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Cross-sectional and longitudinal changes
in category selectivity in visual cortex
following pediatric cortical resection

Check for updates

Tina T. Liu1,2,3,8, Michael C. Granovetter 1,4,5,8, Anne Margarette S. Maallo 1, Sophia Robert 1,
Jason Z Fu2, Christina Patterson6, David C. Plaut1 & Marlene Behrmann 1,7

The topographic organization of category-selective responses in human ventral occipitotemporal
cortex (VOTC) and its relationship to regions subserving language functions is remarkably uniform
across individuals. This arrangement is thought to result from the clustering of neurons responding to
similar inputs, constrained by intrinsic architecture and tuned by experience. We examine the
malleability of this organization in individualswith unilateral resection of VOTCduring childhood for the
management of drug-resistant epilepsy. In cross-sectional and longitudinal functional imaging
studies, we compare the topography and neural representations of 17 category-selective regions in
individuals with a VOTC resection, a ‘control patient’ with a resection outside VOTC, and typically
developing matched controls. We demonstrate both adherence to and deviation from the standard
topography, particularly with respect to the hemispheric lateralization of category-selective regions,
and uncover fine-grained competitive dynamics between word- and face-selectivity over time in the
single, preservedVOTC. The findings elucidate the nature and extent of cortical plasticity and highlight
the potential for remodeling of extrastriate architecture and function.

The human visual system exhibits a topographic organization that is largely
replicable and uniform across individuals and across languages and
cultures1. While the primary visual cortex is homologous across the two
cerebral hemispheres, each processing low-level information of the con-
tralateral visual field, ventral occipitotemporal cortex (VOTC) exhibits
distinct patterns of functional selectivity for different categories of complex
stimuli (e.g., faces, objects, words, scenes) both within and between
hemispheres2–4. This extrastriate topography is thought to reflect the clus-
tering of neurons responding to functionally similar inputs, constrained by
the intrinsic architecture of visual cortex5–7, even in the absence of category-
specific learning pressures8. Efforts to elucidate the phylogenetic and
ontogenetic origins of category-selective organization are ongoing, andfine-
grained topographic maps in humans4,9 and in non-human primates10 have
already been identified (for recent review, see ref. 11).

Notwithstanding the consistent and reliable organization of these
topographic maps and their stereotypical relationships with other cortical
areas, such as those subserving language function and regions of early visual
cortex12,13, the potential extent and nature of their plasticity remains to be

determined. Beyond the maps and the spatial relations between the
demarcated regions, it is also important to understand what information is
instantiated in these regions and whether, for example, representational
content is necessarily tied to a stereotypical location or is maintained even
when the topography progressively deviates from the typical arrangement
(e.g., after neural injury).

In humans, category-selective responses beyond early visual cortex
emerge over development, with dorsal, parietal regions emerging and
maturing seemingly earlier than ventral, temporal regions14,15. However,
even within VOTC itself, some regions evince category selectivity ahead of
other regions10,11,16. For example, bilateral object- and scene-selective regions
appear to mature earlier17,18 than face- and word-selective regions19, with
these latter regions more critically dependent on visual experience20,21.
Indeed, word- and face-selective areas evolve over a protracted develop-
mental trajectory, stabilizing by adulthood with a weighted asymmetry:
words are largely represented just in left VOTC, while faces are more
bilaterally represented, with stronger activation in the right VOTC22 than in
the left VOTC19. One explanation for this prolonged trajectory is based on
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the high perceptual confusability between individual exemplars within the
category of words (e.g., two similar words such as ‘hair’ and ‘lair’) and of
faces (e.g., two similar faces such as those of Elvis Presley and George
Clooney), which is less the case for other visual categories (e.g., objects,
scenes). This prolonged acquisition of detailed representations for words
and faces offers a special opportunity for quantifying plasticity overmonths
and years by concurrent tracking of neural alterations and associated
behavioral changes.

The pre-eminent word-selective area, the ‘Visual Word Form Area’
(VWFA), emerges in concertwith literacy acquisition aroundagesfive or six
years23 and is typically lateralized to the left hemisphere (LH)1,24, potentially
via pressure to be spatially co-localized with LH-dominant language
areas25,26. By contrast, the trajectory of the pre-eminent face-selective region,
the ‘Fusiform Face Area’ (FFA), begins early in life27,28 and continues to be
refined through early adulthood29,30. The FFA ultimately lateralizes pre-
dominantly to the right hemisphere (RH), either as a result of competition
with the LH-lateralized VWFA once literacy is acquired2,31,32 and/or via
pressure to coordinate with other relevant RH-lateralized processes,
including social processing12. In a recent study in which the distribution of
lateralization of word and face selectivity in the RH and/or LH from fMRI
scans of 51 right-handed college-age individuals was calculated, bilateral
and LH word selectivity was observed in 5 and 46 individuals, respectively,
and no individual showed only RH selectivity. Bilateral and RH face
selectivitywasnoted in18and33 individuals, respectively, andno individual
showed only LH selectivity, whereas, for common objects, bilateral, uni-
lateral RH, and unilateral LH selectivity was observed in 41, 9, and 1 indi-
viduals, respectively. Altogether, the findings demonstrated that by early
adulthood, most individuals show a LH bias for words and a RH bias for
faces, and that the hemispheric specialization is specific towords and faces12.

The marked LH lateralization and prolonged emergence of word
representations offer a unique opportunity to study the principles that
govern the ontogenesis of the VWFA, especially because word selectivity is
too recent evolutionarily to be innately predetermined1,24 and, thus, is
unlikely to be specified in the genome33. That aword-selective cortical region
can be reliably identified in the LH of humans already attests to the mal-
leability of human cortex, as does the fact that left-handed individuals,
especially those with RH-language dominance, do not show the typical LH-
lateralizationofVWFA34,35.However, the fact that theVWFAis so replicable
across the population1 and is largely independent of the native tongue of the
reader36, raises many questions concerning the constraints governing this
relatively new cultural ability.

The primary issues addressed here concerns the emergence of
category-selective regions in VOTC, including those associated with
word and face processing, the malleability of their localization within a
hemisphere and lateralization between hemispheres, their relationship to
other key areas (e.g., those subserving language function and early visual
cortex), and their representational specificity. To address these issues, we
leverage data from a unique participant population that allowed us to
examine the plasticity of category-selective VOTC, both cross-sectionally
and longitudinally, and across both the LH and RH. This population is
comprised of individuals who have undergone a unilateral childhood
resection of VOTC for the management of drug-resistant epilepsy (DRE),
presumably resulting in pressure on the preserved cortex to accom-
modate functions of the resected tissue. Because plasticity is thought to be
greater in children than in adults37–40, the study of these individuals
affords a distinct opportunity to monitor the evolving category topo-
graphy. Additionally, a key question is whether the represented category-
selective information is necessarily contingent on the topographic site of
the category. For example, if the VWFA emerges in the RH of an indi-
vidual with a LH resection, do the neural representations within this
atypical RH VWFA correspond to those of the standard LH-lateralized
VWFA? On some accounts, the presence of a category-selective region
need not precede the evolution of more refined neural representations41,
and distributed representational patterns may even scaffold the later
emergence of univariate category selectivity42.

In our previous research with individuals from this rather rare popu-
lation, we showed that a group of 39 patients with complete hemispheric
surgery during childhood scored, on average, 85% accuracy in word and in
face discriminationwhich, although statistically inferior to the 92%accuracy
of the typically developing (TD) controls,wasbetter thanpredicted basedon
the extent of the anatomical resection43 (see also ref. 44). Using fMRI, we
identified a few category-selective regions in the preserved VOTC of chil-
drenwith unilateral VOTC resection and found that their category-selective
representations were largely similar to those of control patients with a
resection outside VOTC and to matched typical controls45. Also, in a
longitudinal case study of a patient with right VOTC resection, category-
selective development mirrored that of cross-sectional controls, except in
the left FFA46. Last, we observed normal fMRI repetition suppression for
faces, words, and objects in patients’ single VOTC but quantitatively poorer
behavioral accuracy scores than typical controls, suggesting that a single
hemisphere alone does not suffice for normal visual recognition behavior
despite intact unilateral neural signatures for visual exemplar
individuation47.

Our priorworkwas restricted to a limited number of category-selective
regions and did not examine alterations in VWFA lateralization in relation
to language regions. Most importantly, as word representations typically
emerge over development in left VOTC, a critical question is whether one
can observe the microgenesis of competition between word and face
representations evolving over time in the RH after left VOTC resection.
Capturing longitudinal changes in right VOTC under the extreme con-
straint of developing without a left VOTC would attest to the inherent
plasticity of VOTC. Thus, here, we build on these foundations and compare
the within- and between-hemisphere organization and representational
content of 17 category-selective regions in five individuals with VOTC
childhood resections (see Fig. 1). Three individuals have resections that
encompass the left posterior VOTC (KN, SN, and TC), one has a right
posterior VOTC resection (UD), and one ‘control patient’, OT, has a left
anterior temporal resection (i.e., outside VOTC). Additionally, in three of
the patients (TC, UD, and OT), we characterize the longitudinal neural
profile over multiple fMRI sessions, and, for TC, the longitudinal data
span from pre- to post-surgery. We triangulate multiple dimensions of the
neural profile as a function of resection site (left versus right and anterior vs.
posterior) using both cross-sectional and longitudinal approaches, offering
important insights into the malleability of VOTC’s organization and the
dynamics by which plasticity may operate.

