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Smaller hippocampal subfield volumes predict verbal associative
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Abstract
The developing hippocampus is highly sensitive to chemotherapy and cranial radiation treatments
for pediatric cancers, yet little is known about the effects that cancer treatents have on specific
hippocampal subfields. Here, we examined hippocampal subfield volumes in 29 pediatric brain
tumor survivors treated with cranial radiation and chemotherapy, and 30 healthy developing children and adolescents. We also examined associations between hippocampal subfield volumes and
short-term verbal memory. Hippocampal subfields (Cornus Ammonis (CA) 1, CA2-3, dentate gyrus
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Multiple Automatically Generated Templates for Different Brains automated segmentation algo-
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rithm. Neuropsychological assessment of short-term verbal associative memory was performed in
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(DG)-CA4, stratum radiatum—lacunosum—moleculare, and subiculum) were segmented using the

a subset of brain tumor survivors (N 5 11) and typically developing children (N 5 16), using the
Children’s Memory Scale or Wechsler’s Memory Scale—third edition. Repeated measures analysis
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of variance showed that pediatric brain tumor survivors had significantly smaller DG-CA4, CA1,
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children. Verbal memory performance was positively related to DG-CA4, CA1, and stratum

CA2-3, and stratum radiatum-lacunosum-moleculare volumes compared with typically developing
radiatum-lacunosum-moleculare volumes in pediatric brain tumor survivors. Unlike the brain tumor
survivors, there were no associations between subfield volumes and memory in typically developing children and adolescents. These data suggest that specific subfields of the hippocampus may
be vulnerable to brain cancer treatments, and may contribute to impaired episodic memory follow-
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ing brain cancer treatment in childhood.
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1 | INTRODUCTION

subfields (Beauchamp et al., 2008; Frodl, 2010; Isaacs et al., 2000;
MacMaster et al., 2008; Riggs et al., 2014). Importantly, studies suggest

Studies have begun to characterize developmental differences in hip-

that mature hippocampal subfields are differentially vulnerable to vari-

pocampal subfields (Daugherty, Bender, Raz, & Ofen, 2016; Krogsrud

ous neurological conditions (Kerchner et al., 2012; Pereira et al., 2013,

et al., 2014) and associations with episodic memory (Lee, Ekstrom, &

2014). Like the mature hippocampus, the developing hippocampus may

Ghetti, 2014; Tamnes et al., 2014). Although these studies provide

exhibit age—and region—specific responses to neurological conditions

important links between hippocampal subfield structure and memory

and injuries. Therefore, evaluating regional vulnerabilities is important

abilities in healthy children and adolescents, less is known about

for understanding early hippocampal pathology.

regional effects within the hippocampus in the injured developing

Previous research suggests that the developing brain is highly sen-

brain. Instead, the majority of clinical studies in children have measured

sitive to cranial radiation (CR) and chemotherapy treatments for central

the hippocampus as a single region, rather than examining its various

nervous system cancers. Both chemotherapy and CR are linked to

Hippocampus. 2017;1–15.
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altered white matter microstructure (de Blank, Berman, & Fisher, 2016;

et al., 2014), and another found positive associations between delayed

(Deprez et al., 2012) Moxon-Emre et al., 2016), altered hippocampal

recall and CA1 and combined CA2–3 volumes (Tamnes et al., 2014).

function (Cheng et al., 2017; Monje et al., 2013), and smaller hippocam-

Given regional variations in hippocampal development and function, it

pal volumes (Kesler et al., 2013; Nagel et al., 2004; Riggs et al., 2014).

is critical to examine how immature hippocampal subfields are affected

Smaller hippocampal volumes after CR and chemotherapy are unre-

following cancer treatments in childhood.

lated to smaller overall brain volumes (Riggs et al., 2014), suggesting

Despite the known vulnerability of the developing hippocampus to

that the developing hippocampus may be particularly vulnerable to

cancer treatments, no previous study has assessed regional vulnerabil-

treatments. In addition to hippocampal abnormalities, pediatric brain

ities in specific hippocampal subfields in humans in vivo. However,

tumor survivors (PBTS) treated with CR and chemotherapy exhibit epi-

both post-mortem human and animal studies suggest that the DG may

sodic memory deficits for both verbal and visual information (Mabbott

be particularly vulnerable. One human postmortem study (Monje et al.,

et al., 2011; Nagel et al., 2006; Riggs et al., 2014). Although few

2007) showed significant decreases in DG neurogenesis, even decades

attempts have been made to correlate smaller hippocampal volumes

following CR and chemotherapy. In rodents, radiation decreases DG

with impaired episodic memory, we previously found a relationship

€m, Bjo
€ rk-Eriksson, Blomgren,
volumes (de Guzman et al., 2015; Hellstro

between smaller right hippocampal volumes and memory performance

& Kuhn, 2009) and neurogenesis (Madsen, Kristjansen, Bolwig, &

in PBTS (Riggs et al., 2014). However, in this study, as in other prior

€ rtwein, 2003; Monje, Mizumatsu, Fike, & Palmer, 2002; Raber
Wo

studies in PBTS, the hippocampus was assessed as a single region,

et al., 2004). These findings highlight the importance of examining how

without examining its distinct subfields.

cancer treatments affect regional hippocampal structure.

Neuroanatomically, the hippocampus is comprised of the Cornus

The goal of this study was to assess the effects of CR and chemo-

Ammonis (CA; further divided into CA1, CA2, CA3, and CA4), the den-

therapy on developing hippocampal subfields. We first compared hip-

tate gyrus (DG), and the subiculum (Duvernoy, 2005). The CA is formed

pocampal subfield volumes in a cohort of PBTS (N 5 29) to typically

of thin parallel stacked layers including the stratum pyramidal, stratum

developing children and adolescents (TDC; N 5 30). Hippocampal sub-

radiatum, stratum lacunosum, and stratum moleculare (Duvernoy,

field segmentations were performed using an automated segmentation

2005). Developmental studies suggest that these distinct hippocampal

algorithm, Multiple Automatically Generated Templates (MAGeT;

regions exhibit unique developmental trajectories (Daugherty et al.,

Chakravarty et al., 2013; Pipitone et al., 2014), in conjunction with high

2016; Jabès, Lavenex, Amaral, & Lavenex, 2011; Tamnes et al., 2014).

resolution 3T hippocampal subfield atlases (Winterburn et al., 2013).

