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Abstract

The right and left cerebral hemispheres are important for face and word recognition,
respectively—a specialization that emerges over human development. The question is whether
this bilateral distribution is necessary or whether a single hemisphere, be it left or right, can
support both face and word recognition. Here, face and word recognition accuracy in patients with
a single hemisphere following childhood hemispherectomy was compared against matched
typical controls. In Experiment 1, participants viewed stimuli in central vision. Across both face
and word tasks, accuracy of both left and right hemispherectomy patients, while significantly
lower than controls' accuracy, averaged above 80% and did not differ from each other. To
compare patients’ single hemisphere more directly to one hemisphere of controls, in Experiment
2, participants viewed stimuli in one visual field to constrain initial processing chiefly to a single
(contralateral) hemisphere. Whereas controls had higher word accuracy when words were
presented to the right than to the left visual field, there was no field/hemispheric difference for
faces. In contrast, left and right hemispherectomy patients, again, showed comparable
performance to one another on both face and word recognition, albeit significantly lower than
controls. Altogether, the findings indicate that a single developing hemisphere, either left or right,
may be sufficiently plastic for comparable representation of faces and words. However, perhaps
due to increased competition or "neural crowding," constraining cortical representations to one
hemisphere may collectively hamper face and word recognition, relative to that observed in
typical development with two hemispheres.

Significance Statement

Adults show right and left cerebral hemispheric biases for face and word recognition, respectively,
a division of labor that emerges over development. Here, face and word recognition were
assessed in childhood hemispherectomy patients to study the consequences of development with
a single hemisphere. While these patients showed above 80% accuracy on face and word
recognition tasks, which is surprisingly high relative to the brain volume resected, they
nonetheless performed more poorly than typically developing controls. Importantly, patient
performance was independent of which hemisphere was removed, suggesting that their single,
preserved hemisphere subserves face and word recognition comparably, albeit somewhat
inferiorly relative to controls. This demonstrates the remarkable plasticity of the developing brain
but, at the same time, highlights plasticity's constraints.
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Main Text
Introduction

To the naked eye, anatomical differences between the two cerebral hemispheres of the
human brain are largely imperceptible. Decades of data, however, attest to substantial functional
differences, for example, with the lateralization of language to the left hemisphere (LH) in the
majority of the population (1, 2). A pair of functions with well-established lateralization is face and
word recognition, and these hemispheric biases for faces and words in right and left ventral
occipitotemporal cortex (VOTC), respectively, appear entrenched by adulthood (3-5). Cortical
representations for each stimulus category occupy proximal (and in some cases, overlapping)
locations in VOTC, with a weighted asymmetry: greater face selectivity in the right hemisphere
(RH) and word selectivity in the left hemisphere (LH) (6—8). Consistently, adults are better at
recognizing faces and words when stimuli are presented in a single left or right visual field,
respectively, biasing initial processing to one hemisphere over the other (9). In fact,
neuropsychological studies in adults suggest that each hemisphere may be necessary for the
perception of the "preferred” stimulus type: adults with circumscribed focal lesions in left VOTC
show significant impairments in word reading (10-12), whereas those with circumscribed focal
lesions in left VOTC show significant impairments in face recognition (13—15) (but for deficits in
both visual classes, see Behrmann & Plaut (16) & Rice et al. (17)). These sometimes profound
behavioral impairments following unilateral lesions lend credence to the claim of relative
hemispheric segregation of face and word recognition, at least in the adult human brain (18).

Recent investigations of these hemispheric biases for faces and words suggest that they
emerge over development via competitive processes for representation in homologous cortex in
each hemisphere (19-21). Representation for faces is posited to be represented bilaterally
initially in early childhood, although some right-sided bias may be present early on (22). Then,
with reading acquisition comes the pressure to optimize proximity of orthographic representations
to language regions which are typically left-lateralized. Consequently, word representations

become optimized in left VOTC (8, 20, 23) and, by virtue of competition, face representations
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become optimized in right VOTC. The result is that face and word representations, which become
increasingly refined over development, are largely subserved by the RH and LH, respectively (20,
24). Such an account is supported by both behavioral and neuroimaging investigations. For
example, in Dundas et al. (9), children and adults discriminated between two faces or two words
(in separate blocks). Stimuli were presented briefly in either the participants' left or right visual
fields (with equal probability), thereby restricting initial visual processing to the RH or LH,
respectively. A LH over RH performance advantage was evident for words at a younger age than
a RH over LH advantage for faces, which was present only in adults. Likewise, using longitudinal
functional magnetic resonance imaging (fMRI) in children, Nordt et al. (8) observed increases in
word-selectivity in left, but not right, VOTC, with increasing age. They also observed no obvious
lateralization for faces in their sample of child participants, even though, by adulthood, fMRI does
reveal a RH face bias (25). Meanwhile, Feng et al. (26) reported more word-selectivity in left
VOTC in children as a function of reading experience, coupled with a slow, age-related
maturation of face-selectivity in right VOTC.

Given 1) the weighted lateralization of these functions, 2) the marked impairment of face
or word recognition reported after focal unilateral lesion in adulthood, and 3) the refinement of
neural representations for these stimulus categories over development and/or experience (8, 27,
28), the question here concerns the consequences of unilateral hemispheric resection on the
lateralization of face and word recognition processes in children when the brain is potentially
more malleable (29-31). Might a single hemisphere suffice? If so, is this the case irrespective of
which of the two hemispheres is preserved?

To explore the extent of plasticity, face and word recognition abilities were tested in
patients who had undergone childhood hemispherectomy, or the almost complete removal of an
entire cerebral hemisphere. One plausible hypothesis is that once literacy begins to be acquired
and competition for faces/words has commenced in the developing LH, these representations
may continue to emerge with biased lateralization across the two hemispheres, even following

surgery. On this account, childhood hemispherectomy patients may show substantial impairments
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in face or word performance as a function of the removed hemisphere, relative to typically
developing controls. That is, left and right hemispherectomy patients would exhibit word and face
recognition deficits, respectively, as is the case with adult focal lesion patients. However, given
the predisposition for plasticity in childhood (29, 30, 32), an alternative hypothesis is that the
competition between faces and words may continue within whichever single hemisphere (LH or
RH) is available post-surgery. In this latter case, if face and word representations can emerge
within a single hemisphere, competent recognition of both stimulus categories might be observed.
Such a finding would attest to substantial plasticity of the human cortex.

