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Abstract 43 

Medulloblastomas, the most common malignant brain tumor in children, are typically 44 

treated with radiotherapy. Refinement of this treatment has greatly improved survival 45 

rates in this patient population. However, radiotherapy also profoundly impacts the 46 

developing brain, and is, for example, associated with reduced hippocampal volume 47 

and blunted hippocampal neurogenesis. Such hippocampal (as well as extra-48 

hippocampal) abnormalities likely contribute to cognitive impairments in this population. 49 

While several aspects of memory have been examined in this population, the impact of 50 

radiotherapy on autobiographical memory has not previously been evaluated. Here we 51 

evaluated autobiographical memory in male and female patients that received 52 

radiotherapy for posterior fossa tumors (PFT), including medullobastoma, during 53 

childhood. Using the Children’s Autobiographical Interview, we retrospectively assessed 54 

episodic and non-episodic details for events that either preceded (i.e., remote) or 55 

followed (i.e., recent) treatment. For post-treatment events, PFT patients reported fewer 56 

episodic details compared to control subjects. For pre-treatment events, PFT patients 57 

reported equivalent episodic details compared to control subjects. In a range of 58 

conditions associated with reduced hippocampal volume (including medial temporal 59 

lobe amnesia, mild cognitive impairment, Alzheimer’s disease, temporal lobe epilepsy, 60 

transient epileptic amnesia, frontal temporal dementia, traumatic brain injury, 61 

encephalitis and aging), loss of episodic details (even in remote memories) 62 

accompanies hippocampal volume loss. Spared, pre-treatment episodic memories in 63 

PFT patients with reduced hippocampal volume is therefore surprising. We discuss 64 
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these findings in light of the anterograde and retrograde impact on memory of 65 

experimentally suppressing hippocampal neurogenesis in rodents.  66 

 67 

 68 

 69 

Significance Statement: 70 

Pediatric medulloblastoma survivors develop cognitive dysfunction following cranial 71 

radiotherapy treatment. Sekeres et al. report that radiotherapy treatment impairs the 72 

ability to form new autobiographical memories, but spares pre-operatively acquired 73 

autobiographical memories. Reductions in hippocampal volume and cortical volume in 74 

regions of the recollection network appear to contribute to this pattern of preserved pre-75 

operative, but impaired post-operative memory. These findings have significant 76 

implications for understanding disrupted mnemonic processing in the medial temporal 77 

lobe memory system, and broader recollection network, which are inadvertently 78 

impacted by standard treatment methods for medulloblastoma tumors in children. 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 
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Introduction   87 

Medulloblastomas are the most common malignant brain tumor in children (Northcott et 88 

al., 2012). While the introduction of cranial radiotherapy in the 1950s greatly improved 89 

survival rates (Ramaswamy et al., 2016), this treatment also profoundly impacts the 90 

developing brain and impairs cognitive development (Roman and Sperduto, 1995). For 91 

instance, children treated with radiation for medulloblastomas exhibit reduced white 92 

matter and hippocampal volume, and reductions in hippocampal volume were 93 

correlated with memory impairments, assessed using Children’s Memory Scale (Riggs 94 

et al., 2014). Moreover, post-mortem immunohistochemical examination of brains from 95 

three medulloblastoma patients revealed a 10-fold reduction in neurogenesis in the 96 

hippocampus (Gibson and Monje, 2012), a region where neurogenesis persists into 97 

adulthood in humans (Kempermann et al., 2018). These, as well as other brain 98 

abnormalities associated with radiotherapy, may contribute to poorer academic 99 

performance (Mabbott et al., 2005) and reduced rates of high school graduation and 100 

employment in survivors (Siffert and Allen, 2000; Correa et al., 2004).  101 

 102 

Cognitive dysfunction in children receiving cranial radiation for brain tumors has been 103 

well characterized, and includes deficits in processing speed and attention (Langer et 104 

al., 2002; Armstrong et al., 2010; Gibson and Monje, 2012; Scantlebury et al., 2016). 105 

While several different aspects of memory function have been examined (e.g., recall 106 

and recognition of verbal working memory; Copeland et al., 1999; Reeves et al., 2006; 107 

Ehrstedt et al., 2016), autobiographical memory integrity has not previously been 108 

characterized in this population. In this study, we therefore retrospectively probed 109 
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autobiographical memories for a recent event (i.e., within the previous month, and 110 

therefore post-treatment) and a remote event (i.e., one that preceded treatment) in 111 

patients treated with cranial radiation for posterior fossa tumors (PFT) (medulloblastoma 112 

and ependymoma) during childhood.  113 

 114 

Autobiographical memory is a form of declarative memory that includes both episodic 115 

and semantic components. Episodic components are linked to a unique event 116 

(occurring within a specific time and place) and contain precise perceptual and 117 

emotional details that allow an individual to mentally re-experience the event (e.g., 118 

recollecting a family trip to Disneyland). Semantic components include knowledge about 119 

the world and general personal facts (e.g., knowing that Disneyland is in California).  120 

 121 

To assess autobiographical memory we used a modified version of the Autobiographical 122 

Interview (AI) (Levine et al., 2002), adapted for children (CAI; (Willoughby et al., 2012). 123 

This allowed us to assess retention of both episodic (internal details) and non-episodic 124 

(semantic and other external details) components of recent and remote 125 

autobiographical memories. Autobiographical memories, especially the episodic 126 

components, are known to rely on medial temporal lobe structures, including the 127 

hippocampus, the fornix (the main hippocampal white matter tract), as well as cortical 128 

regions composing the recollection network (Addis et al., 2004; Moscovitch et al., 2005; 129 

Steinvorth et al., 2005; Svoboda et al., 2006; Hodgetts et al., 2017). The AI is 130 

particularly sensitive to detecting retrograde episodic autobiographical impairment in 131 

patients with medial temporal lobe damage (Murphy et al., 2008; St-Laurent et al., 132 
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2009). Given the relationship between hippocampal integrity and episodic memory, we 133 

hypothesized that differences in autobiographical memory quality between patients and 134 

controls would emerge especially in reporting of episodic details in the CAI.  135 

 136 

Materials and Methods 137 

Participants 138 

Participants were 13 survivors of posterior fossa tumors (PFT; n = 12 medulloblastoma, 139 

