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ORIGINAL ARTICLE

Abnormalities in hippocampal volume of glioma patients prior to radiotherapy

Roshan A. Karunamunia, Tyler M. Seiberta, Nathan S. Whiteb, Linda McEvoyb, Nikdokht Faridb, James Brewerb,
Anders M. Daleb, Carrie R. McDonaldc and Jona A. Hattangadi-Glutha

aDepartment of Radiation Medicine and Applied Sciences, University of California San Diego, La Jolla, CA, USA; bDepartment of Radiology,
University of California San Diego, La Jolla, CA, USA; cDepartment of Psychiatry, University of California San Diego, La Jolla, CA, USA

ABSTRACT
Background: Radiation-induced cognitive impairment may be mediated by hippocampal damage, but
the structural integrity of this region in tumor patients at baseline is unclear. Hippocampal volumes of
31 glioma patients prior to receiving radiotherapy were compared to a group of 34 healthy controls.
Materials and methods: Left and right hippocampi on T1-weighted pre-contrast magnetic resonance
images were automatically segmented using Freesurfer, and visually inspected for segmentation errors.
Normalized hippocampal volume for each subject was calculated as the sum of left and right hippo-
campal volumes divided by the estimated total intracranial volume. The normalized amygdala volume
was similarly analyzed as a reference structure.
Results: A Wilcoxon rank-sum test showed a significant difference in normalized hippocampal volumes
between patients and controls (mean value 0.499 vs. 0.524, p¼ .01). No statistically significant differ-
ence was found for the amygdala. A post-hoc analysis revealed a significant difference in normalized
hippocampal volumes between patients who had experienced seizures (mean value: 0.480, p< .05)
and controls. No difference was noted between patients without seizures (mean value: 0.513) and
controls.
Conclusions: Hippocampi of glioma patients prior to radiotherapy were significantly smaller than those
of age-matched controls. Group differences were larger in patients with tumor-associated seizures. This
may be secondary to other processes such as tumor biology and inflammation.
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Introduction

Radiation therapy (RT) is a mainstay in the treatment of
malignant brain tumors [1]. Substantial advancements in
treatment planning now allow for precise control over deliv-
ered dose distributions, with increasing attention paid to
sparing radiation-sensitive normal tissue [2]. In recent years,
the effect of radiation on the hippocampus has gained par-
ticular interest [3]. Hippocampal-sparing RT techniques are
being evaluated in nationwide clinical trials (RTOG 0933) [4]
as a means to mitigate post-RT neurocognitive sequelae,
particularly with respect to learning and memory.

Interest in the hippocampus has been driven by several
studies showing macro- and micro-structural changes post-
RT in pre-clinical models [5,6] and retrospective analyses
demonstrating an association between cognitive impair-
ment and hippocampal irradiation [7]. However, there has
been little work done to assess the structural integrity of
the hippocampus in these patients prior to RT. Other work
has suggested that tumor biology [8], inflammation [9] and
chemotherapy [10] may have detrimental impact on hippo-
campal microstructure, which may affect brain tumor
patients even before they receive RT. Patients may, there-
fore, have damaged or structurally compromised hippo-
campi at the outset of RT.

In this study, we sought to determine if the hippocampal
volumes of brain tumor patients prior to RT differed from
those of age- and gender-matched healthy individuals.
Hippocampal volume, as measured using volumetric MRI,
was used as an imaging biomarker of structural integrity due
to its extensive use in the neuroimaging literature [11]. We
also sought to examine whether any important clinical varia-
bles, such as clinical seizure history, could account for base-
line differences in hippocampal volumes.

Materials and methods

Patients

From January 2011 to December 2013, 88 patients were
treated with fractionated brain RT for primary brain tumors
at the University of California San Diego Moores Cancer
Center. To meet inclusion criteria, patients must have had a
high-resolution T1 pre-contrast volumetric MRI prior to RT.
Patients were excluded if T1-weighted contrast enhancement
(suggesting tumor) or T2-weighted FLAIR hyper-intensity
(suggesting edema) extended to either the left or right
hippocampus. A control group was selected from a group of
healthy individuals with ages spanning the range of the
patient group. A total of 31 patients and 34 controls were
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selected for this study. This study was approved by the insti-
tutional review board.

MR image acquisition and processing

MR imaging was performed on a 3T Signa Excite HDx scan-
ner (GE Healthcare, Milwaukee, WI) equipped with an 8-chan-
nel head coil. The imaging protocol for brain tumor patients
included pre- and post-contrast 3D volumetric T1-weighted
sequence (TE¼ 2.8ms, TR¼ 6.5ms, TI¼ 450ms). Imaging of
healthy controls was collected on a 3T Discovery MR750 (GE
Healthcare, Milwaukee, WI) scanner with an 8-channel
phased-array head coil. This image acquisition included a T1-
weighted 3D structural scan (TE¼ 3.16ms, TR¼ 8.08ms,
TI¼ 600ms). Patient and control image data were corrected
for gradient non-linearities and resampled to a common atlas
space (1mm isotropic voxels) using in-house algorithms
developed in MATLAB (MathWorks, Natick, MA, USA).

