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Abstract
Background—Radiation and chemotherapy targeted to the central nervous system can cause
cognitive impairment, including impaired memory. These memory impairments may be referable
to damage to hippocampal structures resulting from central nervous system (CNS) treatment.

Procedure—In the present study, we explored episodic memory and its neuroimaging correlates
in 10 adult survivors of childhood acute lymphoblastic leukemia (ALL) treated with cranial
radiation therapy and both systemic and intrathecal chemotherapy and 10 controls matched for age
and sex, using a subsequent memory paradigm after episodic encoding of visual scenes.

Results—We report behavioral, structural and functional changes in the brains of the adult
survivors. They demonstrated poorer recognition memory, hippocampal atrophy and altered blood
oxygenation level-dependent (BOLD) signal in the hippocampus. Whole brain statistical map
analysis revealed increased BOLD signal/activation in several brain regions during unsuccessful
encoding in ALL survivors, potentially reflecting ineffective neural recruitment. Individual
differences in memory performance in ALL participants were related to magnitude of BOLD
response in regions associated with successful encoding.

Conclusions—Taken together, these findings describe long term neuroimaging correlates of
childhood exposure to CNS-targeted cancer therapies, suggesting enduring damage to episodic
memory systems.
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Introduction
Cancer therapy targeted to the central nervous system results in cognitive deficits in children
[1, 2] [3] [4] and adults [5] [6]. Although general decline in IQ is a frequent sequela,
survivors can also experience more specific deficits in attention, executive function, speed
of information processing [7] and memory [3] [8] [4]. Because of the central role memory
plays in daily function and academic or occupational success, memory dysfunction is a
particularly debilitating symptom.

Memory deficits after cranial irradiation and chemotherapy are complex, and include
deficits in visual [4], [7], verbal [8] [3] and spatial memory [8]. Memory is broadly divided
in two major categories, implicit or procedural memory (e.g. how to ride a bicycle) and
explicit or declarative memory. Declarative memory is further subdivided into memory for
facts (semantic memory) and memory for events (episodic memory). Declarative memory
function is itself a complex system, and involves encoding of new information as well as the
organization, attention to and retrieval of that information. The hippocampi, located in the
medial temporal lobes (MTL), work in concert with distributed cortical structures to
orchestrate declarative memory function. Some reports of hippocampal injury in children
suggest that episodic memory function is particularly dependent on hippocampal integrity
[9]. In brief, the hippocampus is central to encoding new declarative memories [10] [11],
while cortical memory systems, highly dependent on the integrity of subcortical white
matter connections and including important frontal lobe areas, subserve working memory
(the conscious manipulation of information on short time scales necessary for reasoning and
learning). Both memory encoding and working memory are affected in children treated for
CNS cancer [12].

The incidence and severity of cognitive dysfunction varies amongst populations of cancer
patients. Exposure to cranial radiation therapy, radiation dose [13] [14], female sex [15] [16]
and age at time of treatment [17] are important variables that contribute to the severity of the
cognitive deficits. Younger children and older adults experience more devastating cognitive
sequelae from radiation. In adults, the severity of cognitive dysfunction also depends on the
radiation dose delivered to the medial temporal lobes [18]. Temporal lobe radiation dose is
similarly believed to be important in the cognitive outcome of children. Accordingly,
improved conformal radiotherapy techniques seek to limit the dose of radiation to the medial
temporal lobes incurred during posterior fossa radiation [19].

Recent work in both animal models and in post-mortem human subjects has helped to clarify
that the etiology of radiation-induced memory dysfunction does include damage to the
process of neurogenesis (making new neurons) in the hippocampus [20] [21] [22].
Neurogenesis is believed to be important to normal hippocampal function [23]. Cancer
treatment-induced inhibition of hippocampal neurogenesis may contribute significantly to
dysfunction of the hippocampus and the broader neural network involved in episodic
memory function. Although the cellular basis for cancer treatment-induced memory
dysfunction has become more clear, the imaging correlates remain to be defined.

In the present study, we sought to elucidate the neural correlates of episodic memory
dysfunction in adult survivors of childhood cancer who received therapy directed at the
central nervous system. Cognitive deficits are well-documented in children treated for brain
tumors and children treated for acute lymphoblastic leukemia (ALL). ALL has a propensity
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to spread to the CNS and thus treatment includes prophylactic CNS therapy. The latter is
associated with frequent and well-documented long-term cognitive sequelae [1, 24–29].
Historically, CNS treatment included whole brain radiation and intrathecal chemotherapy;
however, because of the long-term cognitive sequelae of cranial radiation, current CNS
treatments omit radiation for a large majority of children with ALL and use both intrathecal
and systemic chemotherapy only. Today, adult survivors of childhood ALL who are in their
late 20’s to early 40’s are typically recipients of cranial radiation. In many ways, they
represent an ideal population in which to study the effects of CNS radiation and
chemotherapy on long-term episodic memory function. Unlike brain tumor survivors, this
population typically does not have focal brain lesions from tumor or surgery, which could
confound studies of memory function.