The objectives of the current study were thus to determine: 1) whether pediatric patients
who develop with only one hemisphere exhibit normative face and word recognition, and 2)

whether performance is contingent on which hemisphere is preserved.

Results

Patients who underwent hemispherectomies as children (here and throughout, the term
includes hemispherotomy patients; see Table S1 for patient details) and age- and gender-matched
controls viewed pairs of stimuli (pairs of faces or pairs of words, in separate blocks of trials) with
sequential presentation of each member of the pair. Participants indicated by pressing one of two
keys whether the two stimuli were the same or different (see Materials and Methods and Figure 1
for details). In Experiment 1, both stimuli of the pair were presented foveally (see Fig. 1A). Here,
central visual acuity is held constant across groups, but the comparison is between controls who
could utilize both hemispheres for visual recognition, compared with patients who could utilize only
one hemisphere. In contrast, in Experiment 2, participants viewed the first stimulus of the pair
centrally but the second stimulus in one hemifield to restrict initial processing to one hemisphere
(see Fig. 1B) (33). This permitted an examination of the approximate competence of a single
hemisphere across the two groups by comparing accuracy of a patient's single hemisphere to a
control's single hemisphere. Trial accuracy (the binary response) was the primary variable of

interest, as reaction time (RT) may be confounded by motor impairments in the patients (34, 35).
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Furthermore, throughout the text, patients with a preserved LH will be referred to as "LH patients”
and patients with a preserved RH as "RH patients." Two participants had their hemispherectomies
completed/revised as adults but were included in the analyses given that their surgeries were

initiated in childhood. Differences with versus without these two participants are noted throughout.
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Figure 1. Participants viewed sequential pairs of faces and words (not drawn to scale here) in separate
blocks. Participants were instructed to indicate, via one of two response keys, whether stimuli in a pair were
the same or different. A: In Experiment 1, participants viewed all stimuli at central fixation. B: In Experiment
2, participants viewed the second stimulus in one of two visual hemifields to initially restrict processing to
controls' single hemisphere (33), to compare to patients' preserved single hemisphere.
Experiment 1

Data were collected and analyzed from 15 LH patients (median age = 17.9 years, median
absolute deviation (MAD) of age = 5.8 yr), 24 RH patients (median age = 15.3, MAD of age = 6.5
yr) and 58 age-matched controls (median age = 17.5 yr, MAD of age = 7.2 yr). A generalized linear

mixed effects model (LMEM) was fit to the data (plotted in Fig. 2; see Table S2 for model selection
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details). Group (controls vs. LH patients vs. RH patients) and stimulus category (faces vs. words),
were modeled as predictors of accuracy. Age was also modeled as a covariate, given that
hemispheric biases for face and word recognition change over development (20, 36, 37). As a
subset of participants were tested online (due to the coronavirus pandemic), whether a testing
session was in-person or online was modelled as an additional covariate. Finally, participant was

the sole random effect term in each model, with a different intercept per participant.
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Figure 2. Violin plots show the distribution of overall accuracy values on the face and word recognition tasks
for each group and stimulus category. Overlaid point plots show the individual values for each participant. The
black points show the estimated probability of correct trials per condition, and the error bars represent the
95% confidence interval of these estimates (back-transformed from a logarithmic scale). To visualize any
effect of age, individual participants' points are separated by the median of the age distribution for all
participants in the study (younger versus older than 17.5 yr), shown in different shades of blue (controls) and
red (patients). Asterisks indicate the data for two patients in the sample who had their hemispherectomies
completed/revised as adults. Points are randomly jittered to minimize overlapping data. Note: axes begin at
accuracy = 0.5 because cases in which a participant performed at or below chance on a task were excluded
from the analysis.

There was a significant main effect of group on accuracy (% = 45.97, p < 0.001), such that
controls performed better than patients on both face and word recognition. Controls had a
significantly higher probability of making correct responses (95% confidence interval (Cl) = 0.95 -

0.97) than either LH patients (z = 5.12, p < 0.001; 95% CI = 0.81 - 0.91) or RH patients (z = 5.74,
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p <0.001; 95% CI = 0.83 - 0.91). Furthermore, there was no significant difference between LH and
RH patients' accuracies (z = 0.30, p = 0.76). This suggests that patients not only showed a deficit
on both face and word recognition, but also, importantly, the deficit was independent of the side of
resection. At the same time, the average difference in accuracy between patients and controls was
no more than 10%, and patients' accuracy was above 80%. Lastly, there was no significant effect
of stimulus category on accuracy (3?1 = 3.69, p = 0.05): performance on one task did not differ from
performance on the other, across participants (see Table S3 for model summary and summary

statistics).

Experiment 2

Experiment 1 allowed for a characterization of the behavior of patients with only one
hemisphere in comparison to controls with two hemispheres. But an additional question is whether
performance of a patient's single hemisphere is equivalent to the single corresponding--or perhaps,
contralateral--hemisphere of a control. Therefore, Experiment 2 used a half-field paradigm in which
participants again discriminated between pairs of stimuli, but viewed the second stimulus of each
pair in one hemifield to restrict initial processing to the contralateral hemisphere (see Fig. 1B) (33).

In this experiment, 26 hemispherectomy patients participated, all but one of whom also
participated in Experiment 1. 11 were LH patients (median age = 18.5 yr, MAD of age = 6.3 yr),
and 15 were RH patients (median age = 18.4 yr, MAD of age = 7.6 yr). Patients viewed the second
stimulus in each pair in their intact hemifield (the patients are hemianopic) (34). In addition, 15
controls were assigned to view stimuli in their right hemifield ("LH controls"; median age = 18.8 yr,
MAD of age = 4.6 yr) and 16 independent controls were assigned to view stimuli in their left
hemifield ("RH controls"; median age = 14.6 yr, MAD of age = 5.6 yr). All controls also participated
in Experiment 1. A generalized LMEM was fit to these data (plotted in Fig. 3; see Table S4 for
model selection details and summary statistics). Group (patients vs. controls), primary hemisphere

used (LH vs. RH), stimulus category (faces vs. words), and all interactions between these variables
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were modeled as predictors of accuracy. As before, age was modeled as a covariate, and

participant as a random intercept. (Here, all data were collected online.)
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Figure 3. Violin plots show the distribution of overall accuracy values on the face and word recognition tasks
for each group and stimulus category, by primary hemisphere used. Overlaid point plots show the individual
values for each participant. The black points show the estimated probability of correct trials per condition, and
the error bars represent the 95% confidence interval of these estimates (back-transformed from a logarithmic
scale). To visualize any effect of age, individual participants' points are separated by the median of the age
distribution for all participants in the study (younger versus older than 17.5 yr), shown in different shades of
blue (controls) and red (patients). Asterisks indicate the data for two patients in the sample who had their
hemispherectomies completed/revised as adults. Points are randomly jittered to minimize overlapping data.
Note: axes begin at accuracy = 0.5 because cases in which a participant performed at or below chance on a
task were excluded from the analysis.

