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Abstract

Objective: The neural mechanisms contributing to the social problems of pediatric brain

tumor survivors (PBTS) are unknown. Face processing is important to social communication,
social behavior, and peer acceptance. Research with other populations with social difficulties,
namely autism spectrum disorder, suggests atypical brain activation in areas important for face
processing. This case-controlled functional magnetic resonance imaging (fMRI) study compared
brain activation during face processing in PBTS and typically developing (TD) youth.

Methods: Participants included 36 age-, gender-, and 1Q-matched youth (A= 18 per group).
PBTS were at least 5 years from diagnosis and 2 years from the completion of tumor therapy.
fMRI data were acquired during a face identity task and a control condition. Groups were
compared on activation magnitude within the fusiform gyrus for the faces condition compared to
the control condition. Correlational analyses evaluated associations between neuroimaging metrics
and indices of social behavior for PBTS participants.

Results: Both groups demonstrated face-specific activation within the social brain for the faces
condition compared to the control condition. PBTS showed significantly decreased activation for
faces in the medial portions of the fusiform gyrus bilaterally compared to TD youth, ps < .004.
Higher peak activity in the left fusiform gyrus was associated with better socialization (r= .53, p<
.05).

Conclusions: This study offers initial evidence of atypical activation in a key face processing
area in PBTS. Such atypical activation may underlie some of the social difficulties of PBTS.
Social cognitive neuroscience methodologies may elucidate the neurobiological bases for PBTS
social behavior.
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Pediatric brain tumor survivors (PBTS) represent a growing population who are at risk

for significant social challenges associated with their disease and treatments (Hocking et

al., 2015). While advances in tumor-directed therapy have improved survival rates, they

also have led to the awareness of a variety of neurodevelopmental long-term consequences,
termed late effects, due to their impact on the developing brain (Turner, Rey-Casserly,
Liptak, & Chordas, 2009). A significant consequence of these sequelae for PBTS are
difficulties related to social acceptance compared to healthy peers (Salley et al., 2015).
Specifically, PBTS are more likely to not have close friends and have fewer interactions with
friends compared to siblings and other childhood cancer survivors (Schulte et al., 2018).

Given the importance of developing and maintaining social relationships in childhood

and later adulthood (Ladd & Troop-Gordon, 2003; Lansford, Dodge, Fontaine, Bates, &
Pettit, 2014; Prinstein & Aikins, 2004; Prinstein, Boergers, Spirito, Little, & Grapentine,
2000), understanding the neurobiological factors associated with aberrant social behavior in
PBTS is of great interest. Current conceptualizations of social behavior within the field of
social cognitive neuroscience emphasize the interplay between brain areas or complex brain
networks and fundamental social information processes (Beauchamp & Anderson, 2010;
Herrington, Taylor, Grupe, Curby, & Schultz, 2011; Yeates et al., 2007). Social difficulties
in childhood may be the result of a diminished ability to interpret and respond to different
types of social information secondary to disruptions to essential areas or networks within the
social brain.

Face processing refers to the ability to recognize and interpret nonverbal information
communicated by faces. It is a foundational social information process that influences

the quality of social interactions, and hence social relationships and acceptance (Blair,
2003; Erickson & Schulkin, 2003). Difficulties with recognizing identities and emotional
expressions during face processing likely have a cascading effect on later sociocognitive
processes and social behavior, including identifying and selecting appropriate responses in
social situations (Beauchamp & Anderson, 2010; Yeates et al., 2007).

Several areas of the social brain are heavily involved during the processing of faces,
including the fusiform gyrus, superior temporal sulcus, and amygdala (Allison, Puce, &
McCarthy, 2000; Pelphrey & Carter, 2008). Recent evidence suggests that these individual
areas comprise a larger, more complex face processing network where specific regions
become activated during different aspects of facial processing (Nomi & Uddin, 2015).

