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Medulloblastomas, the most common malignant brain tumor in children, are typically treated with radiotherapy. Refinement of this treatment
has greatly improved survival rates in this patient population. However, radiotherapy also profoundly affects the developing brain and is
associated with reduced hippocampal volume and blunted hippocampal neurogenesis. Such hippocampal (as well as extrahippocampal) abnor-
malities likely contribute to cognitive impairments in this population. While several aspects of memory have been examined in this population,
the impact of radiotherapy on autobiographical memory has not previously been evaluated. Here we evaluated autobiographical memory in
male and female patients who received radiotherapy for posterior fossa tumors (PFTs), including medulloblastoma, during childhood. Using the
Children’s Autobiographical Interview, we retrospectively assessed episodic and nonepisodic details for events that either preceded (i.e., remote)
or followed (i.e., recent) treatment. For post-treatment events, PFT patients reported fewer episodic details compared with control subjects. For
pretreatment events, PFT patients reported equivalent episodic details compared with control subjects. In a range of conditions associated with
reduced hippocampal volume (including medial temporal lobe amnesia, mild cognitive impairment, Alzheimer’s disease, temporal lobe epi-
lepsy, transient epileptic amnesia, frontal temporal dementia, traumatic brain injury, encephalitis, and aging), loss of episodic details (even in
remote memories) accompanies hippocampal volume loss. It is therefore surprising that pretreatment episodic memories in PFT patients with
reduced hippocampal volume are retained. We discuss these findings in light of the anterograde and retrograde impact on memory of experi-
mentally suppressing hippocampal neurogenesis in rodents.
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Pediatric medulloblastoma survivors develop cognitive dysfunction following cranial radiotherapy treatment. We report that
radiotherapy treatment impairs the ability to form new autobiographical memories, but spares preoperatively acquired autobi-
ographical memories. Reductions in hippocampal volume and cortical volume in regions of the recollection network appear to
contribute to this pattern of preserved preoperative, but impaired postoperative, memory. These findings have significant impli-
cations for understanding disrupted mnemonic processing in the medial temporal lobe memory system and in the broader
recollection network, which are inadvertently affected by standard treatment methods for medulloblastoma tumors in children.

ignificance Statement

Introduction
Medulloblastomas are the most common malignant brain tumor
in children (Northcott et al., 2012). While the introduction of
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cranial radiotherapy in the 1950s greatly improved survival rates
(Ramaswamy et al., 2016), this treatment also profoundly affects
the developing brain and impairs cognitive development (Roman
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and Sperduto, 1995). For instance, children treated with radia-
tion for medulloblastomas exhibit reduced white matter and hip-
pocampal volume, and reductions in hippocampal volume have
been correlated with memory impairments, assessed using the
Children’s Memory Scale (CMS; Riggs et al., 2014). Moreover,
postmortem immunohistochemical examination of brains from
three medulloblastoma patients revealed a 10-fold reduction in
neurogenesis in the hippocampus (Gibson and Monje, 2012), a
region where neurogenesis persists into adulthood in humans
(Kempermann et al., 2018). These brain abnormalities as well as
others associated with radiotherapy may contribute to poorer
academic performance (Mabbott et al., 2005) and reduced rates
of high school graduation and employment in survivors (Siffert
and Allen, 2000; Correa et al., 2004).

Cognitive dysfunction in children receiving cranial radiation
for brain tumors has been well characterized and includes deficits
in processing speed and attention (Langer et al., 2002; Armstrong
et al., 2010; Gibson and Monje, 2012; Scantlebury et al., 2016).
While several different aspects of memory function have been
examined (e.g., recall and recognition of verbal working mem-
ory; Copeland et al., 1999; Reeves et al., 2006; Ehrstedt et al.,
2016), autobiographical memory integrity has not previously
been characterized in this population. In this study, we there-
fore retrospectively probed autobiographical memories for a
recent event (i.e., within the previous month, and therefore
post-treatment) and a remote event (i.e., one that preceded
treatment) in patients treated with cranial radiation for posterior
fossa tumors (PFTs; medulloblastoma and ependymoma) during
childhood.

Autobiographical memory is a form of declarative memory
that includes both episodic and semantic components. Episodic
components are linked to a unique event (occurring within a
specific time and place) and contain precise perceptual and emo-
tional details that allow an individual to mentally re-experience
the event (e.g., recollecting a family trip to Disneyland). Semantic
components include knowledge about the world and general per-
sonal facts (e.g., knowing that Disneyland is in California).

To assess autobiographical memory, we used a modified ver-
sion of the Autobiographical Interview (Al; Levine et al., 2002),
adapted for children [Children’s Autobiographical Interview
(CAI); Willoughby et al., 2012]. This allowed us to assess reten-
tion of both episodic (internal details) and nonepisodic (seman-
tic and other external details) components of recent and remote
autobiographical memories. Autobiographical memories, espe-
cially the episodic components, are known to rely on medial tem-
poral lobe structures, including the hippocampus and the fornix
(the main hippocampal white matter tract), as well as cortical
regions composing the recollection network (Addis et al., 2004;
Moscovitch et al., 2005; Steinvorth et al., 2005; Svoboda et al.,
2006; Hodgetts et al., 2017). The Al is particularly sensitive to
detecting retrograde episodic autobiographical impairment in
patients with medial temporal lobe damage (Murphy et al., 2008;
St-Laurent et al., 2009). Given the relationship between hip-
pocampal integrity and episodic memory, we hypothesized that
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Table 1. Demographics and clinical details of PFT patients and control participants

