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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 (median age 16.7 y) with a single hemisphere following childhood
hemispherectomy was compared against matched typical controls. In experiment 1, par-
ticipants 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, partici-
pants 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 sig-
nificantly lower than controls. Altogether, the findings indicate that a single developing
hemisphere, either left or right, may be sufficiently plastic for comparable representa-
tion 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.

word recognition | face recognition | development | plasticity | hemispherectomy

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 hemi-
sphere (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 cate-
gory 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 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, bias-
ing 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 circum-
scribed focal lesions in right VOTC show significant impairments in face recognition
(13—15) [but for deficits in both visual classes, see Behrmann and Plaut (16), Rice et al.
(17), and Roberts et al. (18)]. These sometimes profound behavioral impairments fol-
lowing unilateral lesions lend credence to the claim of relative hemispheric segregation
of face and word recognition, at least in the adult human brain (19).

Recent investigations of these hemispheric biases for faces and words suggest that
they emerge over development via competitive processes for representation in homolo-
gous cortex in each hemisphere (20-22). Representation for faces is posited to be repre-
sented bilaterally inidally in early childhood, although some right-sided bias may be
present early on (23). 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, 21, 24) and, by virtue of competition, face representations become optimized
in right VOTC. The result is that face and word representations, which become
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increasingly refined over development, are largely subserved by the
RH and LH, respectively (21, 25). Such an account is supported
by both behavioral and neuroimaging investigations. For example,
in Dundas et al. (9), children, young adolescents and adults dis-
criminated 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 ini-
tial 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 (IMRI) 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 adult-
hood, fMRI does reveal a RH face bias (26). Meanwhile, Feng
et al. (27) reported more word selectivity in left VOTC in chil-
dren 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 representatons for these stimulus categories over
development and/or experience (8, 28, 29), 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 (30-32).
Might a single hemisphere suffice? If so, is this the case irre-
spective 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, which is 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 representa-
tions may continue to emerge with biased lateralization across
the two hemispheres, even following surgery. On this account,
childhood hemispherectomy patients may show substantial
impairments 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 (30, 31, 33), 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 per-
formance is contingent on which hemisphere is preserved.

Results

Patients who underwent hemispherectomies as children (here
and throughout, the term includes hemispherotomy patients; see
SI Appendix, 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
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different (see Materials and Methods and Fig. 1 for details). In
experiment 1, both stimuli of the pair were presented foveally
(Fig. 1A4). Here, central visual acuity is held constant across
groups, but the comparison is between controls who could uu-
lize 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 (intact hemi-
field for patients) to restrict initial processing to one hemisphere
(Fig. 1B) (34). This permitted an examination of the approxi-
mate 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 con-
founded by motor impairments in the patients (35, 36). Further-
more, throughout the text, patients with a preserved LH will be
referred to as “LH patients” and patients with a preserved RH as
“RH patients.” This indicates the hemisphere from which the
data are derived and allows for ease of matching with just the LH
or just the RH of control individuals. Two participants had their
hemispherectomies completed/revised as adults but were included
in the analyses, given that their surgeries were initiated in child-
hood. Differences with versus without these two participants are
noted throughout.

Experiment 1. For this experiment, data were collected and ana-
lyzed from 15 LH patients (median age = 17.9 y, median abso-
lute deviation [MAD] of age = 5.8 y), 24 RH patients (median
age = 15.3, MAD of age = 6.5 y), and 58 age-matched controls
(median age = 17.5 y, MAD of age = 7.2 y). A generalized linear
mixed effects model (LMEM) was fit to the data (plotted in Fig.
2 and see SI Appendix, Table S2 for model selection 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 (21, 37,
38). Since a subset of participants was tested online (due to the
coronavirus pandemic), whether a testing session was in-person or
online was modeled as an additional covariate. Finally, participant
was the sole random effect term in each model, with a different
intercept per participant.