Results
Wefirst characterize the visual behavior of thepatientsandTDcontrols, and
then we present the analyses of the cross-sectional and longitudinal fMRI
data of the category-selective regions of interest (ROIs) in VOTC.

Visual behavior performance
To evaluate perceptual competence, participants completed two
intermediate-level and two high-level vision tasks. Table 1 reports patients’
scores and whether they showed a deficit relative to the TD control dis-
tribution, as determined using two-tailed Crawford’s modified t tests for
single subjects versus a group with p < 0.0548. Scores that fall outside the
normal range are shown in italic font and marked with an asterisk.

For assessing intermediate vision,wemeasured thresholds in a contour
integration task inwhichwe presented aligned ormisalignedGabor patches
(in separate blocks), and participants located the ‘egg’ shape in the display49

(see Supplementary Fig. S1A). All patients’ thresholds fell within the TD
control range except for KN in the aligned condition (Table 1). The same
result held for thresholds in detectingwhich of consecutively presented glass
pattern stimuli had more concentricity50 (see Supplementary Fig. S1B and
Supplementary Table S1).

Accuracy was normal for all patients on the high-level vision tasks
except, again, for KN on the upright faces on the Cambridge Face Memory
Test for Children51 (see Supplementary Fig. S1C and Supplementary
Table S1).The fourpatients, SN,TC,UD, andOT,whocompleted theobject
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matching task52 (see Supplementary Fig. S1D) showed accuracy within
normal limits (Table 1). KN, who completed the Cambridge Bicycle
Memory Test for Children53 (see Supplementary Fig. S1E), performed
outside theTDrange (Table 1). Thus,we observed typical intermediate- and
high-level visual perception in all patients except for KN.

Category-selective ROIs
Prior to analyzing the fMRI data, we determined that there were no sig-
nificant differences between the data from patients versus controls in terms
of head motion or average temporal signal-to-noise ratio (tSNR) across all
functional voxels (see Methods for further details). This ensures the
equivalence of data quality across the groups and affirms that any observed
group differences are unlikely to be due to the data acquisition process itself.

Using a functional category localizer45,46 (Fig. 2A), wemapped 17 ROIs
that are preferentially responsive to faces, scenes, objects, words, or
scrambled objects in each of the 25 typical controls (Fig. 2B, C and Sup-
plementary Fig. S2). The regions included the bilateral face-selective FFA54,55

and posterior superior temporal sulcus56 (STS); bilateral scene-selective
parahippocampal place area57 (PPA) and transverse occipital sulcus58 (TOS;
also referred to as OPA); bilateral object-selective lateral occipital complex59

(LOC) consisting of lateral occipital cortex (LO) and posterior fusiform60,61

(pF); left-lateralized word-selective VWFA62, inferior frontal gyrus (IFG),
and superior temporal gyrus (STG); and bilateral early visual cortex (EVC).

In the patients, the number of identifiable category-selective ROIs
varied, either because of resection or absence of functional activation
(Supplementary Fig. S3). The coordinates of identified ROIs (posterior to
anterior and left to right) in native volume space are shown in the left panel
within Fig. 2D–H for one scan session per patient (most recent if scanned
longitudinally). In KN (left hemispherectomy), we identified all category-
selective ROIs in the preserved RH except for STS (Fig. 2D and Supple-
mentary Fig. S3), including the right-lateralized VWFA, STG, and IFG. In
SN (left temporal resection), ROIs for all categories were present bilaterally,
except forVWFA, STG, and IFG,whichwere all localized to theRH (Fig. 2E
and Supplementary Fig. S3). In TC (left posterior occipitotemporal and
parietal resection), we detected category-selective ROIs only in the RH,
includingVWFA,STG, and IFG(Fig. 2F andSupplementaryFig. S3). InUD
(right VOTC resection), all category-selective ROIs were localized but only
in the LH (Fig. 2G and Supplementary Fig. S3). Last, in control patient OT
(left anterior temporal resection), all category-selective ROIs within VOTC
were successfully identified bilaterally with the (standard) LH-lateralized

Fig. 1 | Postoperative structuralMRI scans for thefive pediatric resectionpatients
in our study and, for each, the time course of the behavioral testing (BT) and
functional imaging sessions using a category localizer (CL). A anterior, P pos-
terior, L left hemisphere, R right hemisphere. d, m, y days, months, years of age.

A Posterior left VOTC resection patients: KN, SN, and TC. B Posterior right VOTC
resection patient: UD. C ‘Control’ (i.e., outside VOTC) left anterior temporal lobe
resection patient: OT.
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VWFA and STG (Fig. 2H and Supplementary Fig. S3), except that the IFG
wasnot covered in the limitedbrain coverage across three longitudinal scans
(as we prioritized covering the anterior temporal lobe of OT’s intact
hemisphere).

Cross-sectional analysis
Spatial topography of category selectivity. Having identified the
category-selective ROIs in each participant, we then evaluated their
spatial organization. In typical individuals, the EVC, PPA, pF, FFA, and
VWFA are organized along a medial-lateral axis within the ventral visual
pathway. To assess whether the patients’ ventral visual pathway obeys
this medial-lateral bias63,64, we first extracted the native coordinates of the
peak voxel within the ventral ROIs (EVC, PPA, pF, FFA, VWFA) for each
of 25 age-matched controls (see Supplementary Fig. S2). Next, we
computed the correlation between the x-coordinates of each patient’s
available ventral ROIs to the corresponding average x-coordinates in the
TD controls (Fig. 2C).

Crawford’s modified t tests, comparing individual patient’s corre-
lation values to the respective TD control distribution, revealed sig-
nificant deviations in all three left VOTC resection cases (KN, SN, and
TC: all |t(24)| values > 5.53; Fig. 2I, red dots). In contrast, UD and OT
showed typical medial-lateral organization of category selectivity in all
scan sessions (Fig. 2I, black dots). The same analysis for each individual
control, compared against the other 24 controls, showed no deviation
outside the normal range from the canonical medial-lateral organization
of the ventral category-selective cortex (all |t(23)| values < 2.01; Fig. 2J, see
also spatial topography of categories in each individual control in Sup-
plementary Fig. S2).

To further assess whether the deviation in spatial topography observed
in the three left VOTC resection cases (KN, SN and TC) resulted from a
violation to the medial-lateral principle or from atypical hemispheric
lateralization, we flipped the x-location of the identified RH VWFA, STG,

and IFGcoordinates in these patients to theirmirror-symmetric locations in
the LH. We then repeated the same spatial ROI analysis and examined the
topography in relation to the TD control distribution. Interestingly, the
spatial organization of ROIs did not deviate from the canonical spatial
organization (all |t(24)| values < 0.32, Supplementary Table S1), suggesting
that the deviations in spatial topography observed in the left VOTC resec-
tion cases were primarily due to atypical lateralization—i.e., the atypical
presence of theVWFA, STG, and IFG in the RH (Fig. 2D–F)—rather than a
deviation from the medial-lateral principle.

Representational content per category. With the topography and
spatial arrangement delineated, we then examined the extent towhich the
neural representations in each category-selective ROI in patients
resemble those in TD controls and whether, within patients, this simi-
larity differs for typically- versus atypically-sited ROIs (e.g., right VWFA
in the three left resection patients). Using representational similarity
analysis (RSA65, see examples in Fig. 3A, B and Methods for further
details), we calculated, for each participant, the correlation between the
preferred and non-preferred categories in each category-selective ROI
(Fig. 3C, purple vs. gray regions). Higher (Fisher-transformed) correla-
tions reflect less differentiable representations and similar informational
content, while lower correlations indicate more selective representations
of the target category (Fig. 3D). This multivariate approach permits a
broader assessment of the response profile that we may otherwise not
capture in the univariate method applied above relying on the peak voxel
of each ROI.

We compared the correlation within each ROI in each patient against
the corresponding correlations calculated within the same ROI in the TD
control group using Crawford’s modified t test (Fig. 3E). There were several
cases of significantly less differentiable representation categories (higher
correlations), relative to TD controls, in the LH resection patients: 1) the
atypical right IFG, STG, and VWFA in TC (orange squares in Fig. 3D and

Table 1 | Results of visual perceptual behavior in five patients and the average performance in TD controls

Initials Intermediate-level vision High-level vision

Contour integration Glass pattern Cambridge face
Memory test

Cambridge bicycle
Memory test

Threshold (±0°
aligned)

Threshold
(±20°
misaligned)

Threshold % correct
(upright faces)

% correct
(inverted
faces)

% correct (upright
bicycles)

% correct (inverted
bicycles)

KN 78.17* 76.39 62.50* 53.33* 63.33 58.33* 63.89*

Object matching task

% correct RT, in ms

SN 67.27 80.00 33.33 95.00 73.30 95 825.70

TC 66.12 77.27 45.83 83.33 46.67 89 1047.66

UD 51.96 76.88 25.83 83.33 68.33 91 1366.96

OT 54.01 65.73 31.67 62.50 55.56 99 929.73

Cambridge bicycle memory testb

% correct (upright
bicycles)

% correct (inverted
bicycles)

81.42 ± 8.99% 85.16 ± 9.14%

N = 22 N = 22

TD Control
mean ± SD

Contour integration Glass pattern Cambridge face memory testa Object matching task

Threshold
(±0° aligned)

Threshold
(±20° misaligned)

Threshold % correct
(upright faces)

% correct
(inverted
faces)

% correct RT, in ms

58.39 ± 8.09 74.47 ± 4.33 39.96 ± 6.92 80.1 ± 12.0 66.8 ± 9.9 90.65 ± 6.23 1090.70 ± 348.60

n = 21 n = 21 n = 21 n = 41 n = 23 n = 20 n = 20

Numbers in italic font, marked with an asterisk (only present in KN) denote significant deviations from the TD controls’ performance.
aCambridge Face Memory Test for Children: Based on the control data provided in ref. 51, Table 1, Upright faces.
bCambridge Bicycle Memory Test for Children: Based on the control data provided in ref. 53, Table 1.
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red dots in Fig. 3E, all remain significant following Benjamini–Yekutieli
procedure66 to control the false discovery rate (FDR) across multiple com-
parisons of 9 identified ROIs at the adjusted first-, second-, and third-rank
thresholds); 2) the unilateral right PPA forKN (green triangle in Fig. 3Dand
reddot inFig. 3E,didnot reach the adjustedfirst-rank significance threshold

following Benjamini–Yekutieli procedure to control the FDR across mul-
tiple comparisons of 9 identifiedROIs), and 3) the right PF in SN (blue circle
in Fig. 3D and red dot in Fig. 3E, did not reach the adjusted first-rank
significance threshold following Benjamini–Yekutieli procedure to control
the FDR across multiple comparisons of 15 identified ROIs).