Parameter PFT group (n = 13)  Healthy controls (n = 28)
Sex 4 females, 9 males 13 females, 15 males
Handedness 10right, 3 left 24right, 4 left
Mean age at test and MRI scan (years) 13.92(SD, 2.9) 13.14(SD, 3.1)
Range 10.7-18.8 7.8-18.0
Mean maternal education (years)* 15.36 (SD, 2.2) 16.5(SD, 2.5)
Range 12.0-18.0 12.0-22.0
Diagnosis
Medulloblastoma 12 -
Ependymoma 1 -
Mean age at radiation (years) 6.59(SD, 2.7) -
Range 2.85-11.84 -
Mean time since radiation (years) 7.42 (4.1) -
Range 1.65-13.87 -
Surgical outcome
>>90% tumor resected 9 -
Between 50 and 90% resection 3 -
Biopsy 1 -
Presence of hydrocephalus
No hydrocephalus 6 -
Hydrocephalus with treatment 7 -
Presence of posterior fossa mutism 4 -
Average radiation dose and type (Gy)
Head/spine + posterior fossa boost 5.8(SD,0.9) -
Range head/spine 2.43-36 -
Range posterior fossa 1.8-5.58 -
Head/spine + tumor bed 5.5(SD, 0.09) -
Range head/spine 2.43-36 -
Range tumor bed 1.8-3.24 -

*Maternal education was not available for one control and two PFT patients. For a list of questions asked to each
participant during the ‘specific probe’ stage of the CAI (see Table 1-1, available at https://doi.org/10.1523/
JNEUROSCI.1056-18.2018.t1-1).

differences in autobiographical memory quality between patients
and controls would especially emerge in reporting of episodic
details in the CAIL

Materials and Methods

Participants. Participants were 13 survivors of PFTs (n = 12 medulloblas-
toma, 1 ependymoma) who had been treated with surgical resection of
the tumor, followed by craniospinal radiotherapy and chemotherapy =1
year before study participation (Table 1). Chemotherapy treatment var-
ied according to each patient’s treatment protocol and included some
combination of the following agents: carboplatin, ifosfamide, etopiside,
vincristine, cisplatin, cyclophosphamide, lomustine, vinblastine, metho-
trexate, amifostine, and/or temozolomide. Nine male and four female
patients were recruited through the brain tumor program at the Hospital
for Sick Children as part of a larger clinical research study (Decker et al.,
2017). Nine age-matched healthy control children (five female) were also
recruited through this clinical study. All participants had complete CAI,
standardized memory testing, and neuroimaging data. An additional 19
age-matched healthy controls (eight female) were separately recruited
for the CAI portion of the study through advertisements in the hospital
and community. Participants were =7 years of age (range, 7.83-18.00
years old; Fig. 1B) at the time of interview to ensure sufficient autobio-
graphical memory ability (Wheeler et al., 1997; Willoughby et al., 2012).
The CAI, standardized memory testing, and MRI scanning all occurred
between 2013 and 2015. Healthy control participants had no history of
traumatic brain injury, neurological condition, learning disability, or
developmental delay. The PFT and control groups did not significantly
differ in terms of age at assessment (f(39)= —0.752, p = 0.456) or mater-
nal education (¢, = 1.346, p = 0.187). All participants spoke fluent
English (Table 1). Parents provided written, informed consent, and par-
ticipants also provided verbal consent before beginning the CAI If par-
ticipants felt uncomfortable at any time during the interview, the
interview was terminated. One PFT participant was excluded from MRI
analysis and behavioral data analysis due to early termination of the CAIL
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Figure1. Autobiographical memory, general memory index, and verbal fluency deficits in PFT patients. 4, Example of the scoring method used to code internal episodic (black: emotion/thought,

event, perceptual, place, time) and nonepisodic (gray: semantic) details from a memory transcript. B, Left, Mean age (years) at time of recent memory reported by controls (white) and PFT patients
(gray) during the CAL. Right, Mean age (years) at time of remote memory reported by controls (white) and PFT patients (gray) during the CAI. C, Left, Total number of internal episodic details reported
per memory narrative. Right, Percentage of internal episodic details reported per memory narrative. D, Left, Interval between the age of initial treatment (trt) and the age at the time of the remote
memory reported during the CAI for each PFT patient. Right, Plot of the percentage of episodic details recalled for remote memory and the delay between remote memory and radiotherapy
treatment (years), including the best fitting linear regression line. E, Number of each type of episodic detail (emotion/thought, event, perceptual, place, time) reported per memory narrative. F, Left,
Total number of nonepisodic details (external details: semantic, repetitions, external unrelated events, and other metacognitive statements) reported per memory narrative. Right, Percentage of
nonepisodic details reported per memory narrative. G, Left, Percentage of verbal nonfluencies per memory narrative. Right, Narrative fluency assessed by total word count per memory narrative for
controls and PFT patients. H, General memory index scores on the Children’s Memory Scale (CMS) for controls (white) and PFT patients (gray). Error bars represent the SEM. *p << 0.01, **p << 0.001,
~p < 0.05, #p = 0.08.

All procedures were approved by the Research Ethics Board at the Hos-
pital for Sick Children and were conducted in accordance with the guide-
lines outlined by the Tri-Council Policy Statement: Ethical Conduct for
Research Involving Humans.

CAI The CAI was conducted individually in a sound-attenuated room
by MLJ.S. Participants were read a set of instructions and told that they
would be asked to recall memories for a unique event (i.e., an event that
occurred at a specific time and place) that they had personally experi-
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enced from two time points in their lives: (1) a remote memory from as
long ago as they could remember (the remote event had to have occurred
before radiation treatment for the PFT group); (2) a recent memory for
an event occurring within the past month. The order of recent and re-
mote memory testing was counterbalanced across participants. To assist
participants in selecting an event, a list of typical events (e.g., a birthday
party, graduation, getting a pet) was provided. Participants were told that
they could select an event from the list, but that they were not restricted
to the listed events.