For example, the CA2 and subiculum are more volumetrically mature

These tools produce subfield segmentations across the entire hippo-

earlier in development than the DG and CA3. Interestingly, cross-

campal longitudinal axis. Based on findings from animal literature and

sectional studies have reported positive associations between age and

post-mortem human data that the DG is highly vulnerable to radiation,

CA1, CA3 and DG volumes until 13 years of age (Krogsrud et al.,

we hypothesized that PBTS would have smaller DG volumes than

2014; Lee et al., 2014) and one of these also found positive age-

TDC.

related differences in the subiculum (Krogsrud et al., 2014). In contrast,

A second goal of our study was to assess the relationship between

longitudinal studies report age-related declines in CA1, CA3, and DG

hippocampal subfields and demographic and medical variables. For

volumes across adolescence (Daugherty et al., 2016; Tamnes et al.,

PBTS, we measured subfield volume associations with age, sex, diagno-

2014). Studies also suggest different developmental trajectories across

sis age, and time since diagnosis, and for TDC, we assessed associa-

the anterior–posterior hippocampal axis (DeMaster, Pathman, Lee, &

tions with age and sex. It was hypothesized that there would be a

Ghetti, 2014; Gogtay et al., 2006; Riggins, Blankenship, Mulligan, Rice,

quadratic relationship between age and subfield volumes in TDC, based

& Redcay, 2015). For example, Gogtay et al. (2006) found age-related

on cross-sectional studies showing positive associations between hip-

increases in posterior and decreases in anterior hippocampal volumes

pocampal subfield volumes and age in childhood (Krogsrud et al., 2014;

overtime.

Lee et al., 2014), and longitudinal studies showing decreases in subfield

In addition to exhibiting unique maturational trajectories, hippo-

volumes in adolescence (Daugherty et al., 2016; Tamnes et al., 2014);

campal subfields are implicated in different aspects of memory process-

however, we predicted that this relationship would be absent in PBTS,

ing. Neuroimaging studies in adults suggest that the DG and CA3 are

owing to disrupted volumetric development.

involved in encoding, memory precision and short-term retrieval, and

An exploratory aim of this study was to assess whether smaller

the CA1 and subiculum in intermediate and long-term retrieval

hippocampal subfield volumes in PBTS were related to lower memory

(Eldridge, Engel, Zeineh, Bookheimer, & Knowlton, 2005; Mueller,

performance. Short-term verbal associative memory was assessed

Chao, Berman, & Weiner, 2011; Yassa et al., 2011; Zeineh, Engel,

using a word pair task from the Children’s Memory Scale (CMS) or the

Thompson, & Bookheimer, 2003). Interestingly, developmental work

Wechsler’s Memory Scale—third edition (WMS-III) in a subset of PBTS

suggests that the maturation of distinct hippocampal regions coincides

(N 5 11) and TDC (N 5 16) on the same day as their MRI scan. Two

with the development of different forms of episodic memory in chil-

previous studies have reported associations between hippocampal sub-

dren (Jabès et al., 2011; Lavenex & Banta Lavenex, 2013). One study in

field volumes and memory performance in children and adolescents

children and adolescents found larger right CA3-DG and subiculum vol-

(Lee et al., 2014; Tamnes et al., 2014). However, one of these studies

umes were related to accurate memory for item-color associations (Lee

limited segmentations to the hippocampal body (Lee et al., 2014). The
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other (Tamnes et al., 2014) found non-significant relationships between
subfield volumes and short-term memory, but that longitudinal volume

T A B LE 1

3

Participant demographic and medical information

Parameter

PBTS (N 5 29)

TDC (N 5 30)

Sex (Male:Female [No.])

17:12

17:13

volumes are infrequently related to better memory (Van Petten, 2004).

Age at assessment (years)

12.95 6 3.75

12.92 6 3.55

Since we segmented the entire hippocampal longitudinal axis using

Handedness (Right:Left)

24:5

27:3

cross-sectional data, we had no specific hypotheses for the TDC group.

Full Scale IQ

86 6 17.2

Parental Education (years)a
Mother
Father

15.44 6 2.17
15.64 6 3.59

Age at diagnosis (years)
Range

6.19 6 2.31
2.3 – 11.6

Time since diagnosis to
assessment (years)
Range

6.75 6 3.64

declines overtime in CA2–3 and DG-CA4 predicted learning. Importantly, in healthy children and adolescents, larger whole hippocampal

However, in clinical populations with known hippocampal pathology,
larger hippocampal volumes frequently predict better memory (Barber,
McKeith, Ballard, Gholkar, & O’Brien, 2001; de Toledo-Morrell et al.,
nez et al., 2004; Riggs et al., 2014; Yee, Hannula, Tranel, &
2000; Gime
Cohen, 2014). Therefore, we hypothesized that hippocampal subfield
volumes that were smaller in PBTS compared with TDC would correlate with episodic memory performance. Although verbal memory lateralization is not present in all individuals (Catani et al., 2007), lesion
studies in adults (Saling et al., 1993) and children with epilepsy
(Gleissner et al., 2002; Leunen et al., 2009) suggest that the left hemisphere plays a particularly important role in verbal memory in most
individuals (for a review, see Saling, 2009; Willment & Golby, 2013).

Tumor Location
Cerebellum
Fourth ventricle
Posterior third ventricle
Pineal region

16.52 6 2.87
16.57 6 2.02

1.15 – 14.65

20
7
1
1

Based on this research, we expected that the left hippocampal subfields would have stronger associations with verbal memory in PBTS
than the right subfields.

2 | MATERIALS AND METHODS
2.1 | Participants

Extent of surgical resection
>95% of the tumor resected
Between 50 and 95% of the
tumor resected
Biopsy

24
4
1

Number of resections
1
2
3

26
2
1

Chemotherapy (No.)b

27

Number of Recurrences
0
1
2

26
2
1

Twenty-nine PBTS treated with CR and 30 TDC participated as part of
three larger studies between 2009 and 2016 at the Hospital for Sick
Children in Toronto, Canada. The PBTS had been treated for medulloblastoma (N 5 26), pineoblastoma (N 5 2) and ependymoma (N 5 1).
Twenty of the PBTS had a tumor located in the cerebellum, 7 in the
posterior fourth ventricle, one in the posterior third ventricle, and one
around the pineal region. Despite the heterogeneity of tumor location,
all PBTS were treated with whole brain CR, and all except for two
received chemotherapy. All PBTS were treated on standardized protocols with a fixed duration of treatment for chemotherapy and radiotherapy. The only differences in disease severity amongst patients
were whether they relapsed, and required additional treatment. Participant demographic and medical information is detailed in Table 1.

Note: Sample means 6 SDs are shown. Tests used to assess intellectual
functioning in PBTS included the Wechsler Abbreviated Scale of Intelligence, Wechsler Adult Intelligence Scale (ed 4), Wechsler Intelligence
Scale for Children (ed. 4), and the Stanford Binet (ed. 5). IQ data was collected between 0 and 18 months of study participation and was available for 23 of the 29 PBTS.
a
Data on the number of years of parental education for both mother
and father was missing in 4 PBTS and 7 TDC.
b
Chemotherapy agents included various combinations of Cisplatin, Cyclophosphamide, Vincristine, Lomustine, Etoposide, Amifostine.