For example, the fusiform gyrus is implicated in face discrimination, identity recognition,
and expression recognition (Winstion, Henson, Fine-Goulen, & Dolan, 2004). Additionally,
increased activity in the amygdala and superior temporal sulcus are related to the perception
of facial expressions (Hoffman & Haxby, 2000; Wang et al., 2014).

Several clinical groups experience significant difficulties with social behavior and social
relationships despite differing neurodevelopmental etiologies, including youth with autism
spectrum disorder (ASD) and those affected by 22g11.2 deletion syndrome (22q11DS).
Disrupted face processing is common to both groups and a potential shared mechanism

for their social difficulties (Beauchamp & Anderson, 2010). Among youth with ASD, a
group with hallmark deficits in social behavior and communication, a large body of research
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provides evidence for impairments in face processing (Nomi & Uddin, 2015; Schultz, 2005;
Speer, Cook, McMahon, & Clark, 2007) and diminished activation in the fusiform gyrus,
superior temporal sulcus and amygdala during a variety of face processing tasks (Nomi

& Uddin, 2015). Youth with 22q11DS also experience difficulties with interpreting facial
expressions (Glaser et al., 2010) and reduced activation in the fusiform gyrus during face
processing compared to typically developing (TD) controls (Azuma et al., 2015). Such
findings suggest that impairments in face processing due to reduced activation in key brain
areas may contribute to social impairments in a variety of pediatric populations.

Prior research underscores the potential role of impaired face processing abilities in PBTS
social functioning. In a study comparing the face processing of PBTS to controls, survivors
demonstrated increased errors in identifying facial expressions, while controlling for 1Q
(Bonner et al, 2008). Increased face processing difficulties also were related to more
parent-reported social adjustment difficulties (Bonner et al., 2008). This finding of increased
errors in face processing was recently replicated in youth treated for posterior fossa tumors
(Moxon-Emre et al., 2019). Another study, showed face processing to be uniquely important
to the social functioning of PBTS (Hocking et al., 2021). Further, recent evidence suggests
that PBTS gaze less at faces during social situations than TD youth and in a manner
consistent with youth with ASD (Hocking et al., 2020) suggesting reduced experience

in processing facial information. Two recent studies have evaluated the neurobiological
factors associated with the face processing abilities of PBTS (Moxon-Emre et al., 2019;
Moxon-Emre et al., 2020), focusing on associations between the processing of facial
expressions and structural connectivity (e.g., white matter). However, no studies have used
functional neuroimaging modalities to evaluate neural activity during face processing. Given
the findings of diminished neural activity in specialized face processing brain networks in
other populations with similar social difficulties (e.g., youth with ASD) and the likelihood
of disrupted brain networks in PBTS due to tumor and tumor-directed therapies, additional
research is needed to evaluate the presence of diminished activity in face processing areas in
PBTS to better understand the etiology of face processing difficulties in this population.

The objectives of this study were: 1) to compare activity within face processing areas of

the social brain during a face identity discrimination task of PBTS and TD youth; and 2)

to determine associations between brain activation during the facial identity discrimination
task and indices of social behavior and impairments among PBTS. We hypothesized that

a) PBTS would have decreased activation in the fusiform gyrus, amygdala, and superior
temporal sulcus during the facial processing task compared to TD youth; and b) decreased
activation in these areas would be associated with higher levels of social impairments among
PBTS.

METHODS

Participants

Participants consisted of 36 English-speaking youth between the ages of 8 and 17 years:
PBTS (N =18) and TD youth (N = 18). Descriptive data for the sample are presented

in Table 1. Participants were approximately 14 years old and matched on sex ratio (47%
female). Groups were matched in terms of age (434) = .496, p=.623) and general
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intelligence, as reflected by the Differential Abilities Scale General Conceptual Ability
Score (described below; #34) = 1.171, p=.290). Across groups, participant 1Q was in the
average range (sample mean = 99). Groups did not differ in terms of sex, race, or ethnicity.
TD youth and PBTS were 100% and 77.8% right hand dominant, respectively.