Administration of the CAI was divided into three stages: free recall,
general probe, and specific probe. During free recall, participants were
allowed to talk about their memory of the event, uninterrupted by the
experimenter, until their narrative had reached a natural end. The par-
ticipant was then asked to give the event a name (e.g., “First day at a new
school”). If the participant was unable to narrow down the memory to a
unique event during the free-recall stage, they were allowed to select a
new event. Next, during the general probe, the experimenter asked about
key story elements reported during the free recall and prompted the
participant to recall any additional details (e.g., “You mentioned your
mom picking you up at the end of the day. Is there anything else you can
tell me about that?”). Finally, during the specific probe, the experimenter
asked a series of standardized questions (see Table 1-1, available at
https://doi.org/10.1523/INEUROSCI.1056-18.2018.t1-1) designed to
elicit any additional details for their memory of the event (e.g., “Do you
remember any tastes or smells from the event?”). The participant then
rated their subjective feelings about the memory (e.g., how much emo-
tional change did the event elicit, how personally important was the
event, how clearly could they visualize the event, etc.) and the frequency
of recalling the memory over time. Participants performed the free recall
and general probe for each memory before performing the specific probe.
This was done to prevent intentional inclusion of items from the specific
probe list in the free-recall stage of the second memory. All interviews
were audio recorded, then transcribed for scoring and narrative fluency
analysis.

Scoring of the CAL Interviews were scored by an experimenter (A.B.)
with extensive training and experience scoring the Al and with previously
demonstrated high inter-rater reliability (with intraclass correlation co-
efficients >0.90 for internal and external details). Transcripts were
scored for internal (episodic) and external (nonepisodic) details. Inter-
nal, episodic details (subcategorized as event, time, place, perceptual/
sensory, thoughts/emotion details) are unique to the specific event, and
relay a sense of reliving the experience (e.g., “the teacher said, ‘Bon-
jour’”). External, nonepisodic details (subcategorized as semantic, repe-
titions, external unrelated events, and other metacognitive statements)
contain information that are not unique to the specific event (e.g., “it was
a French immersion school”). See Figure 1A for an example of a scored
narrative transcript. Scoring of all internal episodic and external nonepi-
sodic details was collapsed across the three probing levels of the CAI to
generate a single “episodic detail” score and a single “nonepisodic detail”
score per participant.

Narrative fluency was also assessed using the Linguistic Inventory &
Word Count (LIWC) software (Pennebaker Conglomerates), which uses
anintegrated dictionary (LIWC2007; Pennebaker et al., 2007) to perform
an automated word count as a measure of verbal fluency, and classifies
the percentage of verbal nonfluencies (e.g., “umm,” “er,” “uh” in “umm,
and we got down there, and er, uh.”) in each reported memory.

Neuropsychological testing. A subset of participants also completed the
CMS (for participants under 16 years; n = 8 PFT, 8 controls; Cohen,
1997) or the Wechsler’s Memory Scale (WMS-III; for participants be-
tween 16 and 18 years of age; n = 5 PFT, 1 control; Wechsler, 1997).
Using the CMS and WMS-III, a combined verbal and visual memory
index score (general memory index) was calculated for each participant
and used to corroborate memory performance on the CAL Due to the
limited number of controls who had completed the WMS-III, only data
for the CMS are reported.

MRI data acquisition and preprocessing. T1-weighted structural MRI
images were available for all 13 PFT patients and for 9 controls. Due to
the limited number of control participants with structural MRI data, we
included scans from a further 14 age-matched controls from the larger
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study who had not completed the CAIL. MRI scans were performed at the
Hospital for Sick Children on a Siemens 3 T TIM Trio scanner (n = 11
PFT, 21 controls) using a 12-channel head coil. Due to the presence of
metallic implants, a subset of patients (n = 2) were scanned on a General
Electric 1.5 T Signa HDxt scanner. To minimize group differences in scan
parameters, two of the 14 additional control participants selected were
also scanned on a 1.5 T scanner.

Anatomical scans obtained with the 3 T scanner were acquired with a
three-dimensional (3D) magnetization-prepared rapid acquisition with
gradient echo sequence [repetition time (TR) = 2300 ms; echo time
(TE) = 3.91 ms; inversion time (TT) = 900 ms; voxel size, I mm isotro-
pic; number of excitations, 1; pixel bandwidth, 240; 160 contiguous axial
slices; FOV, 256 X 224 mm; flip angle, 9°]. Anatomical scans obtained
with the 1.5 T scanner were acquired with a 3D fast spoiled gradient echo
inversion recovery prepared sequence (TR = 10.056 ms; TE = 4.2 ms;
TI = 400 ms; voxel size, 0.9375 X 0.9375 mm; slice thickness, 1.5 mm;
number of excitations, 1; pixel bandwidth, 162.734; 116—124 contiguous
axial slices; FOV, 256 X 224 mm; flip angle, 20°).

All T1-weighted dicom files were converted to Analyze 7.5 file format.
The Brain Extraction Tool (RRID:SCR_002823; http://www.fmrib.ox.
ac.uk/fsl/) from the FSL [Oxford Centre for Functional MRI of the Brain
(FMRIB) Software Library] was used to generate on each MR image a
preliminary outline that separated the brain from nonbrain tissue (i.e.,
skull and CSF; Smith, 2002). This outline was manually corrected, slice
by slice, in the axial plane and was used to obtain for each participant
estimates of intracranial volume (ICV), which were controlled for in
subsequent statistical analyses.

