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ABSTRACT  46 

The consequences of cortical resection, a treatment for humans with pharmaco-resistant epilepsy, 47 

provide a unique opportunity to advance our understanding of the nature and extent of cortical 48 

(re)organization. Despite the importance of visual processing in daily life, the neural and 49 

perceptual sequellae of occipitotemporal resections remain largely unexplored. Using 50 

psychophysical and fMRI investigations, we compared the neural and visuoperceptual profiles of 51 

ten children or adolescents following unilateral cortical resections and their age- and gender-52 

matched controls. Dramatically, with the exception of two individuals both of whom had 53 

relatively greater cortical alterations, all patients showed normal perceptual performance on tasks 54 

of intermediate and high-level vision, including face and object recognition. Consistently, again, 55 

with the exception of the same two individuals, both univariate and multivariate fMRI analyses 56 

revealed normal selectivity and representational structure of category-selective regions. 57 

Furthermore, the spatial organization of category-selective regions obeyed the typical medial-to-58 

lateral topographic organization albeit unilaterally in the structurally preserved hemisphere rather 59 

than bilaterally. These findings offer novel insights into the malleability of cortex in the pediatric 60 

population and suggest that, while experience may be necessary for the emergence of neural 61 

category-selectivity, this emergence is not necessarily contingent on the integrity of particular 62 

cortical structures.  63 
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SIGNIFICANCE STATEMENT  64 

One approach to reduce seizure activity in patients with pharmaco-resistant epilepsy involves the 65 

resection of the epileptogenic focus. The impact of these resections on the perceptual behaviors 66 

and organization of visual cortex remain largely unexplored. Here, we characterized the 67 

visuoperceptual and neural profiles of ventral visual cortex in a relatively large sample of post-68 

resection pediatric patients. Two major findings emerged. First, most patients exhibited 69 

preserved visuoperceptual performance across a wide-range of visual behaviors. Second, normal 70 

topography, magnitude, and representational structure of category-selective organization was 71 

uncovered in the spared hemisphere. These comprehensive imaging and behavioral 72 

investigations uncovered novel evidence concerning the neural representations and visual 73 

functions in children who have undergone cortical resection, and have implications for cortical 74 

plasticity more generally.  75 
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INTRODUCTION 76 

The human ventral occipitotemporal cortex (VOTC) has a well-established medial-to-lateral 77 

arrangement of category selectivity bilaterally (Grill-Spector and Malach, 2004) and a clearly-78 

defined pattern as a function of eccentricity (Hasson et al., 2002). This selectivity and 79 

topography appear to emerge early in-life, revealed by both fMRI (Scherf et al., 2007; Golarai et 80 

al., 2015; Barrtfeld et al., 2018; Dehaene-Lambertz et al., 2018) and fNIRS studies (Otsuka et al., 81 

2007; Emberson et al., 2017), and then be refined further over development (Nishimura et al., 82 

2015; Deen et al., 2017). The correspondence between this cortical arrangement and perceptual 83 

behavior, and the extent to which this relationship is malleable, remains controversial. For 84 

example, a lesion to VOTC, even if circumscribed (Konen et al., 2011), results in a profound 85 

impairment in object recognition (Adolphs, 2016) whereas an extensive resection need not 86 

necessarily result in a perceptual impairment (Damasio et al., 1975; Werth, 2006). Deriving a 87 

principled account of the brain-behavior correspondence, however, is plagued by the rarity and 88 

heterogeneity of the patients. 89 

Studies of children who have undergone surgical intervention for the treatment of pharmaco-90 

resistant epilepsy have successfully characterized changes in intelligence (Vargha-Khadem et al., 91 

1994), memory (Meekes et al., 2013), language (de Koning et al., 2009), and motor function 92 

(Buckley et al., 2014). Because there is greater plasticity in childhood than in adulthood, such 93 

investigations offer a unique opportunity to uncover the organization of  complex brain-behavior 94 

relationships and their plasticity (Bourne, 2010). Surprisingly, despite the importance of visual 95 

functions such as face and word recognition and the large swath of cortex implicated in these 96 

processes, rather few studies explore the impact of a cortical resection on visual behavior and on 97 

the organization of the VOTC (for recent single case studies, see Weiner et al., 2016; Liu et al., 98 
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2018). Here, we examine brain-behavior relationships in vision by combining psychophysics and 99 

functional imaging methods in a relatively large series of 10 post-lobectomy children or 100 

adolescents (age 6-17 years at surgery). In most cases, the cortical pathology occurred prenatally 101 

(e.g., focal dysplasia, polymicrogyria) or at birth (e.g., perinatal stroke) although the onset of 102 

seizures and consequent surgery is usually delayed by several years (Table 1).  103 