1 ependymoma) who had been treated with surgical resection of the tumor, followed by 140 

craniospinal radiotherapy and chemotherapy at least one year prior to study 141 

participation (see Table 1 for treatment details). Chemotherapy treatment varied 142 

according to each patient’s treatment protocol, and included some combination of the 143 

following agents: carboplatin, ifosfamide, etopiside, vincristine, cisplatin, 144 

cyclophosphamide, lomustine, vinblastine, methotrexate, amifostine and/or 145 

temozolomide. Nine male and four female patients were recruited through the brain 146 

tumor program at the Hospital for Sick Children, as part of a larger clinical research 147 

study (Decker et al., 2017). Nine age-matched healthy control children (five female) 148 

were also recruited through this clinical study. All of these participants had complete 149 

CAI, standardized memory testing, and neuroimaging data. An additional 19 age-150 

matched healthy controls (eight female) were separately recruited for the CAI portion of 151 

the study through advertisements in the hospital and community. Participants were at 152 

least seven years of age (range 7.83 - 18.00 years old, Figure 1B) at the time of 153 

interview to ensure sufficient autobiographical memory ability (Wheeler et al., 1997; 154 

Willoughby et al., 2012). The CAI, standardized memory testing and MRI scanning all 155 
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occurred between 2013 and 2015. Healthy control participants had no history of 156 

traumatic brain injury, neurological condition, learning disability, or developmental delay. 157 

The PFT and control groups did not significantly differ in terms of age at assessment 158 

(t(39)= -0.752, p =0.456), or maternal education (t(36)=1.346, p=0.187). All participants 159 

spoke fluent English (See Table 1 for additional demographic and clinical details of PFT 160 

and control participants). Parents provided written, informed consent, and participants 161 

also provided verbal consent prior to beginning the CAI. If participants felt 162 

uncomfortable at any time during the interview, the interview was terminated. One PFT 163 

participant was excluded from MRI analysis and behavioral data analysis due to early 164 

termination of the CAI. All procedures were approved by the Research Ethics Board at 165 

the Hospital for Sick Children, and conducted in accordance with the guidelines outlined 166 

by the Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans. 167 

  168 

[Insert Table 1 here] 169 

 170 

Children’s Autobiographical Interview (CAI) 171 

The CAI was conducted individually in a sound attenuated room by MJS. Participants 172 

were read a set of instructions and told that they would be asked to recall memories for 173 

a unique event (i.e., an event that occurred at a specific time and place) that they had 174 

personally experienced from two time points in their lives: (1) a remote memory from as 175 

long ago as they could remember. The remote event had to have occurred prior to 176 

radiation treatment for the PFT group. (2) a recent memory for an event occurring within 177 

the past month. The order of recent and remote memory testing was counterbalanced 178 
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across participants. To assist participants in selecting an event, a list of typical events 179 

(e.g., a birthday party, graduation, getting a pet) was provided. Participants were told 180 

that they could select an event from the list, but that they were not restricted to the listed 181 

events. 182 

  183 

Administration of the CAI was divided into three stages: free recall, general probe, and 184 

specific probe. During free recall, participants were allowed to talk about their memory 185 

of the event, uninterrupted by the experimenter, until their narrative had reached a 186 

natural end. The participant was then asked to give the event a name (e.g., “First day at 187 

a new school”). If the participant was unable to narrow down the memory to a unique 188 

event during the free recall stage, they were allowed to select a new event. Next, during 189 

the general probe, the experimenter asked about key story elements reported during the 190 

free recall, and prompted the participant to recall any additional details (e.g., “You 191 

mentioned your mom picking you up at the end of the day. Is there anything else you 192 

can tell me about that?”). Finally, during the specific probe, the experimenter asked a 193 

series of standardized questions (see Table 1-1) designed to elicit any additional details 194 

for their memory of the event (e.g., “Do you remember any tastes or smells from the 195 

event?”). The participant then rated their subjective feelings about the memory (e.g., 196 

how much emotional change did the event elicit, how personally important was the 197 

event, how clearly could they visualize the event, etc.), and the frequency of recalling 198 

the memory over time. Participants performed the free recall and general probe for each 199 

memory prior to performing the specific probe. This was done to prevent intentional 200 

inclusion of items from the specific probe list in the free recall stage of the second 201 
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memory. All interviews were audio recorded, then transcribed for scoring and narrative 202 

fluency analysis.  203 

 204 

Scoring of the CAI 205 

Interviews were scored by an experimenter (AB) with extensive training and experience 206 

scoring the AI and previously demonstrated high inter-rater reliability (with intra-class 207 

correlation coefficients > 0.90 for internal and external details). Transcripts were scored 208 

for internal (episodic) and external (non-episodic) details. Internal, episodic details 209 

(subcategorized as event, time, place, perceptual/sensory, thoughts/emotion details) 210 

are unique to the specific event, and relay a sense of re-living the experience (e.g., “the 211 

teacher said ‘Bonjour’ ”). External, non-episodic details (subcategorized as semantic, 212 

repetitions, external unrelated events, and other metacognitive statements) contain 213 

information that are not unique to the specific event (e.g., “it was a French immersion 214 

school”). See Figure 1A for an example of a scored narrative transcript. Scoring of all 215 

internal episodic and external non-episodic details was collapsed across the three 216 

probing levels of the CAI to generate a single ‘episodic detail’ score and a single ‘non-217 

episodic detail’ score per participant. 218 

 219 

Narrative fluency was also assessed using the Linguistic Inventory & Word Count 220 

(LIWC) software (Pennebaker Conglomerates, Inc.) which uses an integrated dictionary 221 

(LIWC2007, Pennebaker et al., 2007) to perform an automated word count as a 222 

measure of verbal fluency, and classifies the percentage of verbal nonfluencies (e.g., 223 

“Umm, and we got down there, and er, uh.”) in each reported memory. 224 
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  225 

Neuropsychological testing  226 

A subset of participants also completed the Children’s Memory Scale (CMS; for 227 

participants under 16 years; n = 8 PFT, 8 controls; Cohen, 1997), or the Wechsler’s 228 