There was a significant main effect of group on accuracy
(x*> = 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 (CI) = 0.95 to 0.97) than either LH
patients (z = 5.12, P < 0.001; 95% CI = 0.81 to 0.91) or
RH patients (z = 5.74, P < 0.001; 95% CI = 0.83 to 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 (x*; = 3.69,
P = 0.05): Performance on one task did not differ from perfor-
mance on the other, across participants (see S/ Appendix, 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 compari-
son to controls with two hemispheres. But an additional ques-
tion was whether performance of a patient’s single hemisphere
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Fig. 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 (34), to

compare to patients’ preserved single hemisphere.

is equivalent to the single corresponding—or perhaps, contrala-
teral—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 (Fig. 1B) (34).

In this experiment, 26 hemispherectomy patients partici-
pated, all but one of whom also participated in experiment 1.
Eleven were LH patients (median age = 18.5 y, MAD of age =
6.3 y), and 15 were RH patients (median age = 18.4 y, MAD
of age = 7.6 y). Patients viewed the second stimulus in each
pair in their intact hemifield (the patients are hemianopic)
(35). In addition, 15 controls were assigned to view stimuli in
their right hemifield (“LH controls”; median age = 18.8 v,
MAD of age = 4.6 y) and 16 independent controls were assigned
to view stimuli in their left hemifield (“RH controls”; median
age = 14.6 y, MAD of age = 5.6 y). All controls also participated
in experiment 1. A generalized LMEM was fit to these data
(plotted in Fig. 3 and see SI Appendix, Table S4 for model
selection details and summary statistics). Group (patients vs.
controls), primary hemisphere used (LH vs. RH), stimulus cat-
egory (faces vs. words), and all interactions between these varia-
bles 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.)

PNAS 2022 Vol. 119 No.44 2212936119

Notably, there was a significant three-way interaction of
group by hemisphere by stimulus category on accuracy (x°; =
10.16, P < 0.01; see Materials and Methods for model compari-
son 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 0.82 to 0.89, while LH patients” accuracy was
0.67 t0 0.79 (z = 3.81, P < 0.01), and RH patients’ accuracy
was 0.68 to 0.78 (z = 4.23, P < 0.001). On words, LH con-
trols’ 95% CI for accuracy was 0.85 to 0.91, while LH patients’
accuracy was 0.69 to 0.81 (z = 4.12, P < 0.001), and RH
patients’ accuracy was 0.77 to 0.85 (z = 2.79, P = 0.01). RH
controls also significantly outperformed both patient groups,
but only on faces, with an accuracy of 0.79 to 0.87 (against
LH patients: z= 2.91, P= 0.01; against RH patients: z = 3.39,
P < 0.01). That is, there was no significant difference in perfor-
mance on words between RH controls (95% CI = 0.78 to 0.86)
and either LH patients (z = 1.82, P = 0.11) or RH patients
(z=0.22, P=0.88). (However, note that after removal of two
participants in the sample whose hemispherectomies were com-
pleted as adults, RH controls then statistically outperformed
LH patients on words, as well; z=2.30, P = 0.04.)

Comparing differences between the LH and RH within just
the controls, LH controls were significantly more likely to per-
form better on words than RH controls (z = 2.64, P = 0.02),
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Fig. 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 partici-
pants’ points are separated by the median of the age distribution for all participants in the study (younger versus older than 17.5 y), 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.

but there were no differences between LH and RH controls on
faces (2= 0.93, P= 0.41). These findings are largely consistent
with the literature suggesting stronger LH biases for words
and weaker RH biases for faces throughout development (9, 21,
22, 38), thereby validating the experimental paradigm. In con-
trast, comparing just the patients, LH and RH patients showed
no differences between each other in performance on either task
(faces: z=0.11, P=0.91; words: z= 1.60, P = 0.16). 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 =
2.08, P = 0.07; RH controls: z= 0.92, P = 0.41). LH patients

Faces

also did not show a within-subject difference between face and
word recognition (z= 1.06, P = 0.38), but RH patients were sig-
nificantly more likely to discriminate words better than faces (z =

4.68, P < 0.001). (See SI Appendix, Table S5 for model summary
and summary statistics.)