Notably, there was a significant three-way interaction of group by hemisphere by stimulus
category on accuracy (7’1 = 8.40, p < 0.01; see Materials and Methods for model comparison
details). Comparing patients to controls, post hoc contrasts demonstrated that LH controls
significantly outperformed both patient groups on both tasks. On faces, LH controls' 95% CI for
accuracy was 0.83 - 0.89, while LH patients' accuracy was 0.67 - 0.79 (z = 4.00, p < 0.001), and
RH patients' accuracy was 0.68 - 0.78 (z = 4.36, p < 0.001). On words, LH controls' 95% CI for
accuracy was 0.85 - 0.91, while LH patients' accuracy was 0.69 - 0.81 (z = 4.04, p < 0.001), and

RH patients' accuracy was 0.77 - 0.85 (z = 2.59, p = 0.02). RH controls also significantly
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outperformed both patient groups, but only on faces, with an accuracy of 0.80 - 0.87 (against LH
patients: z=2.99, p < 0.01; against RH patients: z=3.40, p <0.01). That s, there was no significant
difference in performance on words between RH controls (95% CI = 0.78 - 0.86) and either LH
patients (z = 1.91, p = 0.10) or RH patients (z = 0.26, p = 0.85). (However, note that after removal
of two participants in the sample whose hemispherectomies were completed as adults, RH controls
then statistically outperformed LH patients on words, as well; z=2.31, p = 0.04.)

Comparing differences between the LH and RH within just the controls, LH controls were
significantly more likely to perform better on words than RH controls (z = 2.39, p = 0.03), but there
were no differences between LH and RH controls on faces (z = 1.03, p = 0.37). These findings are
largely consistent with the literature suggesting stronger LH biases for words and weaker RH biases
for faces throughout development (9, 20, 21, 37), thereby validating the experimental paradigm. In
contrast, comparing just the patients, LH and RH patients showed no differences between each
other in performance on either task (faces: z = 0.04, p = 0.97; words: z = 1.66, p = 0.15). In terms
of within-subject comparisons of the effect of task, both LH and RH controls showed no significant
within-subject differences in performance between the face and word tasks (LH controls: z = 1.53,
p =0.18; RH controls: z=0.92, p = 0.41). LH patients also did not show a within-subject difference
between face and word recognition (z = 1.05, p = 0.37), but RH patients were significantly more
likely to discriminate words better than faces (z = 4.68, p < 0.001). (See Table S5 for model
summary and summary statistics.)

Altogether, these results suggest that even when controls are restricted to predominantly
using one hemisphere, they largely still outperform patients on face and word recognition,
independent of patients' resection side. One notable exception is that controls restricted to using
primarily their RH for word recognition perform comparably to both left and right resection patients.
This implies that a patient's single hemisphere is as disadvantaged for word recognition as a
control's RH, which does not have a preferential bias for word recognition. Furthermore, despite
the traditional LH and RH biases for words and faces observed in controls here, side of resection

strikingly appears not to affect patients' task performance. In fact, RH patients have better
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performance on words than on faces, suggesting that the RH can support typical LH function in the

absence of typical LH development.

Validation Across Experiments

If the results above are reliable and consistent for the hemispherectomized patients, for
each individual participant, the extent of impairment should be consistently reproducible across the
two experiments. Thus, to validate the reliability of participants' performance, rank correlations
between mean accuracy on Experiment 1 and Experiment 2 were examined, separately for the
face and the word recognition tasks (data plotted in Fig. 4). For consistency, correlations were
computed (Kendall's 7) across both patient groups (groups were combined given the lack of a
significant difference in accuracy on either task between them). Correlations were computed for
controls as well, for comparison. p-values for the four correlations (two tasks for two groups) were
adjusted with the Benjamini & Hochberg correction (38). For the patients, mean accuracy on
Experiment 1 was indeed significantly positively correlated with that on Experiment 2 for both the
face task (n =23, r =0.52, z=3.37, p < 0.01) and word task (n =20, r =0.56, z = 3.35, p < 0.01).
For the controls, significant, positive correlations between mean accuracy on Experiments 1 and 2
were also observed, for both the face task (n = 30, r = 0.35, z=2.58, p = 0.01) and word task (n
=29, ¢ =042, z = 3.05 p < 0.01). In other words, participants' individual visual recognition
performance was reliably reproducible independent of the specifics of the experimental paradigm,

attesting to the robustness of the findings.
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Figure 4. Correlation plots displaying each participant's accuracy on Experiment 2 (peripheral stimulus
presentation; y-axis) versus accuracy on Experiment 1 (central stimulus presentation; x-axis) for faces (left)
and words (right). The regression line of best fit for each group is overlaid, with 95% confidence intervals.

Effects of Clinical Variables

While both LH and RH patients largely performed less accurately on both face and word
recognition relative to controls, there is nonetheless heterogeneity in performance across the
patients (as in Fig. 2 and 3), as is also evident in Pinabiaux et al. (39). What specific variables might
account for this variability? Fig. 5 reveals the performance of individual patients as a function of
select variables of interest (collected via parental report). For instance, it is reasonable to consider
that the face and word recognition deficits might not be specific to visual recognition per se but,
rather, might be attributable to a global cognitive impairment. However, Fig. 5A highlights the
heterogeneous cognitive ability of the study's patient sample and the lack of any apparent
relationship with face and word recognition performance. Additionally, ongoing post-surgical
seizures may impair plastic processes that would permit one hemisphere to develop both intact
face and word recognition. However, the data plotted in Fig. 5B by seizure outcome suggest that

the presence of seizures does not obviously account for face and word recognition deficits. A further
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possibility is that earlier surgery, prior to the establishment of cortical representations for face and
word stimuli, would presumably be correlated with better face and word recognition performance.
However, since performance increased with age, and younger patients were more likely to have
had earlier surgeries, this question could not be formally tested with the current sample, although
as evident in Fig. 5C, there does not appear to be an obvious relationship between performance

and age at surgery.
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Figure 5. Violin plots show the distribution of overall accuracy values on the face and word recognition tasks
for patients, separated by levels of conceivable predictors (per participant and/or guardian report). A:
Cognitive ability. B: Occurrence of any seizures after patients' most recent surgery. C: Approximate age at
surgery (5 years and younger versus 6 yr and older). Overlaid point plots show the individual values for each
participant. To visualize any effect of age at the time of testing of the study, individual participants' points are
separated by the median of the age distribution for all participants in the study (younger versus older than 17.5
yr), shown in different shades of red. Points are randomly jittered to minimize overlapping data. Note: axes
begin at accuracy = 0.5 because cases in which a participant performed at or below chance on a task were
excluded from the analysis.
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Discussion

