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Abnormal Hippocampal Development in
Children with Medulloblastoma Treated with

Risk-Adapted Irradiation

Bonnie J. Nagel, Shawna L. Palmer, Wilburn E. Reddick, John O. Glass, Kathleen J. Helton,
Shengjie Wu, Xiaoping Xiong, Larry E. Kun, Amar Gajjar, and Raymond K. Mulhern

BACKGROUND AND PURPOSE: Children with medulloblastoma demonstrate post-treat-
ment neurocognitive deficits in a number of areas, including memory performance. However,
there is no definitive understanding of the neuropathology underlying these functional deficits.
Previous literature has reported that hippocampal integrity is crucial to the acquisition of new
episodic memories. Therefore, we hypothesized that longitudinal hippocampal volume mea-
surements are abnormal in patients with medulloblastoma and thereby provide a possible
substrate for explaining memory dysfunction.

METHODS: Twenty-five pediatric patients underwent 159 serial MR imaging examinations
(mean � six examinations per patient) for up to 5 years after irradiation and chemotherapy
treatment for medulloblastoma. Right and left hippocampal volumes were obtained by manually
tracing 1.5-mm contiguous coronal sections through the structure. Random coefficient models were
used to examine longitudinal change in hippocampal volume as a function of time after diagnosis.

RESULTS: Both right and left hippocampal volumes initially decreased after treatment. This
abnormal volume pattern continued until approximately 2–3 years after diagnosis, when
hippocampal volumes returned toward a normal positive growth pattern. Volume loss occurred
predominately in the posterior regions. Female sex, low parental education, shunt placement,
and positive seizure history all had a significant negative impact on hippocampal volume.

CONCLUSION: Pediatric medulloblastoma survivors demonstrate an abnormal pattern of
hippocampal volume development after treatment. Radiation dose mapping may expand our
understanding of region-specific changes in hippocampal volume. Further exploration of the
relationships between radiation therapy, memory dysfunction, and hippocampal pathology in
this population is warranted.

Medulloblastoma is the most common malignant
brain tumor of childhood (1). Contemporary medical
treatments strive to be efficacious and also to mini-

mize subsequent neurocognitive impairments. De-
spite these efforts, patients with medulloblastoma
continue to demonstrate post-treatment deficits in a
variety of areas, including overall intellectual devel-
opment and memory functioning (2–5) for which
there is no known effective treatment. Studies have
also demonstrated that cranial irradiation dose plays
a critical role in moderating the severity of cognitive
impairments (3, 6, 7).

Advances in neuroimaging techniques have enabled
researchers to demonstrate a number of post-treatment
brain changes, such as decreases in normal-appearing
white matter (8, 9) and declines in corpus callosum
volume among children with medulloblastoma (10).
While most of these white matter abnormalities have
been correlated with, and may partially account for,
impairments in overall intellectual functioning in these
patients (9, 11), none of these brain changes have been
found to be specifically related to memory performance
(12). Therefore, there is no definitive understanding of
the neuropathology underlying memory deficits in chil-
dren with medulloblastoma.
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Hippocampal integrity plays a crucial role in intact
memory functioning (13–15). Research has demon-
strated that normal hippocampal development con-
tinues into early adulthood (16, 17). Investigators
specifically examining the development of the hip-
pocampus have suggested that the hippocampal for-
mation undergoes a steep increase in volume until
approximately the second year of life, then the vol-
ume slowly increases throughout adolescence (18–
20). Findings from animal models have suggested that
irradiation causes apoptosis and decreased neurogen-
esis in the hippocampus (21, 22) and that these patho-
logic processes limit performance on hippocampal-
dependent behavioral tasks (23).

In that medulloblastoma patients undergo cranio-
spinal irradiation (CSI) and studies have demon-
strated deficits in memory functioning (3, 5), it is
possible that hippocampal pathology (including fail-
ure to mature at a normally expected rate) contrib-
utes to memory impairments. The current study was
designed to examine longitudinal patterns of hip-
pocampal volume as a potential underlying neural
substrate of the impaired memory function so often
found in children with medulloblastoma.