Validation across Experiments. If the results above are reliable
and consistent for the hemispherectomized patents, for each
individual participant, the extent of impairment should be con-
sistently reproducible across the two experiments. Thus, to vali-
date the reliability of participants’ performance, rank correlations
between mean accuracy on experiment 1 and experiment 2 were

Words
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Fig. 3. Violin plots show the distribution of overall accuracy values on the face and word recognition tasks for each group and stimulus category, by pri-
mary 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
17.5y), shown in different shades of blue (controls) and red (patients). Asterisks indicate the data for two patients in the sample who had their hemispherec-
tomies 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.
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examined separately for the face and the word recognition tasks
(data plotted in Fig. 4). For consistency, correlations were com-
puted (Kendall’s T) 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 correla-
tions (two tasks for two groups) were adjusted with the Benja-
mini and Hochberg correction (39). For the patients, mean
accuracy on experiment 1 was indeed significantly positively cor-
related with that on experiment 2 for both the face task (z = 23,
T = 0.52, z= 3.37, P < 0.01) and word task (z = 20, T =
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 (z = 29, T = 0.35, z=
2.58, P = 0.02) and word task (z» = 30, T = 0.40, z = 2.96,
P < 0.01). In other words, participants’ individual visual recog-
nition performance was reliably reproducible independent of the
specifics of the experimental paradigm.

Effects of Clinical Variables. While both LH and RH patients
largely performed less accurately on both face and word recogni-
tion relative to controls, there is nonetheless heterogeneity in
performance across the patients (as in Figs. 2 and 3), as is also
evident in Pinabiaux et al. (40). What specific variables might
account for this variabilicy? 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. 54
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
postsurgical 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 possi-
bility 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 ques-
tion 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.

PNAS 2022 Vol. 119 No.44 2212936119

Discussion

Canonically, the RH and LH are considered to play important
(albeit not exclusive) roles in face and word recognition, respec-
tively (21, 22). However, these hemispheric profiles emerge
over the course of development (8, 9, 28), raising the question
of whether development with only a single hemisphere suffices
for the recognition of faces and words. Furthermore, is this pro-
cess equivalent if the single hemisphere is the left or the right?
In this study, a relatively large group of individuals who had
previously undergone hemispherectomy surgery for the man-
agement of epilepsy during childhood was tested on tasks of
face and word recognition. The performance of these patients
was compared to that of matched controls in two same/
different matching experiments. In experiment 1, a pair of stimuli
was displayed sequentially at central fixation (thereby allowing
controls to deploy both hemispheres vs. patients’ single hemi-
sphere) and, in experiment 2, the first stimulus was displayed
foveally and the second in the one intact hemifield (thereby
approximately equating groups on a single hemisphere, which
receives information from the contralateral field). Two princi-
pal findings were revealed. 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 sur-
prisingly high, relative to the brain volume resected (often close
to 50%), hinting at a nonlinear degradation of function with
resection. Second, the patients’ accuracy was not dependent on
the hemisphere removed. That is, the single LH or RH
of patients showed comparable performance on face and word
recognition. This was true even when participants viewed the
second stimulus in the pair in one hemifield, allowing an
inferred comparison of the integrity of the patients’ single
hemisphere to a single hemisphere of controls. It should be
noted that the group differences were modulated by the hemi-
sphere (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 dif-
ferences between LH and RH controls on face accuracy. This
result validates the paradigm, as the findings are consistent with
prior results demonstrating the emergence of left lateralization
for words in healthy children, typically prior to right lateraliza-
tion for faces (8, 9, 41). In contrast, LH and RH patients
performed comparably to each other on both face and word rec-
ognition. Both patient groups performed more poorly than
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Fig. 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). (4) Cognitive ability. (B) Occurrence of any seizures after patients’ most recent surgery. (C) Approximate
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study, individual participants’ points are separated by the median of the age distribution for all participants in the study (younger versus older than 17.5y),
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.

controls, with the one exception that they performed compara-
bly to RH controls on words. However, this is consistent with
the fact that controls are expected to perform more poorly on
word recognition when restricted to using the RH (9).