Memory Scale (WMS-III; for participants between 16-18 years of age; n = 5 PFT, 1 229 

control; Wechsler, 1997). Using the CMS and WMS-III, a combined verbal and visual 230 

memory index score (general memory index) was calculated for each participant and 231 

used to corroborate memory performance on the CAI. Due to the limited number of 232 

controls who had completed the WMS-III, only data for the CMS are reported. 233 

 234 

MRI data acquisition and preprocessing 235 

T1-weighted structural MRI images were available for all 13 PFT patients, and for 9 236 

controls. Due to the limited number of control participants with structural MRI data, we 237 

included scans from a further 14 age-matched controls from the larger study who had 238 

not completed the CAI. MRI scans were performed at the Hospital for Sick Children, on 239 

a Siemens 3T TIM Trio scanner (n = 11 PFT, 21 controls) using a 12-channel head coil. 240 

Due to the presence of metallic implants, a subset of patients (n = 2) were scanned on a 241 

General Electric (GE) 1.5T Signa HDxt scanner. To minimize group differences in scan 242 

parameters, two of the 14 additional control participants selected were also scanned on 243 

a 1.5 T scanner.  244 

Anatomical scans obtained with the 3T scanner were acquired with a three-dimensional 245 

magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence 246 

(repetition time (TR) = 2300 ms, echo time (TE) = 3.91 ms, inversion time = 900ms, 247 
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voxel size = 1mm isotropic, number of excitations = 1, pixel bandwidth = 240, 160 248 

contiguous axial slices, FOV= 256 x 224mm, and Flip angle 9˚. Anatomical scans 249 

obtained with the 1.5T scanner were acquired with a 3D FSPGR (fast spoiled gradient 250 

echo) Inversion Recovery Prepared sequence (repetition time (TR) = 10.056 ms, echo 251 

time (TE) = 4.2 ms, inversion time = 400 ms, voxel size = 0.9375 x 0.9375 mm, slice 252 

thickness = 1.5mm, number of excitations = 1, pixel bandwidth = 162.734, 116-124 253 

contiguous axial slices, FOV= 256 x 224mm, and Flip angle 20˚. 254 

All T1-weighted dicom files were converted to Analyze 7.5 file format. FSL’s Brain 255 

Extraction Tool (BET) (RRID:SCR_002823; http://www.fmrib.ox.ac.uk/fsl/) was used to 256 

generate a preliminary outline on each MR image that separated the brain from non-257 

brain tissue (i.e., skull and cerebrospinal fluid (Smith, 2002) ). This outline was manually 258 

corrected, slice by slice, in the axial plane and was used to obtain estimates of 259 

intracranial volume (ICV) for each participant, which were controlled for in subsequent 260 

statistical analyses.  261 

In preparation for segmenting the hippocampus, T1-weighted MR data of brains within 262 

skulls were converted to MINC file format. Hippocampal labeling was performed using 263 

the Multiple Automatically Generated Templates for different brains (MAGeT Brain) 264 

algorithm, a multi-atlas based segmentation tool (Chakravarty et al., 2013; Pipitone et 265 

al., 2014). This algorithm begins with a set of high resolution manually labeled atlases 266 

as inputs. For this study, we used atlases that included definitions of the hippocampal 267 

subfields (Winterburn et al., 2013), and hippocampal white matter (Amaral et al., 2016). 268 

Specifically, this included labels of the CA1, CA2/3, CA4/dentate gyrus, subiculum, 269 
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stratum radiatum/lacunosum/moleculare, and the fornix. In order to segment our 270 

dataset, these atlas labels were propagated through pairwise non-linear registration, to 271 

a subset of MR images in our dataset. Once labeled, this subset of images, referred to 272 

as the ‘template set’ were non-linearly registered to the entire set of MR images through 273 

pairwise matching. The most commonly occurring label at each voxel on each image 274 

was retained to generate the final segmentations. This algorithm has previously been 275 

validated for hippocampal segmentation and compares well with manual and automated 276 

segmentation techniques (Pipitone et al., 2014).  277 

After subfields had been labeled, volumetric data was extracted for each hippocampal 278 

subfield, and for the fornix in each hemisphere. Prior to analysis, raw volumes were 279 

adjusted for individual differences in ICV (Arndt et al., 1991; Free et al., 1995) according 280 

to previously described procedures (Riggs et al., 2014; Decker et al., 2017). 281 

Specifically, a regression coefficient between the sample mean ICV, and each 282 

hippocampal subfield volume was calculated, and used to adjust subfield volumes for 283 

each participant. Following adjustment for ICV, separate subfield volumes were 284 

manually inspected. For all analyses of hippocampal volume, hippocampal subfield 285 

volumes were summed to calculate bilateral and total hippocampal volumes. 286 

Based on the hypothesis that autobiographical memory deficits in PFT patients would 287 

be associated with impairments in memory processing regions, we additionally 288 

assessed cortical volume across five regions of the recollection network (medial 289 

prefrontal cortex, (mPFC), precuneus, posterior cingulate cortex (pCC), angular gyrus 290 

(AG), and lateral temporal cortex (LTC)) (Svoboda et al., 2006; Rugg and Vilberg, 291 
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2013). Cortical volume measurements were generated using the semi-automated 292 

cortical parcellation and volumetric segmentation Freesurfer pipeline 293 

(RRID:SCR_001847; http://surfer.nmr.mgh.harvard.edu) (Fischl et al., 2002; Fischl, 294 

2012). Structural volumes from the recollection network were adjusted for ICV using the 295 

aforementioned procedure. 296 

Experimental Design and Statistical Analysis  297 

All statistical analyses were conducted using SPSS 23 (RRID:SCR_002865; http://www-298 

01.ibm.com/software/uk/analytics/spss). Univariate ANOVAs were used to compare 299 

ICV, hippocampus, fornix volumes, and CMS performance. Repeated measures 300 

ANOVA were used to assess performance on the CAI, and LIWC. Multivariate ANOVA 301 

was used to assess group differences in cortical volume across five regions of the 302 

recollection network. One control participant was excluded due to technical difficulties 303 

with the Freesurfer analysis. Independent sample t-tests (2-tailed) were used to assess 304 

age at the time of recent memory, age at time of remote memory, maternal education 305 

between groups, and to further assess significant ANOVA interactions between groups. 306 

Effects were considered significant at p<.05. Bonferroni corrections for multiple 307 

comparisons were applied to post-hoc t-tests. Bonferroni-corrected Pearson’s 308 

correlations were performed for brain volume and behavioral measures of episodic 309 

details reported in the CAI, and for correlations between remote memory age and the 310 

details reported in the CAI. 311 

 312 

Results  313 

Children’s Autobiographical Interview (CAI) results 314 
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Age at time of memory 315 