PBTS included those who had received any combination of surgical resection,
chemotherapy, and/or cranial radiation therapy, who were diagnosed at least 5 years prior,
and completed all tumor-directed treatments at least 2 years prior to study participation.
Exclusion criteria for PBTS included any genetic condition affecting neurocognitive
functioning (e.g., Neurofibromatosis, Down Syndrome), cognitive or developmental delay
prior to brain tumor diagnosis, and visual defects that could not be corrected through
corrective lenses (e.g., field cuts). Mean age at the time of brain tumor diagnosis was

6.10 years old. 67% of the PBTS sample had an infratentorial tumor and 33% had a
supratentorial tumor, reflecting both low- and high-grade pathologies. The majority of

the PBTS participants underwent surgical resection (71%; 12 gross total resections, 4
subtotal resections) with 41.2% receiving radiation therapy and 47.1% receiving some
combination of tumor-directed therapies (e.g., surgical resection, chemotherapy, radiation
therapy). Two participants had postoperative hydrocephalus and required shunt placement,
two had hemiparesis, one participant had posterior fossa syndrome, and one had ataxia.

TD controls from this study were selected from a pool of 67 children and adolescents who
had completed the same research protocol at the Center for Autism Research (CAR) at

the Children’s Hospital of Philadelphia (CHOP), using the same scanner and experimental
task. These data were collected between June of 2010, and October of 2012, prior to

the data on PBTS, which were collected between August of 2016 and March of 2018.
Participants were selected on a case-control basis to match the PBTS group on age, general
intelligence (1Q), and sex. Exclusion criteria for TD youth included a) visual defects

that could not be corrected with lenses; b) a history of traumatic brain injury or other
neurological abnormality; ¢) delays suggestive of autism-like impairments on screening by
study personnel; d) family history of a first- or second-degree relative with ASD; and €) a
Diagnostic and Statistical Manual, 4th. Edition (DSM-IV)-TR Axis | disorder or significant
symptoms of attention deficit hyperactivity disorder (ADHD) or mood, anxiety, substance-
related, or conduct disorders. Of note, three PBTS participants had a diagnosis of an anxiety
disorder, though this was not an exclusion criterion for the PBTS group.

Cognitive function—General cognitive ability was measured using the Differential
Ability Scales, Second Edition (DAS-II) (Elliott, 2007). The DAS-I1I evaluates verbal and
nonverbal reasoning abilities and provides norm-referenced overall cognitive ability scores
that can be considered a measure of overall 1Q due to its high correlation with other 1Q tests
(Elliott, 2007). Standard scores have a mean of 100 and standard deviation of 15.

Social behavior—The Social Responsiveness Scale, Second Edition (SRS-2)

(Constantino & Gruber, 2012) is a 65-item parent-report measure of participant social
behavior. The SRS-2 evaluates the frequency of reciprocal social behaviors, communication,
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and repetitive and stereotypic behaviors and yields a sex-normed T score that provides an
index of social deficits (M =50, SD = 10). The SRS-2 has high internal consistency, test—
retest reliability, and inter-rater reliability and has strong associations with other measures of
social difficulties (Constantino & Gruber, 2012).

The Vineland Adaptive Behavior Scale-Second Edition: Parent/Teacher Rating Form
(Vineland-I1; Sparrow, Cicchetti, & Balla, 2005) is a well-researched, highly reliable, well-
normed measure of adaptive behavior functioning. The questionnaire assesses adaptive
functioning across the domains of communication, daily living, socialization, and motor
functioning. The Socialization domain standard score was used to evaluate parental
perceptions of participant functioning in social situations.

The Children’s Communication Checklist-2 (CCC-2; Bishop, 2006) is a parent-report
measure of aspects of communication, such as speech, vocabulary, sentence structure, and
social language skills of children and adolescents. It is a reliable tool for the assessment

of social communication skills. The Social Relations score, which measures social behavior
with others, will be used in analyses.