Canonically, the RH and LH are considered to play important (albeit not exclusive) roles
in face and word recognition, respectively (20, 21). However, these hemispheric profiles emerge
over development (8, 9, 27), raising the question of whether development with only a single
hemisphere suffices for the recognition of faces and words. Furthermore, is this process
equivalent if the single hemisphere is the left or the right?

In this study, a relatively large group of hemispherectomy individuals who had previously
undergone cortical resection surgery during childhood for pediatric epilepsy treatment was tested
on tasks of face and word recognition. The performance of these patients was compared to that
of matched controls in two experiments, one in which stimuli were viewed at central fixation
(thereby allowing controls to deploy both hemispheres vs. patients’ single hemisphere) and the
other in which stimuli were presented in one hemifield (thereby approximately equating groups on
a single hemisphere, which receives information from the contralateral field). Three principal
findings were revealed across experiments. First, while most patients recognized faces and
words with above-chance accuracy (averaging above 80% accuracy under central viewing
conditions), their ability to recognize each stimulus category was nonetheless statistically inferior
to that of controls'. This performance level is perhaps surprisingly high relative to the brain
volume resected (often close to 50%). Second, the patients' accuracy was not dependent on the
hemisphere removed. That is, the single LH or RH patients showed comparable performance on
face and word recognition. This is true even when participants viewed stimuli in one hemifield,
allowing an inferred comparison of the integrity of patients' single hemisphere to a single
hemisphere of controls. It should be noted that the group differences were modulated by the
hemisphere (LH, RH) and by the stimulus category (faces, words). Controls using primarily their
LH performed better on words than controls primarily using their RH, and there were no
differences between LH and RH controls on face accuracy. This result validates the paradigm, as
it is consistent with prior results demonstrating the emergence of left-lateralization for words in

healthy children, typically prior to right-lateralization for faces (8, 9, 40). In contrast, LH and RH
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patients performed comparably to each other on both face and word recognition. Both patient
groups performed more poorly than controls, with the one exception that they performed
comparably to RH controls on words. However, this is consistent with the fact that controls are
expected to perform poorer on word recognition when restricted to using the RH (9). Moreover,
the results of the two experiments were highly correlated, indicating that the performance metrics
for participants remained consistent independent of the specific experimental paradigm. This
reliability bolsters the claim that the behavioral profile and upper bound of just a single
hemisphere have been rigorously characterized here. Performance levels across patients, while
reliably reproducible, were nonetheless heterogenous, but not obviously accounted for by
cognitive ability, seizure outcome, or approximate age at surgery.

Altogether, the findings suggest that the preserved hemisphere following childhood
hemispherectomy, be it the LH or RH, supports both face and word recognition, albeit inferiorly
compared to controls. That is, the typical competition for face and word representations that
occurs over normative development in the LH may occur in either the LH or RH of
hemispherectomy patients, and constraining the neural competition for representation to a single
hemisphere may explain patients' suboptimal performance relative to healthy participants.

That the pediatric hemispherectomy participants obtain above 80% accuracy on
face/word recognition, independent of resection side, is remarkable considering the specific,
sometimes profound, deficits that adult neuropsychology patients experience after focal VOTC
lesions (but see Rice et al. (17)). Numerous case reports and studies have made clear that adults
with a left focal (and even, small) lesion are dramatically impaired at word-reading (10-12).
Additionally, those with a right focal lesion (even as small as 990 mm?®) (41) are impaired at face
recognition (42, 43). Quantifying these acquired impairments, Behrmann and Plaut reported that
adults with a focal LH lesion took roughly 100 times longer (replicated on two separate
experiments) to read words of increasing lengths than matched non-neurological controls. In the
same study, after a focal RH lesion, adults made roughly ten times more errors than matched

controls on two different experiments of face recognition (16). These neuropsychological findings
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are indeed compatible with experiments in typical adults who demonstrate LH and RH
superiorities for word and face recognition, respectively (25, 44, 45).

The lateralized superiorities of the LH for words and the RH for faces appears to emerge
over development and are not fully mature in children (8, 27, 28). In childhood, it is conjectured
that faces are initially represented bilaterally (40). Only over time, as a result of the pressure
associated with literacy acquisition, does word representation come to compete with faces for
representation in the LH (8, 36, 37). If the representations that typically emerge in the resected
hemisphere were instead to arise in the "less-preferred” hemisphere (for example, words in RH
after left hemispherectomy), that hemisphere may be optimized for one visual class and, hence,
unable to support additional representations. In such a scenario, patients without a LH and
patients without a RH would show specific deficits in words and faces, respectively. In contrast,
the findings here indicate the recruitment and optimization of the less robust representations in
either preserved hemisphere once the “preferred” hemisphere (e.g., LH for words) is no longer
functional.

The clear finding is that loss of half of typically available cortex does not result in a
proportionate decrement in function, as patients perform at above 80% accuracy. Moreover, the
findings here suggest that emergence and competition for face and word representations
following literacy acquisition are not limited to the LH but can also occur in the RH. To date, there
have been no studies comparing face and word recognition in the same individuals following
hemispherectomy, although some studies have investigated face and word recognition
independently. For example, one well-known study suggested that the reading ability of
hemispherectomy patients appears to depend on age at surgery (and/or seizure onset). In two
cases, both with seizure onset after age 10 yr and surgery at age 15 yr, only the individual with
the right hemispherectomy showed good (albeit not age-level) reading, similar to the findings
reported here. The individual with a left hemispherectomy had a significant and marked reading
impairment (46). The latter profile is inconsistent with this current study's findings but is easily

explained by age: the median age at surgery (with earlier onset of seizures) in this current study's
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sample was 5.0 yr (MAD = 4.5 yr; median also 5.0 yr for each LH and RH groups; see Figure 5C).
For the majority of the children reported here, reading acquisition presumably occurred post-
surgically in the preserved RH and was co-localized with language. Additionally, another recent
study reported a more frequent decrement in face recognition individuals following right than left
resection, albeit using a different approach (standardized neuropsychological testing, only
patients with functional hemispherectomy) (39), rendering the comparison of these results with
the findings reported in this current study difficult.