RemappedFFA STS PPA TOSLOCpF VWFA STG IFG

EVC

Fig. 2 | Spatial organization (in native space) of category selectivity in TD con-
trols and patients. A Example stimuli used in the functional localizer experiment
(see Methods for details). Faces are from the Face Place dataset120. B Contrasts to
define category-selective activations for each region. FFA fusiform face area, STS
superior temporal sulcus, pF posterior fusiform, LOC lateral occipital complex, PPA
parahippocampal place area, TOS transverse occipital sulcus, VWFA visual word
form area, STG superior temporal gyrus, IFG inferior frontal gyrus, EVC early visual
cortex. C–H Category-selective regions of interest (ROIs) in the control group
(averaged across participants; n = 25) and from the last scan session in each patient.
The left side within each panel visualizes the average spatial distribution of category-
selective ROIs in the controls and in each patient. The x-axis represents coordinates
in the medial-lateral direction for each hemisphere (left: 88–176, right: 0–88 in
native space), and the y-axis represents coordinates in the anterior-posterior
direction. Filled colored circles indicate ROIs that can be identified in this scan;
circles surrounded by dotted lines represent ROIs forword function that are typically

left-lateralized but here are localized to the RH. The right side within each panel
visualizes the ventral category-selective activations on the inflated cortical surface
(ventral view) with corresponding dotted ovals indicating atypical sites of activation
(word-selective ROIs in RH). See Supplementary Fig. S3 for details of the ROIs that
are resected, not covered, or not found in the patients. See also Fig. 4 for spatial
organization of category selectivity in different scan sessions involving longitudinal
patients TC, UD, and OT. A anterior, P posterior, LH left hemisphere, RH right
hemisphere. Note that the left panel depicts both ventral and dorsal-lateral ROIs, but
only the ventral ROIs are shown in the ventral view of the inflated surface in the right
panel of (C–H). I Crawford’s modified t score of difference in the spatial organi-
zation between each patient and the TD control group. JCrawford’smodified t score
of difference in the spatial organization between each control and all other typically
developing (TD) controls. See also Supplementary Fig. S2 for the spatial organization
maps of each individual TD control.
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Fig. 3 | Representational similarity analysis of category-selective responses. STG
superior temporal gyrus, FFA fusiform face area, STS superior temporal sulcus, PF
posterior fusiform, LOC lateral occipital complex, PPA parahippocampal place area,
TOS transverse occipital sulcus, VWFA visual word form area, STG superior tem-
poral gyrus, IFG inferior frontal gyrus, l left, r right. A An example of left STG in a
typically developing (TD) control, showing highly dissociable representation and
low correlation between preferred (words) and non-preferred categories (faces,
objects, and houses).BAn example of right STG in TC (category localizer session 2),
showing less dissociable representation and high correlation between the preferred
(words) and non-preferred categories (faces, objects, and houses). C A schematic
illustration of the representational similarity matrix in this analysis. For each ROI,
the preferred category is depicted in purple, and all other categories are depicted in
gray. Faces are from the Face Place dataset120. D Fisher-transformed correlation
coefficient between the preferred category and all other categories for each ROI in

each patient’s last scan session and in TD controls. Each boxplot displays the full
distribution of datapoints from the TD control group. A horizontal line inside the
box indicates themedian, the box represents the interquartile range between the first
and the third quartiles, and the whiskers extend to the most extreme datapoints that
are not considered outliers by the algorithm (MATLAB function: boxplot). Data
points from each identifiable ROI in the patients are depicted with unique shapes per
patient: triangle (KN), circle (SN), square (TC), diamond (UD), and star (OT).
Details of the ROIs that are resected, not covered, or not found in the patients are
shown in Supplementary Fig. S3. E Crawford’s t tests compared representational
similarity in each identifiable ROI of patient scans to its respective TD control range.
Red dots indicate significant deviations. Black x-axis labels indicate ROIs that can be
defined either in the typical hemisphere or remapped to the opposite hemisphere.
Gray x-axis labels denote ROIs that were resected, not covered, or not identified in
the corresponding patients (see Supplementary Fig. S3).
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The same analysis applied to each individual control showedminimal
deviation in representational structure with 6 out of 375 regions falling
outside the normal range of the other 24 controls (Supplementary Fig. S4).
These 6deviating comparisons justmarginally exceeded the threshold of the
normal distribution, and, indeed, none of them survived the Benjamini-
Yekutieli procedure to control the FDR across multiple comparisons of 15
identified ROIs in each control.

In summary, TC’s information content in the right VWFA and RH
language areas (IFG and STG) differs from those regions in the LH of TD
controls. In contrast, KNandSN,who also haveRH-lateralizedVWFA, IFG
and STG regions due to LH resections encompassing the posterior VOTC,
both have l typical information content of these regions. Lastly, UD (the
single RH resection patient) and OT (‘control’ patient, with LH resection
outside VOTC) showed no differences in the representational structure
compared to TD controls.

Longitudinal analysis. Next, we present longitudinal data from three
participants (TC, UD, and OT) who completed multiple neuroimaging
sessions, following the same format of the cross-sectional data but
examining changes in metrics over time.

Spatial topography of category selectivity. As shown in Fig. 4A, B, there
were ROIs in TC and UD that emerged over time (i.e. they were not
detectable on an earlier scan). This is especially evident in TC (left VOTC
resection), in whom we first observed a right IFG (yellow) emerging at
13y11m and a right STG (light orange) at 15y9m (Fig. 4A). Neither
region was detectable in TC’s first (pre-surgical) scan at 13y3m, but her
hospital records noted that language was lateralized to the LH. In TC’s
separate post-surgical language localizer scan, the LH IFG was detected
in a similar location using an established language localizer (Supple-
mentary Fig. S5)67.

ForUD (rightVOTCresection), the presence of the LH IFGwas visible
only in the last two sessions, but this was a spurious result of a scanning

transition from partial to full brain coverage (Fig. 4B). In UD’s presurgical
clinical scan from thehospital, the LH IFGandLHSTGwere visualized, and
these very same regionsweredetected in ourpost-surgical language localizer
scan (Supplementary Fig. S6)67. For the pre- and post-surgical data and
comparison, see Supplementary Fig. S1 of Liu et al.46. All other ROIs were
detectable across thefive sessions inUD.Lastly, therewereno changes in the
number of identifiable ROIs across scans in OT (control anterior temporal
resection patient; Fig. 4C).

Next, we extended the medial-lateral analysis in Fig. 2I, J to the long-
itudinal scans in TC, UD, and OT. Specifically, we observed a deviation in
the spatial topography of ventral ROIs for all three of TC’s sessions (red dots
in Fig. 4E). By contrast, those for all five sessions for UD and three sessions
forOTfellwithin theTDcontrol distribution (blackdots inFig. 4E). Inother
words, the reorganized RH VWFA in the case of posterior LH (but not
anterior LH or RH) VOTC resection leads to a significant deviation in the
spatial topography of category-selective ROIs that persists across time: both
pre- and post-surgery for TC and longitudinally. Although TC’s remaining
RH and UD’s remaining LH can each accommodate both face and word
representations, the difference between them in this analysis reflects the
canonical category-selective topography in the TD controls: face repre-
sentations are commonly bilateral, while word representations are left-
lateralized.

Representational content per category. Change in information con-
tent over time would manifest as a category that becomes either more
differentiable from other categories (increasing specificity) or less dif-
ferentiable (diminishing specificity). As before, to estimate representa-
tional similarity, we calculated a Fisher-transformed correlation
coefficient between the preferred category and all other categories for
each ROI in each longitudinal scan session (Supplementary Fig. S7A).
Patients’ correlation coefficients were then compared to the respective
correlation coefficient distribution of the TD controls (Supplementary
Fig. S7B).