All study procedures were approved by the institutional review board at CHOP and were
conducted in accordance with the Helsinki Declaration. Potentially eligible PBTS were
identified through tumor registry and electronic medical records and sent a letter describing
the study. Study personnel contacted families via phone to provide more information

about the study and conduct a verbal screening to determine eligibility. Those who met
eligibility criteria and were interested in participating were invited to a one-time, in-person
evaluation. PBTS participants were given the option of completing a 1-hour research
magnetic resonance imaging (MRI) scan as part of the study. Written informed consent was
obtained from parents before enrollment, and child assent was obtained. The protocol with
PBTS mirrored that used with TD youth participants that were collected as part of a larger
study. Parents of participants completed behavioral informant reports while youth completed
the assessment. PBTS data were combined with data on TD youth for analyses. In total,

207 PBTS were contacted to participate in this study and 97 were screened for eligibility.
Of the 97 PBTS, 90 met criteria and 54 completed the cognitive assessment. 23 participants
opted to undergo the MRI task. For 5 of the participants who completed the MRI, either the
face identity task did not work during the scan or there was excessive movement, leading

to a total of 18 participants. Among the total number of PBTS who participated in the

larger study, there were no differences on main study measures (DAS-I1 General Conceptual
Ability, SRS-2, CCC-2, Vineland Socialization) between those who completed an MRI scan
and those who did not.

MRI scanning—All participants were scanned on a Siemens Verio 3-Tesla scanner at
CHOP. Data reported in this paper were collected as part of a multimodal imaging protocol
lasting one hour per participant. Functional MRI (fMRI) data consisted of a gradient-echo
echo-planar imaging sequence. While initial scanning of TD participants used TR/TE/Flip
Angle/\Voxel Size parameters of 2340 ms/25 ms/60 degrees/3.55 mm isotropic, the PBTS
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sample was acquired after a scanner software upgrade with slightly different parameters
(2110 ms/25 ms/60 degrees/3.5 mm isotropic (with a .35 mm gap between slices). High-
resolution structural data were also collected on all participants (TR/TE/Flip Angle/\Voxel
Size parameters of 1900 ms/2.54 ms/90 degrees/.8 x .8 x .9 mm isotropic), and were used
here to facilitate registration of fMRI data into standard space.

Face identity discrimination task—The experimental paradigm closely followed prior
studies from our group, and has been shown to reliably yield activity in “social brain”

areas including fusiform gyrus (Herrington et al., 2017; Herrington, Miller, Pandey, &
Schultz, 2016; Herrington et al., 2011). All participants completed a 5-minute face identity
task where they were asked to identify whether two side-by-side photographs were of

the same person or different people (i.e., subordinate-level identity judgment). Control
stimuli consisted of pairs of side-by-side houses. All images were presented in grayscale.
Participants were shown pairs of faces presented side-by-side for 3500 ms, followed by a
blank screen of 500 ms, in blocks of six trials. A total of four face and four house blocks
were presented during each run, yielding 24 trials per stimulus type. Participants pressed a
button to indicate whether the faces depicted are of the same person. In the control trials,
participants completed a task with an identical type of response (same or different) for pairs
of houses instead of faces. Accuracy data were missing for two PBTS participants due to
computer error.

fMRI data preprocessing—fMRI time series data were despiked using the program
3dDespike (Cox, 1996). All other preprocessing and analysis steps were implemented using
either the Functional Magnetic Resonance Imaging of the Brain Software Library (FSL;
Smith et al., 2004) or custom software. After despiking, fMRI data were motion corrected
using FSL’s Motion Correction using FMRIB’s Linear Image Registration Tool. Participants
with a maximum frame-to-frame motion exceeding 1.5 mm were excluded from analyses,
leading to the exclusion of 1 PBTS participant and a final sample size of 18 per group

(all TD participants selected for comparison met the motion criterion). Final groups did

not differ in mean volume-to-volume displacement (average max relative displacement for
PBTS/TD groups: .48 mm/.36 mm; {34) = 1.264, p=.214). All time series data were
prewhitened to meet the assumption of noncorrelated error terms in general linear model-
based analyses (GLM). Functional data were spatially filtered with a 4 mm (full width

at half-maximum) Gaussian kernel, and temporally filtered with a 108-second high-pass
temporal filter (to remove linear trends in MRI signal stabilization). While all statistical
analyses were conducted in each participant’s native fMRI space, statistical maps were
resampled to 2 mm (isotropic) for visualization and localization of activation clusters.