The emergence of word representations in the LH is often attributed to the co-
lateralization with the language network, which is generally left-lateralized (19, 23, 47).
Hemispherectomy patients with only a RH are almost all verbal to some extent and typically
evince post-operative language representation in the RH (48-50). At the same time, functional
organization across the two hemispheres is not necessarily discretely segregated. The
lateralization of temporal cortex is graded, suggesting that functions that are typically viewed as
segregated across the two are nonetheless observable to an extent in each hemisphere (16, 20,
51). Therefore, it follows that the same co-localization of word recognition and language and
ensuing competition for words vs. faces may occur in a single preserved RH may be contingent
on the age and side of resection of an individual.

Importantly, the patients' performance was still suboptimal relative to controls. Therefore,
while competition between face and word representations may persist following childhood
hemispherectomy, the single hemisphere appears inefficient, relative to two hemispheres in
typical development, at representing both stimulus categories. Whereas loss of a hemisphere
during development does not necessarily interrupt competition between faces and words, it may
limit the amount of cortical territory ultimately available for functional specialization. Thus,
performance may have an upper bound as a consequence of anatomical constraints: even if the
developing brain is sufficiently malleable to allow for emerging face and word representations in
one hemisphere, "neural crowding" (32, 52) may hinder the establishment of these

representations. This neural competition has in fact been observed in children with more
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circumscribed resections: children with VOTC resections evince co-existent neural
representations for faces and words in the unresected hemisphere, independent of the side of
resection (53). Indeed, such competition can be observed longitudinally: a patient with a right
VOTC resection showed increasing competition for face representation in the LH over several
years (54). Even postoperative changes in functional connectivity in the intact hemisphere of
pediatric resection patients may reflect both plasticity and competition for representation of
multiple visual categories (55). Future work is needed to probe the direct relationship between
behavioral and neural profiles to determine whether the extent of competition for neural
representations for faces and words is, in fact, an explanation for patients' postoperative
recognition behaviors. Many other questions--for example, whether the same outcome would

result with other visual categories or cognitive functions--can also be addressed.

Conclusion

Childhood hemispherectomy patients showed above 80% accuracy on tasks of face and
word recognition. Despite this surprisingly good performance, it was inferior to that of healthy
controls, both when those controls deployed both hemispheres and when they were primarily
restricted to using one hemisphere. Importantly, face or word recognition performance was
independent of whether the display was of faces or words and independent of the hemisphere
resected, and could not be easily explained by cognitive status, extent of seizure freedom, or age
at surgery. Together, these results lead to the conclusion that, perhaps via mechanisms of
plasticity, either hemisphere appears equally capable of supporting both face and word
recognition, although with some cost in performance due to the reduction in available neural
substrate. Competition for face and word representations may persist in a sole developing
hemisphere. However, given the limited anatomical expanse, neither face nor word recognition
can emerge sufficiently to give rise to the competence of visual recognition achievable when the

neural labor is divided across the two hemispheres.
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Materials and Methods
Participants

English-speaking patients with extensive cortical resection (childhood hemispherectomy
or hemispherotomy, per participant and/or guardian report; see Kim et al. (34) for distinctions
between surgery types) were recruited primarily with the assistance of the Brain Recovery
Project: Childhood Epilepsy Surgery Foundation. While right-handers typically evince more
reliable LH language lateralization than left-handers (56), native handedness could not be
established in patients given their contralesional hemiparesis (34, 35). The sample included a
total of 40 patients, 16 with a preserved left hemisphere ("LH patients"; median age = 17.9 yr,
MAD of age = 6.1 yr; 12 females, 4 males) and 24 with a preserved right hemisphere ("RH
patients"; median age = 15.3, MAD of age = 6.5 yr; 9 females, 15 males; patients' details are
described in full in Table S1). Their performance was compared to that of 58 age- and gender-
matched controls (median age = 17.5 yr, MAD of age = 7.2 yr; 30 females, 28 males). These
summary statistics reflect the sample used for analysis; sample sizes prior to data quality control
(see below for these procedures) are reported in Table S6. Matching each patient group to the
control group on age and gender was confirmed with multinomial modelling for Experiment 1; and
with logistic modelling for Experiment 2, comparing the patient and control groups for each
hemisphere, in separate models. Neither mean-centered age nor gender was significantly
predictive of group for either experiment (see Supporting Text for details).

Experimental procedures were approved by the Carnegie Mellon University and
University of Pittsburgh Institutional Review Boards. Informed consent was acquired from all adult
participants. Child participants gave informed assent, where possible, and guardians provided
informed consent. Experiments were conducted either in-person or virtually, with the
experimenter(s) and participant (and parent or guardian too, where necessary) communicating

via Zoom.
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Stimuli
Stimuli were adopted from Dundas et al. (9) who studied a sample of children and adults

of ages comparable to those here.

Faces
Grayscale, neutral-expressive, forward-facing 48 unique face stimuli from the Face Place

Database (57), edited to remove hair, were presented against a black background.

Words

Pairs of 58 four-letter gray words, chosen to be age-appropriate for young readers, were
presented in Arial font, on a black background. Words in each pair differed by one letter (for
example, “tack” vs. “tank”). The second letter differed in 14 pairs, and the third letter differed in

15.

Procedures

Per trial, participants viewed one stimulus (either a face or a word, with the categories
presented in separate blocks) centrally for 750 ms (long enough for encoding by children). After a
150 ms interval with just a fixation cross, participants saw a second stimulus for 150 ms (too brief
to plan and execute a saccade). A randomly jittered 1500 to 2500 ms interval separated trials.
Participants reported with a key press, whether the two stimuli were the same or different, for 96
trials (half same, half different). Stimulus pairs were randomized within-block (see Supporting
Text for details). In each experiment, participants acclimated to the tasks by completing 12
practice trials prior to the first block of each stimulus category. No direct feedback was provided
during the experiment, but general encouragement was provided throughout.