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. The consistency across the two experiments is
also important because it suggests that performance is not neces-
sarily the result of some low-level visual feature comparison. In
experiment 1, the stimuli were shown in the same location at fix-
ation, and performance might have been a result of a spatially
specific feature comparison. In experiment 2, however, the two
stimuli were in very different locations, with the first shown cen-
trally and the second in a visual field. That there is a strong posi-
tive correlation across the experiments in performance for both
the face and word tasks for the controls and patients suggests
that the underlying process cannot be entirely, if at all, a function
of low-level image matching. Last, performance levels across
patients, while reliably reproducible, were nonetheless heteroge-
nous, but not obviously accounted for by cognitive ability, seizure
outcome, or approximate age at surgery.
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That the pediatric hemispherectomy participants obtain
above 80% accuracy on face/word recognition, independent of
resection side, is remarkable, considering the specific, some-
times profound, deficits that adult neuropsychology patients
experience after focal VOTC lesions. 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?) (42) are impaired at face recognition (43, 44).
These neuropsychological findings are compatible with experi-
ments in typical adults who demonstrate LH and RH superiori-
ties for word and face recognition, respectively (26, 45, 46). The
results presented here, however, obtained from a pediatric popu-
lation with extensive cortical resection, challenge the idea of
binary hemisphere specialization, and, instead, are more compati-
ble with the view that lateralization is more graded rather than
absolute.

One possible explanation of the bilaterally equivalent perfor-
mance profile in the patients reported here is that, at least in the
majority of the population, face and word representations are not
entirely lateralized and, instead, are actually supported bilaterally,
yet somewhat asymmetrically (more so for words than faces).
This pattern is increasingly reported in functional MRI studies of
typical adults (26), as well as in adult neuropsychological studies.
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For example, quantifying these acquired impairments in adult
neuropsychological patients, Behrmann and Plaut tested seven
adult patients (four after LH lesion and three after RH lesion) on
multiple tasks of both face and word recognition. Those with
word recognition deficits after LH damage also demonstrated
mild but reliable face recognition deficits and those with face rec-
ognition deficits after RH damage also revealed mild but reliable
word recognition deficits (16) [see also Rice et al. (17) and Rob-
erts et al. (18)]. Furthermore, although not applied in the context
of word and face recognition, some past computational models
have used learning to explore how damaged systems may try to
recover at least partially—including in the context of bilateral yet
asymmetric functions [e.g., for anterior temporal lobe damage,
Schapiro et al. (47); for language production, Chang and Lam-
bon Ralph (48); see also Plaut (49)]. These, together with the
specific models for word and face recognition, increasingly sup-
port the claim of bilateral hemispheric engagement in cognitive
function.

This bilateral hemispheric potential may be coupled with plas-
ticity and the potential to reorganize hemispheric function to a
greater degree in childhood than in adulthood. Flexibility in corti-
cal organization in childhood may be necessary to permit the
acquisition of evolutionarily newer functions. For example, read-
ing is a relatively modern invention, which is unlikely to have
evolved in the genome and, yet, reading must be accommodated
into existing cortex. Moreover, cortex must be sufficiently mallea-
ble so that reading lateralization can come to be colocalized with
the hemisphere that is dominant for language. Relatedly, because
both word and face recognition require discrimination between a
whole host of perceptually homogeneous exemplars, the organiza-
tion of function for these two classes may be prolonged develop-
mentally, relative to other perceptual functions such as common
object recognition. That face and word recognition are dispropor-
tionately taxing may also account for the ongoing malleability and
opportunity for plasticity before hemispheric consolidation occurs.

The bilateral potential for words and for faces appears to
emerge over development and is not fully mature in children
(8, 28, 29). In childhood, it is conjectured that faces are initially
represented bilaterally (41). Only over time, as a result of the
pressure associated with literacy acquisition, do word representa-
tions come to compete with face representations in the LH (8,
37, 38). 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 hemispherec-
tomy), 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, respec-
tively. In contrast, the findings here indicate the recruitment
and optimization of the less robust representations in either pre-
served hemisphere once the preferred hemisphere (e.g., LH for
words) is no longer functional. Loss of function of the preferred
hemisphere may occur even prior to surgery, due to epileptic
pathology in the ultimately resected cortex (50).