Normalized hippocampal volume

Patient and control hippocampi were segmented using
the automated FreeSurfer processing pipeline (version 5.3;
available at http://surfer.nmr.harvard.edu), available on the
Neuroscience Gateway Portal [12]. T1-weighted images were
used as the input structural volume. Segmentations were
visually inspected for accuracy. An example of the segmenta-
tion provided by Freesurfer is shown in Figure 1. The left,
right and estimated total intracranial volumes, as determined
by FreeSurfer, were recorded for each individual. The abso-
lute hippocampal volume was calculated as the sum of left
and right hippocampi. The normalized hippocampal volume
was calculated as the absolute hippocampal volume divided
by the estimated total intracranial volume and multiplied by
100% [13]. The normalized amygdala volume was similarly
calculated to determine if any volumetric changes detected
were specific to the hippocampus [14]. The amygdala was
chosen as it is an adjacent limbic structure that is often used
for this purpose within the neuroimaging literature [14].

Statistical analyses

Wilcoxon’s rank-tests were used to compare distributions
of absolute hippocampal volume, normalized hippocampal

volume, normalized amygdala volume, age and estimated
total intracranial volume between the patient and control
group. A Fisher’s exact test was used to compare the distri-
bution of males and females between the control and patient
group. The subjects were further divided by seizure status
(controls, patients without seizures, patients with seizures), as
determined by clinical evidence of seizures, of any classifica-
tion, as an initial presenting symptom. The effect of seizure
status on normalized hippocampal volume was assessed
using a Kruskal–Wallis test. The significance level, alpha, was
set at .05. All statistical analyses were performed using R
environment for statistical computing v3.1.3.

Results

Group characteristics – age, sex and intracranial volume

A summary of group characteristics is shown in Table 1.
Wilcoxon’s rank-sum tests showed that patient and control
groups did not differ significantly in age. Fisher’s exact test
showed that there was not a significant difference in the

Figure 1. Example of hippocampal segmentations, obtained using Freesurfer.
Left and right hippocampi are visualized as contours overlaid over the
T1-weighted pre-contrast anatomic image (left) and surface renderings (right).

Table 1. Patient and control group characteristics.

Patients [n¼ 31] Controls [n¼ 34]

Age
Mean [range], years 50 [19–70] 44 [19–70]

Gender
Male 24 18
Female 7 16

Seizures
Generalized tonic-clonic 7
Unspecified 5
Complex partial 1
None reported 18

Diagnosisa

Glioblastoma (Grade IV) 19
Grade III 7
Grade II 5

Tumor hemisphere
Left 19
Right 11
Bilateral 1

Tumor neuroanatomical location
Frontal 12
Temporal 5
Fronto-parietal 4
Temporal-parietal 3
Occipital 3
Parietal 2
Cerebellum 1
Pons 1

Surgery
Subtotal resection 16
Gross total resection 14
Biopsy 1

Medicationb (drug Class)
Anticonvulsant 26
Glucocorticoid 23
5HT3 receptor antagonist 15
Narcotic analgesic 13
Antibiotics 13
Histamine-2 antagonist 11
Statin 10
Laxative 11
Proton pump inhibitor 9
Non-sulfonylureas 6

aGrade III: anaplastic astrocytoma (3), anaplastic oligoastrocytoma (1), anaplas-
tic ganglioglioma (1), anaplastic oligodendroglioma (1), glioneuronal (1).
Grade II: astrocytoma (3), oligodendroglioma (1), oligoastrocytoma (1).
bMedications with less than five patients are not listed.
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male to female ratio between patients and controls. The
intracranial volume did not differ significantly between con-
trol and patient groups with mean values (± standard devi-
ation) of 1521 cm3 (± 135) and 1533 cm3 (±111), respectively.

Absolute hippocampal volume

The mean values of absolute hippocampal volume for con-
trols and patients were calculated as 7.95 cm3 (±0.68) and
7.63 cm3 (±0.61), respectively. The difference in distributions
between the two groups was not, however, found to be stat-
istically significant (p¼ .09) using a Wilcoxon rank-sum test.
When stratified by gender, the absolute hippocampal value
differed significantly between controls and patient groups
for males – p¼ .01, mean control: 8.29 cm3 (±0.69), mean
patient: 7.72 cm3 (±0.62) – but not for females – p¼ .22,
mean control: 7.58 (±0.45), mean patient: 7.31 (±0.46).