Remapped

FFA STS

PPA TOS

LOCpF

VWFA STG IFG

EVC

Fig. 4 | Spatial organization of category selectivity in each scan session in long-
itudinal patients TC, UD, and OT. A–C Category-selective topography across
three scan sessions in TC, five scan sessions in UD, and three scan sessions in OT.
The left side within each panel visualizes the average spatial distribution of category-
selective regions of interest (ROIs). The x-axis represents coordinates in the medial-
lateral direction for each hemisphere (LH: 88–176, RH: 0–88 in native space), and

the y-axis represents coordinates in the anterior-posterior direction. Filled colored
circles indicate ROIs that can be identified in a given scan, while circles surrounded
by dotted lines represent ROIs for word function that are typically left-lateralized but
here are localized to the RH.D Contrasts to define category-selective activations for
each region. E Crawford’s modified t score of difference in the spatial organization
between each longitudinal patient and the typically developing (TD) control group.
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The longitudinal analysis of representational similarity confirms the
stability of information content in UD (right VOTC resection) and OT
(‘control patient’, anterior resection) over time (blackdots inSupplementary
Fig. S7B). In contrast, the information content for TC (left VOTC resection)
differed fromcontrols and across time (reddots in Supplementary Fig. S7B).
Most notably, the information content of TC’s RH VWFA was within the
TD range in the first 13y3m (pre-surgical) and second 13y11m (post-sur-
gical) scans; however, by the third scan at 15y9m, the information content of
right VWFA significantly deviated from TD controls (the red dot in Sup-
plementary Fig. S7B; remained significant after applying the Benjamini-
Yekutieli procedure66 to control the FDR across multiple comparisons of 9
identified ROIs at adjusted third-rank threshold inCL3). Also, the right IFG
(which emerges only on TC’s second and third scans) had information
content outside the TD range (red dots in Supplementary Fig. S7B;
remained significant after applying the Benjamini–Yekutieli procedure to
control the FDR across multiple comparisons of 8 identified ROIs at the
adjusted first-rank threshold in CL2 and 9 identified ROIs at the adjusted
second-rank threshold in CL3). Similarly, the right STG (which emerges
only onTC’s third scan) had information content outside the TD range (the
red dot in Supplementary Fig. S7B; remained significant after applying the
Benjamini–Yekutieli procedure to control the FDR across multiple com-
parisons of 9 identified ROIs at adjusted first-rank threshold in CL3).

Face and word representations in a single developing VOTC. In this
final analysis, we zeroed in on regions of face- and word-selectivity and
their relationship over time. Accommodating category-selective regions
within a single posterior VOTC may be relatively straightforward for
categories like objects and scenes that typically have bilateral selectivity
(e.g., LOC and PPA). The more pertinent question is how development
with a single hemisphere comes to support categories, such as faces and
words, that typically are more lateralized by adulthood (albeit with faces
generally less lateralized than words). More specifically, is there evidence
of competition68,69 between face and word selectivity within the single
preserved VOTC, and is this competition equivalent independent of
which hemisphere is preserved?

To address this question, acrossmultiple neuroimaging sessionswithin
TC, UD, and OT, we measured changes in face- and word-selective ROIs
and contrasted these with changes in object- and house-selective ROIs.
Specifically, we conducted both univariate and multivariate analyses with
data drawn from an anatomically defined VOTC mask that encompassed
the fusiform gyrus (FG) and the occipitotemporal sulcus (OTS), the ana-
tomical regions for the categories of interest (cyan surface patches in Fig. 5B,
G, L, also visible in volume space inSupplementary Fig. S8). ForTCandUD,
we examined the preservedVOTC.We also examined the LHFG/OTS over
time in OT, the ‘control’ patient with a left anterior resection. Because his
word selectivity is strongly lateralized in the LH, similar to that in the TD
controls, we chose to examine the LH, as more competition with face
processing is expected there compared to the RH.

In TC, there was a significant increase in word-over-face selectivity
over sessions across all 7307 voxels in right FG/OTS (more blue and fewer
red voxels from scan 1 to 3 in Fig. 5A; all |t| values > 6.522, all p values <
7.147e−11, two-tailed, independent samples t tests at the voxel level). This
change was evident both in comparing TC’s pre-surgery to post-surgery
scan (scans aged 13y3m to 13y11m) and thereafter across two post-surgery
scans (scans aged 13y11m to 15y9m). In UD, a univariate analysis of the
12,428 voxel of the left FG/OTS revealed clear increases in face-over-word
selectivity over time (more red and fewer blue voxels from scan 1 to 5 in
Fig. 5F; all |t| values > 3.096, all p values < 0.002, except for the comparisons
between scans 1 and 2, t(24854) = 0.197, p = 0.844, two-tailed, independent
samples t tests at the voxel level). Finally, in OT, unlike in both UD and TC,
therewere no significant differences in face- versusword-selectivity between
any two scan sessions (Fig. 5K; all |t| values < 1.039, all p values > 0.299,
independent samples t tests at the voxel level).

The quantifiable changes for faces and words in UD and TC contrast
with the stable profile of object selectivity in FG/OTS over time. Specifically,

in a univariate contrast between objects and scrambled objects, no sig-
nificant increase or change between any two scan sessions were evident in
TC (Supplementary Fig. S9, all |t| values < 1.549, all p values > 0.122) or in
UD (Supplementary Fig. S10, all |t| values < 1.741, all p values > 0.082). The
absence of change over time for objects in the context of changes in voxel
selectivity for words and for faces in the single preserved VOTC for TC and
UD indicates that not all categories are competing for representational
space, thereby highlighting the specific competition between face and word
representations. Together, our findings suggest that, longitudinally, there is
competition between face and word representations for neural representa-
tional space within a single posterior VOTC (as observed in TC and UD).
However, this competition is not observed when bilateral posterior VOTC
remains intact following unilateral anterior temporal lobe resection, as
seen in OT.

These findings, which reveal changes inword and face selectivity in TC
and UD, respectively, but not in OT, are highly suggestive of competition
within the preserved VOTC. However, analysis of the distribution of
t(face-word) scores in the FG/OTS at each session does not indicate whether,
over time, individual voxels within FG/OTS that were word-selective at one
point in time become face-selective (or vice versa) at a later point in time,
which would indicate competition for representation, as opposed to stable
face- or word-selectivity within individual voxels across sessions.

Thus, to evaluate change in each voxel over time, we performed a
McNemar’s test of change (with Yates’ correction) for each adjacent pair of
sessions for eachpatient. Using themean t(face-word) scores across all sessions
for each patient (OT, TC, and UD), we consistently applied a conservative
criterion of t >mean +1.5 for strong face selectivity and t <mean −1.5 for
strong word selectivity to isolate those voxels with an initial strong com-
mitment to a category (see Methods). We elected to focus on those voxels
with strong selectivity as these should be least likely to change their category
responsivity. If they did, however, this would be a clear demonstration of
competitive dynamics andmalleability.Within the 7307 voxels within TC’s
right FG/OTS, there was a significant shift of voxel selectivity from strong
face to word preference between each pair of adjacent sessions [CL1-2:
McNemar X2 = 87.699, p < 0.001; CL2-3: McNemar X2 = 9.333, p = 0.002].
Likewise, amongst the 12428 voxels derived from UD’s mask, there were
significant changes in strong face/word preference between each pair
of adjacent sessions in the first four sessions (McNemar X2 ranges from8.10
to 21.061, all p values < 0.004) except for the last pair of sessions [McNemar
X2 = 3.273, p = 0.070]. Interestingly, the saturation of responsivity to words
versus faces in the last pair of sessionsmay reflect a stabilizationof selectivity
as UD reached age 13 years of age. Last, there were no significant changes in
strong face/word preferences over timewithin a total of 12,013 voxels inOT
[CL1-2: McNemar X2 = 0.941, p values = 0.332; CL2-3: McNemar
X2 = 0.563, p values = 0.453].

We next characterized changes in multivariate representations over
sessions in TC, UD, and OT using representational dissimilarity matrices
(RDM) (Fig. 5C, H, M). The corresponding multi-dimensional scaling
(MDS) plots are shown for TC in Fig. 5D, UD in Fig. 5I, and OT in Fig. 5N.
Each plot visualizes the similarity structure among stimuli as distances
between conditions in a two-dimensional representation, which reveals
more dispersed face (magenta) and word (orange) representations, com-
pared to tighter clustering of object (blue) and house (green) representa-
tions. The greater separation between faces and words versus houses and
objects is consistent with a competitive dynamic in which representations
diverge within the FG/TOS region.