The clear finding is that loss of half of typically available cor-
tex does not result in a proportionate decrement in function, as
patients perform at above 80% accuracy. Moreover, the find-
ings here suggest that emergence and competition for face and
word representations following literacy acquisition are not lim-
ited 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 inde-
pendently. For example, one well-known study suggested that
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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 y and surgery at age 15 v,
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 (51). The latter
profile is inconsistent with this current study’s findings but may
be easily explained by age: The median age at surgery (with ear-
lier onset of seizures) in this current study’s sample was 6.0 y
(MAD = 4.5 y; see Fig. 5Cand SI Appendix, Table S1). For the
majority of the children reported here with LH resection, read-
ing acquisition presumably occurred postsurgically in the pre-
served RH and was colocalized with language. In fact, LH
epileptic pathology prior to surgery may result in early establish-
ment of language function in the RH. The lack of a clear rela-
tionship between age at surgery and task performance may be
attributed to epileptic pathology impeding typical developmental
processes in the diseased hemisphere (50).

The emergence of word representations in the LH is often
attributed to the colateralization with the language network,
which is generally left lateralized (20, 24, 52, 53). Hemispherec-
tomy patients with only a RH are almost all verbal to some
extent and typically evince postoperative language representation
in the RH (54-56). At the same time, functional organization
across the two hemispheres is not necessarily discretely segre-
gated. 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, 21, 57). Therefore, it follows that the same colocalization of
word recognition and language and ensuing competition for
words vs. faces that may occur in a single preserved RH may be
contingent on the age and side of resection of an individual. Of
note, a recent study reported a more frequent decrement in face
recognition individuals following right than left resection, albeit
using a different approach (standardized neuropsychological test-
ing, only patients with functional hemispherectomy) (40), ren-
dering the comparison of these results with the findings reported
in this current study difficult.

Importantly, in the present study’s sample, the patients’ per-
formance was still suboptimal relative to controls. Therefore,
while competition between face and word representations may
persist following childhood hemispherectomy, the single hemi-
sphere 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 func-
tional specialization. Thus, performance may have an upper
bound as a consequence of anatomical or functional con-
straints: even if the developing brain is sufficiently malleable to
allow for emerging face and word representations in one hemi-
sphere, “neural crowding” (33, 58) may hinder the establish-
ment of these representations. This neural competition has, in
fact, been observed in children with more circumscribed resec-
tions: Children with VOTC resections evince coexistent neural
representations for faces and words in the unresected hemisphere,
independent of the side of resection (59). Indeed, such competi-
tion can be observed longitudinally: A patient with a right
VOTC resection showed increasing competition for face repre-
sentation in the LH over several years (60). Even postoperative
changes in functional connectivity in the intact hemisphere of
pediatric resection patients may reflect both plasticity and com-
petition for representation of multiple visual categories (61).
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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 cog-
nitive functions—can also be addressed. Last, performance lev-
els across patients, while reliably reproducible, were nonetheless
heterogenous. Obtaining more detailed, quantitative clinical,
neuropsychological, and educational background measures are
critical to confirm further the validity of the measures obtained
here and to develop a deeper understanding of the variables
that govern, perhaps even interactively, the behavioral profile of
the individual patients.

Conclusion

Childhood hemispherectomy patients showed above 80% accu-
racy on tasks of face and word recognition. Despite this surpris-
ingly 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 inde-
pendent of whether the display was of faces or words and inde-
pendent 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.

Materials and Methods

Participants. English-speaking patients with extensive cortical resection [child-
hood hemispherectomy or hemispherotomy, per participant and/or guardian report;
see Kim et al. (35) for distinctions between surgery types] were recruited primarily
with the assistance of the Brain Recovery Project: Childhood Epilepsy Surgery Foun-
dation. While right handers typically evince more reliable LH language lateralization
than left handers (62), native handedness could not be established in patients
given their contralesional hemiparesis (35, 36). The sample (including all partici-
pants from experiments 1 and 2) included a total of 40 patients, 16 with a pre-
served left hemisphere (LH patients; median age = 17.9 y, MAD of age = 6.1 y;
12 females, 4 males) and 24 with a preserved right hemisphere (RH patients;
median age = 15.3, MAD of age = 6.5 y; 9 females, 15 males; patients’ details
are described in full in SI Appendix, Table S1). LH patients’ median age at (last)
surgery was 6.0 y (MAD = 5.9 y), and RH patients’ median age at (last) surgery
was 5.5 y (MAD = 3.0 y). Demographic/clinical information was obtained via
direct correspondence with the participants and/or guardian and/or were pulled
from the Global Pediatric Epilepsy Surgery registry. Access to registry reports was
provided directly to the research team by the participant's guardian.