One of the prevailing methods for characterizing the neural foundations of episodic
encoding in humans is event-related functional magnetic resonance imaging (fMRI) during a
subsequent memory paradigm [30] [31]. In the subsequent memory paradigm, neural
responses are acquired during event processing (e.g., visual scene presentations), and then
memory is probed by asking participants to classify events as seen or not seen, and then
comparing neural responses during presentations that are remembered or not remembered.
Subsequent memory event-related fMRI is ideally suited for relating encoding-stage neural
activity with the mnemonic fate of an event. This method has revealed that the neural
architecture of episodic encoding in humans includes not only the MTL, but also critical
contributions from dorsal and ventral regions in lateral prefrontal cortex (PFC) [32], and
posterior regions of the lateral parietal cortex [33]. This method has also been useful for
identifying regions of the brain in which activity is contrary to encoding success (regions
where greater activity corresponds to forgetting), such as inferior parietal cortex, the
posterior cingulate cortex, and medial parietal cortex [34].

Here we examine the neural basis of encoding events in adult survivors of childhood ALL.
We examined integrated aspects of brain structure, brain function and behavioral ability to
illuminate systems-level neurobiological differences that underscore central cognitive
deficits observed in adults previously treated with cranial radiation and chemotherapy. We
hypothesize that adult survivors of ALL will show impaired episodic memory ability,
reduced hippocampal volume, and altered functional neural system engagement during
encoding that may underlie the memory deficits such patients experience.

Methods
Participants

Ten adult survivors of childhood ALL who received cranial radiation and intrathecal
methotrexate (as well as two years of systemic chemotherapy) and 10 age-matched control
(CTL) participants participated in this study. Participants were recruited from Dana Farber
Cancer Institute (DFCI) database and through website postings. All participants: were 1)
between the ages of 22 and 40 years; 2) treated for ALL at DFCI in the 1980s or were
healthy volunteers; and 3) had no physical limitations that prohibited them from undergoing
an MRI examination.

The ALL participants (Supplemental Table I) had received cranial radiation (18 –38 Gy) on
DFCI treatment protocols 81-01, 85-01 or 87-01 [35]; none of the control participants
reported a history of brain injury or radiation therapy. Informed consent was obtained from
all participants, who were paid $25 per hour for their participation in the study. All aspects
of this study complied with the ethical standards for treatment of human participants from
the American Psychiatric Association.
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All participants completed a structural and functional MRI session, after which they
received a “surprise” recall test outside of the scanner as part of the research protocol. Please
refer to Supplemental Methods for additional methodological details.

Results
Participant demographics

Demographic characteristics and performance variables of the ALL and control participants
are presented in Supplemental Table II. The two groups of participants did not differ
significantly in age, t(18) = 0.11, or gender composition, χ2 = 0, ps > 0.9.

Behavioral measures
Independent sample t-tests of test recognition memory variables identified significant areas
of difference between ALL and control participants. ALL participants had lower overall
recognition memory accuracy, t(18) = 2.23, p = 0.039, and higher false alarm rates, t(18) =
2.63, p =0.017. The groups did not differ with respect to hit rates, t(18) = 0.99, p > 0.3, but
there was a trend toward ALL patients having lower d′ scores, t(18) = 1.94, p = .068, than
control participants. Means and standard deviation values for recognition memory variables
are summarized in Supplemental Table II.

Multivariate analyses for accuracy and latency scores obtained while performing judgment
tasks inside the scanner were run separately. These revealed that accuracy was not
significantly different during the encoding/scan runs between ALL and control groups, p >
0.1. However, the ALL group was significantly faster at making judgments across the two
trial types, F(1,18) = 5.8, p < 0.05.