Next,we performed abootstrapping linear regression analysis to derive
an index of change between these pairs of representations over time. This
was performed separately using the distance between faces and words, and
between houses and objects, in each session in TC, UD, and OT. In TC, the
regression slope for face-word dissimilarity across three sessions (0.26,
Fig. 5E, pink circle) fell outside the 95% confidence interval (CI, [−0.210,
0.216]) of the bootstrapped null distribution (Fig. 5E, yellow histogram),
indicating increasing differentiation between face andword representations
over development in the RH. In contrast, the regression slope for object-

https://doi.org/10.1038/s42003-025-08554-2 Article

Communications Biology |          (2025) 8:1200 8

www.nature.com/commsbio


Fig. 5 | Changes in face and word representations over time in the anatomically
defined fusiform gyrus/occipito-temporal sulcus (FG/OTS) in patients TC and
UD, but not in OT. A, F,KChange over time in each voxel’s selectivity to faces over
words within the FG/OTS region, where the XYZ coordinates (in native space) and
t(face-word) scores are plotted for each voxel. Higher selectivity to faces (dark red);
higher selectivity to words (dark blue). We find significant differences in t(face-word)
scores between any two scan sessions in TC’s right FG/OTS and in UD’s left FG/
OTS, except for the comparisons between scans 1 and 2. We find no significant
differences in t(face-word) scores between any two scan sessions in OT’s left FG/OTS.
Supplementary Fig. S11 applies the ‘parula’ colormap to the same data shown here,
offering a more perceptually uniform and naturally ordered alternative to the ‘jet’
colormap used in this figure. FG/OTS (cyan) hand drawn in native surface space for

TC (B), UD (G), and OT (K). See corresponding visualization in volume space in
Supplementary Fig. S8. Total number of anatomical voxels (1 mm isotropic) is 7307
in TC, 12428 in UD, and 12013 in OT. Representational dissimilarity of category
representations across sessions in TC’s right FG/OTS (C), UD’s left FG/OTS (H),
and OT’s left FG/OTS (M). Multidimensional scaling plot of category representa-
tions across sessions in TC’s right FG/OTS (D), UD’s left FG/OTS (I), and OT’s left
FG/OTS (N). Words (orange), faces (magenta), houses (green), objects (blue). A
distribution of bootstrapped dissimilarity slopes (yellow histogram), face and word
dissimilarity slope (pink circle), and house and object dissimilarity slope (cyan
circle) as a function of the number of sessions in TC (E), UD (J), andOT (O). 95%CI
(gray vertical dashed lines).
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house dissimilarity across sessions (0.01, Fig. 5E, cyan circle) fell within the
95% CI of the bootstrapped null distribution (Fig. 5E, yellow histogram),
suggesting a stable representation of houses and objects across sessions in
right FG/TOS.The analysis ofmeanbeta values across three sessions inTC’s
anatomically defined FG/OTS aligns with the multivariate results. Specifi-
cally, there is an increase inmean beta values for words, a decrease for faces,
and and no changes for object selectivity (object – scrambled object) over
sessions (see Supplementary Table S2).

Across five sessions in UD, the regression slopes for faces and words
(0.07, Fig. 5J, pink circle) and for objects and houses (0.02, Fig. 5J, cyan
circle) fell within the 95%CI of the bootstrapped null distribution ([−0.102,
0.103]), indicating stable representations of all categories in his left FG/OTS
region. However, we know from the voxel-wise McNemar tests of change
that theremay be some stabilization of category preference in UD’s last two
sessions. If only the first 4 sessions are taken into account, UD’s face and
word slope (0.12) is outside the bootstrapped distribution, consistent with
the possibility of saturation of change in the voxel-wise analysis. Last, across
three sessions inOT, the regression slopes for faces andwords (0.01, Fig. 5O,
pink circle) and for objects and houses (0.06, Fig. 5J, cyan circle) both fell
within the 95% CI of the bootstrapped null distribution ([−0.203, 0.206]),
indicating stable representations for both in left FG/OTS.

Taken together, our findings suggest that, longitudinally, there are
changes in extrastriate topography and representational content for the two
patients with posterior VOTC resections (TC and UD) but not for the
patient with anterior temporal lobe resection (OT). In the domain of face
and word representations, the changes are clearest and manifest as com-
petition for neural representations. This competition is evident in TC fol-
lowing left VOTC resection and inUD right VOTC resection, as revealed in
the voxel-wise analysis and from bootstrapping linear regression analyses
that indexed the changes over time.

Discussion
The goal of this investigation was to elucidate the malleability of category-
selective topography and representational similarity in human VOTC.
Given that the spatial organization of VOTC’s category-selective regions is
highly replicable across individuals22, one might predict rather minimal
potential for change in VOTC aside from that associated with typical
development. To address this, we recruited individuals with unilateral
childhood resection of VOTC in one hemisphere (for the management of
DRE), whose visual categories must presumably be accommodated within
the preserved VOTC to support visual recognition behavior. The investi-
gation of VOTC in such individuals, therefore, can shed light on the
potential for change in human ventral visual cortex. In the current work, we
tracked changes in category selectivity and representational content in such
individuals, using univariate and multivariate approaches, both cross-
sectionally and longitudinally, to understand how a single VOTC comes to
support various visual categories, some ofwhichwould ordinarily have been
supported by the now-resected VOTC. We conducted further analyses on
changes in areal selectivity for faces (FFA) andwords (VWFA), as thesehave
opposite stereotypical lateralization profiles, and because of the typical
stronger left-lateralization of words and its co-localization with language,
pose a stringent test of plasticity when written words must be supported by
the RH following left VOTC resection.

We acquired behavioral and neuroimaging data in three individuals
with resections encompassing left VOTC (KN, SN, TC), one with right
VOTC resection (UD), and one with a left anterior temporal lobe resection
(OT) to serve as a ‘control patient’, with longitudinal imaging inTC,UDand
OT. We also acquired data from 25 matched TD controls. Importantly, all
patients performed within the range of the TD controls on perceptual tests,
except for KN (with the most extensive resection, a left hemispherectomy).

Altered topographic profiles following cortical resection
In all participants, we identified up to 17 ROIs, including category-selective
regions, language areas, and early visual cortex. The results indicated that
spatial organization of category selectivity is flexible in patients with cortical

resection, as evident, for example, by the emergence of lateralized language
and word-selective regions in the typically non-dominant RH
(Figs. 2 and 4). The fact that the altered topographic profile was observed in
patients with smaller, lobar resection and not just in those with full hemi-
spherectomy suggests that it is the VOTC resection per se rather than the
extent of the resection that determines the resulting topographic outcome.
Also significant is that a resection to the LH situated more anteriorly in
ventral cortex (in SN) led to partial remapping, with the residual LH pos-
teriorVOTCstillmaintaining some signatureof typical topography. Last, an
evenmore anterior temporal resection (in patient controlOT) did not result
in any topographical change of VOTC profile. These findings implicate the
resectionof the left posteriorVOTCas the critical locus that triggers changes
in VOTC topographic arrangement.

Some researchers have proposed that a strong constraint on VOTC
topography concerns the hemispheric lateralization of language. There is
clear pressure, in the typical right-handed individual, for the LH to develop
orthographic representations proximal to, and thus co-lateralized with,
language areas25 so that the visual, phonological, and conceptual aspects of
reading can be easily coordinated2,31,70, and so that top-down language
information can be integrated with bottom-up visual input71–73. This pres-
suremay explain why the asymmetry of word recognition in the left VWFA
is greater than the more graded, bilateral profile of face recognition in the
right FFA12,74.

Our results also uphold this co-localization hypothesis. The later-
alization of word-selective cortex closely followed the lateralization of lan-
guage in the controls; in the patients with resection outside the LH VOTC,
UDandOT, theVWFAwas co-localizedwith STGand IFG in thepreserved
LH,but in all three patientswith resections incorporating theLHVOTC, the
word network (VWFA, STG, and IFG) were present in the RH. As
uncovered in the longitudinal data, in TC, the RH VWFA was detected
earlier than the RH STG and IFG, which could only be discerned in the
second and third scans.Whether there is a temporal dependencewithin the
word network remains to be determined. One might expect the language
areas to be present prior to the emergence of the VWFA although this may
hold in the typical cortical profile but not under conditions of perturbation
following cortical resection. Moreover, while all three left VOTC resection
patients have right-lateralized co-localization of VWFA, STG, and IFG, our
multivariate analyses suggest that only TC’s information content in these
right-sided regions differ from those regions in the LH of TD controls
(Fig. 3E). TC is the one left resection patient whose surgery occurred later in
life, and so it is possible that thepresenceof epileptic tissue in theLHover the
course of development affected the representational content of RHVWFA,
STG, and IFG.

This RH co-localization of VWFA and language areas has also been
reported previously in a case with LH resection75. There are, however,
reported violations of this constraint, such as a case of RH lateralization of
theVWFAbut left-lateralizationof language76 and a further case of aVWFA
in the absence of a LH STS language region77. Other atypical arrangements
of the localization of the VWFA include abnormal recruitment of the
anterior temporal lobes bilaterally for reading following left fusiform
resection78, the anterior shift of the VWFA within the LH79, and even the
presence of text-selectivity connected toLHmotor andpremotor regions via
activity in left STS80. Clearly, further study of the nature and timing of the
language areas and VWFA and their potential atypical co-localization after
differing cortical insults warrants further research.

A further constraint onVOTC topography is thought to be themedial-
lateral arrangement of category-selective ROIs; specifically, in the case of the
VWFA, with responses to written words activating a region that is more
lateral than medial and that is proximal to laterally-situated regions that
encode lexical and semantic information63,64,81—a spatial arrangement that
is predictable even whenmeasured prior to the acquisition of literacy82,83. In
our results, the spatial arrangement of the ROIs was well characterized by a
medial-lateral arrangement:while thiswas the default forUDandOT, in the
three left resection patients, SN, KN and TC, flipping the rVWFA, rSTG,
and rIFG to their mirror-symmetric locations in the LH resulted in spatial
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topography that conformed to the canonical spatial arrangement. The fact
that the medial-lateral organization remains intact even when the VWFA,
STG, or IFG are atypically sited in the RH, reinforces the claim that reor-
ganization is subject to ongoing topographic constraints. Taken together,
our findings demonstrate that VWFA topography is not necessarily con-
strained to emerge in the LH or RH, but, in the hemisphere in which it does
emerge, the medial-lateral constraints are present within that hemisphere.

Beyond topography, we were interested in understanding the repre-
sentational content of category-selective regions, especially in those whose
topography deviated from the typical profile. As shown in Fig. 3, the reor-
ganization of word and language regions in TC to the RH was associated
with less distinct representations of words in TC, but not in the RHVWFA
of KN or SN,who also have LH resections, suggesting that VOTC category-
selective areas within typical and atypical regions can maintain repre-
sentations that are largely equivalent to those of the controls. It is also worth
noting that word-related plasticity in TC appears to be underway pre-
surgically (CL1, see Figs. 4 and 5), although post-surgical changes are also
detected, and we return to this topic later in the Discussion.