Participants or a parent (where applicable) provided written
informed consent. The PBTS were identified through a database review
and recruited during a clinic visit to the hospital, or through letter mailings. The TDC were recruited through hospital advertisements, or

2.2 | Image acquisition

through families of PBTS. The PBTS were considered eligible if they

T1-weighted MR images were acquired for each participant at the Hos-

were diagnosed with a brain tumor at least one year prior to participa-

pital for Sick Children using a Siemens 3T whole body scanner with a

tion, had been treated with CR, were not receiving palliative care or

12-channel head coil. Images were acquired using a 3D magnetization

treatment for recurrent disease, and had no pre-morbid history of neu-

prepared rapid acquisition gradient echo sequence (TR/TE 5 2300 ms/

rological disorder or learning disability. The two groups did not differ

3.91 ms, inversion time 5 900 ms, Flip angle 98, voxel size 5 1 mm iso-

with respect to sex (v2[1] 5 0, p 5 1), handedness (v2[1] 5 0.19, p 5 .67),

tropic, number of excitations 5 1, pixel bandwidth 5 240, acquisition

age (t [56.6] 5 20.03, p 5 .98) or years of parental education (Mother:

matrix 5 256 3 224, 160 contiguous axial slices, FOV5 256 3

(t [40.85] 5 21.43, p 5 .16); Father: (t [38.43] 5 21.09, p 5 .28).

224 mm).
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using the functional magnetic resonance imaging of the brain Software
Library (FSL) Brain Extraction Tool (Smith, 2002). The FSL Brain Extrac-

For the purposes of this study, five high-resolution (0.3 mm isotropic)
3T T1-weighted manually labeled hippocampal subfield atlases were
used for segmentation (Winterburn et al., 2013). These atlases have
separate labels for the CA1, CA2–3, DG-CA4, and the subiculum in
both the left and right hemispheres. In addition, segmentations were
produced for the synapse-rich stratum radiatum, lacunosum, moleculare (SRLM) layers of the Cornus Ammonus, which contain dendrites
and axonal fasciculi (Amaral & Witter, 1989; Duvernoy, 2005). The subfield segmentations span the length of the hippocampal longitudinal
axis and include the head, body and tail regions (Pipitone et al., 2014;
Winterburn et al., 2013). To generate the atlas labels, the pyramidal
layer of the CA was subdivided into a label for the CA1 and a combined label for CA2–3. The SRLM layers of the CA were segmented
into a single label (referred to as “SRLM”). The granule, molecular, and
polymorphic layers of the DG were combined into a single label
referred to as “DG-CA4”. Notably, the polymorphic layer of the DG has
been referred to as the “hilus” of the DG and “CA4” (Amaral, Scharfman, & Lavenex, 2007; Scharfman & Myers, 2013). A single label was
derived for the subiculum (Winterburn et al., 2013).

2.4 | MAGeT for different brains
Hippocampal subfield segmentation was performed using the MAGeT
Brain algorithm (Chakravarty et al., 2013; Pipitone et al., 2014) and
were carried out on SciNet (Loken et al., 2010). The hippocampal subfield segmentations produced by MAGeT Brain have previously been
validated on 3T images (Chakravarty et al., 2013; Pipitone et al., 2014).
This algorithm begins with five high-resolution atlases with manually
labeled hippocampal subfields (Winterburn et al., 2013). A subset of
MR images in the dataset are specified as “templates”. For each template, five candidate labels are generated for each subfield through
pairwise template-to-atlas nonlinear registration. For the purposes of
this study, the pool of templates included a random selection of 21
images from TDC (mean age 5 13.16, 11 female). Once labeled, the 21
templates were matched through pairwise nonlinear registration to
each image in the dataset (N 5 59). This process generated 105 candidate labels for each subfield on each image. The candidate labels were
then fused using a “voxel voting” procedure, in which the most commonly occurring label at each voxel was retained to produce a single
accurate subfield label. One of the authors (A.L.D.) visually inspected
the final segmentations using Display software to verify segmentation
quality (Figure 1a–f). All subfield labels adequately covered the hippocampus, and there were no labels appearing in extra-hippocampal
areas. No manual edits were made for any segmentation, before we
extracted volumetric information for each label. All segmentations
were included in the final analysis.

tion Tool automatically generates an outline that separates the brain
from nonbrain tissue on each MR image. This outline was manually corrected, slice-by-slice, in the axial plane. Estimates of ICV for each participant were derived from this outline (Jenkinson, Pechaud, & Smith,
2005). Raw hippocampal subfield volumes were then adjusted for estimates of ICV using a regression approach previously described in Free
et al., (1995) and Arndt, Cohen, Alliger, Swayze, & Andreasen, (1991).
Specifically, raw subfield volumes in each hemisphere were regressed
onto ICV (collapsed across groups). To adjust volumes for ICV, the
residual value from the regression (the raw minus the predicted volume
for each subfield) was accounted for, in that the variance shared
between raw volumes and ICV was removed. This step is critical,
because smaller raw volumes may reflect smaller overall ICVs in PBTS.
In contrast, smaller volumes after adjusting for ICV may reflect a particular vulnerability of hippocampal subfields to treatment. In order to
ensure reliability of our manual editing procedure for ICV, one of the
authors re-segmented ICV for ten participants (five TDC and five
PBTS). Reliability of ICV manual editing was assessed using an interclass correlation coefficient, and was high at 0.99.

2.6 | Neuropsychological assessment
A subset of PBTS (N 5 11) and TDC (N 5 16) completed assessments
of verbal associative memory and information processing speed on the
same day as their MRI scan. The processing speed task was used to
control for the specificity of the relationship between hippocampal
subfield volumes and memory. The PBTS who completed cognitive
assessments did not differ from remainder of the PBTS in terms of sex
(v2 5 0.67, df 5 1, p 5 .41), diagnosis age (t [19.63] 5 20.83, p 5 .42),
time since diagnosis (t [18.28] 5 21.50, p 5 .15), or hippocampal subfield volumes (left, right, or bilateral; ps > .08). However, those PBTS
who completed memory testing were older on average (t [24.95] 5
2.27, p 5 .03). The TDC who completed memory and processing speed
assessments were no different from the rest of the TDC in terms of
age (t [26.01] 5 1.31, p 5 .2), sex (v2 5 0.18, P 5 0.68), or hippocampal
subfield volumes (left, right, and bilateral; ps > .56). See Supporting
Information Table S1 for a description of the demographic and medical
information for the subset of PBTS and TDC who completed cognitive
assessments.
To assess verbal associative memory, the word-pairs subtest of
the CMS was administered to children aged 8 to 16 years (PBTS:
N 5 6, TDC: N 5 13) and the Verbal Paired Associates 1 from the
WMS–III to children aged > 16 years (PBTS: N 5 5, TDC: N 5 3). In
these tasks, a list of word pairs (e.g., truck-arrow) was read to participants. Immediately after, the first word of each word pair (e.g., “truck”)
was read, and participants had to recall the corresponding second word
pair from memory (e.g., “arrow”). If a participant could not recall the

2.5 | Adjusting raw hippocampal subfield volumes for
intracranial volumes

correct word pair, the correct word was stated by the experimenter.