Elucidating the nature and extent of reorganization in post-resection cases addresses a range 104 

of scientific questions concerning malleability of the cortical visual system (Tracy et al., 2014), 105 

the critical period for plasticity and the factors (e.g. pre-surgical cognitive status) that determine 106 

post-surgical outcome. Many classical studies conducted in non-human primates focusing on 107 

sensory and motor cortices have demonstrated that cortical representations, even in adulthood, 108 

are modifiable by experience (Kaas, 1991; Buonomano and Merzenich, 2002). A host of 109 

explanations for these changes have been proposed including long-term potentiation and 110 

depression of excitatory post-synaptic potentials as well as selective strengthening of excitatory 111 

intracortical input (Sun et al., 2018) and Hebbian learning (Tomasello et al., 2019).  112 

But, at least in the visual system, excessive plasticity may be disadvantageous, possibly 113 

disrupting the coordinated computational circuitry for stereoscopic depth and motion perception, 114 

or the correspondence between two representations such as those between visual and cortical 115 

space. Molecular mechanisms that stabilize the visual neural system and tamp down plasticity 116 

have also been and continue to be identified (Syken et al., 2006; Wandell and Smirnakis, 2009).  117 

At present, it is incontrovertible that the visual system (the focus of this paper) is likely both 118 

plastic and stable. Recent studies have pointed to the necessary role of experience in shaping the 119 

topography of visual regions, including the category-selective organization of extrastriate areas 120 

(Arcaro and Livingstone, 2017; Livingstone et al., 2017; Ponce et al., 2017) and the effects of 121 
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experiential deprivation on these maps (Kelly et al., 2012; Arcaro et al., 2017). Ongoing pressing 122 

questions then revolve around the time periods within which maximal plasticity occurs, whether 123 

plasticity applies to particular visual maps and whether one can promote plasticity by 124 

intervention, either behavioral or molecular (see Bavelier et al., 2010 for recent review).  125 

In this paper, we focus on the plasticity of cortical visual maps in children and adolescents, 126 

presumably raised with normal experience, and examine whether a canonical neural substrate 127 

must be in situ for these extrastriate category-selective maps to emerge. To do so, we 128 

investigated the impact of a cortical resection on the visuoperceptual functions and neural 129 

organization of VOTC in patients with unilateral resections (Figs. 1-2, Tables 1-2). First, we 130 

compared the behavioral profiles of the patients and matched controls on psychophysical 131 

experiments probing intermediate- and high-level vision, including face and object recognition. 132 

Next, univariate and multivariate analyses of the fMRI data enabled us to compare the spatial 133 

topography, functional properties, and representational basis of category-selectivity maps in the 134 

two groups.  135 

We predicted that, similar to other cognitive functions which recover post-resection, children 136 

will largely, if not entirely, regain normal perceptual behavior, especially for behaviors that 137 

typically undergo a protracted developmental trajectory, such as face and word recognition (Liu 138 

et al., 2018). Importantly, however, this preserved or recovered behavior might be the product of 139 

the reorganization of the behaviors typically subserved by the resected regions to other 140 

ipsilesional or contralesional locations. Last, we considered whether factors such as hemisphere 141 

resected or premorbid cognitive status might affect the post-surgical outcome.  142 
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MATERIALS AND METHODS 143 

Participants 144 

We recruited ten pediatric patients (right-handed, five male, average age at surgery: 12.6±3.5 145 

years, average age at scan: 15.0±2.5 years) with cortical resection following medically 146 

intractable epilepsy (nine patients) or a single focal seizure following a lesion in the posterior 147 

right middle frontal gyrus (one patient: EK). Four patients had resections outside VOTC and had 148 

full visual fields, and served as control patients, providing a benchmark of visual function when 149 

the resection spared visual cortex (Fig. 1A): IS and EK had resections of the right frontal lobe, 150 

UT had a small frontal and small parietal resection in the right hemisphere (RH), and KU had a 151 

resection of the right parietal lobe. The other six patients had resections encompassing VOTC 152 

(Fig. 1B), three in the left (TC, OT, and NN) and three in the right (UD, SF, and KQ) hemisphere. 153 

In four of the six VOTC patients, the resection impacted early visual cortex (EVC) unilaterally 154 

(LH: TC and NN; RH: UD and SF) with a resultant visual field defect (three hemianopia and one 155 

quadrantanopia). All patients underwent surgery by the Division of Neurosurgery at Children’s 156 

Hospital, Pittsburgh, USA. All were native English speakers except TC. Table 1 lists the 157 

demographic and surgical information for each patient. See Table 2 for additional information 158 

obtained from neuropsychological investigations for each patient. Presurgical IQ scores showed 159 

a wide range, from 40 to 122 (see SF IQ score of 40 and NN IQ score of 67) — this is potentially 160 

relevant given that functional recovery can be contingent on presurgical cognitive status 161 