Methods

Patient Characteristics
Patients (n � 33) with histologically proved medulloblas-

toma diagnosed before 17 years of age were considered for this
study. The patients were consecutively treated between Octo-
ber 1996 and February 2000 and enrolled in a single institu-
tional protocol. This study was part of a larger project exam-
ining memory performance. Patients were required to have
progression-free survival of 2 or more years and also two or
more psychological evaluations with the California Verbal
Learning Test for Children (24). These criteria resulted in the
exclusion of eight patients (one blind, one non-English speak-
ing, six too young for testing or undergoing only one examina-
tion). The appropriate institutional review board reviewed and
approved this project.

Mean patient age at the time of diagnosis was 8.27 years
(standard deviation [SD] � 2.66, range � 4.78–12.98 years).
The Table provides additional patient characteristics. Given
the location of the tumor bed, children with medulloblastoma
often have hydrocephalus that may or may not require shunt
placement for resolution. In the current study, 16 of 25 patients
required shunt placement. All patients underwent maximum
surgical resection of the primary tumor followed by histologic
examination to confirm the diagnosis of medulloblastoma.
Those considered high-risk patients (those with residual tumor
or metastatic disease) received one or two courses of topotecan
therapy before irradiation. All patients received risk-adapted
CSI. High-risk patients received 36–39.6 Gy, while average-risk
patients (those with total tumor resection and no metastasis)
received a reduced dose of 23.4 Gy. In addition, all patients
received a radiation boost to the tumor bed, for a total dose of
55.8 Gy in that region. The posterior fossa boost was adminis-
tered by means of individually conformed radiation beams
(primarily to avoid damage to cochlear regions). Six weeks
after the completion of radiation therapy, all patients received
adjuvant chemotherapy consisting of four cycles of high-dose
cyclophosphamide, cisplatin, and vincristine. All patients were
closely monitored for neuroendocrine problems and received
replacement therapy as needed.

MR Imaging Acquisition and Analysis
Each eligible patient received protocol-driven serial MR

imaging. Mean elapsed time between diagnosis and the initial
examination was 0.31 years (SD � 0.24, range � 0.03–0.94
years). Baseline MR images were obtained before radiation
therapy in nine of the 25 patients. The mean time between first
MR imaging examination and the initiation of radiation ther-
apy for these nine patients was 26.22 days (SD � 25.14,
range � 1.00–75.00 days); however, six patients underwent
baseline MR imaging within 3 weeks before beginning treat-
ment. These examinations were processed at an average inter-
val of 0.56 years (SD � 0.32), resulting in 159 examinations for
25 patients (mean � 6.36 examinations per patient, SD � 1.93).
The examinations were performed by using a 1.5-T whole-body
unit (Magnetom; Siemens Medical Systems, Iselin, NJ) with
standard circular polarized volume head coils. Volumetric
studies were performed by using a radiofrequency-spoiled, fast
low-angle shot, 3D sequence (TR/TE � 9.7/4, flip angle � 15°,
field of view � 210 mm, acquisition time � 7 minutes 28
seconds, sagittal acquisition, 128 sections, 1.25-mm thickness).

From each volumetric MR imaging examination, coronal
multiplanar reconstruction images were constructed perpen-
dicular to the anterior commissure–posterior commissure
plane. Sections were constructed with section intervals of 1.5
mm. Manual tracings of the right and left hippocampi were
performed by the primary author (B.J.N.), who was blinded to
the patients’ psychometric data. All tracings were performed in
Photoshop (Adobe Systems, San Jose, CA) by using a pixel-
count histogram. Right and left hippocampal volumes were
calculated by multiplying pixel counts by known associated
pixel volumes.

Boundaries of the Hippocampus
The criteria used for defining boundaries of the hippocam-

pus were comparable to those used in previous hippocampal
volumetry research (18, 25). Because of the difficulty in visually
distinguishing the anterior hippocampus from the amygdala, a
more stereotaxic approach was taken to define the anterior
extent of the hippocampus. The most anterior section of the
hippocampus was chosen by the coronal section that cut
through the most medial portion of the mammillary bodies (as
viewed in sagittal orientation). The anterior border of the
hippocampus emerged beneath the amygdala and was demar-