Prior to analysis, raw subfield volumes were adjusted for individual dif-

four times for the WMS–III. We derived raw learning scores from the

ferences in intracranial volume (ICV). Measures of ICV were obtained

CMS, and raw immediate recall scores from the WMS–III, based on the

This process was repeated for a total of three times for the CMS and
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Hippocampal subfield segmentations using MAGeT Brain shown in right sagittal (a,b), coronal (c,d), and axial (e,f) views for a
representative subject. Subfields are represented in different colors in MNI space as follows: dark blue, DG/CA4; pink, SRLM; green, CA1;
orange, CA2/3; red, Subiculum.

FIGURE 1

number of correctly recalled words over the course of the trials. We

Participants were asked to locate and circle two identical numbers in a

acknowledge that the number of trials, and number and types of words

row of 6 numbers, with 60 rows of numbers in total. Participants were

differed between the tasks. To account for these differences, partici-

given 3 min to circle as many identical number pairs as possible. A raw

pants’ raw scores were converted into scaled scores prior to being

score was calculated based on the number of correctly circled number

included in the analysis. Since both tasks were designed to test the

pairs. Raw scores were converted into scaled scores for statistical

same mnemonic function (i.e., short-term verbal associative memory),

analysis.

normalizing raw scores into scaled scores may provide means to over-

In addition to processing speed, full scale and verbal IQ in PBTS

come the task differences. Despite the differences, analogous index

were used to test the specificity of the relationship between memory

scores, calculated based on performance across multiple subtests on

and hippocampal subfield volumes. IQ data was collected between 0

the CMS and WMS–III, are highly correlated (Cohen, 1997).

and 18 months from the time of study participation. Intelligence was

The visual matching subtest of the Woodcock Johnson—third edi-

assessed using the Wechsler Abbreviated Scale of Intelligence, Wechs-

tion (WJ–III) was used to measure information processing speed.

ler Intelligence scale for Children (ed. 4), or the Wechsler Adult

6
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Intelligence Scale (ed. 4). IQ data were available for 10 of the 11 PBTS

performance for each group separately. Out of concern that the left

in the subsample and is reported in Table 4.

hippocampus may play a greater role in verbal memory than the right
hippocampus (Nagel, Herting, Maxwell, Bruno, & Fair, 2013), we also

2.7 | Statistical analyses
All statistical analyses were conducted using R statistical software (R
Core Team, 2013). We first tested whether ICVs and subfield volumes
had distributions allowing for parametric statistics. We used a Shapiro
Wilk’s test to examine assumptions of normality, a Fisher’s F-test to
examine homogeneity of variance, and a Mauchley’s test to evaluate
sphericity in our repeated measures ANOVA. Assumptions of normality
were met for intracranial and subfield volumes in both groups (groups
were examined both separately and together). The homogeneity of variance assumption was violated for ICV (F [28, 29] 5 2.17, p 5 .04) and
SRLM volumes (F [28, 29] 5 2.1, p 5 .05). Therefore, a Welch t-test for
unequal variances was used to examine group differences in ICVs.
Similarly, post hoc testing for group differences in SRLM volumes were
done using Welch t tests.
To quantify whether there were group differences in subfield volumes, we used a repeated measures ANOVA, with group (PBTS, TDC)
as the between subject factor, and hemisphere (right, left) and subfield
(CA1, CA2–3, DG-CA4, SRLM, subiculum) as within subject factors. A
mauchley’s test revealed that the sphericity assumption was violated
for subfields in the repeated measures ANOVA, and therefore

tested associations between verbal memory and left and right hippocampal subfields separately. Given our limited sample size for this analysis, we report bias-corrected and accelerated (BCA) bootstrapped
95% CIs for the memory—volume correlations based on 5,000 bootstrap replicates. Additionally, to assess whether verbal memory was lateralized to the left hippocampus, we compared the strength of the
memory—volume correlations for analogous left and right subfields
using a Steiger’s Z test. If verbal memory were lateralized to the left
hippocampus, we would expect stronger correlations between memory
and left hippocampal subfield volumes.
Only one existing paper has examined relations between memory
performance and hippocampal volumes in PBTS (Riggs et al., 2014).
This article reported a strong relationship between right hippocampal
volumes and the general index of learning and memory from the CMS
(r 5 0.71; Riggs et al., 2014). Based on this effect size, our expected
power with our sample of 11 PBTS is reasonably high (>0.75,
alpha < 0.05, two tailed). However, since the previously reported study
included a small number of PBTS (N 5 10; Riggs et al., 2014), and
because of our small sample (N 5 11), this analysis is considered purely
exploratory, and should be interpreted with caution.

Greenhouse-Geisser corrected values are reported. Paired t tests with
Bonferroni correction were used to test significant interactions and
p-values  .05 were considered statistically significant. Cohen’s d effect

3 | RESULTS

sizes were calculated to characterize the magnitude of group differen-

3.1 | Group differences in ICV

ces in subfield volumes. Based on previously reported effect sizes for

Although PBTS had smaller ICVs than TDC, the difference was non-

group differences in whole hippocampal volumes (hp2 5 0.16; Riggs

significant (t [1,57] 5 1.29, p 5 .26).

et al., 2014), our sample size enables us to have a power of at least
80% to detect group differences in subfields (alpha of 0.05, two tailed),
assuming that similar group differences are present in the hippocampal

3.2 | Group differences in hippocampal subfield
volumes

subfields.
A second analysis was carried out to assess the effects of demo-

The repeated measures ANOVA with Greenhouse Geisser correction

graphic (age and sex) and medical variables (age at diagnosis, time since

revealed a significant main effect of group (F [1, 57] 5 19.07; P  .001),

diagnosis) on hippocampal subfield volumes (each group assessed sepa-

subfield (F [2.72, 154.95] 5 2,431, P  .001, E 5 0.68), and hemisphere

rately). We examined sex differences using post hoc t tests, instead of

(F [1, 57] 5 9.70, p 5 .003). There was also a significant subfield 3

including sex as a covariate in our main model, because existing studies

group interaction (F [2.72, 154.81] 5 3.94, p 5 .01, E 5 0.68), and

do not report sex differences in whole hippocampal volumes in PBTS

subfield 3 hemisphere interaction (F [2.42, 137.94] 5 20.48, p < .001,

(Riggs et al., 2014). Pearson’s r correlations were used to evaluate the

E 5 0.61), but no significant group 3 subfield 3 hemisphere interaction

relationship between subfield volumes and age at diagnosis and time

(F [2.42, 137.94] 5 0.90; p 5 .42, E 5 0.61). Post hoc t tests revealed

since diagnosis. To examine age effects, both quadratic and linear mod-

that the significant group 3 subfield interaction was driven by smaller

els were tested. p-values were adjusted for the family-wise error rate

volumes in PBTS compared with TDC in bilateral DG-CA4

(i.e., the number of independent tests conducted for demographic and

(t [53.23] 5 22.98, p 5 .02, d 5 0.78, M difference 5 95 mm3), CA1

medical variables), using false discovery rate correction. Contrasts sur-

(t [56.59] 5 22.93, p 5 .02, d 5 0.76, M difference 5 90 mm3), SRLM (t

viving 5% false discovery rate correction were considered significant.