(Alpherts et al., 2004).  162 

Ten age- and gender-matched typically developing controls (right-handed, five male, average 163 

age at scan: 14.9±3.1 years) participated in the fMRI studies and there was no difference in age 164 

across the patients and controls [F(1,18) = 0.010, p = 0.923, one-way ANOVA]. Controls were 165 
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native English speakers with normal or corrected-to-normal vision and no neurological history. 166 

Four of the controls (right-handed, 2 male) also participated in the perceptual testing session and 167 

we recruited an additional three controls (right-handed, two male) in order to compare visual 168 

perception in the six VOTC patients and one patient with frontal resection (EK) who were 169 

amenable to this testing. 170 

All participants provided assent and their parents provided informed consent to participate in 171 

the protocol approved by the Institutional Review Board of Carnegie Mellon University and by 172 

the University of Pittsburgh (an interpreter assisted TC’s mother in completing the consent form).  173 

 174 

Experimental Design and Statistical Analysis 175 

In this study, we adopted a matched case-control design to compare patient(s) (individual patient, 176 

six VOTC patients, or all ten patients) to the corresponding control group using two main 177 

statistical approaches. First, we compared each patient to the typically developing matched 178 

controls using modified t-tests (Crawford and Howell, 1998) in both behavioral and fMRI 179 

experiments. To further avoid the multiple comparisons problem in fMRI, a false discovery rate 180 

(FDR) correction was employed. Second, we compared 1) all ten patients to the ten matched 181 

controls, and 2) just the six VOTC patients to their matched controls to determine whether, as a 182 

group, the patients have atypical organization of high-level visual cortex. Given the limited 183 

number of data points, we employed permutation analyses (Freud et al., 2017; Rosenthal et al., 184 

2017) – participants were randomly assigned to one of two groups (group labels scrambled) and 185 

a two-sample t-test was performed. The same procedure was performed on the permuted groups 186 

10,000 times in the analysis of the imaging data. This procedure generated the null distribution 187 
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of the between-groups t-score for each ROI. Finally, a p-value (FDR corrected) was calculated 188 

for the comparison between the patients and the controls, based on the permuted null distribution.  189 

 190 

Behavioral experiments 191 

Visual perception was assessed in all six VOTC patients and non-VOTC patient (EK), and 192 

matched controls using a 14" laptop. Viewing distance was roughly 60 cm.  193 

Global form perception  194 

Psychophysical thresholds were obtained from two separate tasks involving intermediate-level 195 

vision. 196 

Contour integration 197 

The contour integration task included two collinearity conditions (Hadad et al., 2010): target 198 

Gabor elements had either ±20° or ±0° collinearity, and participants pressed one of the two keys 199 

to indicate whether an embedded egg-like shape pointed rightwards or leftwards (Fig. 3A). 200 

Background elements were varied according to a 1-up (after a wrong response), 3-down (after 3 201 

correct responses) staircase procedure, and the experiment continued until 10 reversals in the 202 

staircase occurred. A practice session (10 trials) preceded each version of the task and the 203 

experiment took roughly 20 min. The threshold score was calculated from the geometrical mean 204 

spacing of the final 6 reversals. The active display (containing Gabor elements) extended about 205 

17.6˚ horizontally and 12.6˚ vertically.  206 

Glass patterns 207 

Here, participants were instructed to press one of the two response keys to indicate which one of 208 

the two sequentially displayed Glass patterns had more concentric “swirl” (Fig. 3B). We varied 209 

the percentage of signal dots (Lewis et al., 2002) using a 1-up (after incorrect response), 3-down 210 

(after 3 correct responses) adaptive staircase method to measure the 75% threshold. The staircase 211 
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started at 95% signal and terminated after 10 reversals, and the threshold was measured from the 212 

geometric mean of the last 6 reversals. The practice session contained 10 trials and the 213 

experiment took roughly 15 min. Each Glass pattern was centrally presented and extended about 214 

8.57˚ horizontally and 8.56˚ vertically.  215 

Pattern recognition 216 

The integrity of high-level pattern recognition was explored using two tests, one for face and one 217 

for object recognition. 218 

Face recognition 219 

We used the Cambridge Face Memory Test for children (CFMT-C) (Croydon et al., 2014) (see 220 