Participants were instructed to maintain central fixation. In Experiment 1, all stimuli were
presented centrally (see Fig. 1A). In Experiment 2, the second stimulus in a matching pair was

presented in only one hemifield at an eccentricity of approximately 5° from fixation, such that the
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information would initially be primarily processed by the hemisphere contralateral to the hemifield
of presentation (33) (see Fig. 2A). In this Experiment 2, patients, who are hemianopic (34),
viewed peripheral stimuli only in their intact hemifield. To match the patient paradigm, two groups
of controls of approximately equal size were recruited to view all peripheral stimuli in only either
their left hemifield ("RH controls") or right hemifield ("LH controls"). To encourage the
maintenance of central fixation, in addition to the first stimulus in each pair being presented
centrally and the second, peripheral stimulus with brief duration, 12 "catch" trials were included
per experiment block where the second stimulus was presented centrally instead of peripherally.
(See Supporting Text for details on randomization of catch trials into the trial order.)

For in-person sessions, participants viewed stimuli with the Psychophysics Toolbox (58)
in MATLAB (MathWorks), and for virtual sessions, participants viewed stimuli in PsychoPy (59)
via the Pavlovia interface. In-person participants only participated in Experiment 1, and the
majority of them completed the word block before the face block. Most online participants
participated in Experiment 2, followed by Experiment 1, with ordering of face and word blocks
within each experiment approximately counterbalanced across participants. Only a subset of
participants participated in Experiment 2, and some participants did not complete both
experiments and/or blocks: sample size details are reported in Table S6.

Some participants participated both in-person and online (n = 19). Comparisons of their
in-person and online data revealed no significant within-subjects effect of session type on
accuracy (y%1 = 0.04, p = 0.83) supporting the reliability of individual participants' data across the
presentation formats. For participants who participated both in-person and online, only the online
data were ultimately used for analysis. Still, with unique participants participating in-person or
online, there was a significant between-subjects effect of session type on accuracy (y%1 = 9.97, p
< 0.01; see Supporting Text for details on these comparisons). Thus, session type was modeled

as a covariate for analyses including both in-person and online data.
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Data Quality Control

All trials required a response, with no time limit. Thus, trials with RTs longer than the 95th
percentile of a participant's RT distribution on a given experiment block (central or peripheral
presentation of faces or words) were discarded. Moreover, if participants were indeed fixating
centrally, their performance on trials with peripheral stimuli should not exceed that on catch trials
(with only central stimuli). Therefore, data on an experiment block were discarded if the
participant's accuracy was significantly lower or RT was significantly longer on catch than on
experimental trials (using permutation testing on models predicting accuracy or RT from trial type;
see Supporting Text for details). Data were also discarded if average accuracy across catch trials
was at or below 50%. Furthermore, an experiment block was discarded from the analysis if the
participant's accuracy for that block was at or below chance. Below chance accuracy was
observed in only nine blocks (across all Experiment and stimulus type combinations) for only six
patients. All such cases were patients and represented a minority of the total recruited patient
sample. Finally, if mean RT on a block was greater than three standard deviations from the mean
of the distribution of mean RTs for the given group (patient vs. control; and hemisphere used, if

applicable), data on that block were discarded.

Data Analysis

Statistical analyses (and data quality control) were conducted in R version 3.6.3 (60) (for
complete list of packages, see Table S7). LMEMs were fit as described by Brown (61) and Fox &
Weisberg (62). For Experiment 1, a LMEM predicting accuracy was modelled with the two-way
interaction--as well as individual main effects--of group (controls vs. LH patients vs. RH patients)
and stimulus category (faces vs. words) as fixed effects of interest; mean-centered age and
session type (in-person vs. virtual) as fixed covariates; and participant as a random intercept. The
model with the interaction term was compared to a null model with no interaction using a

likelihood ratio test (LRT). The Akaike information criterion (AIC) of the model without the
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interaction was lower and afforded a significantly better fit to the data than the model with it. Thus,
the interaction term was dropped from the ultimate model.

For Experiment 2, a LMEM predicting accuracy was also modelled, but initially with fixed
effects of the three-way interaction--as well as individual main effects--of group (controls vs.
patients), hemisphere used (LH vs. RH), and stimulus category (faces vs. words) as fixed effects;
mean-centered age as a fixed covariate, and participant as a random intercept. (Note: session
type was not modeled as a covariate here because Experiment 2 was only conducted with the
online format.) The full model was compared to the model with all three two-way interactions with
an LRT. The AIC of the model with the three-way interaction term was lower and afforded a
significantly better fit to the data than the model without it, and, therefore, the former was
evaluated.

Fixed effects were estimated to optimize the maximum log-likelihood criterion (63) and
were fit using the Bound Optimization by Quadratic Approximation (BOBYQA) algorithm.
References to age in the Results refer to the mean-centered age (that is, age subtracted from the
mean of all participants in an analysis) (64). p-values were computed for each model term with
Type Il Wald chi-square tests (62). Additionally, planned post hoc contrasts were performed by
comparing estimated log odds ratios to 1 (for analyses on accuracy) with z-tests (65). For each
set of planned contrasts, p-values were adjusted with the Benjamini & Hochberg correction (38).
Estimates and confidence intervals were computed assuming degrees of freedom of infinity. The
o threshold for significance was set at 0.05.

Experiment and analysis code, raw data, and stimuli will be available to reviewers upon
request during the peer-review process and, upon publication, will be made publicly available on

KiltHub (CMU; reserved digital object identifier: 10.1184/R1/12743276).

Acknowledgments

This research was supported by Award Numbers RO1EY027018 from the National Eye Institute
(NEI) to MB and T32GM081760 from the National Institute of General Medical Sciences (NIGMS)
to MCG. MCG was also supported by a fellowship from the American Epilepsy Society (AES), SR
was supported by a fellowship from the National Science Foundation (NSF), and LE was

23


https://doi.org/10.1101/2020.11.06.371823
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.06.371823; this version posted July 28, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

supported by a grant from the Carnegie Mellon University (CMU) undergraduate research office.
The content is solely the responsibility of the authors and does not necessarily represent the
official views of the NEI, NIGMS, National Institutes of Health, AES, NSF, or CMU. The authors
are grateful to the Brain Recovery Project: Childhood Epilepsy Surgery Foundation, especially its
founder and Chief Executive Officer Monika Jones, JD, for facilitating patient data collection, and
to Tekla Hilton and Avi Munro for facilitating control data collection at Community Day School.
The authors are also grateful to Michael J. Tarr, Department of Psychology, Carnegie Mellon
University, http://www.tarrlab.org/ for the use of the stimuli from the Face Place database (funding
provided by NSF award 0339122). The authors also acknowledge Dr. Marge Maallo for her
shared experiment code and input on the study design; Dr. Maallo and Raina Vin for their
assistance with data collection; Drs. Carl Olson, David Plaut, and Tarr for their feedback on the
study design and data interpretation; Drs. Alison Butler, Joel Greenhouse, and Alexander Layden
for their input on statistical analyses; Nicholas Blauch and Drs. Vladislav Ayzenberg, Tina Liu,
Maallo, Plaut, and Tarr for their feedback on drafts of this manuscript; and the CMU Visual
Cognition group for their helpful discussions. Finally, the authors thank the participants and their
families for their cooperation.