Dynamics of cortical plasticity
The findings from our longitudinal data are particularly instructive in elu-
cidating dynamic changes in the organization of higher-order visual cortex
(Figs. 4, 5 and S6).We identified changes in the spatial location of regions as
well as in the voxel-wise selectivity profiles across sessions in patients TC
and UD, but not in the control patient, OT, whose longitudinal profile is
remarkably stable (Fig. 5). In both TC and UD, who have a left and right
VOTC resection, respectively, changes in face or word selectivity were
clearly evident across sessions (see Figs. 5A and S6F), and the competition
for representational space ultimately resulted in face- and word-selective
voxels abutting eachotherwithin a singleVOTC.That both categories come
to be situated in FG/OTS is consistent with the claim that these two cate-
gories require fine-grained foveal representations for the discrimination of
their highly-similar exemplars and hence recruit the foveal-biased region of
cortex84. Changes in the asymmetry of both word and face representations
over time were confirmed by the multivariate analysis in which regression
slopes across sessions for faces and words, but not objects and houses, fell
outside of the bootstrapping null distribution for the preserved RH to a
greater degree than the preserved LH.

Implications for plasticity: which hemisphere and which areas
accommodate new functions?
Some have argued that the functional and anatomical pressures that
determine face and word selectivity arise from domain-specific innate
constraints85–87. The notion of a priori specifications of regional selectivity is
difficult to reconcile with the flexibility and malleability of category- and
content-specificity shown here. Given the opportunities for constructive
remodelingor ‘recycling’ofVOTC88,89, ourfindings also raise thequestionof
exactly which cortical regions may be candidates for accommodating the
VWFA or the FFA, if and when needed. Determining this is especially
interesting for theVWFA in light of the relatively recent cultural adoptionof
word reading and the relatively late emergence of the VWFA
ontogenetically90–92.

Some have suggested that, during typical reading acquisition, face-
selective regions can become word-selective88,89, and our findings here are
consistent with this claim (aswell as the reverse case inwhich face selectivity
can be accommodated in word-selective cortex). Others have argued that
regions that were limb-selective may be good candidates for recycling into
visual word representations**23**, and yet others have proposed that
regions that are weakly selective and not committed to a particular stimulus
category are possible sites too20,82,93.

Our findings show that individual voxels that were initially strongly
selective for one category—words or faces—can shift allegiance over time
and become strongly selective for the other category. This evidence was
moredramatic inTCwhoseVWFAhad to be accommodated in theRHand
abuts her FFA region, than in UD whose face selectivity needed to be

accommodated in his LH (which might have had a bias toward face selec-
tivity in the first instance). Whether ‘recycling’ necessarily destroys a pre-
existing category-selective area or can alter function without destructive
competition93 is still debated. The findings here favor the former: voxel
allegiance shifts over time such that the representation of words adversely
impacts the representation of faces in the RH. Likewise, over time in the LH,
voxels that are initially highly selective for word representations lose the
competition and become more selective for face representations.

The pressure to reorganize the preserved hemisphere to accommodate
face representations is likely weaker than for word representations, which
are typically more lateralized. The FFA has precedence for more bilateral
representation of function not only in adulthood, as noted above, but also
early in development For example, whereas before 24months of age, either
LH or RH damage can result in equivalent face recognition impairments94,
in adulthood, a lesion to the RH results in prosopagnosia more often and
more severely than a LH lesion (though prosopagnosia after LH lesion has
also been reported95,96). In the context of language functions, which are also
present in the preserved RHof our three left VOTC resection cases, bilateral
underpinnings have also been reported, potentially consistentwith claimsof
upregulation rather than major reorganization of cortex97. In younger
children, language appears to be activated bilaterally but, with age, the
dominant LHappears to strengthen and just a ‘weak shadow’ is detectable in
the RH98,99 (for equivalent receptive vocabulary potential in the two hemi-
spheres, see ref. 100). Our patients may be young enough that there are still
significant RH language representations that can be upregulated.

This seemingly early bilateral patternmay account for the finding that,
despite extensive resection, individuals with childhood hemispheric surgery
averaged 85%correct on tests ofword andof face recognition, irrespective of
whether the preserved hemisphere was the LH or RH43,44. This pattern of
findings contrasts with that noted in adulthood, during which a unilateral
stroke to either hemisphere results in a deficit in both face and word
recognition, although to a greater degree for faces after RH stroke and for
words after LH stroke, suggesting some bilateral representation even in
older individuals101. Thus, following resection, amplification or up-
regulation of a pre-existing function97 may potentially allow for the
within-hemisphere enhancement of function rather than requiring the
interhemispheric recruitment of a neurologically abnormal site.

Pre- to post-surgical plasticity
Last, the current study examined whether the change of functional organi-
zationofVOTCwasa result of the surgeryorpredated it.Most studiesofDRE
resection patients have only described VOTC categories post-surgery37–40.
One study with a right occipital resection was shown not to evince any
changes in pre- to post-surgical face selectivity following OTC resection, but
this individual was 36 years old102. It is possible that, because ofmany years of
presurgical seizure activity, changes may have occurred prior to surgery.

As part of our longitudinal investigation, in patient TC, a number of
keyfindings emerged in thepre- and in the post-surgical scans. For example,
thedifference betweenTC’sfirst and second scans is striking, despite only an
8-month interval, whereas there appears to be less dramatic change between
scans 2 and 3, which are almost two years apart. The impact of the resection
may well have precipitated the dramatic pre- to post-surgery change, with
some, albeit less remarkable, changes thereafter. Of note, TC evinced no
detectable selectivity for any category pre- or post-surgery in the ipsilesional
LH, and all visual categories were identified in the contralesional RH (see
Fig. 2F), including words which are typically represented in the LH in TD
controls (Supplementary Fig. S3). This implies that the epileptogenic
pathology apparently hindered development of visual category repre-
sentations in the LH, independent of surgery. The finding that there is no
clear post-surgical emergence of category-selective cortex in the ipsilesional
hemisphere further suggests that surgical removal of epileptogenic tissue
may not obviously help to facilitate the emergence outside VOTC of typical
function of LHVOTC, at least within the duration studied here, up to three
years post-surgery, but ipsilesional organization has been reported and this
plasticity may depend on the age of the patient79.
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The presence of word selectivity in the RH prior to surgery is notable,
and two factors might explain this. First, TC’s surgery was conducted when
shewas13 years 3months, and it is likely that shehadalready acquired some
reading skills by this point in her development. Second, as above, because of
the severity of her epilepsy, the left VOTCwas likely dysfunctional formany
years prior to the surgery with the result that the VWFA emerged pre-
surgically in the functionally intact RH. Notably, word selectivity becomes
more prominent in the RH post-surgery (Supplementary Fig. S6) and
particularly so in language regions (Supplementary Fig. S5): this emergence
raises the intriguing possibility that surgery or seizure alleviation may have
facilitated further plasticity of the contralesional hemisphere.

It is also noteworthy that, in TC, the response pattern to faces and
words in theRHappears similar initially in theMDS analysis with similarity
initially that growsmore disparate post-surgery. The functioning in the RH
might have been disrupted or masked by the epilepsy prior to resection,
making face and word responses appear less distinct initially with increased
distance between them post-resection. The findings suggest the possibility
that removal of the epileptogenic tissue may have facilitated the plastic
development of word-selective cortex in the patient’s contralesional RH. At
the same time, we cannot definitively ascertain whether the emergence of
word-selective cortex in the RH is a direct consequence of surgical inter-
vention or of age (or a combination of the two variables).

A final observation concerns the stability of OT over the longitudinal
scans. Although OT was reasonably well matched to TC at the times of
surgery and the first scan, he was older (aged 17y7m and 18y5m) and
potentiallymoredevelopmentallymature thanUDandTCat the timeof the
later scans. While we have attributed his stability largely to the integrity of
his posterior VOTC (as his resection was more anterior), his stable func-
tional profile might also reflect his more advanced developmental maturity.

Conclusion
The findings of this combined cross-sectional and longitudinal investi-
gation conducted with individuals with childhood resection for the
management of epilepsy offer critical insights into the brain’s malleability
during development. Focal epilepsy affects global brain-wide functional
activity, beyond the site of the epileptogenic focus103–105; as such, it is
posited that, in cases of DRE or chronic epilepsy, persistent epileptic and
interictal activity throughout development can result in progressively
worse long-term negative cognitive outcomes106–108. This may not always
be the case, however; the cortical visual system is surprisingly malleable
and can be differently configured or upregulated for new functions.
Indeed, despite the persistent homonymous hemianopia, the majority of
post-surgical children have good visual outcomes109. Additionally, epi-
lepsy surgery appears to reverse the deleterious developmental effects of
epileptic pathology110. The cross-sectional findings here uncovered the
categorical topography in VOTC, their spatial relationships and their
information content, and revealed plasticity and spatial deviations,
especially in the case of the VWFA (and associated language areas),
although information content (representational structure) were chiefly
similar to that observed in matched controls.