PFT patients and control participants were age-matched, and therefore the age of the 316 

recent memory retrieval was also age matched between groups (t(39)=-0.752 p=0.456). 317 

The age at the time of the remote memory was also equivalent in both PFT patients and 318 

controls (t(39)=0.227 p =0.821). In patients, the average time lag between the remote 319 

memory recalled and treatment was 1.12 ( ±0.273) years (Figure 1B). 320 

 321 

CAI episodic details 322 

To assess differences in the episodic quality of recent and remote memories, a 323 

repeated measures ANOVA was conducted for the total number of episodic details 324 

(total internal details: thoughts/emotion, event, perceptual/sensory, place, time) per 325 

memory narrative, with time (recent, remote) as a within subject factor, and group (PFT, 326 

control) as a between subject factor. ANOVA revealed a main effect of time 327 

(F(1,39)=11.329, p=0.002, η2=0.225), a main effect of group (F(1,39)=8.575, p=0.006, 328 

η2=0.180), and a significant time x group interaction (F(1,39)=5.070, p=0.030, 329 

η2=0.155). This interaction supports the conclusion that the episodic component of 330 

autobiographical memories is especially impoverished in PFT patients (compared to 331 

controls) at the recent, but not remote, time point. Indeed, post-hoc tests confirmed that 332 

autobiographical memories in PFT patients contained fewer details at the recent time 333 

point only (t(39)=2.892, p=0.006) (Figure 1C). Paired-samples t-tests reveal that PFT 334 

patients report a similar numbers of episodic details for recent and remote memories 335 

(t(12)=0.667, p=0.517), whereas controls report significantly more episodic details during 336 

retrieval of their recent, relative to remote memories (t(27)=5.012, p<0.001). 337 
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 PFT patients reported shorter memories relative to controls (see below, Figure 1G). To 338 

control for this, we next examined the proportion of episodic and non-episodic details in 339 

PFT patients vs. controls. When a similar ANOVA was conducted for the percentage of 340 

episodic details, no significant main effect of time (F(1,39)=0.62, p=0.804, η2=0.002), or 341 

group (F(1,39)=3.610, p=0.065, η2=0.085) was found, but a significant time x group 342 

interaction (F(1,39)=4.908, p=0.033, η2=0.112) was confirmed. These results highlight 343 

the impoverished episodic detail reported during recent memory by PFT patients 344 

(t(39)=2.396, p=0.021), but the relative sparing of episodic remote memory relative to 345 

healthy controls (t(39)=0.628, p=0.534) (Figure 1C). As seen with the absolute number of 346 

reported episodic details, further analyses find that PFT patients report a similar 347 

proportion of episodic details for recent and remote memories (t(12)=-0.728, p=0.480), 348 

while controls report proportionally more episodic details during recent, relative to 349 

remote memories (t(27)=4.2992, p<0.001). 350 

We next assessed whether the time of radiotherapy treatment might have affected 351 

internal detail production – that is, the shorter the lag between the remote memory and 352 

treatment, the more episodic details would be retained. However, likely due to the 353 

underpowered sample, no clear pattern in the relationship between the treatment-354 

remote memory lag, and the percentage of episodic details reported for the remote 355 

memory (r =-0.004, p=0.990; Figure 1D).  356 

To determine if a particular type of internal detail was driving the above differences 357 

observed between groups, we next performed a repeated measures ANOVA for the 358 

total number of each type of internal episodic detail (thoughts/emotion, event, 359 

perceptual, place, time) per memory narrative, with time, and group. ANOVA revealed a 360 
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main effect of detail type (F(1,39)=36.148, p<0.001, η2=0.481), and confirmed main 361 

effects of time (F(1,39)=11.329, p=0.002, η2=0.225) and group (F(1,39)=8.575, p=0.006, 362 

η2=0.180), and a significant time x group interaction (F(1,39)=5.07, p=0.030, η2=0.115). 363 

A significant detail type x time interaction emerged (F(1,39)=7.549, p=0.009, η2=0.162), 364 

and trends towards a detail type x group interaction (F(1,39)=3.224, p=0.080, η2=0.076), 365 

and a detail type x time x group interaction (F(1,39)=4.041, p=0.051, η2=0.094). Paired-366 

samples t-tests revealed that, relative to controls’ recent memories, PFT patients report 367 

significantly fewer perceptual/sensory (t(39)=3.481, p<0.001) and place (t(39)=2.637, 368 

p=0.010) details, and a trend towards fewer event (t(39)=2.229, p=0.032) and 369 

emotion/thought (t(39)=1.786, p=0.082) details, but a comparable number of time details 370 

(t(39)=0.519, p=0.606). Relative to controls’ remote memories, PFT patients report 371 

equivalent emotion/thought (t(39)=1.560, p=0.127), event (t(39)=1.020, p=0.314), and time 372 

(t(39)=1.451, p=0.155), details, but significantly fewer place details (t(39)=3.423, p=0.001), 373 

a trend towards fewer perceptual details (t(39)=2.150, p=0.038) following Bonferroni 374 

correction for multiple comparisons (Figure 1E). Together, these data suggest that, 375 

although PFT patients report fewer episodic details overall for their recent memories, 376 

memory for perceptual and place details are particularly sensitive to hippocampal 377 

dysfunction, regardless of the age of the memory. 378 

 379 

CAI non-episodic details 380 

To assess differences in the non-episodic quality of recent and remote memories, a 381 

repeated measures ANOVA was conducted for the total number of external (non-382 

episodic) details (i.e., external event details, semantic details, repetitions, and other 383 
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metacognitive thoughts) reported per memory narrative, with time as a within subject 384 

factor, and group as a between subject factor. No main effect of time (F(1,39)=0.026, 385 

p=0.872, η2=0.001), group (F(1,39)=0.421, p=0.520, η2=0.011), nor a time x group 386 

interaction (F(1,39)=0.016, p=0.899, η2=0.001) was observed for the number of non-387 

episodic details. A similar ANOVA conducted for the proportion of non-episodic details 388 

per memory revealed a significant main effect of time (F(1,39)=8.251, p=0.007, 389 