[49.40] 5 24.86, p  .001, d 5 1.27, M difference 5 135 mm3), and

Last, we evaluated whether subfield volumes were related to

CA2–3 (t [55.07] 5 23.61, p  .01, d 5 0.94, M difference 5 47 mm3;

verbal memory, and processing speed in the subset of PBTS (N 5 11)

Figure 2a–d). Although PBTS had smaller subiculum volumes than

and TDC (N 5 16) who completed cognitive testing. We also evaluated

TDC, this difference was nonsignificant (t [56.60] 5 22.32, p 5 .12,

whether verbal and full scale IQ were related to subfield volumes in

d 5 0.60, M difference 5 44 mm3; Figure 2e). Post hoc t-tests to inves-

PBTS. Pearson’s r correlations were used to evaluate relationships

tigate the subfield 3 hemisphere interaction revealed larger right

between bilateral hippocampal subfield volumes and cognitive

than left CA1 (t [115.42] 5 23.73, p 5 .001) and CA2–3 volumes
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7

Group differences in bilateral hippocampal subfield volumes in pediatric brain tumor survivors (PBTS) and typically developing
children (TDC). All subfield volumes were corrected for ICV prior to being analyzed (see text for details). The PBTS had significantly smaller
bilateral DG-CA4 (a), CA1 (b) SRLM (c) and CA2–3 volumes (d) than TDC (ps < .05). Group differences in subiculum volumes were nonsignificant (e), but were in the expected direction, in that PBTS had smaller volumes than TDC (p 5 .12). Bonferroni corrected p-values are
reported

FIGURE 2

(t [112.57] 5 24.66, p < .001). For the remaining subfields, there were

subfield volumes and diagnosis age after controlling for age at assess-

nonsignificant volume differences between analogous subfields in the

ment. After controlling for age, the effects of diagnosis age remained

two hemispheres (ps > .19).

the same for all subfields except for the subiculum, which became negatively correlated with diagnosis age (r 5 20.51, p < .01, q < 0.04).

3.3 | Demographic and medical predictors of
hippocampal subfield volumes
Results from statistical tests involving demographic and medical variables are presented in Table 2. Given the absence of a significant
group 3 subfield 3 hemisphere interaction, analyses were performed

Time since diagnosis in PBTS was only related to subiculum volumes
(r 5 0.66, p < .01, q < 0.01).

3.4 | Do hippocampal subfield volumes predict verbal
associative memory performance in TDC?

on bilateral subfield volumes. Bilateral subfield volumes were calculated

Table 3 contains raw and scaled verbal memory scores for TDCs who

by summing corresponding subfield volumes in the left and right hemi-

completed memory testing. In TDC, there were no significant relation-

spheres. There were no sex differences in subfield volumes for either

ships between hippocampal subfield volumes (left, right, or bilateral),

group. There were nonsignificant quadratic effects of age on subfield

and memory performance or processing speed (ps > .21).

volumes for both groups (see supporting information Table S2). Therefore, we report only linear effects of age (Table 2). In TDC, there was a
significant positive linear relationship between subiculum volumes and
age (r 5 0.42, p < .01, q 5 0.02), but no other subfields were related to

3.5 | Do hippocampal subfield volumes predict verbal
associative memory performance in PBTS?

age in TDC. In PBTS, age was positively related to SRLM (r 5 0.52,

Table 4 contains raw and scaled verbal memory scores, full scale IQ,

p < .01, q 5 0.02) and subiculum volumes (r 5 0.48, p  .01, q 5 0.04;

and verbal IQ for PBTS who completed memory testing. In PBTS, there

Figure 3a,b). Diagnosis age in PBTS was positively related to CA1

was a significant positive relationship between memory performance

(r 5 0.53, p < .01, q 5 0.02), CA2–3 (r 5 0.59, p < .01, q < 0.01), and

and bilateral volumes in CA1 (r 5 0.71, p 5 .01, 95% BCa [20.08,

SRLM volumes (r 5 0.68, p < .01, q < 0.01; Figure 4a–c), and marginally

0.92]), DG-CA4 (r 5 0.64, p 5 .03, 95% BCa [20.34, 0.87]), and SRLM

related to DG-CA4 volumes (r 5 0.43, p 5 .02, q 5 0.07). Since diagno-

(r 5 0.61, p 5 .04, 95% BCa [20.20, 0.82]; Figure 5a–c), and a margin-

sis age and age at assessment were marginally correlated (r 5 0.35,

ally significant relationship with CA2–3 volumes (r 5 0.55, p 5 .08, 95%

p 5 .06), we repeated the analysis examining correlations between

BCa [20.19, 0.95]). Subiculum volumes were unrelated to memory
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(r 5 0.50, p 5 .12, 95% BCa [20.32, 0.96]) were unrelated to memory.
There were no relationships between right hippocampal subfield volumes and verbal memory (all ps > .13). Although we observed correla-

Variable

Group

Structure

r value

P value

q value

Age

TDC

DG-CA4

0.33

.08

0.23

CA2–3

0.10

.61

0.85

did not differ significantly between the analogous subfields in the two

CA1

0.05

.81

0.95

hemispheres (ps > .17). Finally, neither full scale IQ, verbal IQ, nor proc-

SR-L-M

0.09

.62

0.85

essing speed were related to left or right subfield volumes (ps > .31).