In preparation for segmenting the hippocampus, T1-weighted MR
data of brains within skulls were converted to MINC (Medical Imaging
NetCDF) file format. Hippocampal labeling was performed using the
Multiple Automatically Generated Templates Brain Segmentation Algo-
rithm (MAGeTbrain), a multiatlas-based segmentation tool (Chakra-
varty etal., 2013; Pipitone et al., 2014). This algorithm begins with a set of
high-resolution manually labeled atlases as inputs. For this study, we
used atlases that included definitions of the hippocampal subfields (Win-
terburn et al., 2013) and hippocampal white matter (Amaral et al., 2018).
Specifically, this included labels of the CA1, CA2/3, CA4/dentate gyrus,
subiculum, stratum radiatum/lacunosum/moleculare, and the fornix. To
segment our dataset, these atlas labels were propagated through pairwise
nonlinear registration to a subset of MR images in our dataset. Once
labeled, this subset of images, referred to as the “template set,” were
nonlinearly registered to the entire set of MR images through pairwise
matching. The most commonly occurring label at each voxel on each
image was retained to generate the final segmentations. This algorithm
has previously been validated for hippocampal segmentation and com-
pares well with manual and automated segmentation techniques (Pipi-
tone et al., 2014).

After subfields had been labeled, volumetric data were extracted for
each hippocampal subfield and for the fornix in each hemisphere. Before
analysis, raw volumes were adjusted for individual differences in ICV
(Arndt et al., 1991; Free et al., 1995), according to previously described
procedures (Riggs et al., 2014; Decker et al., 2017). Specifically, a regres-
sion coefficient between the sample mean ICV and each hippocampal
subfield volume was calculated and used to adjust subfield volumes for
each participant. Following adjustment for ICV, separate subfield vol-
umes were manually inspected. For all analyses of hippocampal volume,
hippocampal subfield volumes were summed to calculate bilateral and
total hippocampal volumes.

Based on the hypothesis that autobiographical memory deficits in PFT
patients would be associated with impairments in memory-processing
regions, we additionally assessed cortical volume across five regions of
the recollection network: the medial prefrontal cortex (mPFC), precu-
neus, posterior cingulate cortex (pCC), angular gyrus (AG), and lateral
temporal cortex (LTC; Svoboda et al., 2006; Rugg and Vilberg, 2013).
Cortical volume measurements were generated using the semiautomated
cortical parcellation and volumetric segmentation Freesurfer pipeline
(RRID:SCR_001847; http://surfer.nmr.mgh.harvard.edu; Fischl et al.,
2002; Fischl, 2012). Structural volumes from the recollection network
were adjusted for ICV using the aforementioned procedure.
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Experimental design and statistical analysis. All statistical analyses were
conducted using SPSS 23 (RRID:SCR_002865; http://www-01.ibm.com/
software/uk/analytics/spss). Univariate ANOVAs were used to compare
ICV, hippocampus, and fornix volumes, and CMS performance.
Repeated-measures ANOVA were used to assess performance on the CAI
and LIWC. Multivariate ANOVA was used to assess group differences in
cortical volume across five regions of the recollection network. One con-
trol participant was excluded due to technical difficulties with the Free-
surfer analysis. Independent sample ¢ tests (two-tailed) were used to
assess age at the time of recent memory, age at time of remote memory,
and maternal education between groups, and to further assess significant
ANOVA interactions between groups. Effects were considered signifi-
cant at p < 0.05. Bonferroni corrections for multiple comparisons were
applied to post hoc t tests. Bonferroni-corrected Pearson’s correlations
were performed for brain volume and behavioral measures of episodic
details reported in the CAI, and for correlations between remote memory
age and the details reported in the CAL

Results

CAI results

Age at time of memory

PFT patients and control participants were age-matched and
therefore the age of the recent memory retrieval was also age-
matched between groups (¢;9y = —0.752 p = 0.456). The age at
the time of the remote memory was also equivalent in both PFT
patients and controls (f59) = 0.227 p = 0.821). In patients, the
average time lag between the remote memory recalled and treat-
ment was 1.12 (£0.273) years (Fig. 1B).

CAlI episodic details
To assess differences in the episodic quality of recent and remote
memories, a repeated-measures ANOVA was conducted for the to-
tal number of episodic details (total internal details: thoughts/emo-
tion, event, perceptual/sensory, place, time) per memory narrative,
with time (recent, remote) as a within-subject factor, and group
(PFT, control) as a between-subject factor. ANOVA revealed a main
effect of time (F, 59, = 11.329, p = 0.002, 1? = 0.225), a main effect
of group (F,, 59, = 8.575, p = 0.006, n* = 0.180), and a significant
time X group interaction (F,; 3, = 5.070, p = 0.030, n* = 0.155).
This interaction supports the conclusion that the episodic compo-
nent of autobiographical memories is especially poor in PFT patients
(compared with controls) at the recent, but not remote, time point.
Indeed, post hoc tests confirmed that autobiographical memories in
PFT patients contained fewer details at the recent time point only
(t39) = 2.892, p = 0.006; Fig. 1C). Paired-sample  tests reveal that
PFT patients report similar numbers of episodic details for recent
and remote memories (t,,) = 0.667, p = 0.517), whereas controls
report significantly more episodic details during retrieval of their
recent, relative to remote, memories (., = 5.012, p < 0.001).
PFT patients reported shorter memories relative to controls
(see below; Fig. 1G). To control for this, we next examined the
proportion of episodic and nonepisodic details in PFT patients
versus controls. When a similar ANOVA was conducted for the
percentage of episodic details, no significant main effect of time
(F(159) = 0.62, p = 0.804, n*> = 0.002) or group (F(, 30, = 3.610,
p = 0.065, n* = 0.085) was found, but a significant time X group
interaction (F; 30, = 4.908, p = 0.033, ° = 0.112) was con-
firmed. These results highlight the impoverished episodic detail
reported during recent memory by PFT patients (£.59) = 2.396,
p = 0.021), but the relative sparing of episodic remote memory
relative to healthy controls (54, = 0.628, p = 0.534; Fig. 1C). As
seen with the absolute number of reported episodic details, fur-
ther analyses found that PFT patients report a similar proportion
of episodic details for recent and remote memories (¢, =
—0.728, p = 0.480), while controls report proportionally more
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episodic details of recent, relative to remote, memories (.7, =
4.2992, p < 0.001).