Extent of positive subsequent memory effects across groups
We examined areas of increased neural response to scenes later remembered contrasted
against those forgotten, and found that no components of the subsequent memory network
were positively associated with item recall memory (across both groups) at p < 0.001. At a
threshold of p < 0.005, cluster minimum extent = 10, however, we observed significant
correlations in four areas: 185 voxels in the left fusiform gyrus (FG; BA37/20: −36, −55,
−12, z score = 3.51), 13 voxels in the right hippocampal formation (BA27: 28, −35, −2, z =
2.76), and two clusters of 61 and 11 voxels in the middle (BA19: −36, −77, 9, z score =
2.72) and inferior (−34, −70, −5, z score = 2.98) occipital cortices, respectively. A statistical
map summarizing these results is presented in Figure 2. Coordinates are reported based on
the convention specified by the Talairach and Tournoux Atlas [36]

Extent of negative subsequent memory effects across groups
Regions negatively correlated with subsequent memory (i.e. more active for items later
forgotten) included orbital and middle frontal, cingulate, precuneus and insula regions, as
well as ventral parietal regions previously observed in subsequent forgetting contrasts
(reviewed in [33]), including areas of the supramarginal gyrus (SMG) and temporoparietal
junction (TPJ) (Figure 2 and Supplemental Table III).

Subsequent memory differences between groups
Significant group differences were observed in precuneus (BA7; −2,−54–58), claustrum
(−34, 2,6), postcentral gyrus (BA3; −46,−22,42), inferior parietal lobe (BA40; −60,−42,26),
precentral gyrus (BA4; 26,−28, 56), and MFG (BA6; 30,8,48) regions; p < 0.001, cluster
minimum extent (k min) = 10 voxels. Region of interest analysis in cluster peaks comprised
of the 9 maximally significant voxels revealed that group differences resulted from strong
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positive signal modulation during encoding of items that were later forgotten in patients
only. The differences between groups in these peak areas of difference are plotted in Figure
3, and the picture that emerges is that patients have high positive signal modulation in these
areas for items later forgotten, and concomitant reduction in positive signal in these areas
relative to control participants during trials that are later remembered. Therefore, these are
regions that are not positively correlated with remembering in either group, and only in
patients are they more active for items later forgotten.

Novelty effects between groups
In contrast to the comparison between groups for subsequently remembered vs forgotten
trials, we did not observe noteworthy differences between groups in neural activation for
novel versus repeatedly-presented stimuli. Whereas the subsequent memory contrast
revealed group differences across 23 clusters with extent minimum > 25 voxels
(Supplemental Table III), the repeat vs novel comparison only yielded 1 cluster with extent
greater than 25 voxels at p < 0.001. That cluster was comprised of 26 voxels in the culmen
of the anterior cerebellum with a peak at −18, −46 −23 (TAL). The between group effect
observed in that area was that ALL participants had more activation in this region during
novel image presentation than during repeat, and in comparison, the CTL group did not
activate this area differently between these stimulus encoding trial types.

Effect of recall and discriminability (d′) on encoding related activation
In our patient group (ALL), we examined the relationship of both recall (% accuracy) and
discriminability (d′), to neural subsequent memory effects. In neural regions that were
positively related to subsequent memory (Supplemental Table III, remembered > forgotten)
there was a significant positive relationship between BOLD magnitude during trials later
remembered and % accuracy, r(10) = 0.79, p = 0.006, and between BOLD magnitude during
trials later remembered and d′ r(10) = 0.74, p = 0.01. Therefore, in patients, greater item
recall and discriminability were associated with more response in these regions during
encoding of items later remembered.

Differences between groups in memory-related hippocampal effects
Between group memory-related BOLD effects were observed in bilateral hippocampi, with
peaks observed at MNI 30, −16, −14 and −30, −20, −6; both F > 12, p < 0.05 FWE
corrected. Follow up ROI analysis using beta images to assess these group difference
hippocampal peaks revealed that BOLD activity did not differ between groups within
hippocampal regions for trials that were later remembered; however, groups differed
significantly in hippocampal regions for trials later forgotten. The pattern that was observed
between groups was a tendency for ALL participants to show higher levels of activity in
hippocampal regions, compared to the CTR comparison group during trials that would later
be forgotten (Figure 4).

Difference between groups in hippocampal structure
Although samples sizes were small, significantly reduced volume was detected in ALL
participants, mainly on the right side. The permutation-based overall significance of the
atrophy maps, corrected for multiple comparisons, were p=0.04 for the right hippocampus
and p=0.10 for the left hippocampus, respectively. Figure 5A provides a visual
representation of where the significant group effects were localized for each of the
hippocampi. Figure 5B is a plot of the cumulative distribution function of the p-values,
where observed values for the contrast of ALL patients versus controls is plotted against the
expected p-values, under the null hypothesis of no atrophy in the patient group. For null
distributions, the cumulative distribution of p-values is expected to fall approximately along
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the line (represented by the dotted line); large deviations from that curve are associated with
significant signal, and greater effect sizes represented by larger deviations (the theory of
false discovery rates gives formulae for thresholds that control false positives at a known
rate). As such, we conclude that our work successfully detected atrophic areas specific to the
ALL group.