Normalized hippocampal volume

Normalized hippocampal volumes differed significantly
(p¼ .01) between control and patient groups with mean val-
ues of 0.524% (±0.038) and 0.499% (±0.044), respectively. Dot
plots of the distributions in each group are shown in Figure
2. By comparison, the normalized amygdala volumes did not
differ significantly between the control and patient groups,
with mean values of 0.207% (±0.018) and 0.204% (±0.026),
respectively

Effect of seizure status

A Kruskal–Wallis test showed a statistically significant differ-
ence in normalized hippocampal volume between the vari-
ous seizure status groups (adjusted p¼ .039) with mean
values of 0.524 (±0.038) for controls, 0.513 (±0.027) for
patients without seizures and 0.480 (±0.056) for patients with
seizures – Figure 2. The distribution of normalized hippocam-
pal volumes differed significantly between the controls and
patients with seizures (difference in mean ranks: 17.08, least
significant difference: 11.55), but not between the controls
and patients without seizures (difference in mean ranks: 6.99,

least significant difference: 10.32). No significant difference
was detected between patients with or without seizures (dif-
ference in mean ranks: 10.09, least significant difference:
12.89). A Wilcoxon-rank sum test between the normalized
hippocampal volume of patients with and without seizures
confirmed this (p¼ .09).

Discussion

Our study demonstrates that normalized hippocampal vol-
umes of glioma patients prior to RT were significantly smaller
than those of age-matched controls. The fact that neither
intracranial volume nor normalized amygdala volume signifi-
cantly differed between the two groups leads us to believe
that we are observing an effect that is particular to the
hippocampus. However, the effect of the tumor on the
Freesurfer estimate of total intracranial volume has not been
studied, and thus may potentiate some of the findings.
Although a statistically significant difference was not found
between absolute hippocampal volumes (without normaliza-
tion), the marginal p value (p¼ .09) may indicate that we lack
sufficient power to detect the difference at a significance
level of 0.05. In addition, significant differences in absolute
hippocampal volume were observed in males, but not
females. While the present study does not reveal the mech-
anism of the observed atrophy, it does reveal that tissue
changes within the hippocampus may already be underway
in glioma patients before RT.

There are several potential causes for smaller hippo-
campi measured in the patient group, including surgery,
tumor biology and medications. Glioma cells, particularly of
astrocytic origin, may release abnormal amounts of the
neurotransmitter glutamate into the extracellular space [8].
Imbalances in extracellular glutamate are associated with
hippocampal neuronal death in vitro [8]. In addition, dexa-
methasone (a glucocorticoid receptor agonist commonly
prescribed to treat edema in brain tumor patients, includ-
ing 74% of patients in this study) is associated with dis-
rupted hippocampal neurogenesis in pre-clinical models
[15]. Inflammation, potentially arising from the tumor, sur-
gery or stress and mediated by sustained microglial activa-
tion has also been shown to impair basal hippocampal
neurogenesis in rats [16].

A post-hoc analysis revealed that seizure status may
underlie the difference in hippocampal volume between
patients and controls. Evidence suggests that seizures are
associated with damage to brain tissue. A longitudinal study
reported a decrease in ipsilateral hippocampal volume of
patients with mild temporal lobe epilepsy, where volume loss
correlated with the number of generalized seizures between
scans [17]. However, there has been no work, to-date, directly
linking tumor-associated seizures with hippocampal atrophy.
Interpretation of post-hoc analyses of modest sample sizes
must be made cautiously. Nonetheless, some of the mecha-
nisms postulated to be responsible for tumor-associated seiz-
ures (glutamate imbalances, disrupted blood–brain barrier
[18]) are those previously described to be associated with
hippocampal neuronal changes. Although no statistically

Figure 2. Dot plots of normalized hippocampal volume (unitless) in controls, all
patients, patients without (w/o) seizures and patients with (w) seizures. The red
dots indicate the mean value of the group. Significant differences were found
between all patients vs. controls, and patients with seizures vs. controls, but not
between patients without seizures vs. controls, or patients with seizures vs.
patients without seizures.
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significant difference was observed between patients with
and without seizures, the marginal p value obtained from the
Wilcoxon rank sum test suggests a trend that warrants fur-
ther investigation in a larger sample.

This study has several limitations. While the specific devi-
ces used for patient and control groups differed, both were
GE scanners operated using a field strength of 3T. Previous
studies have shown that scanner platform (such as Siemens
vs. GE) and field strength (1.5 vs. 3T) have the strongest influ-
ence on volume measurement bias [19]. In addition, the
absence of statistically significant difference in estimated
total intracranial volume and normalized amygdala volume
gives us further reason to believe that no systematic bias
was introduced to the findings as a result of scanner differen-
ces. In addition, the sample size is small. The findings will
therefore need to be replicated in a larger study. The small
sample size also means that covariates of potential interest
such as medication type and dosage, seizure type (e.g., gen-
eralized vs. partial), seizure by gender, tumor genetic profile
and tumor location could not be adequately investigated.
Larger studies using prospectively collected data could best
explore the potential effects of these covariates. The clinical
implications of hippocampal volume loss in pre-RT brain
tumor patients remain unclear, but may be better
elucidated through long-term imaging and neurocognitive
monitoring.

In summary, the normalized hippocampal volume of gli-
oma patients prior to RT was smaller than healthy age-
matched controls. This effect is more readily observed in
patients with tumor-associated seizures. Future studies to val-
idate the findings in larger cohorts, as well as correlating hip-
pocampal status prior to RT with subsequent damage
and cognitive dysfunction are currently underway at our
institution.
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