Patient demographic and clinical characteristics

Characteristic Value

Sex (male:female) 16:9
Handedness (R:L) 16:9
Risk Group

Average 16
High 9

Race
Caucasian 15
African American 7
Latino 2
Asian 1

Shunted hydrocephalus (yes:no) 9:16
Dexamethasone use (yes:no) 20:5
Seizure history (yes:no) 4:21
Posterior fossa syndrome 18:7
Parental education (y)* 14.8 � 2.80 (8.00–20.00)
Age at diagnosis (y)* 8.27 � 2.66 (4.78–12.98)
Time since diagnosis (y)*

To first MR study 0.31 � 0.24 (0.03–0.94)
To all MR studies 1.82 � 1.26 (0.03–4.88)

* Data are the mean � SD (range).
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cated by a horizontal line from the anterior recess of the
temporal horn to the alveus. The ventral boundary was delin-
eated by white matter of the parahippocampal gyrus. At the
level of the hippocampal body, the alveus and the floor of the
temporal horn outlined the dorsal and lateral boundaries. Me-
dially, the hippocampal boundaries were defined by the ambi-
ent cistern (above the hippocampal sulcus) and an arbitrary
line to the most medial portion of the subiculum (below the
hippocampal sulcus). Posteriorly, the boundary was the last
section before the crus fornix visualized in it its entirety and
where the pulvinar was still visible.

Validation and Reliability
Initial intrarater reliability was established by tracing five

right and five left hippocampi, five times each (50 total trac-
ings). The intraclass correlation coefficient was 0.98 for the
right hippocampus and 0.99 for the left. Intrarater reliability
was reassessed 5 months into the data collection process to
account for possible drift in rater accuracy. At that time, reli-
ability was maintained, with an intraclass correlation coefficient
of 0.98 for the right hippocampus and 0.97 for the left. In
addition to intrarater reliability, interrater reliability was estab-
lished with a trained neuroradiologist (K.J.H). Effective reli-
ability, or the aggregate reliability of both judges (26), was
calculated for 20 randomly selected right and left hippocampal
sections and found to be 0.99 for the right hippocampus and
0.98 for the left.

Statistical Analyses
The random coefficient model was used to assess changes in

hippocampal volume over time after diagnosis, with each pa-
tient serving as his or her own control. (No separate control
group was used.) This statistical model was a particular variant
of a random-effects model. Random coefficient model analysis
considers each subject’s slope and within-patient variability to
estimate the average rate of change after the completion of
treatment within the total group, as well as the differences in
slopes between subgroups (ie, high- and low-risk treatment
groups). Thus, each subject has his or her own longitudinal
trend represented by individual intercept (baseline) and slope
(rate of change). The means of these individual intercepts and
the slopes are the intercept and the slope of a regression line
that represents the longitudinal trend of the entire sample.

Random coefficient model analysis was also used to examine
the volumes of anterior hippocampal regions versus posterior
hippocampal regions. This analysis was used to detect region-
specific hippocampal changes to provide a more detailed ex-
amination of potential abnormalities in volume.

In addition, random coefficient model analysis was per-
formed to examine changes in CSF volume over time since
diagnosis. Methods for segmentation of CSF volume are de-
scribed in previously published work (8) but were expanded to
assess a 3-cm section centered at the level of the basal ganglia.
CSF volume was quantified to assess the degree of diffuse
cerebral atrophy over time. Quantitative CSF volumes have
been shown to be significantly correlated with radiologists’
grading of cerebral atrophy (8).

Analysis of Other Variables
Longitudinal trends in hippocampal volume over time since

diagnosis were examined with the covariates of sex, handed-
ness, study risk group (CSI dose), shunt placement, steroid
administration, history of seizures, and diagnosis of posterior
fossa syndrome (a constellation of symptoms including resolv-
ing mutism and ataxia) as individual parameters of this func-
tion. Shunt placement served as a marker of severe hydroceph-
alus, a variable shown to be associated with hippocampal
pathology in animal models (27). The continuous variables of
parental education (parents’ mean number of years of educa-

tion) and patient age at diagnosis were evaluated for their
potential influence on the growth trend of hippocampal volume
by including them separately into the mixed model. Parental
education was selected as an estimate of patients’ socioeco-
nomic status (28). All medical data were gathered by means of
retrospective chart review.

Results
The Table provides information about the patients’

demographic and clinical variables.