Subiculum

0.42

<.01

0.02*

Age

Sex

Sex

Age at diagnosis

Time since
diagnosis

PBTS

TDC

PBTS

PBTS

PBTS

tions with the left, but not right hemisphere subfields, the Steiger’s
Z test revealed that the magnitude of memory–volume relationships

Two of the PBTS in our memory/volume analysis had particularly
low IQs (<60; Table 4). Therefore, we reran all analyses excluding these

DG-CA4

0.31

.11

0.26

CA2–3

0.38

.04

0.15

sample. Although the relationships between subfield volumes and

CA1

0.32

.09

0.26

memory remained in the expected positive direction, the relationships

SR-L-M

0.52

<.01

0.02*

Subiculum

0.48

<.01

0.04*

DG-CA4

0.15

.43

0.81

CA2–3

20.03

.88

0.95

CA1

20.04

.85

0.95

SR-L-M

20.09

.65

0.85

Subiculum

20.02

.93

0.95

effects of chemotherapy and radiation on regional hippocampal devel-

DG-CA4

0.1

.61

0.85

opment. Our findings showed that PBTS had significantly smaller vol-

CA2–3

20.24

.21

0.45

two participants and using the remaining nine participants in our sub-

were no longer significant after excluding these two participants. Notably, all other previous findings related to volume differences and relations with demographic/medical variables remained significant after
excluding these two participants.

4 | DISCUSSION
We examined hippocampal subfield volumes in PBTS to assess the

umes than TDC in the SRLM, CA1, CA2–3, and DG-CA4. In addition, a
younger diagnosis age predicted smaller volumes in CA1, CA2–3, and

CA1

0.14

.48

0.85

SR-L-M

20.18

.37

0.74

CA1 and SRLM volumes and poorer short-term verbal associative

Subiculum

20.1

.61

0.85

memory. While these correlations should be interpreted with caution

DG-CA4

0.43

.02

0.07.

given the small sample (N 5 11), these memory–volume relationships

CA2–3

0.59

<.01

<0.01*

CA1

0.53

<.01

0.02*

SR-L-M

0.68

<.01

<0.01*

Subiculum

20.25

.19

0.44

DG-CA4

0.04

.83

0.95

CA2–3

0.02

.93

0.95

CA1

20.01

.95

0.95

CA2–3, and DG-CA4) were smaller in PBTS than TDC. As in Riggs

SR-L-M

0.1

.61

0.85

et al. (2014), we observed these differences despite correcting for indi-

Subiculum

0.66

<.01

<0.01*

Note: * Indicates significance after 5% FDR correction (q < 0.05).

SRLM. In PBTS, we observed associations between smaller DG-CA4,

may suggest that pathology in specific hippocampal subfields contribute to memory impairments in PBTS. Below, we discuss our findings in
the context of the vulnerabilities of hippocampal subfields to disease
mechanisms that occur in response to brain cancer treatments.

4.1 | PBTS have smaller hippocampal subfield
volumes than TDC
We observed that the majority of hippocampal subfields (SRLM, CA1,

vidual differences in ICV, suggesting that these regions may be particularly vulnerable. The largest effect sizes were observed in the SRLM
(d 5 1.27), and the CA2–3 (d 5 0.94), followed by the DG-CA4
(d 5 0.78), and CA1 (d 5 0.76). In the context of the considerable focus

performance (r 5 20.05, p 5 .89, 95% BCa [20.82, 0.74]). Processing

placed on understanding the impact of radiation on the DG in animal

speed, full scale and verbal IQ were unrelated to bilateral hippocampal

models (de Guzman et al., 2015; Raber et al., 2004), our data highlights

subfield volumes (ps > .39).

the need to evaluate histology in other subfields.

We also observed significant positive correlations between mem-

Our finding for the DG-CA4 is consistent with animal studies that

ory performance and left DG-CA4 (r 5 0.70, p 5 .02, 95% BCa [20.26,

report smaller DG volumes in irradiated rodents (de Guzman et al.,

0.95]) and left SRLM volumes (r 5 0.59, p 5 .05, 95% BCa [20.41,

€m et al., 2009). Elucidating the cellular determinants of
2015; Hellstro

0.93]). Left CA1 volumes (r 5 0.58, p 5 .06, 95% BCa [20.45, 0.95])

smaller subfield volumes in PBTS is challenging, as few studies have

were marginally associated with memory performance. Left subiculum

related histological features to hippocampal subfield volumes. How-

(r 5 0.39, p 5 .23, 95% BCa [20.93, 0.69]) and CA2–3 volumes

ever, two prior studies—one in postmortem human tissue (Bobinski
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The association between age and SRLM and subiculum volumes in PBTS. In PBTS, age was positively correlated with SRLM
(r 5 0.52; a) and subiculum (r 5 0.48; b) volumes (ps < .01, qs < 0.05)

FIGURE 3

et al., 2000) and another in animals (van der Beek et al., 2004)—suggest

Our data suggest that damage in several subfields contribute to

that fewer DG neurons are correlated with smaller volumes. Moreover,

hippocampal pathology following CR and chemotherapy. For instance,

in postmortem animal and human studies, radiation (Monje et al., 2002,

we observed smaller CA2–3 volumes in PBTS. The CA2 and CA3 are

2007) and chemotherapy (Christie et al., 2012; Nokia, Anderson, &

highly interconnected regions within hippocampal circuitry (Gilbert &

Shors, 2012) are linked to apoptosis and reduced neurogenesis in the

Kesner, 2003), and newborn neurons in the DG form synapses with

DG. Based on this research, smaller DG-CA4 volumes in PBTS may

target cells in CA2 and CA3 (Llorens-Martín, Jurado-Arjona, Avila, &

reflect increased apoptosis and reduced neurogenesis.

Hern
andez, 2015). In light of previous evidence that radiation alters

The relationship between diagnosis age and subfield volumes in PBTS. Diagnosis age was positively correlated with CA1
(r 5 0.53; a), CA2–3 (r 5 0.59; (b) and SRLM volumes (r 5 0.68; c) in PBTS (ps and qs < .05)

FIGURE 4

10

|

DECKER

Individual raw and scaled verbal memory scores for the
subset of TDC with memory data available

ET AL.

We also observed smaller SRLM volumes in PBTS compared with

T A B LE 3

TDC. The SRLM layers of the Cornus Ammonus contain few cell
bodies, and are made up of dendrites, axonal fasciculi and synapses

age

CMS
raw
score

CMS
scaled
score

WMS
raw
score

WMS
scaled
score

1

8.90

23

12

...

...

to dendritic morphology, complexity, and spine density in the hippo-

2

9.05

34

16

...

...

campus (Chakraborti et al., 2012; Parihar & Limoli, 2013) may be a bio-

3

10.58

33

15

4

10.59

38

18

...

...

5

10.94

32

14

...

...

6

11.31

37

16

...

...

7

12.28

21

8

8

12.33

22

9

...

...

9

14.54

39

15

...

...

10

15.90

35

13

...

...

explore the relationship between hippocampal structure and blood

11

15.90

36

13

...

...

flow will help to elucidate how vascular health relates to CA1 volumes

12

16.16

25

8

...

...

following brain cancer treatments.

13

16.29

...

...