Discussion
The present study demonstrates structural, functional and behavioral differences in adult
survivors of childhood ALL compared to age and sex-matched controls. The ALL survivors
exhibited poor recognition memory performance when viewing visual scenes, as well as
high false alarm rates, compared to the control group (Supplemental Table II). Whole brain
statistical analysis revealed increased BOLD signal/activation in several brain regions
during unsuccessful encoding in the ALL participants (Figure 2, 3). Such activation of
diffuse networks during unsuccessful cognitive tasks has been described in disease states,
and may indicate ineffective recruitment of compensatory mechanisms. [37, 38] [39] Our
findings complement those of Robinson et al., who describe increased BOLD activation in
dorsolateral and ventrolateral prefrontal cortex and in the dorsal and anterior cingulate
cortex during a working memory task in pediatric ALL survivors 4– 12 years after therapy
[40]. Notably, our results indicate hippocampal dysfunction during episodic memory
encoding 20 – 30 years after therapy. This distributed pattern of ineffective activation may
create “noise” that interferes with the signals required for successful episodic memory
encoding.

The hippocampus is central to episodic memory encoding[41],[42] and is exquisitely
vulnerable to chemotherapy and radiotherapy [20] [21, 22, 43]. In contrast to control
participants who had greater hippocampal response during effective encoding trials relative
to unsuccessful encoding trials, ALL participants demonstrated the reverse effect; ALL
participants had increased signal in hippocampal regions for unsuccessfully encoded
memories (Figure 4). This is consistent with findings of increased hippocampal activation in
subjects with mild cognitive impairment (MCI) [37, 38] and supports the idea of
compensatory activation in faltering neural systems. BOLD patterns may evolve over time
or depend on the severity of hippocampal dysfunction. We know from the dementia
literature that increased medial temporal lobe BOLD signal in MCI becomes decreased
BOLD signal during encoding of novel visual information when the severity of disease
progresses to Alzheimer’s Disease [38] [44]. This reduction in MTL activation during the
encoding of novel visual scenes has also been shown to correlate with the severity of
dementia as measured by mini-mental status exam (MMSE) scores [44]. Future work may
reveal a similar pattern in survivors of central nervous system cancer therapy with more
severe cognitive deficits.

Cancer therapies targeted to the CNS, including cranial radiation and systemic and
intrathecal chemotherapy, result in a high rate of neurocognitive sequelae. Late-occurring
neurocognitive deficits include memory encoding and learning, executive functions such as
working memory, attention, information processing speed and visuospatial skill [45] [46,
47]. These deficits localize neuroanatomically primarily in the hippocampus in the medial
temporal lobes and the frontal lobes. The proposed cellular basis for this constellation of
neurocognitive symptoms involves radiation and chemotherapy-induced damage to
susceptible neural precursor cell populations, specifically hippocampal neural stem/
precursor cells that contribute to ongoing hippocampal neurogenesis and oligodendrocyte
precursor cells that contribute to establishment and maintenance of white matter myelination
[20] [21] [22] [48]. Oligodendrocyte precursor cell function is especially important in the
frontal lobes, where myelination is not complete until the third decade of life [49]. A post-
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mortem analysis following treatment for CNS malignancies, including primary brain tumors
and leukemia, demonstrated that hippocampal neurogenesis was nearly absent in both
children and adults [22]. As new neurons fail to be added to the dentate gyrus of the
hippocampus from the time of radiation exposure onwards, a subtle decrease in hippocampal
volume would be expected. As anticipated, structural analysis of the hippocampi in adult
survivors of childhood leukemia reveals significant hippocampal atrophy, particularly
affecting the right hippocampus (Figure 5). The reason for this laterality is unknown. The
finding of hippocampal atrophy in adult survivors of childhood ALL is consistent with
hippocampal atrophy found in long-term survivors of medulloblastoma (treated with
radiation therapy)[50].