Hippocampal Volume
Mean initial right hippocampal volume was 2.5458

cm3 (�0.26), and mean initial left hippocampal vol-
ume was 2.5913 cm3 (�0.27). Although this study did
not have a control group for direct comparison, pre-
vious research (18) examining hippocampal develop-
ment in healthy children yielded hippocampal vol-
umes within 2.2–3.0 cm3 of those for the age range in
the present study.

Time since Diagnosis
A significant quadratic function of time since diagno-

sis was fit for both right and left hippocampal volumes
(P � .0001). The predictive model demonstrated an
initial decline in volume until approximately 2 years
following diagnosis. This abnormal volumetric pattern
was followed by a gradual return to a normal positive
growth pattern (Figs 1 and 2). The predictive models
were as follows: Left hippocampal volume � 2.6037 �
0.0846t � 0.0197t2. Right hippocampal volume �
2.5643 � 0.0928t � 0.0246 t2, where t is time.

Sex
The inclusion of patient sex as a covariate in the

model yielded a significant quadratic function of time
since diagnosis (P � .0001). Baseline hippocampal vol-
umes did not significantly differ between boys and girls.
Both boys and girls had an initial decline in right and left
hippocampal volume, with an increase in volume ap-
proximately 3 years after diagnosis. The linear term of
the predictive model showed that girls had a steeper
slope of decline in volume for both right (P � .021) and
left (P � .0086) hippocampal volumes than boys. The
predictive models were as follows: Left hippocampal
volume (female) � 2.5971 � 0.1094t � 0.0171t2. Left
hippocampal volume (male) � 2.5971 � 0.0548t �
0.0171t2. Right hippocampal volume (female) �
2.5579 � 0.1143t � .0223t2. Right hippocampal volume
(male) � 2.5579 � 0.0664t � 0.0223t2, where t is time.

Parental Education
By including parental education as a covariate of

the model, a quadratic function of time since diagno-
sis was fit (P � .0001). This indicated that increasing
levels of education were positively related to higher
baseline values for right and left hippocampus (P �
.044 and P � .026). Among patients whose parents
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achieved higher levels of education (ie, � 15 years),
right and left hippocampal volumes declined for a
period of approximately 2 years after treatment.
However, this decline was followed by an increase
comparable to the normal developmental pattern.
Among patients whose parents attained fewer years
of education (ie, �15 years), right and left hippocam-
pal volumes initially declined and did not recover to a
positive growth pattern. The predictive models were
as follows: Left hippocampal volume � 2.0127 �
parental education � (0.5041 � 0.0373 � parental
education)t � (�0.1257 � 0.0093 � parental educa-
tion)t2. Right hippocampal volume � 1.9802 �
(0.0378 � parental education) � (0.4109 � 0.0323 �
parental education)t � (�0.0834 � 0.0069 � parental
education)t2, where t is time.

Shunt Placement
When shunt placement was included as a covariate

of the model, it yielded a significant quadratic fit for
time since diagnosis (P � .0001). Baseline right and
left hippocampal volumes were not significantly dif-
ferent among patients who had a shunt and those who
did not. The fitted model had a linear term (P �
.0435) and a quadratic term (P � .0009) for the left
hippocampal volume. However, the linear and qua-
dratic terms of the model were not significant for right
hippocampal volume. The analysis predicted that, in
hydrocephalic children with shunts, left hippocampal
volume significantly declined and was followed by
an increasing pattern of growth at approximately 2 years
after diagnosis. In children without shunts, left hip-
pocampal volume demonstrated a plateau over time
after diagnosis, with no significant increase or decrease.
The predictive models were as follows: Left hippocam-
pal volume (no shunt) � 2.5914 � 0.0229t � 0.0036t2.
Left hippocampal volume (shunt) � 2.5914 � 0.1433t �
0.0336t2, where t is time.