Although we tested visual function and competence and, with one
exception, documented normal behavior, further investigation with even
more fine-tuned behavioral assessment69,111 and more fine-tuned psycho-
physics might uncover other instances of deficient behavior. We have also
limited our investigations to VOTC in those with childhood resections.
Whether similar findings might emerge following other lobar resections
and/or other cognitive functions remains to be investigated further.
Answering these questions is important in furthering our understanding of
cortical functional architecture and in fostering translational and clinical
implications.

Methods
Participants
Participants’ parents provided informed consent to participate in the pro-
tocol approved by the Institutional Review Boards of Carnegie Mellon

University and the University of Pittsburgh (an interpreter assisted TC’s
mother in completing the consent form), and participants provided assent.
Participants were paid for their participation in the study. All ethical reg-
ulations relevant to human research participants were followed.

Patients
Five right-handed pediatric patients, four of whom had undergone cor-
tical resection at University of Pittsburgh Medical Center Children’s
Hospital of Pittsburgh, participated in this study. All were native English
speakers except TC who came to and attended school in the United States
from age 6. Supplementary Table S3 lists the demographic and surgical
information for each patient. Figure 1 includes the postoperative MRI as
well as a detailed overview of the investigation (ages at behavioral testing
and functional imaging using a category-selective localizer) for each
patient.

KN and TC had a right homonymous hemianopia and UD had a left
homonymous hemianopia, as determined by confrontation visual field
testing and a 32-dot visual perimetrymeasure, with fixation enforced by eye
tracking112. SN and OT retained intact visual fields.

We were unable to obtain reliable pre- or post-surgical neuropsycho-
logical data fromKNwhose hemispherectomywas performed at 20months
or pre-surgical neuropsychological data fromSNwhose surgerywas at 1day
of life but who is currently schooled in a regular age-appropriate classroom
setting. Intelligence quotient scores for TC could not be obtained pre-
surgically as her English skills were not sufficiently well-developed at that
time (although she attended a regular high school at the time of this testing).
UD’s presurgical IQ scores were at least 1 SD above the standard mean of
100, and little change was evident from pre- to post-surgery. OT had a
presurgical IQ of 122 and a postsurgical IQ of 127, with academic skills and
performance above age andgrade expectations. SeeSupplementaryTable S4
for additional information obtained fromneuropsychological investigations
for each patient.

Controls
Twenty-five age-matched TD controls (all right-handed, ten females,
average age at scan: 12 ± 3years, see SupplementaryTable S5 for their ages at
scan,C5 andC10 represent the same control scannedat twodifferent ages as
part of a longitudinal effort, with sessions more than two years apart), with
normal or corrected-to-normal vision and no neurological history, parti-
cipated in the fMRI studies. Four of the controls (right-handed, 2males) also
participated in the behavioral testing session, andwe recruited an additional
17 controls (right-handed, two males) for behavioral testing to obtain a
distribution against which to compare the visual perception performance of
the patients. Out of the 21 behavioral controls, one did not participate in the
object-matching task.

Behavioral experiments
In all patients, intermediate-level vision (contour integration and Glass
pattern) and high-level pattern recognition (face and object recognition)
were assessed using a 14” Dell laptop with viewing distance of roughly
60 cm. The contour integration, Glass pattern, and objectmatching tasks in
controls were performed using the same laptop as in patients.

Contour integration
The contour integration task used two collinearity conditions (target
Gabor elements had either ±20° or ±0° collinearity)49. Participants were
instructed to use the keyboard to indicate whether an embedded egg-like
shape pointed to the left or right (Supplementary Fig. S1A). Background
Gabor elements were varied according to a one-up (after a wrong
response), three-down (after three correct responses) staircase procedure,
and the experiment continued until ten reversals in the staircase occur-
red. The threshold score reported in Table 1 was calculated from the
geometrical mean spacing of the final 6 reversals. The overall area cov-
ered by all the Gabor elements extended about 17.6° horizontally and
12.6° vertically.
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Glass patterns
The perception of shape or global form was assessed using thresholds
derived fromaglass pattern113. In this task,we varied thepercentage of signal
dots using a one-up (after an incorrect response), three-down (after three
correct responses) adaptive staircase method tomeasure the 75% threshold
for detecting the concentric swirl50 (Supplementary Fig. S1B). The staircase
started at 95% signal and terminated after 10 reversals. The threshold was
measured from the geometric mean of the last 6 reversals.

Face recognition
We used the Cambridge FaceMemory Test for Children51 and followed the
standard test instructions (see Supplementary Fig. S1C). Participants stu-
died 5 faces and then, in subsequent trials, identified each ‘old’ face from
amongst new, distractor faces. The test was conducted using upright and
inverted faces, in separate blocks. There were 60 trials in each orientation
consisting of 15 introductory trials, 25 trials without noise, and 20 trials with
added noise. Performance was the percent correct out of all 60 trials,
separately for upright and inverted faces. The patients’ performance was
compared to the control group from Croydon et al.51, 10-year-olds,N = 41.

Object recognition
All controls and patients, except for KN, underwent testing for object
recognition using an object judgment task adapted from ref. 52. In this task,
two objects were presented simultaneously—one above and one below the
midline largely to circumvent the hemianopia—for same/different dis-
crimination. The task consisted of 100 trials, 40 same and 60 different
(twenty per difference level), randomly intermixed. When the objects dif-
fered, they could differ at the basic (e.g., duck vs. vehicle), subordinate (e.g.,
chair vs. piano), or exemplar level (e.g., table 1 vs. table 2), reflecting
increasing perceptual similarity. The display remained on the screen until
the participant’s response, with one key indicating ‘same’ and another
‘different’.” Instructions encouraged both speed and accuracy (and both
were measured), and a 25-trial practice block familiarized the participant
with the task.

Patent KN was tested on the Cambridge Bicycle Memory Test for
Children53. Participants are instructed to study a set of bicycles and then
identify these amongst novel images of bicycles. Following standard
instructions, 72 trials are presented (learning stage: 18 trials; test stage with
novel viewpoints: 30 trials; test phase with noise overlaid: 24 trials). The
scores were converted to percent correct out of all 72 trials, with separate
calculations for upright and inverted bikes. The performance of the age-
matched control groupwas determinedusing the data fromBennetts et al.53,
UK school year = 6 (age 11), N = 22.

fMRI experiments
MRI setup. MRI data were acquired on either a Siemens Verio 3 T
magnet at the Scientific Imaging and Brain ResearchCenter or a PRISMA
at the CarnegieMellonUniversity-Pitt Brain ImagingData Generation&
Education Center (RRID:SCR_023356), using a 32-channel phased array
head coil. All of the patients had been scanned previously (four at the
UPMC Children’s Hospital of Pittsburgh) as part of their clinical
examination and were comfortable in the magnet.

Structural MRI. A high-resolution (1 mm3 isotropic voxels, 176 slices,
acquisition matrix = 256 × 256, TR = 2300 ms, TE = 1.97 ms, inversion
time = 900 ms, flip angle = 9 ̊, acceleration/GRAPPA = 2, scan time = 5
min 21 s) T1-weighted whole brain image was acquired for each parti-
cipant using a magnetization prepared rapid gradient echo (MPRAGE)
imaging sequence for localization, co-registration, and surface recon-
struction purposes.

Functional MRI. In patient UD and OT, and for two TD controls, fMRI
data were collected with a blood oxygenation level-dependent (BOLD)
contrast sensitive echo planar imaging (EPI) sequence (TR = 2000 ms,
TE = 30 ms, voxel size = 2.5 mm3, interslice time = 79ms, flip angle = 79°,

acceleration/GRAPPA = 2, 27 slices). In the other three patients (KN, SN
and TC) and 23 matched controls, fMRI data with whole brain coverage
(69 slices) were collected with a multiband acceleration factor of 3 and
voxel size = 2 mm3 (all else equal to standard protocol). For all partici-
pants, slice prescriptions were AC-PC aligned.

fMRI task and stimuli. The visual presentations were generated using
MATLAB (The MathWorks, Natick, MA) and Psychtoolbox (www.
psychtoolbox.org). Images were back-projected onto a screen in the
bore of the scanner. A trigger pulse from the scanner synchronized the
onset of the stimulus presentation to the beginning of the image
acquisition. During the category localizer tasks, a central fixation dot
remained on the screen to orient participants’ fixation (see Fig. 2A).
Participants were instructed to maintain fixation, and eye movement
was monitored to enforce fixation using an ASL eye tracker (Applied
Science Laboratories, Billerica, MA) or an EyeLink 1000 (SR Research,
Ottawa, Canada).

In each session, participants completed three runs of the fMRI category
localizer task45,46,114. (OT completed two runs in sessions 2 and 3.) The
functional runs adopted a block design with stimuli from five categories
(Fig. 2A): faces, houses, objects, scrambled objects, and words. Each run
consisted of 3 repeats of each category (8 TRs, 16 images) in pseudorandom
orderwith afixation baseline (4TRs) between all conditions. Thus, each run
contained 15 categories and 16 fixation baselines and lasted 6min 8 s (184
TRs). Participants detected an immediately repeating image (one-back task)
via anMR-compatible button glove using their index finger, and therewas a
single repeat per block. This response instruction was designed to engage
participantsmaximallywhile keeping the task relatively easy for the children
(overall accuracy: 95.8 ± 3.2%). In the two longitudinalVOTCcases,TCand
UD, a post-surgical (functional) language localizer was acquired67.We used
a block design with two categories: sentences and nonword strings. Parti-
cipants were instructed to press one button (index finger) to indicate if the
blue word/nonword shown immediately after the sequence (9 words/non-
words) matched one of the words/nonwords in this sequence, and another
button (middle finger) to indicate a non-match. This response instruction
was designed to maximally engage participants while keeping the task
relatively easy. Standard general linearmodel (GLM) analyseswere runwith
3 predictors (sentences, nonword strings, fixations), each convolved with a
canonical hemodynamic response function115. Language-selective ROIs
were determined using the sentences-nonwords or sentences-fixation
contrast. Using this task, we confirmed the left hemisphere (left IFG)
dominance in both TC and left STG activation in TC.

fMRI data analysis
Preprocessing. Preprocessing of the anatomical MRI included brain
extraction/skull stripping, intensity inhomogeneity correction, and AC-
PC alignment. Given the variability in the extent and site of the lesions in
the patients, there was no spatial normalization, and analyses were
conducted in native space. Functional data were 3D-motion corrected
(trilinear/sinc interpolation), slice-time corrected, and temporally fil-
tered (high-pass GLM Fourier = 2 cycles). Functional runs were co-
registered with the structural scan using boundary-based registration
approach. To permit the multivariate analysis, no spatial smoothing was
applied.