Statistical analyses

After preprocessing, each participant’s time series was submitted to per-voxel GLM
analysis. Explanatory variables (EVS) in the analysis including parameters representing face
and house conditions (convolved with a gamma function), and temporal derivatives of these
(in order to account for variability in hemodynamic responses). Six EVs representing head
rotation and translation were also added as nuisance parameters. These analyses resulted in
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parameter estimate (beta) maps that were then used in group analysis. The primary beta map
used in all subsequent analyses was the contrast of Faces > Houses.

Group-level analyses included per-voxel #tests comparing each group separately for the
Faces > Houses contrast, and unpaired #tests comparing the groups to one another. Family-
wise error was controlled via the application of FSL’s Threshold-Free Cluster Enhancement
(TFCE; Smith &Nichols, 2009) As our strongest a priori hypotheses related to fusiform
gyrus, amygdala, superior temporal sulcus, TFCE was conducted within masks (i.e., a small
volume correction) subsuming these area bilaterally, as defined by the Harvard-Oxford
Cortical Atlas (fusiform gyrus and amygdala) and the Destrieux atlas (superior temporal
sulcus) (Destrieux, Fischl, Dale, & Halgren, 2010; Flitney et al., 2007). Inferences for all
other brain areas were conducted using the whole-brain gray matter segmentation from

the Montreal Neurological Institute (MNI) template brain. Bivariate Pearson correlations
evaluated the associations between select neuroimaging metrics and indices of social
behavior and adjustment for the PBTS participants only.

Although none of the participants had tumors or resections that extended into the a priori
brain areas of interest, we nevertheless conducted post fioc analyses to establish that groups
did not have morphometric differences in areas where significant differences in activity
were found. This analysis was conducted via FSLVBM (Douaud et al., 2007; Good et

al., 2001). This procedure involved the nonlinear registration of each participant’s brain to
MNI space to create a template for the entire study sample. Each participant’s structural
image is then nonlinearly registered to this template and “modulated” to correct for local
expansion (or contraction) due to the nonlinear component of the spatial transformation.
As in Voxel-Based Morphometry generally, group-specific differences are estimated on a
per-voxel basis by testing for differences in the Jacobean of the warp field. As with the fMRI
data, significant clusters were identified using FSL’s TFCE. No significant clusters were
identified that overlapped spatially with significant fMRI clusters, suggesting that observed
fMRI differences could not be attributed to morphometric differences.

Preliminary analyses

PBTS participants had more parent-reported social impairments on the SRS-2 Total 7 score
(m=150.82, SD = 6.64) than the TD participants (m = 42.33, SD = 4.36), {33) =4.45, p
<.01. Parents also rated PBTS participants (/m = 9.65, SD = 2.74) as having lower quality
social relations on the CCC-2 compared to TD participants (m = 12.31, SD = 1.08), #31)
=3.72, p< .01. There were no significant differences on the Vineland Socialization score
between the PBTS group (/m=104.75, SD = 22.00) and the TD group (/m=114.28, SD
=15.14), £32) = -1.49, p=.14. Notably, ratings of PBTS social behavior were in the
average range across these measures. Among PBTS, there were no significant differences on
IQ or any of the social or behavioral measures based on tumor location (supratentorial vs.
infratentorial).
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fMRI face identity discrimination task

Accuracy across the experiment was 76% for the PBTS group and 87% for the TD group.
These data indicate that, as predicted, both groups attended to the task, but the PBTS group
was significantly less accurate than TD, #31) = 2.21, p=.03.