η2=0.175), but no main effect of group (F(1,39)=1.253, p=0.270, η2=0.031), or a time x 390 

group interaction (F(1,39)=1.722, p=0.197, η2=0.042). These findings highlight the time-391 

dependent increase in the proportion of non-episodic memory retrieved over time, but 392 

suggest that PFT patients’ memory contains comparable non-episodic information to 393 

that of controls (Figure 1F). 394 

 395 

Narrative fluency 396 

In addition to the novel findings related to autobiographical memory deficits emerging 397 

following radiotherapy treatment, we sought to replicate and extend previous 398 

investigations of cognitive deficits in PFT patients. Motivated by previous reports of 399 

speech and language impairment in PFT survivors (Huber et al., 2007; Lassaletta et al., 400 

2015), we assessed verbal nonfluencies using the LIWC for recent and remote 401 

memories. A repeated measures ANOVA conducted for the LIWC verbal nonfluencies 402 

with time as a within subject factor, and group as a between subject factor revealed a 403 

significant main effect of group (F(1,39)=7.412, p=0.010, η2 =0.163), reflecting more 404 

verbal nonfluencies in PFT patients compared to controls. There was no significant 405 

main effect of time (F(1,39)=0.054, p=0.817, η2 =0.001), nor group x time interaction 406 
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(F(1,39)=0.104, p=0.748, η2 =0.003), indicating more non-verbal fluencies in PFT 407 

patients relative to controls irrespective of whether a recent or remote memory was 408 

being recalled (Figure 1G).  409 

 410 

Excluding these non-fluencies from further analyses, we next assessed narrative 411 

fluency (i.e., word count per memory narrative) in PFT patients and controls. A repeated 412 

measures ANOVA conducted for the LIWC word count per memory revealed a 413 

significant main effect of time (F(1,39)=11.138, p=0.002, η2=0.222), reflecting reduced 414 

overall narrative fluency for more remote memories, a main effect of group 415 

(F(1,39)=4.151, p=0.048, η2=0.96), and a significant time x group interaction 416 

(F(1,39)=4.781, p=0.035, η2=0.109) reflecting the fact that PFT patients reported shorter 417 

memories than controls at the recent memory time point (t(39)=2.299, p=0.027) (Figure 418 

1G). Together, these findings of verbal dysfluency in PFT patients confirm previous 419 

reports of language impairments (Huber et al., 2007). 420 

 421 

Neuropsychological testing 422 

Finally, we assessed performance on a standardized battery of visual and verbal 423 

memory tasks designed to assess global memory function using the CMS (Cohen, 424 

1997; Monahan et al., 2001). A univariate ANOVA conducted with the CMS general 425 

memory index score as the dependent variable, and group as the between subject 426 

factor revealed a significant main effect of group, with PFT patients scoring lower on the 427 

CMS general index than controls (F(1,15)=5.795, p=0.030, η2=0.293) (Figure 1H). This 428 

replicates previous findings of memory performance deficits on the CMS in PFT patients 429 
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(Riggs et al., 2014), and supports the novel findings of impaired anterograde, but 430 

preserved retrograde, autobiographical memory in these patients.  431 

 432 

[Insert Figure 1 here] 433 

 434 

Brain volume results 435 

To test the prediction that episodic autobiographical memory deficits observed in PFT 436 

patients are mediated by disruptions to the medial-temporal lobe and related cortical 437 

regions in the recollection network following radiotherapy, we assessed hippocampal 438 

volume, white matter volume in the fornix, and cortical volume across the recollection 439 

network. 440 

 441 

To control for differences in global brain volume, we first assessed potential differences 442 

in overall ICV (Figure 2A). Univariate ANOVAs revealed no differences in ICV between 443 

PFT patients and healthy controls (F(1,34)=0.044, p=0.835, η2=0.001). Following 444 

corrections for ICV, and consistent with previous reports (Riggs et al., 2014; Decker et 445 

al., 2017), hippocampal volume was reduced in PFT patients compared to controls 446 

(F(1,34)=4.632, p=0.039, η2=0.120). A second ANOVA revealed reduced fornix volumes 447 

in PFT patients relative to controls (F(1,34)=10.672, p=0.002, η2=0.239) (Figure 2B). 448 

We additionally assessed whether MTL volume reductions were consistent across 449 

hemispheres. When hemisphere was included in our ANOVAs as a within subjects 450 

factor we found no main effects of hemisphere, nor hemisphere x group interactions (all 451 

p’s > 0.05), but confirmed a main effect of group (F(1,34)=4.632, p=0.039, η2=0.120, 452 
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suggesting that radiotherapy treatment bilaterally impacted medial temporal lobe 453 

structures.  454 

 455 

Given the selective memory deficits observed in PFT patients, we also assessed 456 

cortical volume across brain regions previously associated with recollection (i.e., the 457 

putative recollection network). Relative to controls, PFT patients had reduced volume in 458 

the precuneus (F(1,33)=6.360, p=0.017, η2=0.162) and LTC (F(1,33)=6.442, p=0.016, 459 

η2=0.163). No group differences were observed in volume of mPFC (F(1,33)=0.648, 460 

p=0.427, η2=0.019), pCC (F(1,33)=0.895, p=0.351, η2=0.026), nor the AG 461 

(F(1,33)=1.230, p=0.275, η2=0.036) (Figure 2C). 462 

 463 

Finally, we assessed the potential correlation between hippocampal volume and the 464 

number of episodic details reported for recent and remote memories. As above, the 465 

power of this analysis was even further limited by the small sample of participants who 466 

completed both the CAI and structural MRI scans. No significant correlations were 467 

evident between hippocampal volume and the number of episodic detail from recent 468 

memory in PFT patients (r=-0.368, p=0.216) or controls (r=0.309, p=0.419) (Figure 3A), 469 

nor were there significant correlations between hippocampal volume and the number of 470 

episodic detail from remote memory in PFT patients (r=-0.167, p=0.586) or controls 471 