Seizure History
By including the seizure history as a covariate of

the model, a significant quadratic function of time

since diagnosis was fit (P � .0001). The model indi-
cated that baseline right and left hippocampal vol-
umes were significantly different among patients with
a history of seizure and those without this history
(P � .016 and .049). In patients without seizures,
baseline hippocampal volume was significantly
greater than that of patients with seizures. Patients
with seizure history were predicted to have an initial
rise in left and right hippocampal volume until 2 years
after diagnosis then a decline. Patients without sei-
zures demonstrated an initial decline in right and left
hippocampal volume until 2 years after diagnosis,
with a return to the normal positive hippocampal
growth pattern. The predictive models were as fol-
lows: Left hippocampal volume (no seizures) �
2.6146 � 0.0989t � 0.0239t2. Left hippocampal vol-
ume (seizures) � 2.3648 � 0.0558t � 0.0177t2. Right
hippocampal volume (no seizures) � 2.5579 �
0.1143t � .0223t2. Right hippocampal volume (sei-
zures) � 2.5579 � 0.0664t � 0.0223t2.

Risk Group, Age at Diagnosis, Handedness,
Posterior Fossa Syndrome, and Steroid Use

Baseline estimates of hippocampal volume were
not affected by risk group (which affected CSI dose),
age at diagnosis, handedness, posterior fossa syn-
drome, or steroid (dexamethasone) administration.
No statistically significant models were derived; this
outcome suggested that these variables did not have a
significant effect on hippocampal volume over time
since diagnosis.

Region-Specific Volume Loss
A random coefficient model was used to predict

change in hippocampal midline as a function of time
since diagnosis. A significant quadratic function was
found for hippocampal midline examination and
demonstrated a significant initial anterior shift (P �
.0001) with a gradual return to baseline midline. This
change was consistent with the overall quadratic vol-
ume change for both the right and left hippocampus

FIG 1. Individual patients’ and predicted left hippocampal volumes over time since diagnosis (DX).

FIG 2. Individual patients’ and predicted right hippocampal volumes over time since diagnosis (DX).
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and determined that volume loss occurred predomi-
nately in the posterior regions of both sides of the
hippocampus.

Estimate of Cerebral Atrophy (CSF Volume)
A random coefficient model was used to predict

change in CSF volume as a function of time since diag-
nosis. A significant quadratic function was found and
demonstrated a decline in CSF volume after diagnosis
(P � .005), with a gradual leveling off around 4–5 years
after diagnosis. This change suggested no evidence of
diffuse cerebral atrophy in this population.

Discussion
To our knowledge, the present study is the first of

its kind to evaluate patterns of hippocampal volume
development among children treated for medullo-
blastoma with radiation therapy and chemotherapy.
The hypothesis that children treated for medulloblas-
toma have abnormal patterns of hippocampal growth
was confirmed. Specifically, without consideration of
additional parameters, longitudinal analysis of 159
MR imaging studies in this population revealed that
right and left hippocampal volumes significantly de-
clined for the first 2 years after diagnosis and/or
treatment and then gradually returned toward a pos-
itive growth curve. The combining of baseline data for
patients who had received the full extent of their
therapy and those who had not potentially con-
founded baseline hippocampal volumes; however,
findings regarding the slope of change appeared ro-
bust to potential confounding, as hippocampal vol-
ume continued to decline after all patients had com-
pleted treatment (2–3 years after diagnosis). In
addition, examination of longitudinal CSF volume
suggests that hippocampal volume loss cannot be ex-
plained by diffuse cerebral atrophy. This pattern of
growth is contrary to previous reports suggesting that,
in healthy children of similar age, normal hippocam-
pus slowly increases in volume until adolescence (18–
20). Despite an eventual return to increasing volume,
whether this period of abnormal volume development
ultimately results in overall hippocampal volume def-
icits compared with age-matched values is unclear.

While several hypotheses may be put forth to ex-
plain this aberrant pattern of hippocampal growth, it
is surprising that total irradiation dose (as tested by
risk group) did not significantly affect overall volume
change. However, further examination of region-spe-
cific volume change demonstrated that right and left
volume loss occurred predominately in the posterior
hippocampal regions. Examination of radiation do-
simetry mapping for a sample case was completed
(Fig 3) and showed that posterior hippocampal re-
gions are closer to higher-dose fields of the poste-
rior fossa. This finding suggested that, while cranial
radiation dose did not differentially affect total
hippocampal volumes, region-specific increases in
cumulative tissue-dose exposure may explain vol-
ume loss. Further examination of dosimetry map-

ping and specific tissue-dose exposure is necessary
to draw firm conclusions.