Family-wise error-corrected analyses were conducted within region of interests representing
bilateral fusiform gyrus, amygdala, superior temporal sulcus, and whole brain. Both groups
presented with significant increases in activity in fusiform gyrus, amygdala, and superior
temporal sulcus (see Table 2 for a listing of all significant activation clusters in this

study). Additionally, the TD group showed a significant increase in right inferior gyrus.
When comparing the TD and PBTS statistical maps, no significant group differences were
observed for amygdala, superior temporal sulcus, or whole-brain analyses. However, as
predicted, this activation was significantly less in the PBTS group than the TD group
(Figure 1 bottom row). The peak group difference was centered on —30, =54, —10 in the
left hemisphere, with a cluster volume of 51 2 mm voxels; in the right hemisphere the
coordinates were 30, —36, =22 will a cluster volume of 206 2 mm voxels. Peak p-values
were .004 and <.001 in the left and right hemispheres, respectively (both p-values corrected
for multiple comparisons).

Medical characteristics and imaging metrics

Among the PBTS participants only, some of the neuroimaging metrics were related

to medical factors. PBTS whose treatment consisted of chemotherapy had lower peak
activation in the right fusiform gyrus (m=69.34, SD = 39.43) compared to those who

did not receive chemotherapy (m= 143.83, SD = 52.83), {15] = 3.25, p<.01. Additionally,
those whose received multimodal tumor-directed therapy (m = 77.36, SD = 49.15) had
lower peak activation in the right fusiform gyrus compared to those who only received one
type of tumor-directed treatment (/m= 136.80, SD = 55.64), 15] = 2.32, p< .05. Age at
diagnosis was unrelated to neuroimaging metrics. Additionally, there were no differences in
neuroimaging metrics based on tumor locations (supratentorial vs. infratentorial) or history
of radiation therapy, surgical resection, or recurrence.

Neuroimaging metrics and behavior

Correlational analyses presenting associations between neuroimaging metrics and aspects of
social behavior and social acceptance are presented in Table 3. Higher peak activity strength
in the left fusiform gyrus was associated with better Socialization scores on the Vineland-II
(r=.53, p<.05). Activity strength on either side was not related to total level of social
impairments on the SRS-2 or social relations on the CCC-2.

DISCUSSION

Diminished activation in key “social brain” areas during face processing is a notable feature
among youth with a variety of developmental conditions that are characterized by social
difficulties (Azuma et al., 2015; Nomi & Uddin, 2015; Schultz, 2005). Consistent with these
studies, results from the present study suggest reduced activation in the bilateral fusiform
gyrus areas among youth treated for a pediatric brain tumor compared to TD controls
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during a face identity task. These novel findings provide evidence of the potential neural
underpinnings for poor social information processing in PBTS that could underlie their
social difficulties. Further, among PBTS participants, decreased fusiform gyrus activation
was related to notable medical risk factors, including history of multimodal tumor-directed
therapy, and an index of social behavior.

Similar to previous studies using the face identity discrimination task (Herrington et al.,
2017; Herrington et al., 2016; Herrington et al., 2011), the paradigm in the current study
successfully activated areas in the social brain known to be involved in face processing,
particularly bilateral fusiform gyrus, in both PBTS and TD controls. As expected, both
groups showed higher activation bilaterally in the fusiform gyrus for faces compared to
houses during the paradigm. However, PBTS showed less activation in the bilateral fusiform
gyrus for faces compared to TD controls, suggesting abnormalities in the neural processes
associated with processing faces in survivors. While these neural irregularities during face
processing are also seen in other neurodevelopmental conditions with social difficulties
(e.g., ASD, 22g11DS), these data represent the first in youth with an acquired brain injury
secondary to tumor and tumor-directed treatments.