(r=0.008, p=0.983) (Figure 3C). Additionally, no significant correlations were evident 472 

between hippocampal volume and the number of non-episodic details from recent 473 

memory in PFT patients (r=0.067, p=0.828) or controls (r=0.458, p=0.215) (Figure 3B), 474 

nor between hippocampal volume and non-episodic details for remote memory in PFT 475 
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patients (r=0.010, p=0.973) or controls (r=0.446, p=0.229) (Figure 3D). Similar 476 

correlational analyses conducted using the percentage of details reported for recent and 477 

remote memories revealed no significant relationship with total hippocampal volume 478 

and memory quality (all p’s > 0.05). 479 

 480 

Sex differences in cognitive performance and brain volume 481 

To determine if males and females were differentially impaired following radiotherapy 482 

treatment, all analyses were performed using sex (male, female) and treatment as 483 

between subject variables of interest. We assessed sex differences in CMS 484 

performance using a univariate ANOVA. CAI performance (words per memory, verbal 485 

non-fluencies, detail analyses for recent and remote memories), and hippocampal 486 

volume using repeated measures ANOVA. All analyses were performed using sex 487 

(male, female) and group as between subject variables of interest. No significant main 488 

effect of sex, nor any interactions were found between sex and group, or sex and time 489 

for any measure (all p’s >0.05; Figure 4; detailed results not reported but available 490 

upon request). Given the relatively low incidence of PFT diagnosis in females relative to 491 

males, our sample size of female participants was low (4 PFT patients), which may 492 

have limited the likelihood of detecting any significant effects of sex on the measures of 493 

interest. Future investigations into this patient population should seek to assess 494 

potential differences in memory susceptibility between male and female patients 495 

following cranial radiation. 496 

 497 

 498 
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Discussion  499 

In this study we examined autobiographical memory in a patient population that had 500 

received radiotherapy for PFTs during childhood. Using the CAI, we retrospectively 501 

assessed memories from a time period that either preceded or followed radiotherapy 502 

treatment. Post-treatment, recently experienced, episodic autobiographical memory was 503 

impaired in PFT patients relative to controls. In contrast, pre-treatment, remotely 504 

experienced, episodic autobiographical memories were equivalent in PFT patients and 505 

controls. This finding — that pre-treatment episodic memories were preserved in 506 

patients receiving radiotherapy — is remarkable given that these patients had 507 

decreased hippocampal volume. It contrasts with the pattern that has been consistently 508 

observed in a range of conditions associated with hippocampal volume loss, including 509 

medial temporal lobe amnesia, mild cognitive impairment, Alzheimer’s disease, 510 

temporal lobe epilepsy, transient epileptic amnesia, frontal temporal dementia, traumatic 511 

brain injury, encephalitis, and aging (Addis et al., 2007; Murphy et al., 2008; St-Laurent 512 

et al., 2009; Milton et al., 2010; Romero and Moscovitch, 2012;  Irish et al., 2014; Dede 513 

et al., 2016; Esopenko and Levine, 2017; Miller et al., 2017). In these conditions, loss of 514 

episodic details (even in remote memories) accompanies hippocampal volume loss.  515 

 516 

One way in which radiotherapy treatment might impair memory function is via reducing 517 

hippocampal neurogenesis. Indeed, post-mortem immunohistochemical examination of 518 

brains from treated medulloblastoma patients has revealed a pronounced and persistent 519 

reduction in neurogenesis in the hippocampus (Monje et al., 2007). Staining for 520 

doublecortin (a marker of immature neurons) revealed a 10-fold reduction in 521 
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hippocampal neurogenesis that was evident up to 23 years post-treatment (Monje et al., 522 

2007). Consistent with blunted hippocampal neurogenesis, PFT patients in the current 523 

study had reduced hippocampal volume, confirming observations in similar patient 524 

populations (Riggs et al., 2014; Decker et al., 2017).  525 

 526 

In rodents, suppressing hippocampal neurogenesis similarly produces dissociable 527 

anterograde vs. retrograde effects on memory (Frankland et al., 2013; Akers et al., 528 

2014; Epp et al., 2016). In rodents, experimental suppression of hippocampal 529 

neurogenesis via cranial radiation (Raber et al., 2004; Winocur et al., 2006; Wojtowicz, 530 

2006; Drew et al., 2010), pharmacological ( Shors et al., 2001; Garthe et al., 2009; 531 

Martinez-Canabal et al., 2013) or genetic (Imayoshi et al., 2008; Deng et al., 2009) 532 

approaches produces anterograde memory deficits. For example, suppression of 533 

hippocampal neurogenesis impairs subsequent formation of spatial and contextual 534 

memories in mice and rats (Deng et al., 2010). In contrast, suppression of hippocampal 535 

neurogenesis may have protective effects on retrograde memory (i.e., on established 536 

hippocampal memories) (Akers et al., 2014; Epp et al., 2016). In adult mice, post-537 

training suppression of hippocampal neurogenesis attenuates natural forgetting of a 538 

spatial memory (Epp et al., 2016). In juvenile mice that rapidly forget, suppression of 539 

hippocampal neurogenesis slows this accelerated infantile forgetting (Akers et al., 540 

2014). Since ongoing neurogenesis continuously remodels hippocampal circuits, it has 541 

been proposed that this remodeling ‘overwrites’ memories stored in the hippocampus, 542 

potentially by modifying previously established synaptic connections within the 543 

hippocampus, thus rendering these memories less accessible (Frankland et al., 2013; 544 
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Frankland and Josselyn, 2016; Richards and Frankland, 2017). Motivated by these 545 

rodent findings, in the current study we were interested in whether anterograde and 546 

retrograde autobiographical memory would be differentially affected in PFT patients 547 

receiving radiotherapy. In line with the rodent studies outlined above, we made two 548 

predictions. First, we predicted that PFT patients would exhibit anterograde (i.e., post-549 

treatment) memory impairments. Second, we predicted that, relative to control subjects, 550 

memory for pre-treatment events would be superior in PFT patients.  551 

 552 

Consistent with the first prediction, autobiographical memory for recently-experienced 553 

(i.e., post-treatment) events was impaired in PFT patients. Compared to healthy 554 

controls, PFT patients reported fewer episodic details, suggesting deficits in their ability 555 

to either encode and/or retrieve highly detailed memories for personal events. The 556 

deficits in recollection of episodic information likely reflect impaired hippocampal 557 

function in these patients (i.e., reduced hippocampal volume, and, possibly, reduced 558 

hippocampal neurogenesis). In contrast, PFT patients reported similar numbers of non-559 

episodic details compared to healthy controls, suggesting that neural systems 560 

supporting encoding and/or retrieval of semantic memory are relatively spared (or at 561 

least not sufficiently impaired to detect differences using the current methods to probe 562 

autobiographical memory). Similar disproportionate impairments in retrieval of episodic 563 

information have been previously reported in patients with hippocampal lesions. These 564 

patients display deficits in retrieval of episodic autobiographical memory details, but 565 

relative preservation of semantic memory (Viskontas et al., 2000; Addis et al., 2007; St-566 