28

12

Participant
No.

that form the basis of hippocampal circuitry (Amaral & Witter, 1989;
Duvernoy, 2005). Similar to the CA2–3, radiation-induced alterations

logical mechanism underlying smaller SRLM volumes in PBTS.
A considerable number of studies examining pathology in CA1
highlight its vulnerability to conditions involving vascular pathology and
hypoxic ischemia (Gemmell et al., 2012; Hatanpaa et al., 2014). Notably, CR is linked to vascular damage, which has been suggested to lead
to hypoxic ischemic injury in the hippocampus (Abayomi, 1996).

14

16.90

30

10

...

...

15

18.00

...

...

31

15

16

18.93

...

...

14

7

Scaled scores are adjusted for age and have a mean of 10 and SD of 3.
Abbreviations: CMS, Children’s Memory Scale; WMS, Wechsler Memory
Scale (ed. 3).

Although limited work has investigated the vulnerability of CA1 to radiation and chemotherapy, one study has linked radiation exposure in
rats to neuronal apoptosis in CA1 (Sun et al., 2013). Future studies that

In contrast to findings in other subfields, group differences in subiculum volumes were nonsignificant. Based on evidence that the subiculum is comparably more mature earlier in development (Jabès et al.,
2011), it may be less vulnerable to neurotoxicity.

4.2 | Impact of medical variables on hippocampal
subfield volumes
We observed a younger diagnosis age was linked to smaller CA2–3,

dendritic morphology in the hippocampus in rodents (Chakraborti,

SRLM, and CA1 volumes, even after controlling for the effects of age.

Allen, Allen, Rosi, & Fike, 2012; Parihar & Limoli, 2013), smaller CA2–3

This suggests that older children may display greater resiliency, and

volumes in PBTS may be evidence of disrupted connectivity in these

younger children, more vulnerability. Time since diagnosis was related

regions.

only to subiculum volumes, such that greater time since diagnosis

T A B LE 4

Individual raw and scaled verbal memory scores, verbal IQ, and full scale IQ for the subset of PBTS with memory data available

Participant
No.

age

CMS raw
score

CMS scaled
score

WMS raw
score

1

10.64

16

5

2

11.65

21

8

...

3

12.29

26

10

4

12.32

20

5

13.08

6

WMS scaled
score

verbal
IQ

Full
Scale IQ

...

...

...

98

87

...

...

92

84

8

...

...

85

86

27

10

...

...

104

94

13.18

20

6

...

...

84

85

7

17.11

...

...

18

7

99

88

8

17.3

...

...

8

3

61

58

9

17.67

...

...

29

13

121

94

10

18.33

...

...

20

9

75

53

11

18.8

...

...

22

10

100

95

Scaled scores are adjusted for age and have a mean of 10 and SD of 3.
Note: Tests used to assess intellectual functioning included the Wechsler Abbreviated Scale of Intelligence, Wechsler Adult Intelligence Scale (ed. 4),
and the Wechsler Intelligence Scale for Children (ed. 4). IQ data was unavailable for one participant. Abbreviations: CMS, Children’s Memory Scale;
WMS, Wechsler Memory Scale (ed. 3).
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The relationship between short-term verbal associative memory performance and hippocampal subfields PBTS. Memory performance scaled scores were significantly related to the volume of bilateral CA1 (a; r 5 0.71), DG-CA4 (b; r 5 0.64), and SRLM (c; r 5 0.61).
As this was an exploratory analysis, uncorrected p-values are reported
FIGURE 5

predicted larger subiculum volumes. Our findings suggest that there
may be an age-specific response to treatment-related injury in hippo-

4.4 | Impact of age and sex on hippocampal subfield
volumes in PBTS

campal subfields.
In PBTS, there were no sex differences in hippocampal subfields vol-

4.3 | Impact of age and sex on hippocampal subfield
volumes in TDC

umes. However, a positive linear relationship was observed between
age and subiculum and SRLM volumes. Given hippocampal volumes
may be influenced by neuronal numbers and neuropil content (Qiu

We observed non-significant sex differences in hippocampal subfield

et al., 2013; van der Beek et al., 2004), age-related differences in sub-

volumes in TDC. These findings are consistent with one prior longitudi-

fields may reflect histological differences in neuron numbers, dendritic

nal study (Daugherty et al., 2016), but conflicts with two studies that

complexity, synaptogenesis and myelination.

found larger subfield volumes in males (Krogsrud et al., 2014; Tamnes
et al., 2014).
We used both linear and quadratic models to test associations
between subfield volumes and age. However, we only observed positive linear associations between age and subiculum volumes in TDC.

4.5 | Positive relationships between hippocampal
subfield volumes and memory performance in PBTS
but not in TDC

Previous research suggests that subiculum myelination continues

An exploratory aim of this study was to examine whether smaller hippo-

throughout adolescence (Benes, 1989; Benes, Turtle, Khan, & Farol,

campal subfield volumes in PBTS predicted memory performance.

1994), which may contribute to volumetric changes. Our finding for

Because of our small sample size for this analysis (PBTS: N 5 11; TDC:

the subiculum is consistent with one prior cross-sectional study that

N 5 16), this aim was considered purely exploratory and future research

observed larger subiculum volumes in older children until the age of 13

will be required to verify our findings. In TDC, there were no associa-

(Krogsrud et al., 2014). In contrast, two other studies found non-

tions between memory performance and volumes for left, right or bilat-

significant age differences in subiculum volumes (Daugherty et al.,

eral subfields. This finding conflicts with one prior cross-sectional study

2016; Lee et al., 2014), whereas a longitudinal study found age-related

that found positive relationships between right CA3-DG volumes and

decreases in the subiculum in adolescence (Tamnes et al., 2014). While

associative memory in 8- to 14-year olds (Lee et al., 2014). However, in

we only observed age-related differences in the subiculum, other stud-

this study, segmentations were limited to the hippocampal body, which

ies have found developmental differences in other subfields. Two

may contribute to our different results. One other developmental study

cross-sectional studies observed CA1, CA3, and DG volumes were pos-

found positive correlations between long-term memory and CA1 and

itively associated with age until approximately 13 years (Krogsrud

CA2–3 volumes (Tamnes et al., 2014). Notably, our small sample for this

et al., 2014; Lee et al., 2014). Two longitudinal studies observed linear

analysis may have contributed to our lack of findings for TDC.

decreases in the CA1, CA3, and DG across adolescence (Daugherty

In PBTS, we observed a positive relationship between verbal asso-

et al., 2016; Tamnes et al., 2014), and one of these studies found quad-

ciative memory performance and CA1, DG-CA4 and SRLM volumes.

ratic associations with age (Daugherty et al., 2016). Our discrepant

When we measured left and right subfields separately, only the left

findings may reflect the use of different segmentation protocols that

SRLM and left DG-CA4 were related to memory performance. How-

measure subfields at separate points along the length of the anterior/

ever, the strength of the relationship between memory and volumes

posterior hippocampal axis, and therefore have different definitions of

were not different in the left and right hemispheres. Critically, process-

the subfield boundaries. Additionally, our sample size was relatively

ing speed, full scale, and verbal IQ were unrelated to smaller subfields

small compared with previous studies that have sample sizes of > 100

in PBTS, suggesting that smaller subfields may be associated with

(Daugherty et al., 2016; Krogsrud et al., 2014; Tamnes et al., 2014).