If differential posterior volume loss is due to in-
creased tissue-dose exposure, radiation is likely an
agent for abnormal hippocampal volume patterns in
this population. As Abayomi (29) suggested, radia-
tion-induced vascular compromise that results in hy-
poxic-ischemic injury to the hippocampus may explain
the decline in hippocampal volume. However, more
recent research in animal models, has more specifi-
cally demonstrated that therapeutic doses of cranial
radiation lead to greater apoptosis, yielding a de-
crease in cell proliferation and a decrease or delay in
neural stem cell or precursor cell proliferation in
hippocampal regions (30). Results of the current
study suggest that, in pediatric medulloblastoma pa-
tients treated with radiation, hippocampal growth re-
turns approximately 2–3 years after diagnosis. Given
this, we speculate that the ability of neural stem cells
or precursor cells to effectively produce hippocampal
neurons is disrupted rather than destroyed.

In the present study, several additional variables
were found to be associated with abnormal hip-
pocampal growth patterns over time since diagnosis.
One of these parameters was parental education.
Hippocampal volume increased more among children
whose parents achieved higher levels of education
than in children whose parents completed fewer years
of schooling. Although many hypotheses could ex-
plain these findings, one of the most striking is that
greater levels of parental education may imply a more
enriched environment for the patient. Studies have
demonstrated that an enriched environment may lead
to the preservation or formation of increased den-
dritic spines in the hippocampus (31). In addition, it
may act as a neuroprotective mechanism against ex-
citotoxic injury and reduce spontaneous apoptosis in

FIG 3. T1-weighted MR image represents the midsagittal ori-
entation of a dosimetry map for a high-risk patient. Small dose-
map area (white outlined posterior fossa area) receives the high-
est total CSI dose (up to 60Gy).

AJNR: 25, October 2004 HIPPOCAMPUS IN MEDULLOBLASTOMA 1579



animal models (32). One study in twins highlighted
the genetic heritability of gray matter and white mat-
ter volumes, as well as the significant relationships
between these brain volumes and general intelligence
(33). These findings may also help to explain the role
of parental education on hippocampal growth. If
greater parental education implies a more enriched
environment for the patient, this study provides fur-
ther replication of the positive effect of an enriched
environment on hippocampal development. This
finding may have specific implications in terms of
rehabilitation and remediation for patients, both in
the acute phase of neurologic compromise and also in
long-term recovery.

The present results also suggest that girls are more
susceptible to the negative effects of radiation ther-
apy on hippocampal volume than boys. This finding is
consistent with that of previous studies in which fe-
male sex was identified as a significant risk factor for
CNS toxicity resulting from radiation and chemother-
apy for treatment of malignant brain tumors (34) and
acute lymphoblastic leukemia (35). While known sex
differences in neuroendocrinology (eg, hormonal and
receptor differences) may explain these findings, re-
search to substantiate this hypothesis has not be done,
to our knowledge. It is also possible that the hip-
pocampi of girls might have been exposed to higher
radiation dose fields, as girls’ brains are generally
smaller than boys’ (20). Again, examination of indi-
vidual dosimetry mapping and specific tissue-dose
exposure may be helpful in explaining this finding.
Girls demonstrate a steeper slope of hippocampal
volume growth during the first 2 years of life than do
age-matched boys (19). This known sex difference in
rate of development might also have influenced the
steeper rate of hippocampal volume decline observed
in the girls in this study.

Our study is consistent with previous studies dem-
onstrating the deleterious effects of seizures on hip-
pocampal volume (36, 37) and its related cognitive
functions. Interestingly, medulloblastoma survivors
with history of seizure activity did not show the initial
decline in hippocampal volume that their counter-
parts without seizure history demonstrated. Instead,
they demonstrated a slight increase in hippocampal
volume until about 2 years after diagnosis that is
difficult to explain. This was followed by a more
expected steady decline with time since diagnosis.

Surprisingly, children with shunted hydrocephalus
demonstrated no significant change in hippocampal
volume over time. These children may not experience
the same hippocampal volume loss as that of patients
without shunt surgery. However, they also do not
have normal hippocampal growth. During the acute
period of volume loss experienced by most patients
(within the first 2 years), patients with shunts may be
demonstrating the benefits of resolving hydrocephalus,
such as the decompression of brain structures including
the hippocampus. The opposing forces of volume loss
and resolving hydrocephalus may result in less observ-
able initial changes in hippocampal volume. Longstand-
ing neural compromise secondary to hydrocephalus may

explain the lack of hippocampal growth 3–5 years past
treatment in patients with shunts.