Laurent et al., 2009). It is important to note that medial temporal lobe damage beyond 567 
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the hippocampus may also contribute to the observed deficits. For example, PFT 568 

patients additionally exhibited smaller volume of the fornix, consistent with previous 569 

reports of episodic autobiographical memory deficits associated with reduced integrity of 570 

the fornix (Hodgetts et al., 2017). This suggests that inefficient communication between 571 

the hippocampus and its downstream targets may also contribute to their observed 572 

deficits in episodic memory performance. 573 

 574 

With respect to the second prediction, memories from the pre-treatment period were 575 

generally unaffected in PFT patients. Despite reductions in hippocampal volume, there 576 

were no differences in the quality (episodic and non-episodic details), or length of 577 

reported remote memories in PFT patients compared to healthy controls. Moreover, 578 

PFT patients reported a similar proportion of episodic details in their remote memories. 579 

Loss of episodic details, even in remote memories, consistently accompanies 580 

hippocampal volume loss across a wide range of conditions (Rosenbaum et al., 2008; 581 

Murphy et al., 2008; Race et al., 2011; St-Laurent et al., 2014). In this context, the 582 

preservation of detailed episodic memories from the pre-treatment period in PFT 583 

patients is striking, and provides partial (albeit incomplete) support for the idea that 584 

radiotherapy-induced suppression of hippocampal neurogenesis might protect these 585 

episodic memories from the pre-treatment period. That is, radiotherapy, in reducing 586 

hippocampal neurogenesis, may serve to stabilize memories stored in those circuits 587 

while, at the same time, impairing the ability to form new (anterograde) episodic 588 

memories.  589 

 590 
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The sparing of remote memories in PFT patients may additionally reflect reduced 591 

hippocampal involvement in the recollection of these older autobiographical memories. 592 

As memories age, their retrieval becomes less dependent on the hippocampus and 593 

more dependent on cortical structures, including the mPFC (Gilboa et al., 2004; Bonnici 594 

et al., 2012; Bonnici and Maguire, 2017). The mPFC is located distally from the focal 595 

point of radiation surrounding the tumor bed, and consistent with this, we observed no 596 

differences in mPFC volume between PFT patients and healthy controls. Moreover, as 597 

memories age, they lose detail and become more gist-like, and their retrieval becomes 598 

less dependent upon the hippocampus (Moscovitch et al., 2016; Sekeres et al., 2017, 599 

2018). Consistent with this, healthy controls reported fewer episodic details for their 600 

remotely, relative to recently, experienced events. These findings are in line with many 601 

previous studies which similarly report that episodic details of an event memory are 602 

especially susceptible to forgetting over time, while the non-episodic, or more schematic 603 

elements of the memory are preferentially retained over time (Conway et al., 1991; 604 

Brainerd and Reyna, 2002; Sekeres et al., 2016). Yet internal remote details, although 605 

fewer, are still regarded as hippocampally mediated regardless of memory age, and 606 

these were preserved in PFT patients (Moscovitch et al., 2016). Indeed, one notable 607 

finding emerged when parsing the types of preserved internal details for recent and 608 

remote events. The finding that PFT patients are impaired in their retrieval of perceptual 609 

details and place details for both recent and remote memories fits with other studies that 610 

find this perceptually detailed information and spatial information relies on a functional 611 

hippocampus in perpetuity (Cohen & Eichenbaum, 1993; Lee et al., 2005; Moscovitch et 612 

al., 2016; Robin et al., 2017). 613 

 614 
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However, our original prediction—that detailed episodic memories from the pre-615 

treatment period would be superior in PFT patients relative to controls — was not 616 

supported, as PFT patients did not report more episodic details from those remotely 617 

experienced, pre-morbid memories. At least two possibilities might account for these 618 

differences. First, in PFT patients, radiotherapy causes damage beyond the 619 

hippocampus, and this extra-medial temporal lobe damage likely counteracts the 620 

potentially protective effects of reduced hippocampal neurogenesis on premorbid 621 

memories. That is, treatment-related damage observed in other cortical regions within 622 

the memory recollection network, including the precuneus and LTC, as well as broader 623 

deficits in white matter integrity that are commonly reported following cranial radiation 624 

(Riggs et al., 2014; Nieman et al., 2015; Decker et al., 2017), likely minimizes any 625 

savings in stability of premorbid memories as a consequence of blunted hippocampal 626 

neurogenesis.  627 

 628 

In considering possible mechanisms, we have primarily focused our discussion on the 629 

effects of radiotherapy on hippocampal neurogenesis, given the strong links between 630 

radiotherapy and hippocampal neurogenesis, and between hippocampal neurogenesis 631 

and memory function. However, we acknowledge that other treatment effects 632 

(associated with either anesthesia and chemotherapy), as well as mechanisms (e.g., 633 

effects on synaptogenesis, white matter, glia, vasculature, neuroinflammation, etc.), 634 

may additionally or alternatively contribute to the observed pattern of results.  635 

 636 
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Taken together, our findings provide insight into the complex cognitive impairments 637 

developing over extensive time periods following conventional radiotherapy treatment 638 

for PFTs in children. Importantly, we confirmed findings of cognitive deficits in general 639 

memory, and language impairments in PFT patients, but the current study identifies a 640 

previously uninvestigated domain of memory deficits, and preservation, following 641 

radiotherapy treatment. Assessing naturalistic autobiographical memory using the CAI 642 

identified specific deficits in the ability to form new episodic memories, while leaving 643 

pre-treatment memories relatively intact in spite of significant hippocampal structural 644 

changes. The inability to easily form new memories pertaining to one’s own personal 645 

experiences may impoverish the quality of daily life for PFT survivors. Additionally, the 646 

relative preservation of retrograde memories points towards a sensitive time window for 647 

learning and retention of information prior to treatment. Together, these findings have 648 

significant implications for understanding complex, emerging deficits to the medial 649 

temporal lobe memory system, and broader recollection network, which are 650 

inadvertently impacted by standard treatment methods for posterior fossa tumors in 651 

children. 652 
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AG: angular gyrus 904 
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LIWC: Linguistic Inventory and Word Count 909 