ALL survivors, including those treated on the same protocols as the subjects studied here,
exhibit memory dysfunction that depends, in part, on cranial radiation exposure [15].
Although more recent ALL protocols have eliminated or minimized the dose of cranial
radiation, this study examined subjects treated in the 1980s with 18–28 Gy radiotherapy and
chemotherapy in order to better understand the cognitive sequelae of individuals currently
grappling with the late effects of older treatment regimens for ALL, as well as to probe
neuroimaging correlates of episodic memory dysfunction that follows CNS-targeted therapy
in general. The results from this study lend insight to episodic memory dysfunction in
populations of patients who receive similar therapy, such as children with medulloblastoma
and several other types of brain tumors. Taken together, these findings provide a functional
and structural basis for some of the cognitive symptoms experienced by survivors of
childhood leukemia.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the mixed event-related/blocked design
Six blocks of repeated scenes were interspersed with 6 blocks of novel scenes within each of
three encoding tasks runs. Within task blocks individual scene trials (arrows) are presented
with different intervals between them, during which participants performed digit judgments.
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Figure 2. Subsequent memory effects on neural encoding BOLD response across groups
Positive values (red) reflect regions that were more active during the encoding of pictures
that were subsequently remembered than during the encoding of pictures that were
subsequently forgotten, whereas negative values (teal) reflect the reverse (more active for
items later forgotten). Color scale reflects t-statistic; images are thresholded at p < 0.005,
cluster minimum extent = 10 voxels. Abbreviations: MOG, middle occipital gyrus; PCun,
precuneus; SMG, supramarginal gyrus; PCC, posterior cingulate gyrus; FG, fusiform gyrus;
ACC, anterior cingulate gyrus; Ins, insula; MFG, middle frontal gyrus; HC, hippocampal
formation; Pu, putamen; IFG, inferior frontal gyrus; BA, brodmann’s area.
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Figure 3. Group differences in subsequent memory encoding effects
Areas of significant group main effect while modeling performance (d′) as nuisance
covariate are shown as yellow clusters projected on a T1 anatomical reference image.
Region of interest analysis was performed on resulting peaks, and the mean contributing
beta-weights for each of the remembered and forgotten trials across scans are plotted as bar
graphs. Graph values reflect BOLD signal change. Patients (ALL; shown on the left of each
area bar graph) and control participants (CTL; right side of each bar graph) do not appear to
differ greatly in these areas for encoding of trials later remembered (blue bars); however, the
difference between groups across regions appears to result from neural response differences
in these regions during the encoding of items that were later forgotten (red bars). ALL
participants appear to activate these areas more during encoding, but this activity is not
aiding performance because they are not effectively encoding. Neural differences are shown
for p < 0.001, cluster minimum extent = 10 voxels. Abbreviations: MFG, middle frontal
gyrus; BA, brodmann’s area.
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Figure 4. Group differences in memory-related hippocampal effects
Areas of significant group main effect in anatomically defined hippocampal volume of
interest analysis are shown as yellow clusters projected on a T1 anatomical reference image.
Region of interest analysis was performed on voxels within bilateral hippocampi that
demonstrated a significant main effect of group for subsequent memory effects (remember
vs. forgotten) at p < 0.01, cluster minimum extent = 5. Group means within the hippocampal
clusters are plotted for each of the remembered and forgotten trials across scans in the center
bar graph. Graph values reflect BOLD signal change. Patients (ALL; shown on the left of
each area bar graph) and control participants (CTL; right side of each bar graph) do not
appear to differ greatly in these areas for encoding of trials later remembered (blue bars);
however, the difference between groups across regions appears to result from neural
response differences in these regions during the encoding of items that were later forgotten
(red bars).
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Figure 5. Structural changes in the hippocampus
(A) Statistical p-map shape difference between ALL group (N=10) and normal control
group (N=10) on hippocampal surfaces. The non-blue color regions have probabilities less
than or equal to 0.05. (B) The cumulative distribution of p-values versus the corresponding
cumulative p-value that would be expected from a null distribution that there is not greater
atrophy in the ALL group and control group. In False Discovery Rate (FDR) methods, any
cumulative distribution plot that rises steeply is a sign of a significant signal being detected,
with curves that rise faster denoting higher effect sizes. The steep rise of the cumulative plot
relative to p-values that would be expected by chance can be used to illustrate the
confidence level of the overall statistical test.
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Figure 6. Magnitude of encoding related activation in the positive memory network and
association with behavior
We examined average BOLD effect magnitude in the positive memory network (regions that
across all participants were associated with later remembered trials), and associated BOLD
with performance at the individual subject level. Panel A shows groups did not differ in
BOLD percent (%) signal change, t(20) = 0.87, p = 0.4. However, within the ALL
participants, there was a significant positive association between BOLD % signal change in
these areas during encoding and performance (Panel B). BOLD percent (%) signal change is
plotted on all vertical chart axes. Positive memory network includes areas listed in
Supplemental Table III for remembered > forgotten.
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