory (Di Pinto et al., 2010). However, current findings suggest risk remains
for cognitive disruption that can be detected by WM measures. It is important that
researchers and clinicians look beyond global measures to prevent missing specific
difficulties that may impact functional outcomes. Measures with greater sensitivity to
specific cognitive processes also provide better insight to underlying neurological processes
and suggest areas for targeted intervention. It is likely we are approaching a plateau in the
ability to limit neurotoxicity associated with cancer-directed therapies while maintaining
high survival rates, highlighting the need to develop focused interventions that mitigate
potentially unavoidable cognitive late effects.

The same pattern of difficulties in BT survivors was generally revealed irrespective of
control group with BT survivors performing significantly worse than healthy and cancer
control groups on IQ, Digit Span Backward, both experimental WM tasks, and the verbal
forced-choice recognition task. These findings indicate WM problems are not simply the
result of the childhood cancer experience but rather appear specific to CNS disease and/or
treatment. There has been recent interest in studying cognitive late effects of systemic
chemotherapy used to treat STs (Minisini et al., 2004; Vardy & Tannock, 2007); the current
findings are not suggestive of risk. The current study also highlights the importance of
including control groups in study design. By relying on published normative data, group
differences in IQ and Digit Span would have been missed as control groups performed better
than published norms. This phenomenon has previously been reported in the leukemia
literature (e.g., Janzen & Speigler, 2008).

While WM problems were prevalent among BT survivors, and independent of type of
measure or control group, evidence for WM as a specific deficit for BT survivors was
mixed. BT survivors performed similarly to both control groups on the nonverbal forced-
choice recognition task, suggesting an area of spared functioning. However there were group
differences on the verbal forced-choice recognition task, and there were no greater
differences in WM performance relative to recognition memory performance when using
sibling controls. This finding might indicate performance on the verbal forced-choice
recognition task is mediated by frontal brain areas in addition to medial temporal lobe areas
(Ranganath, Johnson & D'Esposito, 2003) and/or reflect additional adverse impact of
radiation on the hippocampus (Nageswara Rao et al., 2011).

Potential study limitations exist. First, the experimental SOS tasks used in this study
demonstrated good psychometric properties with respect to revealing group differences and
parametric varying of task difficulty. However, in contrast to earlier studies with typically
developing children (Conklin et al., 2007; Luciana et al., 2005), improvement in WM
performance with age was not identified. Age effects may have been obscured by treatment
effects in the patient groups. Retrospective exploratory analyses revealed some age related
trends among the sibling group that may have been difficult to detect with a small sample
size. Second, it came to the study team's attention that some participants misunderstood
directions for the forced-choice recognition tasks. While this issue was addressed
retrospectively through data analysis, in future studies it will be important to confirm
participant understanding of directions in real-time. Third, a stricter comparison of
nonverbal working memory to recognition memory would include tasks using the same
stimuli type (i.e., objects or faces). Fourth, performance on the Verbal Recognition Memory
Task may have been associated with ceiling effects thus limiting comparison of verbal
recognition and working memory tasks; however, this was in part countered by using the
same reference group (healthy siblings or ST patients) for task comparisons and was not a
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factor in comparing nonverbal recognition and working memory tasks. Finally, cross-
sectional study design precluded investigation of development of deficits over time.
Prospective, longitudinal studies would afford the opportunity to investigate whether WM
deficits precede the emergence of IQ deficits thus revealing a window of time during which
intervention might prevent a sequential cascade of cognitive issues.