These findings suggest neurobiological similarities in specialized face processing areas
between PBTS and youth with other neurodevelopmental conditions with social difficulties,
such as ASD, despite differing etiologies. Additionally, our findings are consistent with
broader disturbances across both structural (e.g., white matter) and functional brain
networks in PBTS that have been documented in prior neuroimaging studies with survivors
(Dockstader, Wang, Bouffet, & Mabbott, 2014; Gauvreau et al., 2019; Scantlebury et

al., 2016) and could impact face processing networks. The importance of white matter
connectivity to face processing brain areas has been established in TD individuals
(Gschwind, Pourtois, Schwartz, Van De Ville, & Vuilleumier, 2012) and related to social
processing and behavioral impairments in youth with ASD (Ameis & Catani, 2015;
Fitzgerald, Gallagher, & McGrath, 2016). Further, abnormalities in social information
processing networks and diminished connectivity strength both within topological systems
and across global networks have been documented in youth with ASD (Yerys et al., 2015;
Yerys et al., 2017). Additionally, preliminary research has highlighted a link between

white matter structure and attention regulation toward processing of emotional information
communicated by faces among PBTS (Moxon-Emre et al., 2020). Pediatric brain tumors and
their related tumor-directed therapies likely disrupt neurodevelopment and negatively impact
brain connectivity both globally and within specialized networks (Beauchamp & Anderson,
2010; Yeates et al., 2007), contributing to diminished activation in areas essential to face
processing. This interpretation of the current results is supported by the finding that use of
multimodal tumor treatments was associated with reduced peak activity in the right fusiform
gyrus. Additional neuroimaging research, particularly longitudinal studies and those that
have sufficient samples to evaluate the effects of specific treatment variables (e.g., radiation
field and dose), is needed to determine the neurobiological processes underlying the social
difficulties of PBTS.

Findings from the current study provide an important perspective for prior research with
PBTS showing reduced facial affect recognition accuracy (Bonner et al., 2008; Moxon-Emre
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et al., 2019) and diminished gaze preference for faces when observing social interactions
(Hocking et al., 2020). Hypoactivation in the specialized face processing areas of the
fusiform gyrus may underlie these social information processing difficulties in survivors and
contribute to a negative feedback loop. In such a loop, reduced activation in face processing
areas could underlie difficulties with accurately encoding facial information, which, in turn,
could contribute to reduced gaze preferences for faces and less opportunity for processing
faces, thus leading to diminished activation in face processing areas. Longitudinal research is
needed to disentangle these potential causal associations between these factors, particularly
with respect to tumor treatments that affect tissue outside of the immediate tumor area (i.e.,
craniospinal irradiation).

Within the PBTS participants in this study, higher activation levels in the left fusiform gyrus
were associated with better ratings on a measure of behavior in social situations. This is

the first evidence that individual differences in neural activation in face processing areas is
related to variability in social behavior in PBTS. While a study on youth with 22g11DS also
found associations between brain activation during face processing and behavior (Azuma

et al., 2015), similar research in youth with ASD have not found consistent associations
between activation strength in face processing areas and social behavior (Nomi & Uddin,
2015). It should be noted that ratings of PBTS social behavior were in the average range
across measures. This is consistent with other studies that used informant reports of survivor
social behavior (e.g., Barrera et al., 2017; Bonner et al., 2008; Willard, Berlin, Conklin, &
Merchant, 2019) and raises the question about the suitability of these measures with this
population given findings of social deficits in studies using more robust sociometric methods
(e.g., Desjardins et al., 2019; Salley et al., 2015). However, variability in face processing
abilities has been associated with ratings of survivor social behavior in studies from two
different research groups (Bonner et al., 2008; Hocking et al., 2021), underscoring the
importance of evaluating potential neurobiological factors underlying the variability of face
processing in PBTS. Future studies should seek to replicate these findings in larger samples
of PBTS to determine if hypoactivation in the fusiform gyrus is a key neurobiological
process that contributes to variability in the social behavior of PBTS.

This study has several strengths. First, it employed a case-controlled design that compared a
clinical group with TD controls matched in terms of age, sex, and 1Q. Second, it employed
a strong, previously used paradigm to elicit specialized face processing regions during
imaging. Third, we used a conservative analytical approach for evaluating differences in
activation between groups despite a small sample size. Limitations include a small sample
size, a wide age range in participants, and a heterogenous sample of PBTS in terms of
diagnoses and treatment histories. The current sample size precluded further evaluation of
several medical factors (e.g., radiation does and field) that are important to consider in their
associations with face processing and social behavior.