Patients' performance was compared to that of 58 age- and gender-matched
controls (median age = 17.5 y, MAD of age = 7.2 y; 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
SI Appendix, Table Sé6. Matching each patient group to the control group on
age and gender was confirmed with multinomial modeling for experiment 1;
and with logistic modeling for experiment 2, comparing the patient and con-
trol groups for each hemisphere, in separate models. Neither mean-centered
age nor gender was significantly predictive of group for either experiment
(SI Appendix, Sl Text for details).
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Experimental procedures were approved by the Camegie Mellon University
and University of Pittshurgh 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.

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 (63), 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 exe-
cute a saccade). A randomly jittered 1,500- to 2,500-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 SI Appendix, SI Text for details). In each experiment, partici-
pants 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 (Fig. 14). In experiment 2, the second stimulus
in a matching pair was presented in only one hemifield at an eccentricity of ~5°
from fixation, such that the information would initially be primarily processed by
the hemisphere contralateral to the hemifield of presentation (34) (Fig. 24). In
experiment 2, patients, who are hemianopic (35), 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 S/
Appendix, S/ Text for details on randomization of catch trials into the trial order.)

For in-person sessions, participants viewed stimuli with the Psychophysics
Toolbox (64) in MATLAB (MathWorks), and for virtual sessions, participants
viewed stimuli in PsychoPy (65) 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 exper-
iment 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 partici-
pants did not complete both experiments and/or blocks: Sample size details
are reported in S/ Appendix, Table Sé.

Some participants participated both in-person and online (n = 19). Com-
parisons of their in-person and online data revealed no significant within-
subjects effect of session type on accuracy (x?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 partici-
pating in-person or online, there was a significant between-subjects effect of
session type on accuracy (y% = 9.97, P < 0.01; see SI Appendix, SI Text for
details on these comparisons). Thus, session type was modeled as a covariate
for analyses including both in-person and online data.

Data Quality Control. Al 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
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were discarded if the participant's accuracy was significantly lower or RT was sig-
nificantly longer on catch than on experimental trials (using permutation testing
on models predicting accuracy or RT from trial type; see S/ Appendix, Sl 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. Al such cases were patients and repre-
sented a minority of the total recruited patient sample. Finally, if mean RT on a
block was greater than three SDs 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 (66) (for complete list of packages, see S/ Appendix, Table S7).
LMEMs were fit as described by Brown (67) and Fox and Weisberg (68). For
experiment 1, a LMEM predicting accuracy was modeled with the two-way inter-
action-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 interaction was
lower, and there was no significant difference between model fits. Thus, the
interaction term was dropped from the ultimate model.

For experiment 2, a LMEM predicting accuracy was also modeled, 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 cate-
gory (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 for-
mat.) The full model was compared to the model with all three two-way interac-
tions 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 crite-
rion (69) and were fit using the bound optimization by quadratic approximation
(BOBYQA) algorithm. References to age in Results refer to the mean-centered
age (that is, age subtracted from the mean of all participants in an analysis) (70).
P values were computed for each model term with type 1l Wald y? tests (68).
Additionally, planned post hoc contrasts were performed by comparing esti-
mated log odds ratios to 1 (for analyses on accuracy) with z tests (71). For each
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set of planned contrasts, P values were adjusted with the Benjamini and Hoch-
berg correction (39). Estimates and confidence intervals were computed assum-
ing degrees of freedom of infinity. The a-threshold for significance was set
at 0.05.

Data, Materials, and Software Availability. Experiment and analysis code,
raw data, and stimuli, upon publication, will be made publicly available on
KiltHub (CMU; reserved digital object identifier: 10.1184/R1/12743276).
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