We next assessed whether the time of radiotherapy treatment
might have affected internal detail production—that is, whether
the shorter the lag time between the remote memory and treat-
ment would result in the retention of more episodic details. How-
ever, likely due to the underpowered sample, no clear pattern was
evident in the relationship between the treatment-remote mem-
ory lag and the percentage of episodic details reported for the
remote memory (r = —0.004, p = 0.990; Fig. 1D).

To determine whether a particular type of internal detail was
driving the above differences observed between groups, we next
performed a repeated-measures ANOVA for the total number of
each type of internal episodic detail (thoughts/emotion, event,
perceptual, place, time) per memory narrative, with time and
group. ANOVA revealed a main effect of detail type (F, 9y =
36.148, p < 0.001, n*> = 0.481) and confirmed main effects of
time (F(; 30) = 11.329, p = 0.002, n* = 0.225) and group (F; 55, =
8.575, p = 0.006, 1n? =0.180), as well as a significant time X group
interaction (F(; 55, = 5.07, p = 0.030, n”> = 0.115). A significant
detail type X time interaction emerged (F, 59y = 7.549, p = 0.009,
M* = 0.162). Also, we saw trends toward a detail type X group
interaction (F 5y = 3.224, p = 0.080, n° = 0.076) and a detail
type X time X group interaction (F; 55, = 4.041, p = 0.051, n° =
0.094). Paired-sample  tests revealed that, relative to recent memo-
ries reported by controls, PFT patients report significantly fewer per-
ceptual/sensory (f39) = 3.481, p < 0.001) and place (t39, = 2.637,
p = 0.010) details, and a trend toward fewer event (£ ;) = 2.229,p =
0.032) and emotion/thought () = 1.786, p = 0.082) details, but a
comparable number of time details (t59) = 0.519, p = 0.606). Rela-
tive to controls’ remote memories, PFT patients report equivalent
emotion/thought (¢34, = 1.560, p = 0.127), event (39 = 1.020,p =
0.314), and time (f39, = 1.451, p = 0.155) details, but significantly
fewer place details (9, = 3.423, p = 0.001), indicating a trend
toward fewer perceptual details (¢4, = 2.150, p = 0.038) following
Bonferroni correction for multiple comparisons (Fig. 1E). Together,
these data suggest that, although PFT patients report fewer episodic
details overall for their recent memories, memories of perceptual
and place details are particularly sensitive to hippocampal dysfunc-
tion, regardless of the age of the memory.

CAI nonepisodic details

To assess differences in the nonepisodic quality of recent and
remote memories, a repeated-measures ANOVA was conducted
for the total number of external (nonepisodic) details (i.e., exter-
nal event details, semantic details, repetitions, and other meta-
cognitive thoughts) reported per memory narrative, with time as
a within-subject factor, and group as a between-subject factor.
No main effect of time (F(; 39, = 0.026, p = 0.872, 1> = 0.001) or
group (F(, 30, = 0.421, p = 0.520, n*> = 0.011) and no time X
group interaction (F; 5y = 0.016, p = 0.899, n* = 0.001) were
observed for the number of nonepisodic details. A similar
ANOVA conducted for the proportion of nonepisodic details per
memory revealed a significant main effect of time (F, 54y = 8.251,
p = 0.007, n*> = 0.175), but no main effect of group (F(, 59y =
1.253, p = 0.270, n* = 0.031) and no time X group interaction
(F(130) = 1.722,p = 0.197, ” = 0.042). These findings highlight
the time-dependent increase in the proportion of nonepisodic
memory retrieved over time, but suggest that PFT patients’ mem-
ory contains nonepisodic information comparable to that of con-
trols (Fig. 1F).
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Figure 2.  Brain volume deficits in PFT patients. A, Mean ICV (mm ) in controls (white) and PFT patients (gray). B, Left, Mean volume (mm ) of the hippocampus in controls (white) and PFT

patients (gray). Right, Mean volume (mm ) of the fornix in controls (white) and PFT patients (gray). €, Mean cortical volume (mm ) of the mPFC, pCC, precuneus, AG, and LTC between controls
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cingulate cortex; AG = angular gyrus; LTC = lateral temporal cortex.

Narrative fluency
In addition to gathering the novel findings related to autobio-

graphical memory deficits emerging following radiotherapy
treatment, we sought to replicate and extend previous investiga-
tions of cognitive deficits in PFT patients. Motivated by previous
reports of speech and language impairment in PFT survivors
(Huber et al., 2007; Lassaletta et al., 2015), we assessed verbal
nonfluencies using the LIWC for recent and remote memories. A
repeated-measures ANOVA conducted for the LIWC verbal non-
fluencies with time as a within-subject factor and group as a
between-subject factor revealed a significant main effect of group
(F(1 39y = 7.412, p = 0.010, n* = 0.163), reflecting more verbal
nonfluencies in PFT patients compared with controls. There was
no significant main effect of time (F,; 55, = 0.054,p = 0.817, 1> =
0.001) and no group X time interaction (F, ;o) = 0.104, p =
0.748, m* = 0.003), indicating more nonverbal fluencies in PFT
patients relative to controls regardless of whether a recent or
remote memory was being recalled (Fig. 1G).