To ensure accurate within-subject comparison in the longitudinal
patients, we co-registered all functional runs in each patient to the structural
MRI from the first category localizer session and carefully monitored the
head motion and the temporal signal-to-noise ratio (tSNR) across sessions
(see tSNR equation). Despiking of high-motion time points in TC and UD
was performed using the ArtRepair toolbox116 in Statistical Parametric
Mapping (https://www.fil.ion.ucl.ac.uk/spm/).

Head motion. During each run, for each participant and control, the
head motion was calculated from the combination of three translation
parameters (in millimeters) and three rotation parameters (in degrees)
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using the following equations:

Total translation ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dðxÞ2 þ dðyÞ2 þdðzÞ2
q

Total rotation ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rðxÞ2 þ rðyÞ2 þrðzÞ2
q

The average headmotion for patients and controlswas very similar: for
patients, it was 0.44 ± 0.20mm (translation) and 0.48 ± 0.28 degrees
(rotation), and for controls it was 0.43 ± 0.23mm (translation) and
0.47 ± 0.26 degrees (rotation).

Temporal signal-to-noise ratio. To ensure comparable fMRI data
quality across participants as well as within-participant across sessions,
we used tSNR as an index of the temporal SNR for each voxel. To
minimize the influence from signal dropout due to resection, we excluded
those voxels in the lesioned brain region (Fig. 1, left) from the tSNR
calculation in each patient. For each run, tSNRwas calculated as themean
signal of the fMRI time series divided by the standard deviation of the
noise in the time series: SNR(temporal) = μ time series /σ time series.

General linear model. For each run, a standard GLM was performed.
The regressor for each condition (faces, houses, objects, scrambled
objects, and words) was defined as a boxcar function convolved with a
canonical hemodynamic response function115. To avoid overfitting,
fixation conditions were not included.

Region of interest (ROI) definition. A total of 17 ROIs were identified
using a set of contrasts. In each participant, category-selective ROIs were
defined as a sphere (radius: 7 mm) centered on the peak voxel under each
paired contrast (see below, same as the method used in ref. 45).

The FFA54,55 was defined as the region in the mid-fusiform gyrus with
greater activation for faces compared with houses (magenta in Fig. 2). The
STS56 was defined as the region in the posterior STS with greater activation
for faces comparedwithhouses (pink inFig. 2).ThepF60,61wasdefinedas the
posterior bankof the fusiformgyruswith greater activation for intact objects
comparedwith scrambledobjects (darkblue inFig. 2).TheLOCwasdefined
as the regionon the lateral bankof the fusiformgyrus extendingdorsally into
the middle occipital gyrus (below the lateral occipital sulcus) with greater
activation for intact objects compared with scrambled objects (light blue in
Fig. 2). The PPA57 was defined as the region in the anterior portion of the
parahippocampal gyrus with greater activation for houses compared with
faces (dark green in Fig. 2). The transverse occipital sulcus (TOS)58 was
definedas the region in theTOSwithgreater activation forhouses compared
with faces (light green in Fig. 2). TheVWFA62 was defined as a region in the
left or rightVOTCwith greater activation forwords than faces (dark orange
in Fig. 2). The STG (commonly known asWernicke’s area) was defined as a
region in the left or right posterior part of the STGwithgreater activation for
words than faces (light orange in Fig. 2). Last, the IFG (commonly known as
Broca’s area) was defined as a region in the left or right inferior frontal
gyrus with greater activation for words than faces (yellow in Fig. 2).

The spatial relationship between ROIs. As a means of estimating the
extent to which the spatial organization of the different ROIs was pre-
served in the patients and the possibility of change over the multiple
within-subject sessions, we first extracted the native x and y coordinates
of the peak voxel in each identifiable ROI for each participant (Fig. 2C–H
and Supplementary Fig. S2).We elected to stay in the native space for this
analysis because wewere unable to normalize the lesioned brains without
further distortion.

Next, we quantified potential deviations of the medial-lateral organi-
zation principle of the ventral visual pathway by correlating (using
MATLAB function corr) the x coordinates of all identifiable ventral ROIs
(from medial to lateral: EVC—PPA—pF—FFA—VWFA) in each patient

with the average x coordinates of these ROIs obtained for the controls. We
then used Crawford t test to evaluate whether a patient’s coordinates fell
outside of the normal distribution (Fig. 2I).We also applied Crawford t test
in each control to evaluate whether a control’s coordinates fell outside of the
distribution of rest of the controls.

Representational structure of category selectivity. We applied RSA65

to characterize the nature of the representations within each ROI. We
computed Pearson correlation coefficients across all categories (face,
object, house, andword) based on the beta value for all voxels in each ROI
(see examples in Fig. 3A, B). We then applied Fisher transformations to
permit the use of parametric statistics. Finally, for each ROI, we calcu-
lated the average correlation between the preferred category (Fig. 3C,
purple regions) and all other categories (Fig. 3C, gray regions).With FFA/
STS as an example, the preferred category is faces, and the non-preferred
categories include objects, houses, and words (Fig. 3C). High (Fisher
transformed) correlation coefficients reflect less selective representations,
whereas low (Fisher transformed) correlation coefficients reflect more
dissociable or unique representations of the preferred category (Fig. 3D).

Multi-dimensional scaling. A MDS algorithm was run on the dissim-
ilarity values stored in the upper (or equivalently the lower) triangle of the
RDM. The resultingMDS plot visualizes the similarity structure coded in
the RDM as distances between conditions in a two-dimensional repre-
sentation (Fig. 5D, I, N).

Statistics and reproducibility
Crawford’smodified t-test. We adopted a matched case-control design
to compare the findings from each individual patient (n = 5) to their
matched controls (n = 25) using modified t-tests117 for both behavioral
and fMRI experiments. The α criterion for all tests was 0.05, with
Benjamini–Yekutieli procedure applied to control the false discovery rate
(FDR) across multiple comparisons66.

McNemar test of change. We applied McNemar’s test of change (with
Yates’ correction) to evaluate change from face to word selectivity and
word to face selectivity in each voxel in FG/OTS in TC, UD, and OT
between each pair of adjacent sessions. Using the mean t(face-word) scores
from each session for each patient (OT, TC, and UD), we consistently
applied a conservative criterion of t>mean+1.5 for strong face selectivity
and t <mean−1.5 for strong word selectivity to isolate those voxels with
an initial strong commitment to a category.

Bootstrapping linear regression. We derived a regression slope as an
index of change to capture the relationship between face and word, or
house and object representation over time. In TC and OT, bootstrapped
regression slopes were calculated from the randomly picked 3 values (as a
proxy for 3 sessions in TC/OT) after shuffling the condition labels in the
upper (or equivalently the lower) RDM 1000 times in Fig. 5C (TC) or
Fig. 5M (OT). This procedure yielded a distribution of the bootstrapped
regression slopes (yellow histogram in Fig. 5E, O), and the face and word
dissimilarity slope (pink circle) and the house and object dissimilarity
slope (cyan circle) was each compared with the 95% CI of the boot-
strapped null distribution (gray vertical dashed lines).

We performed a bootstrapping linear regression analyses in UD in
which the condition labels in the upper (or equivalently the lower) RDM in
Fig. 5H 1000 times were shuffled and 5 values (as a proxy for a total of
5 sessions in UD) randomly picked each time to obtain the bootstrapped
regression slope distribution (Fig. 5J, yellow histogram). To establish the
statistical significance of the difference between bootstrapped slopes and the
face and word dissimilarity slope (pink circle) or the house and object
dissimilarity slope (cyan circle), we calculated the 95% CI of the boot-
strapped null distribution (Fig. 5J, gray vertical dashed lines). We note that
we have previously reported data for the first 4 sessions in UD46 but have
extended the data set here and recalculated the distribution.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The dataset will be freely and publicly available upon publication on the
Carnegie Mellon University data repository KiltHub (Figshare) at doi:
10.1184/R1/24898245118.

Code availability
E-prime (Psychology Software Tools, Inc., PA), MATLAB 2016b (Math-
Works, MA), and Psychtoolbox (www.psychtoolbox.org) were used to
present the stimuli. A combination of publicly available software packages
(Freesurfer, SPM) and commercial software (BrainVoyager, Matlab) and
were used for fMRI preprocessing and analysis. Customized code, source
behavioral data, andhigh-resolutionfigures are available onGithub (https://
github.com/tinaliutong/VOTC-plasticity)119.
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