LTC: lateral temporal cortex 910 

MAGeT: Multiple Automatically Generated Templates 911 

mPFC: medial prefrontal cortex 912 

MRI: magnetic resonance imaging 913 

pCC: posterior cingulate cortex 914 
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WMS: Wechsler’s Memory Scale 916 
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Figures and Table: 918 

Figure 1: Autobiographical memory, general memory index, and verbal fluency deficits 919 

in PFT patients. 920 

Figure 2: Brain volume deficits in PFT patients. 921 

Figure 3. Relationship between hippocampal volume, and the number of reported 922 

episodic and non-episodic details. 923 

Figure 4. Hippocampal volume, autobiographical memory, general memory, and verbal 924 

fluency analyses by sex. 925 
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Table1: Demographics and clinical details of PFT patients and control participants. 926 

 927 

 928 

Legends: 929 

Figure 1. Autobiographical memory, general memory index, and verbal fluency 930 

deficits in PFT patients. 931 

(A) Example of the scoring method used to code internal episodic (black: 932 

emotion/thought, event, perceptual, place, time) and non-episodic (grey: semantic) 933 

details from a memory transcript.  934 

(B) (left) Mean age (years) at time of recent memory reported by controls (white) and 935 

PFT patients (grey) during the CAI. (right) Mean age (years) at time of remote memory 936 

reported by controls (white) and PFT patients (grey) during the CAI. 937 

(C) (left) Total number of internal episodic details reported per memory narrative. (right) 938 

Percentage of internal episodic details reported per memory narrative. 939 

(D) (left) Interval between the age of initial treatment and the age at the time of the 940 

remote memory reported during the CAI for each PFT patient. (right) Plot of the 941 

percentage of episodic details recalled for remote memory and the delay between 942 

remote memory and radiotherapy treatment (years), including the best fitting linear 943 

regression line. 944 

(E) Number of each type of episodic detail (emotion/thought, event, perceptual, place, 945 

time) reported per memory narrative.  946 
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(F) (left) Total number of non-episodic details (external details: semantic, repetitions, 947 

external unrelated events, and other metacognitive statements) reported per memory 948 

narrative. (right) Percentage of non-episodic details reported per memory narrative. 949 

(G) (left) Percentage of verbal nonfluencies per memory narrative. (right) Narrative 950 

fluency assessed by total word count per memory narrative for controls and PFT 951 

patients.  952 

(H) General memory index scores on the CMS for controls (white) and PFT patients 953 

(grey). 954 

Error bars represent the SEM. *p<.01, **p<.001, ~p<.05, #p=.08 955 

 956 

 957 

Figure 2. Brain volume deficits in PFT patients. 958 

(A) Mean intracranial volume (ICV) (mm3) in controls (white) and PFT patients (grey). 959 

(B) (left) Mean volume (mm3) of the hippocampus in controls (white) and PFT patients 960 

(grey). (right) Mean volume (mm3) of the fornix in controls (white) and PFT patients 961 

(grey). 962 

 (C) Mean cortical volume (mm3) of the medial prefrontal cortex (mPFC), posterior 963 

cingulate cortex (pCC), precuneus, angular gyrus (AG), and lateral temporal cortex 964 

(LTC) between controls (white bars) and PFT patients (grey bars). Error bars represent 965 

the SEM. *p<.05, **p<.01, ~ p=.074. 966 

 967 

 968 
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Figure 3. Relationship between hippocampal volume, and the number of reported 969 

episodic and non-episodic details.  970 

(A) Plot of the number of recent episodic details recalled and hippocampal volume for 971 

Controls (left, closed circles), and PFT patients (right, grey circles).   972 

(B) Plot of the number of recent non-episodic details recalled and hippocampal volume 973 

for Controls (left, closed circles), and PFT patients (right, grey circles).   974 

(C) Plot of the number of remote episodic details recalled and hippocampal volume for 975 

Controls (left, closed circles), and PFT patients (right, grey circles).   976 

(D) Plot of the number of remote non-episodic details recalled and hippocampal volume 977 

for Controls (left, closed circles), and PFT patients (right, grey circles).   978 

For each plot, the mean number of details recalled is reported on the y-axis and the 979 

mean hippocampal volume (mm3) is reported on the x-axis. Each plot includes the best 980 

fitting linear regression line.  981 

 982 

Figure 4. Hippocampal volume, autobiographical memory, general memory, and 983 

verbal fluency analyses by sex. 984 

 (A) Mean volume (mm3) of the left and right hippocampus in male and female controls 985 

(males: white, females: white hatched) and PFT patients (males: grey, females: grey 986 

hatched). 987 

(B) General memory index scores on the CMS for male and female controls and PFT 988 

patients. 989 

(C) Verbal fluency assessed by total word count per memory narrative for male and 990 

female controls and PFT patients. 991 
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(D) Percentage of verbal nonfluencies per memory narrative for male and female 992 

controls and PFT patients. 993 

(E) Total number of episodic details (internal details: event, time, place, 994 

perceptual/sensory, thoughts/emotion) reported per memory narrative for male and 995 

female controls and PFT patients. 996 

(F) Percentage of episodic details reported per memory narrative for male and female 997 

controls and PFT patients. 998 

(G) Total number of non-episodic details (external details: semantic, repetitions, 999 

external unrelated events, and other metacognitive statements) reported per memory 1000 

narrative for male and female controls and PFT patients. 1001 

(H) Percentage of non-episodic details reported per memory narrative for male and 1002 

female controls and PFT patients. 1003 

 1004 
 1005 

Table 1. Demographics and clinical details of PFT patients and control 1006 

participants 1007 

 1008 

 1009 

Extended Data Table and Figure Legends: 1010 

Table 1-1: Specific Probe Questions and Ratings  1011 

 1012 

 1013 

 1014 











 

 1 

Parameter PFT group n=13 Healthy controls n=28 

Sex  4 F, 9 M 13 F, 15 M 

Handedness (# right: left) 10 R, 3 L 24 R, 4L 
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 (#)   
     Greater than 90% tumour resected 9 ------ 
     Between 50-90% 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 + PF boost 5.8 (SD 0.9) ------ 
          Range head/spine 2.43 - 3.6  
          Range PF 1.8 - 5.58  
     Head/spine + tumor bed 5.5 (SD 0.09)  
          Range head/spine 2.43 - 3.6  
          Range tumor bed 1.8 - 3.24 

 
  

* Maternal education was not available for 1 control and 2 PFT patients 
 

 