Excluding these nonfluencies from further analyses, we next
assessed narrative fluency (i.e., word count per memory narra-
tive) in PFT patients and controls. A repeated-measures ANOVA
conducted for the LIWC word count per memory revealed a
significant main effect of time (F; 50, = 11.138, p = 0.002, n° =
0.222), reflecting reduced overall narrative fluency for more re-
mote memories, a main effect of group (F(, 59y = 4.151, p =
0.048, n* = 0.96), and a significant time X group interaction
(F(159) = 4.781, p = 0.035, 7> = 0.109), reflecting the fact that
PFT patients reported shorter memories than controls at the re-
cent memory time point (¢35, = 2.299, p = 0.027; Fig. 1G).
Together, these findings of verbal dysfluency in PFT patients con-
firm previous reports of language impairments (Huber et al.,
2007).

Neuropsychological testing

Finally, using the CMS, we assessed performance on a standard-
ized battery of visual and verbal memory tasks designed to assess
global memory function (Cohen, 1997; Monahan et al., 2001). A
univariate ANOVA conducted with the CMS general memory
index score as the dependent variable and group as the between-
subject factor revealed a significant main effect of group, with
PFT patients scoring lower on the CMS general index than con-

trols (F,,s) = 5.795, p = 0.030, n*> = 0.293; Fig. 1H). This
replicates previous findings of memory-performance deficits on
the CMS in PFT patients (Riggs et al., 2014) and supports the
novel findings of impaired anterograde, but preserved retro-
grade, autobiographical memory in these patients.

Brain volume results

To test the prediction that episodic autobiographical memory
deficits observed in PFT patients are mediated by disruptions to
the medial-temporal lobe and related cortical regions in the
recollection network following radiotherapy, we assessed hip-
pocampal volume, white matter volume in the fornix, and corti-
cal volume across the recollection network.

To control for differences in global brain volume, we first
assessed potential differences in overall ICV (Fig. 2A). Univariate
ANOVAs revealed no differences in ICV between PFT patients
and healthy controls (F(, 5,y = 0.044, p = 0.835, n° = 0.001).
Following corrections for ICV, and consistent with previous
reports (Riggs et al., 2014; Decker et al., 2017), hippocampal
volume was reduced in PFT patients compared with controls
(F(134) = 4.632, p = 0.039, n° = 0.120). A second ANOVA
revealed reduced fornix volumes in PFT patients relative to con-
trols (F(, 54y = 10.672, p = 0.002, 1n? = 0.239; Fig. 2B). We addi-
tionally assessed whether medial temporal lobe volume
reductions were consistent across hemispheres. When hemi-
sphere was included in our ANOVAs as a within-subjects factor,
we found no main effects of hemisphere, nor hemisphere X
group interactions (all p’s > 0.05), but confirmed a main effect of
group (F( 34 = 4.632, p = 0.039, n° = 0.120), suggesting that
radiotherapy treatment bilaterally affected medial temporal lobe
structures.

Given the selective memory deficits observed in PFT patients,
we also assessed cortical volume across brain regions previously
associated with recollection (i.e., the putative recollection net-
work). Relative to controls, PFT patients had reduced volume in
the precuneus (F, 55y = 6.360, p = 0.017, n*> = 0.162) and LTC
(F(153) = 6.442, p = 0.016, > = 0.163). No group differences
were observed in volume of mPFC (F, 53y = 0.648, p = 0.427,
1* =0.019), pCC (F, 55, = 0.895, p = 0.351, > = 0.026), or the
AG (F(, 55 = 1.230, p = 0.275, > = 0.036; Fig. 2C).
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Finally, we assessed the potential correlation between hip-
pocampal volume and the number of episodic details reported
for recent and remote memories. As above, the power of this
analysis was even further limited by the small sample of partici-
pants who completed both the CAI and structural MRI scans. No
significant correlations were evident between hippocampal vol-
ume and the number of episodic details from recent memory in
PFT patients (r = —0.368, p = 0.216) or controls (r = 0.309, p =
0.419; Fig. 3A), nor were there significant correlations between
hippocampal volume and the number of episodic details from
remote memory in PFT patients (r = —0.167, p = 0.586) or
controls (r = 0.008, p = 0.983; Fig. 3C). Additionally, no signif-
icant correlations were evident between hippocampal volume
and the number of nonepisodic details from recent memory in
PFT patients (r = 0.067, p = 0.828) or controls (r = 0.458, p =
0.215; Fig. 3B), or between hippocampal volume and nonepi-
sodic details for remote memory in PFT patients (r = 0.010, p =
0.973) or controls (r = 0.446, p = 0.229; Fig. 3D). Similar corre-
lational analyses conducted using the percentage of details re-
ported for recent and remote memories revealed no significant
relationship with total hippocampal volume and memory quality
(all p’s > 0.05).