poorer memory abilities, but not lower cognitive ability in general. That
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we found memory—subfield volume correlations in PBTS and not TDC

findings suggest that automated segmentation methods validated in

may suggest that subfield volume—memory associations are stronger

adults may be reliably applied to developmental samples. Moreover, the

in clinical developmental samples with altered hippocampal structure.

manually labeled atlases that we used were registered to 21 “template”

The verbal associative memory task involved learning a list of word

images that were directly drawn from our sample, which were then used

pairs, and then using a verbal cue (the first word of a pair) to recall the cor-

to segment the entire dataset. This step helps to minimize segmentation

responding word pair from memory. Prior research suggests that success-

errors resulting from neuroanatomical differences between the atlas and

ful learning and retrieval depend on several processing mechanisms in the

subject images (Pipitone et al., 2014). Third, it would have been ideal to

hippocampus. Smaller hippocampal subfield volumes may reflect struc-

use segmentation procedures that have previously been applied to devel-

tural damage that perturbs these processing mechanisms, ultimately

opmental samples, to more easily compare our findings to other studies.

impairing memory performance. Some evidence suggests that the DG

However, two prior developmental studies have used manual segmenta-

supports memory precision during encoding (Eldridge et al., 2005; Mueller

tions limited to slices in the hippocampal body (Daugherty et al., 2016;

et al., 2011; Yassa & Stark, 2011; Zeineh et al., 2003). Extrapolating from

Lee et al., 2014), whereas we were interested in examining subfields

these findings, smaller DG-CA4 may reflect structural damage that impairs

across the hippocampal longitudinal axis. Although the Van Leemput et al.

hippocampal function at the level of encoding. This would be expected to

(2009) protocol has been applied to developmental samples (Krogsrud

result in impaired encoding of word pairs and subsequent poor perform-

et al., 2014; Tamnes et al., 2014) and segments across the hippocampal

ance. Animal models of radiation injury show that neurogenesis is per-

long axis, the validity of its segmentations have been questioned (de

turbed following radiation, and relates to performance deficits on

Flores et al., 2015; Wisse, Biessels, & Geerlings, 2014). Finally, the Yushke-

hippocampal-dependent memory tasks (Clelland et al., 2009; Madsen

vich et al. (2015) protocol would have been a good alternative, but is com-

et al., 2003; Raber et al., 2004). These studies provide a highly probable

putationally expensive and requires a large number of manually

explanation for smaller DG-CA4 volumes in PBTS. Namely, perturbed

segmented atlases. Another limitation of our study is that the cross-

neurogenesis may play a mechanistic role in encoding deficits in PBTS.

sectional design prohibited evaluating changes in hippocampal subfield

In addition to the DG-CA4, the SRLM may also be important for

volumes across development. Employing longitudinal designs to examine

episodic memory maturation. The SRLM contains dendrites, axonal

hippocampal subfield development is required for assessing changes in

projections and synapses that constitute the basis of hippocampal con-

volume overtime. Further, memory performance was measured using a

nections. Smaller SRLM volumes in PBTS may result from disrupted

word pair task either from the CMS or WMS-III, and these tasks differ in

hippocampal synaptic connectivity. Fewer synapses connecting neu-

terms of the number of trials and types of word pairs. We addressed this

rons within and between subfields would be expected to impair

issue by including only scaled scores in our analysis, however, a single

hippocampal-dependent memory performance.

standardized memory task would have been ideal. Last, the sample size in

We also observed a positive association between CA1 volumes

the present study was relatively small, particularly for the analysis evaluat-

and verbal associative memory in PBTS. Neuro-computational models

ing memory-volume relationships. Future studies should employ a larger

(Wiskott, Rasch, & Kempermann, 2006) and behavioral (Gilbert, Kesner,

sample size to study the relationship between subfield volumes and

& Lee, 2001) studies in animals suggest that CA1 is involved in retrieval

memory.

processes. Smaller CA1 volumes may therefore reflect damage that
impairs retrieval processes on our task. This damage would be

5 | CONCLUSION

expected to manifest as poorer retrieval of word pairs.
Our findings must be considered in light of several limitations. First, in

We provide novel evidence that developing hippocampal subfields are

the validation study of MAGeT (Pipitone et al., 2014), the thinner or

affected by neurotoxic brain cancer treatments. We observed smaller

smaller subfields—SRLM, CA2/3—were less reliably segmented compared

volumes in PBTS compared with TDC in the DG-CA4, CA1, CA2–3,

with the DG-CA4, CA1, and subiculum. Although not ideal, poorer reliabil-

and SRLM. We also observed that PBTS diagnosed earlier in develop-

ity for thinner or smaller subfields may an inherent issue that is not specific

ment had smaller hippocampal subfields compared with those diag-

to our segmentation protocol, as lower reliability for CA2–3 is observed in

nosed later—a finding that suggests age-specific responses to injury.

studies that implement different segmentation protocols Van Leemput

Last, we observed a relationship between short-term verbal associative

et al., 2009; Wisse et al., 2016; Yushkevich et al., 2015). However, differ-

memory performance and DG-CA4, CA1, and SRLM volumes. This

ences in reliability metrics between subfields are important to consider

finding suggests that pathology in specific hippocampal subfields may

when interpreting our findings. Second, the hippocampal segmentation

play a mechanistic role in impaired memory in PBTS, though a larger

procedure employed was validated on standard 3T images in a sample of

sample size is necessary to confirm this finding.

Alzheimer’s disease patients and individuals with psychoses (Pipitone

These findings contribute to a greater understanding of the vulner-

et al., 2014). Therefore, it is unclear whether the segmentations are

ability of the developing hippocampal subfields to cranial radiation and

equally reliable in younger children and adolescents. However, one prior

chemotherapy. Our findings may help guide targeted interventions

study found negligible differences in the reliability of subfield segmenta-

designed to promote repair in specific hippocampal subfields. For

tions across child, adolescent and adult age-groups using two different

instance, interventions that are known to increase neurogenesis may pro-

automated segmentation procedures (Schlichting et al., 2016). These

mote repair in the DG-CA4. Indeed, evidence suggests that physical

DECKER
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exercise may restore neurogenesis in the irradiated rodent DG (Naylor
et al., 2008). Moreover, a recent study found that physical activity
increases hippocampal volume in PBTS treated with radiation and chemotherapy (Riggs et al., 2016). Future research should aim to characterize
whether different types of interventions, such as exercise and cognitive
training, promote widespread repair across the hippocampus or local
repair in distinct subfields
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