References

1. O. Gunturkdn, F. Strockens, S. Ocklenburg, Brain lateralization: A comparative
perspective. Physiol. Rev. 100, 1019-1063 (2020).

2. J. Packheiser, et al., A large-scale estimate on the relationship between language and
motor lateralization. Sci. Rep. 10, 13027 (2020).

3. P. Barttfeld, et al., A lateral-to-mesial organization of human ventral visual cortex at birth.
Brain Struct. Funct. 223, 3107-3119 (2018).

4. K. Grill-Spector, R. Malach, The human visual cortex. Annu. Rev. Neurosci. 27, 649-677
(2004).

5. K. Grill-Spector, K.S. Weiner, The functional architecture of the ventral temporal cortex and
its role in categorization. Nat. Rev. Neurosci. 15, 536-548 (2014).

6. R.J. Harris, G.E. Rice, A.W. Young, T.J. Andrews, Distinct but overlapping patterns of
response to words and faces in the fusiform gyrus. Cereb. Cortex 26, 3161-3168 (2016).

7. D.C. Plaut, M. Behrmann, Complementary neural representations for faces and words: a
computational exploration. Cogn Neuropsychol 28, 251-275 (2011).

8. M. Nordt, et al., Cortical recycling in high-level visual cortex during childhood development.
Nat. Hum. Behav. doi: 10.1038/s41562-021-01141-5 (2021) doi:10.1038/s41562-021-
01141-5.

9. E.M. Dundas, D.C. Plaut, M. Behrmann, The joint development of hemispheric
lateralization for words and faces. J. Exp. Psychol. Gen. 142, 348-358 (2013).

10. M. Behrmann, S.E. Black, D. Bub, The evolution of pure alexia: a longitudinal study of
recovery. Brain Lang. 39, 405—-427 (1990).

11. L. Cohen, et al., Visual word recognition in the left and right hemispheres: anatomical and
functional correlates of peripheral alexias. Cereb. Cortex 13, 1313—1333 (2003).

12.  A.R. Damasio, H. Damasio, The anatomic basis of pure alexia. Neurology 33, 1573—-1583
24


https://doi.org/10.1101/2020.11.06.371823
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.06.371823; this version posted July 28, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

available under aCC-BY-NC-ND 4.0 International license.

(1983).

E. De Renzi, Prosopagnosia in two patients with CT scan evidence of damage confined to
the right hemisphere. Neuropsychologia 24, 385-389 (1986).

T. Landis, J.L. Cummings, L. Christen, J.E. Bogen, H.G. Imhof, Are unilateral right
posterior cerebral lesions sufficient to cause prosopagnosia? Clinical and radiological
findings in six additional patients. Cortex 22, 243252 (1986).

J. Sergent, J.L. Signoret, Varieties of functional deficits in prosopagnosia. Cereb. Cortex 2,
375-388 (1992).

M. Behrmann, D.C. Plaut, Bilateral hemispheric processing of words and faces: evidence
from word impairments in prosopagnosia and face impairments in pure alexia. Cereb.
Cortex 24, 1102-1118 (2014).

G.E. Rice, et al., Category-selective deficits are the exception and not the rule: Evidence
from a case-series of 64 patients with ventral occipito-temporal cortex damage. Cortex 138,
266—281 (2021).

R.J. Robotham, R. Starrfelt, Face and word recognition can be selectively affected by brain
injury or developmental disorders. Front. Psychol. 8, 1547 (2017).

M. Behrmann, D.C. Plaut, Distributed circuits, not circumscribed centers, mediate visual
recognition. Trends Cogn. Sci. (Regul. Ed.) 17, 210-219 (2013).

M. Behrmann, D.C. Plaut, Hemispheric organization for visual object recognition: A
theoretical account and empirical evidence. Perception 49, 373—-404 (2020).

M. Behrmann, D.C. Plaut, A vision of graded hemispheric specialization. Ann. N. Y. Acad.
Sci. 1359, 30—46 (2015).

A. de Heering, B. Rossion, Rapid categorization of natural face images in the infant right
hemisphere. Elife 4, 06564 (2015).

N.M. Blauch, M. Behrmann, D.C. Plaut, A connectivity-constrained computational account
of topographic organization in primate high-level visual cortex. Proc. Natl. Acad. Sci. USA
119, (2022) doi:10.1073/pnas.2112566119.

L.T. Germine, B. Duchaine, K. Nakayama, Where cognitive development and aging meet:
face learning ability peaks after age 30. Cognition 118, 201-210 (2011).

U. Hasson, |. Levy, M. Behrmann, T. Hendler, R. Malach, Eccentricity bias as an
organizing principle for human high-order object areas. Neuron 34, 479-490 (2002).

X. Feng, K. Monzalvo, S. Dehaene, G. Dehaene-Lambertz, Evolution of reading and face
circuits during the first three years of reading acquisition. Neuroimage 259, 119394 (2022).

S. Dehaene, et al., How learning to read changes the cortical networks for vision and
language. Science 330, 1359—1364 (2010).

K.S. Scherf, M. Behrmann, K. Humphreys, B. Luna, Visual category-selectivity for faces,
places and objects emerges along different developmental trajectories. Dev. Sci. 10, F15-
30 (2007).

B. Kolb, R. Gibb, Brain plasticity and behaviour in the developing brain. J Can Acad Child

25


https://doi.org/10.1101/2020.11.06.371823
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.06.371823; this version posted July 28, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

available under aCC-BY-NC-ND 4.0 International license.

Adolesc Psychiatry 20, 265-276 (2011).

U. Lindenberger, M. Lévdén, Brain plasticity in human lifespan development: the
exploration—selection—refinement model. Annu. Rev. Dev. Psychol. 1, 197-222 (2019).