Sex differences in cognitive performance and brain volume

To determine whether males and females were differentially
impaired following radiotherapy treatment, all analyses were per-
formed using sex (male, female) and treatment as between-
subject variables of interest. We assessed sex differences in CMS
performance using a univariate ANOVA. We assessed CAI per-
formance (words per memory, verbal nonfluencies, detail analy-
ses for recent and remote memories) and hippocampal volume
using repeated-measures ANOVA. All analyses were performed

using sex (male, female) and group as between-subject variables
of interest. No significant main effect of sex and no interactions
were found between sex and group or between sex and time for
any measure (all p’s >0.05; Fig. 4; detailed results not reported
but available upon request). Given the relatively low incidence of
PFT diagnosis in females relative to males, our sample size of female
participants was low (four PFT patients), which may have limited
the likelihood of detecting any significant effects of sex on the mea-
sures of interest. Future investigations into this patient population
should seek to assess potential differences in memory susceptibility
between male and female patients following cranial radiation.

Discussion

In this study we examined autobiographical memory in a patient
population that had received radiotherapy for PFT's during child-
hood. Using the CAI, we retrospectively assessed memories from
a period that either preceded or followed radiotherapy treatment.
After treatment, recently experienced, episodic autobiographical
memory was impaired in PFT patients relative to controls. In
contrast, before treatment, remotely experienced, episodic auto-
biographical memories were equivalent in PFT patients and con-
trols. This finding—that pretreatment episodic memories were
preserved in patients receiving radiotherapy—is remarkable given
that these patients had decreased hippocampal volume. It contrasts
with the pattern that has been consistently observed in a range of
conditions associated with hippocampal volume loss, including me-
dial temporal lobe amnesia, mild cognitive impairment, Alzheimer’s
disease, temporal lobe epilepsy, transient epileptic amnesia, frontal
temporal dementia, traumatic brain injury, encephalitis, and aging
(Addis et al., 2007; Murphy et al., 2008; St-Laurent et al., 2009; Mil-
ton et al., 2010; Romero and Moscovitch, 2012; Irish et al., 2014;
Dede et al., 2016; Esopenko and Levine, 2017; Miller et al., 2017). In
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these conditions, loss of episodic details (even in remote memories)
accompanies hippocampal volume loss.

One way in which radiotherapy treatment might impair
memory function is by reducing hippocampal neurogenesis. In-
deed, postmortem immunohistochemical examination of brains
from treated medulloblastoma patients has revealed a pro-
nounced and persistent reduction in neurogenesis in the hip-
pocampus (Monje et al., 2007). Staining for doublecortin (a
marker of immature neurons) revealed a 10-fold reduction in
hippocampal neurogenesis that was evident =23 years after treat-
ment (Monje et al., 2007). Consistent with blunted hippocampal
neurogenesis, PFT patients in the current study had reduced hip-
pocampal volume, confirming observations in similar patient
populations (Riggs et al., 2014; Decker et al., 2017).

In rodents, suppressing hippocampal neurogenesis similarly
produces dissociable anterograde versus retrograde effects on
memory (Frankland et al., 2013; Akers et al., 2014; Epp et al,,
2016). In rodents, experimental suppression of hippocampal
neurogenesis via cranial radiation (Raber et al., 2004; Winocur et
al., 2006; Wojtowicz, 2006; Drew et al., 2010), pharmacological
(Shors et al., 2001; Garthe et al., 2009; Martinez-Canabal et al.,
2013), or genetic (Imayoshi et al., 2008; Deng et al., 2009) ap-
proaches produces anterograde memory deficits. For example,
suppression of hippocampal neurogenesis impairs subsequent
formation of spatial and contextual memories in mice and rats
(Dengetal., 2010). In contrast, suppression of hippocampal neu-
rogenesis may have protective effects on retrograde memory (i.e.,
on established hippocampal memories; Akers et al., 2014; Epp et
al., 2016). In adult mice, post-training suppression of hippocam-
pal neurogenesis attenuates natural forgetting of a spatial mem-
ory (Epp et al,, 2016). In juvenile mice that rapidly forget,
suppression of hippocampal neurogenesis slows this accelerated
infantile forgetting (Akers et al., 2014). Since ongoing neurogen-
esis continuously remodels hippocampal circuits, it has been pro-
posed that this remodeling “overwrites” memories stored in the

hippocampus, potentially by modifying previously established
synaptic connections within the hippocampus, thus rendering
these memories less accessible (Frankland et al., 2013; Frankland
and Josselyn, 2016; Richards and Frankland, 2017). Motivated by
these rodent findings, we were interested in the current study in
discovering whether anterograde and retrograde autobiographi-
cal memory would be differentially affected in PFT patients re-
ceiving radiotherapy. In line with the rodent studies outlined
above, we made two predictions. First, we predicted that PFT
patients would exhibit anterograde (i.e., post-treatment) mem-
ory impairments. Second, we predicted that, relative to control
subjects, memory for pretreatment events would be superior in
PFT patients.

Consistent with the first prediction, autobiographical mem-
ory for recently experienced (i.e., post-treatment) events was im-
paired in PFT patients. Compared with healthy controls, PFT
patients reported fewer episodic details, suggesting deficits in
their ability to either encode and/or retrieve highly detailed mem-
ories for personal events. The deficits in recollection of episodic
information likely reflect impaired hippocampal function in
these patients (i.e., reduced hippocampal volume and, possibly,
reduced hippocampal neurogenesis). In contrast, PFT patients re-
ported similar numbers of nonepisodic details compared with
healthy controls, suggesting that neural systems supporting encod-
ing and/or retrieval of semantic memory are relatively unaffected (or
at least not sufficiently impaired to detect differences using the cur-
rent methods to probe autobiographical memory). Similar dispro-
portionate impairments in retrieval of episodic information have
been previously reported in patients with hippocampal lesions.
These patients display deficits in retrieval of episodic autobiograph-
ical memory details, but relative preservation of semantic memory
(Viskontas et al., 2000; Addis et al., 2007; St-Laurent et al., 2009). It is
important to note that medial temporal lobe damage beyond the
hippocampus may also contribute to the observed deficits. For ex-
ample, PFT patients additionally exhibited smaller volume of the
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fornix, consistent with previous reports of episodic autobiographical
memory deficits associated with reduced integrity of the fornix
(Hodgetts etal., 2017). This suggests that inefficient communication
between the hippocampus and its downstream targets may also con-
tribute to their observed deficits in episodic memory performance.