Current findings have clinical implications and suggest areas for investigation. Identification
of WM as an area of difficulty following CRT for childhood BTs suggests vulnerability of
underlying neural substrates, most notably a well-established frontal-parietal network
including the dorsolateral prefrontal cortex. In evaluating newer treatment approaches such
as proton beam therapy, which promise greater sparing of healthy brain tissue, it will be
important to assess WM as a test of decreased neurotoxicity. Future work more directly
assessing brain function with functional neuroimaging (fMRI and DTI) is needed to examine
when and how development of anterior brain regions deviates from the typical trajectory,
which may inform treatment delivery. Current findings also suggest WM may be a core
deficit underlying the well documented decline in IQ. This finding may direct closer
monitoring to facilitate earlier intervention. There is emerging support for interventions that
mitigate the impact of cognitive late effects among cancer survivors (Butler et al., 2008;
Conklin et al., 2010). Current findings identify WM as a target for future intervention trials.
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Figure 1.
Screen shot of the self-ordered search-verbal task (6 word version).
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Figure 2.
Screen shot of the self-ordered search-object task (11 object version).
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Figure 3.
Digit span task performance by group. Group means with standard error bars. **p< .01
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Figure 4.
Self-ordered search task performance by group. Group means with standard error bars. *On
both task versions, there was a significant main effect for array (p< .0001), with worse
performance as number of items increased, and group (p< .05), with brain tumor survivors
performing worse than solid tumor survivors or siblings.
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Figure 5.
Recognition memory task performance by group. Group means with standard error bars.*
p< .05
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Table 1

Demographic Characteristics by Group

Brain Tumor n = 50 Sibling n = 40 Solid Tumor n = 40
p 

a

Gender (% male) 50 50 50 1.00

Race (% Caucasian) 92 95 95 0.81

SES
b,c 37.61 ± 1.72 42.63 ± 1.90 42.09 ± 2.11 0.11

Age at participation (years) 13.18 ± 0.41 12.91 ± 0.41 13.21 ± 0.55 0.88

Age at diagnosis (years) 6.38 ± 0.48 NA 4.50 ± 0.66 0.02

Time since diagnosis (years) 6.80 ± 0.37 NA 8.71 ± 0.62 <.01

WASI IQ (standard score)
d 98.20 ± 1.97 109.00 ± 2.02 107.88 ± 1.97 <.01

WRAT-3 (standard score)
e 100.08 ± 2.37 109.65 ± 1.62 106.88 ± 1.42 <.01

a
P-values are from ANOVAs for analyses with three groups and independent t-tests for analyses with two groups.

b
SES is based on the Barratt Simplified Measure of Social Status which takes into account maternal education and occupation, and paternal

education and occupation. Scores can range from 8 to 66 with higher score indicative of higher SES.

c
All values are presented as mean ± standard error unless otherwise specified.

d
WASI= Wechsler Abbreviated Scale of Intelligence; standard scores have a mean of 100 and standard deviation of 15.

e
WRAT-3= Wide Range Achievement Test, Third Edition; standard scores have a mean of 100 and standard deviation of 15.
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Table 2

Clinical Characteristics of the Brain Tumor Group

n %
p 

a

Tumor Diagnosis

 Ependymoma 22 44 0.22

 Low Grade Glioma 12 24

 Craniopharyngioma 16 32

Tumor Location

 Infratentorial 22 44 0.40

 Supratentorial 28 56

Hydrocephalus

 No 21 42 0.26

 Yes 29 58

CSF
b
 Shunting

 No 29 58 0.26

 Yes 21 42

Pre-CRT
c
 Chemotherapy

 No 44 88 <0.01

 Yes 6 12

Extent of Surgical Resection
d

 Biopsy/STR 25 50 1.00

 NTR/GTR 25 50

Pre-CRT Surgery
e

 n = 1 31 65 0.04

 n = 2–4 17 35

a
P-value indicates whether the group is equally distributed across subcategories using Chi-square for three groups and binomial tests for two

groups.

b
CSF= cerebrospinal fluid.

c
CRT= conformal radiation therapy.

d
Biopsy= tumor sampling to establish histologic diagnosis without intent to resect; STR= subtotal resection, incomplete tumor resection with gross

residual disease present on post-operative neuroimaging; NTR= near total resection, incomplete tumor resection with minimal residual disease
present on post-operative neuroimaging; GTR= gross total resection, resection of tumor without apparent gross residual disease observed by the
operating neurosurgeon and confirmed on post-operative neuroimaging.

e
Two patients underwent a needle biopsy only; denominator for calculated percents is 48 for this variable.
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