M.V. Johnston, et al., Plasticity and injury in the developing brain. Brain Dev. 31, 1-10
(2009).

A. Katusi¢, Early brain injury and plasticity: Reorganization and functional Recovery.
Transl. Neurosci. 2, (2011) doi:10.2478/s13380-011-0006-5.

V.J. Bourne, The divided visual field paradigm: methodological considerations. Laterality
11, 373-393 (2006).

J.-S. Kim, E.-K. Park, K.-W. Shim, D.S. Kim, Hemispherotomy and functional
hemispherectomy: indications and outcomes. J Epilepsy Res 8, 1-5 (2018).

R. van Empelen, et al., Functional consequences of hemispherectomy. Brain 127, 2071-
2079 (2004).

G. Dehaene-Lambertz, K. Monzalvo, S. Dehaene, The emergence of the visual word form:
Longitudinal evolution of category-specific ventral visual areas during reading acquisition.
PLoS Biol. 16, e2004103 (2018).

E.M. Dundas, D.C. Plaut, M. Behrmann, An ERP investigation of the co-development of
hemispheric lateralization of face and word recognition. Neuropsychologia 61, 315-323
(2014).

Y. Benjamini, D. Yekutieli, The control of the false discovery rate in multiple testing under
dependency. Ann. Statist. 29, 1165-1188 (2001).

C. Pinabiaux, J. Save-Pédebos, G. Dorfmiiller, I. Jambaqué, C. Bulteau, The hidden face
of hemispherectomy: Visuo-spatial and visuo-perceptive processing after left or right
functional hemispherectomy in 40 children. Epilepsy Behav. 134, 108821 (2022).

F.E. Hildesheim, et al., The Trajectory of Hemispheric Lateralization in the Core System of
Face Processing: A Cross-Sectional Functional Magnetic Resonance Imaging Pilot Study.
Front. Psychol. 11, 507199 (2020).

C.S. Konen, M. Behrmann, M. Nishimura, S. Kastner, The functional neuroanatomy of
object agnosia: a case study. Neuron 71, 49-60 (2011).

A. Albonico, J. Barton, Progress in perceptual research: the case of prosopagnosia.
[version 1; peer review: 2 approved]. F1000Res. 8, (2019)
doi:10.12688/f1000research.18492.1.

I. Gauthier, M. Behrmann, M.J. Tarr, Can face recognition really be dissociated from object
recognition? J. Cogn. Neurosci. 11, 349-370 (1999).

U. Maurer, B. Rossion, B.D. McCandliss, Category specificity in early perception: face and
word n170 responses differ in both lateralization and habituation properties. Front. Hum.
Neurosci. 2, 18 (2008).

B. Rossion, C.A. Joyce, G.W. Cottrell, M.J. Tarr, Early lateralization and orientation tuning
for face, word, and object processing in the visual cortex. Neuroimage 20, 1609-1624
(2003).

26


https://doi.org/10.1101/2020.11.06.371823
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.06.371823; this version posted July 28, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

available under aCC-BY-NC-ND 4.0 International license.

K. Patterson, F. Vargha-Khadem, C.E. Polkey, Reading with one hemisphere. Brain 112 (
Pt 1), 39-63 (1989).

W.D. Stevens, D.J. Kravitz, C.S. Peng, M.H. Tessler, A. Martin, Privileged Functional
Connectivity between the Visual Word Form Area and the Language System. J. Neurosci.
37, 5288-5297 (2017).

L. Hertz-Pannier, et al., Late plasticity for language in a child’s non-dominant hemisphere:
a pre- and post-surgery fMRI study. Brain 125, 361-372 (2002).

A. lvanova, et al., Intrinsic functional organization of putative language networks in the
brain following left cerebral hemispherectomy. Brain Struct. Funct. 222, 3795-3805 (2017).

L. Danelli, et al., Is a lone right hemisphere enough? Neurolinguistic architecture in a case
with a very early left hemispherectomy. Neurocase 19, 209-231 (2013).

G.E. Rice, P. Hoffman, M.A. Lambon Ralph, Graded specialization within and between the
anterior temporal lobes. Ann. N. Y. Acad. Sci. 1359, 84-97 (2015).

A.N. Danguecan, M.L. Smith, Re-examining the crowding hypothesis in pediatric epilepsy.
Epilepsy Behav. 94, 281-287 (2019).

T.T. Liu, E. Freud, C. Patterson, M. Behrmann, Perceptual Function and Category-
Selective Neural Organization in Children with Resections of Visual Cortex. J. Neurosci.
39, 6299-6314 (2019).

T.T. Liu, et al., Successful Reorganization of Category-Selective Visual Cortex following
Occipito-temporal Lobectomy in Childhood. Cell Rep. 24, 1113-1122.e6 (2018).

A.M.S. Maallo, et al., Large-scale resculpting of cortical circuits in children after surgical
resection. Sci. Rep. 10, 21589 (2020).

L. O'Regan, D.J. Serrien, Individual differences and hemispheric asymmetries for language
and spatial attention. Front. Hum. Neurosci. 12, 380 (2018).

G. Righi, J.J. Peissig, M.J. Tarr, Recognizing disguised faces. Vis. cogn. 20, 143—-169
(2012).

D.H. Brainard, The Psychophysics Toolbox. Spat Vis 10, 433—436 (1997).

J. Peirce, et al., PsychoPy2: Experiments in behavior made easy. Behav. Res. Methods
51, 195-203 (2019).

R Core Team, R: A Language and Environment for Statistical Computing (R Foundation for
Statistical Computing, Vienna, Austria, 2020).

V.A. Brown, An Introduction to Linear Mixed-Effects Modeling in R. Advances in Methods
and Practices in Psychological Science 4, 251524592096035 (2021).

J. Fox, S. Weisberg, An {R} Companion to Applied Regression (Sage, Thousand Oaks,
CA, 2019). 3rd Ed.

D. Bates, M. Machler, B. Bolker, S. Walker, Fitting linear mixed-effects models using Ime4.
J. Stat. Softw. 67, 1-48 (2015).

M.J.D. Powell, The BOBYQA Algorithm for Bound Constrained Optimization without

27


https://doi.org/10.1101/2020.11.06.371823
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.06.371823; this version posted July 28, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Derivatives. (2009).

65. R.V.Lenth, emmeans: Estimated Marginal Means, aka Least-Squares Means (2021).

28


https://doi.org/10.1101/2020.11.06.371823
http://creativecommons.org/licenses/by-nc-nd/4.0/