With respect to the second prediction, memories from the
pretreatment period were generally unaffected in PFT patients.
Despite reductions in hippocampal volume, there were no differ-
ences in the quality (episodic and nonepisodic details) or length
of reported remote memories in PFT patients compared with
healthy controls. Moreover, PFT patients reported a similar pro-
portion of episodic details in their remote memories. Loss of
episodic details, even in remote memories, consistently accom-
panies hippocampal volume loss across a wide range of condi-
tions (Murphy et al., 2008; Rosenbaum et al., 2008; Race et al.,
2011; St-Laurent et al., 2014). In this context, the preservation of
detailed episodic memories from the pretreatment period in PFT
patients is striking and provides partial (albeit incomplete) sup-
port for the idea that radiotherapy-induced suppression of hip-
pocampal neurogenesis might protect these episodic memories
from the pretreatment period. That is, radiotherapy, in reducing
hippocampal neurogenesis, may serve to stabilize memories
stored in those circuits while, at the same time, impairing the
ability to form new (anterograde) episodic memories.

The sparing of remote memories in PFT patients may addi-
tionally reflect reduced hippocampal involvement in the recollec-
tion of these older autobiographical memories. As memories age,
their retrieval becomes less dependent on the hippocampus and
more dependent on cortical structures, including the mPFC (Gil-
boa etal., 2004; Bonnici et al., 2012; Bonnici and Maguire, 2018).
The mPFC is located distally from the focal point of radiation
surrounding the tumor bed. Consistent with this, we observed no
differences in mPFC volume between PFT patients and healthy
controls. Moreover, as memories age, they lose detail and become
more gist-like, and their retrieval becomes less dependent upon
the hippocampus (Moscovitch et al., 2016; Sekeres et al., 2017,
2018). Consistent with this, healthy controls reported fewer epi-
sodic details for their remotely, relative to recently, experienced
events. These findings are in line with many previous studies that
similarly report that episodic details of an event memory are
especially susceptible to being forgotten over time, while the non-
episodic or more schematic elements of the memory are prefer-
entially retained over time (Conway et al., 1991; Brainerd and
Reyna, 2002; Sekeres et al., 2016). Yet internal remote details,
although fewer, are still regarded as hippocampally mediated re-
gardless of memory age, and these were preserved in PFT patients
(Moscovitch et al., 2016). Indeed, one notable finding emerged
when parsing the types of preserved internal details for recent and
remote events. The finding that PFT patients are impaired in their
retrieval of perceptual details and place details for both recentand
remote memories fits with other studies that find this perceptu-
ally detailed information and spatial information relies on a func-
tional hippocampus in perpetuity (Cohen and Eichenbaum,
1993; Lee et al., 2005; Moscovitch et al., 2016; Robin and Mosco-
vitch, 2017).

However, our original prediction—that detailed episodic
memories from the pretreatment period would be superior in
PFT patients relative to controls—was not supported, as PFT
patients did not report more episodic details from those remotely
experienced, premorbid memories. One possible explanation
that may account for these differences is based on the finding
that, in PFT patients, radiotherapy causes damage beyond the
hippocampus, and this extramedial temporal lobe damage likely
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counteracts the potentially protective effects of reduced
hippocampal neurogenesis on premorbid memories. That is,
treatment-related damage observed in other cortical regions
within the memory-recollection network, including the precu-
neus and LTC, as well as broader deficits in white matter integrity
that are commonly reported following cranial radiation (Riggs et
al., 2014; Nieman et al., 2015; Decker et al., 2017), likely mini-
mizes any savings in stability of premorbid memories as a conse-
quence of blunted hippocampal neurogenesis.

In considering possible mechanisms, we have primarily fo-
cused our discussion on the effects of radiotherapy on hippocam-
pal neurogenesis, given the strong links between radiotherapy
and hippocampal neurogenesis and between hippocampal neu-
rogenesis and memory function. However, we acknowledge that
other treatment effects (associated with either anesthesia and
chemotherapy), as well as mechanisms (e.g., effects on synapto-
genesis, white matter, glia, vasculature, neuroinflammation,
etc.), may additionally or alternatively contribute to the observed
pattern of results.

Together, our findings provide insight into the complex cog-
nitive impairments developing over extensive periods following
conventional radiotherapy treatment for PFTs in children. Im-
portantly, we confirmed findings of cognitive deficits in general
memory, and of language impairments in PFT patients, but the
current study identifies a previously uninvestigated domain of
memory deficits and preservation following radiotherapy treat-
ment. Assessing naturalistic autobiographical memory using the
CAl identified specific deficits in the ability to form new episodic
memories, while leaving pretreatment memories relatively intact
despite significant hippocampal structural changes. The inability
to easily form new memories pertaining to one’s own personal
experiences may diminish the quality of daily life for PFT survi-
vors. Additionally, the relative preservation of retrograde mem-
ories points toward a sensitive time window for learning and
retention of information before treatment. Together, these find-
ings have significant implications for understanding complex,
emerging deficits to the medial temporal lobe memory system
and to the broader recollection network, which are inadvertently
affected by standard treatment methods for PFTs in children.
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