While this study provides important information
regarding neuroanatomic changes in pediatric pa-
tients treated for medulloblastoma, it is restricted by
several methodologic limitations. Perhaps the most
salient limitation of this study and one that plagues
much of clinical research (particularly in the use of
neuroimaging techniques) is small sample size. Al-
though the current study had the benefits of a longi-
tudinal design, the small patient sample directly af-
fected not only the generalizability of the findings but
also the types of statistical analyses to which the data
are amenable (resulting, for example, in an inability
to look at multiple variable interactions). In addition,
at the time of the current analyses, not all patients
had been followed up for 5 years after diagnosis. Data
drop-off at 2–3 years after diagnosis could have pro-
duced bias in the nonlinear models. Thus, it is possi-
ble that the trend toward an increase in volume at 2–3
years post diagnosis might have been a function of the
reduced dataset rather than a true increase in volume.
Continued long-term follow-up will serve to confirm
the present findings.

Although the previous literature provides an esti-
mate of normal expectations for hippocampal growth
based on cross-sectional designs, the current study
could have been improved with the inclusion of a
healthy matched control group to specifically com-
pare hippocampal volume over time. The inclusion of
such a control group would have allowed for more
specific comparisons of both absolute volumes and
volumetric changes in the hippocampus throughout
development while decreasing variability associated
with measurement differences and influences by de-
mographic variables (e.g., sex, socioeconomic status).

While the current study demonstrated abnormal
patterns of hippocampal volume development in pe-
diatric patients treated for medulloblastoma, it did
not provide insight into the specific hippocampal pa-
thology that might have been present. In vivo tech-
niques such as MR spectroscopy may provide more
information about the type and degree of hippocam-
pal injury. Future investigators should consider this
methodologic advantage.

Despite its methodologic limitations, the current
study provides important implications for children
with medulloblastoma. The volumetric findings sug-
gest that, in addition to previously demonstrated ab-
normal white matter processes, medulloblastoma pa-
tients treated with radiation therapy have deviant
development in hippocampal volume. While previous
studies have demonstrated the integral role of hip-
pocampal integrity in the acquisition of new memo-
ries (13–15), the specific relationship between hip-
pocampal volume and memory functioning remains
controversial, particularly among developing popula-
tions. Future studies must be performed to ade-
quately examine the relationship between longitudi-
nal hippocampal volume and memory performance.
MR imaging and cognitive assessment can be per-
formed on the same date, and memory assessments
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can be designed for repeated administration. Given
that hippocampal regions (i.e., posterior regions) re-
ceiving higher doses of radiation demonstrated the
greatest volume loss, there may be important clinical
implications for radiation oncology and conformal
radiation techniques (e.g., avoiding hippocampal re-
gions) if it can be demonstrated that this degree of
volume loss (particularly in posterior hippocampal
regions) has significant functional implications for
patients with medulloblastoma.

In addition to implications for treatment, the cur-
rent volumetric findings may play an important role in
post-treatment memory functioning and learning abil-
ities. Given that memory and learning impairments
have been demonstrated in this population, deviant
hippocampal development must still be considered a
potential underlying contributor. It should also be
highlighted that, in most cases, hippocampal volume
development does ultimately resume a more normal
course. However, the functional implications of such
halted normal development may have a notable effect
on age-appropriate academic achievement and learn-
ing. This possibility may hold further importance for
defining a timeline on which to expect functional
improvements as well as for explaining delays in ac-
ademic achievement.

Conclusion
Pediatric survivors of medulloblastoma demonstrate

abnormal patterns of hippocampal volume develop-
ment after irradiation. Female sex, low parental educa-
tion, shunt placement, and seizure history further affect
these patterns. Volume loss occurred predominately in
the posterior regions of the hippocampus. Gross exam-
ination of radiation dose mapping may be used to ex-
plain the region-specific changes in hippocampal vol-
ume, as posterior regions of the hippocampus are in
fields receiving higher radiation doses and demonstrate
greater deviance from expected normal development.
These observations provide a rationale for further in-
vestigation of the relationship between memory dys-
function and hippocampal integrity in this population.
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