An important future direction in this line of research will be to identify the exact neural
mechanisms mediating pediatric brain tumor treatment and decreased activity in fusiform
gyrus. The structural MRI analyses from this study established that the PBTS sample did
not appear to have gross morphometric differences in fusiform gyrus. However, PBTS
treatments have known consequences for neuronal function and development that may not

J Int Neuropsychol Soc. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hocking et al.

Page 11

appear clearly in structural imaging data. Radiation has been shown to reduce synaptic
density and dendritic length, increase neuronal inflammation, and alter cerebral vasculature
(Acharya et al., 2016; Chakraborti, Allen, Allen, Rosi, & Filke, 2012; Hinkle, Olschowka,
Love, Williams, & O’Banion, 2019; Wake, Moorhouse, Jinno, Kohsaka, & Nabekura, 2009).
Chemotherapy also has significant consequences for central nervous system functioning,
including decreased myelination and increased microglial activation (a sign of neuronal
inflammation) (Gibson et al., 2019; Han et al., 2008). With the exception of diffusion-
weighted imaging correlates of myelination, few /in7 vivo neuroimaging techniques have

the sensitivity to precisely distinguish between these different potential sources of deficit.
Clearly this is an important area of future studies as imaging techniques continue to advance.

This study represents an important step in employing methods from the field of social
cognitive neuroscience to understand the social functioning of PBTS. Future research is
needed with larger samples that are more homogenous in terms of diagnosis, tumor location,
and treatment history to better account for these variables. It also is important to determine
connections between activation in face processing areas and global structural and functional
connectivity metrics obtained during diffusion-weighted imaging (Na et al., 2018) and
resting-state fMRI to link impairments in global connectivity to hypoactivation during face
processing.
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Fig. 1.

Decreased fusiform gyrus activation during face processing in pediatric brain tumor
survivors.
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Participant characteristics

Table 1.

Brain Tumor (n = 18)

Typically Developing (n = 18)

Variables n (%) or M = SD n (%) or M = SD
Age in years 139+29 135+22
Female sex 8 (44.4%) 7 (38.9%)
Race
Caucasian 14 (77.8%) 8 (44.4%)
African-American 2 (11.1%) 5 (27.8%)
Asian 1 (5.6%) 0
Multi-ethnic 0 3 (16.7%)
Other 0 1 (5.6%)
Unreported 1 (5.6%)
Hispanic/Latinx
Hispanic/Latinx 2 (11.1%) 4 (22.2%)
Not Hispanic/Latinx 13 (72.2%) 12 (66.7%)
Unreported 3 (16.7%) 0
Handedness
Right dominant 14 (77.8%) 18 (100%)
Left dominant 3 (16.7%) 0
Unreported 1(5.6%) 0
Tumor characteristics
Age at diagnosis 6.1+3.3
Tumor types
Low grade glioma 8 (44.4%)
Medulloblastoma 4 (22.2%)
Ependymoma 2 (11.1%)
Ganglioglioma 1 (5.6%)
Glioma 1 (5.6%)
Primitive neuro-ectodermal tumor 1(5.6%)
WHO grade
| 10 (55.6%)
Il 2 (11.1%)
11 0
\% 5 (27.8%)
Tumor location
Supratentorial 5 (27.8%)
Infratentorial 12 (66.7%)
Unreported 1(5.6%)
Treatment
Surgery only 7 (38.9%)
Radiation only 0
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Brain Tumor (n =18)  Typically Developing (n = 18)
Variables n (%) or M = SD n (%) or M = SD

Chemo only 2 (11.1%)
Surgery + radiation 2 (11.1%)
Surgery + chemo 1(5.6%)
Radiation + chemo 0

All three 5 (27.8%)
Unreported 1(5.6%)
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