Fig. 3C) and followed the standard test instructions. Participants studied 5 faces and then, in 221 

subsequent trials, identified each ‘old’ face from amongst new, distractor faces. The test was 222 

conducted using upright and inverted faces in separate blocks. There were 60 trials in each 223 

orientation consisting of 15 introductory trials, 25 trials without noise, and 20 trials with added 224 

noise. Performance was the percent correct out of all 60 trials, separately for the upright and 225 

inverted version. Each face was presented centrally, extending about 3.4˚ horizontally and 4.9˚ 226 

vertically.  227 

Object recognition 228 

In this task (Fig. 3D, adapted from Gauthier et al., 1999), two objects were presented 229 

simultaneously — one above and one below the midline — for same/different discrimination. 230 

Each object subtended about 7.3˚ horizontally and 6.9˚ vertically on the screen. The task 231 

consisted of 100 trials, 40 same and 60 different (twenty per difference level), randomly 232 

intermixed. When the objects differed, they could differ at the basic (e.g., duck vs. vehicle), 233 

subordinate (e.g., chair vs. piano), or exemplar level (e.g., table1 vs. table2), reflecting increasing 234 
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perceptual similarity. The display remained on the screen until response, with one key indicating 235 

‘same’ and another ‘different’. Instructions encouraged both speed and accuracy (and both were 236 

measured), and a 25-trial practice block familiarized the participant with the speeded task. 237 

 238 

fMRI experiments 239 

MRI setup 240 

MRI data were acquired on a Siemens Verio 3T magnet at the Scientific Imaging and Brain 241 

Research Center at CMU, using a 32-channel phased array head coil. Four controls with no prior 242 

MRI experience completed a practice session in a mock scanner, acclimating to the experimental 243 

conditions and minimizing head motion. All patients had been scanned previously at the UPMC 244 

Children’s Hospital of Pittsburgh. Participants practiced the experimental tasks outside the 245 

scanner.  246 

Task and stimuli 247 

The visual presentations were generated using MATLAB (The MathWorks, Natick, MA) and 248 

Psychtoolbox (www.psychtoolbox.org). Images were back-projected onto a screen in the bore of 249 

the scanner (visual angle = 16°). A trigger pulse from the scanner synchronized the onset of the 250 

stimulus presentation to the beginning of the image acquisition. During the category localizer 251 

tasks, a central fixation dot remained on the screen to orient participants’ fixation. Participants 252 

were instructed to maintain fixation and eye movement data were collected using an ASL eye 253 

tracker (Applied Science Laboratories, Billerica, MA). Analysis of eye positions confirmed that 254 

all patients maintained fixation within the 1.5° of visual angle from the center of the screen 255 

during the task [excluding blinks, gaze deviation from the center: 1.02°±.31° (horizontally), 256 

1.24°±.36° (vertically)]. 257 
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Participants completed three runs of an fMRI category localizer task (Nestor et al., 2016) 258 

(except patient NN and his control who completed two runs). The functional runs adopted a 259 

block design with stimuli from five categories (Fig. 4A): faces, houses, objects, scrambled 260 

objects, and words. Each run consisted of 3 repeats of each category (8 TRs, 16 images) in 261 

pseudorandom order with a fixation baseline (4 TRs) between all conditions. Thus, each run 262 

contained 15 categories and 16 fixation baselines and lasted 6min 8s (184 TRs). Participants 263 

indicated detection of an immediately repeating image (one-back task) via an MR compatible 264 

button glove using the right index finger. This response instruction was designed to engage 265 

participants maximally while keeping the task relatively easy for the children (overall accuracy: 266 

95.2±3.6%, no patient/control group difference, F(1,18) = 1.21, p = 0.286, one-way ANOVA). 267 

Structural MRI 268 

A high-resolution (1mm3 isotropic voxels, 176 slices, acquisition matrix = 256 × 256, TR = 2300 269 

ms, TE = 1.97 ms, inversion time = 900 ms, flip angle = 9 ̊, acceleration/GRAPPA = 2, scan time 270 

= 5min 21s) T1-weighted whole brain image was acquired for each participant using a 271 

magnetization prepared rapid gradient echo imaging (MPRAGE) sequence for localization, co-272 

registration, and surface reconstruction purposes.  273 

Functional MRI 274 

In six patients and matched controls, fMRI data were collected with a BOLD contrast sensitive 275 

echo planar imaging (EPI) sequence (TR = 2000ms, TE = 30ms, voxel size = 2.5mm3, interslice 276 

time = 79ms, flip angle = 79°, acceleration/GRAPPA = 2, 27 slices). In the other four patients 277 

and matched controls, fMRI data with whole brain coverage (69 slices) were collected with a 278 

multiband acceleration factor of 3 and voxel size = 2 mm3 (all else equal to standard protocol). 279 

For all participants, slice prescriptions were AC-PC aligned. 280 



 

13 

 281 

fMRI Data Analysis 282 

Preprocessing 283 

fMRI raw data are available at https://doi.org/10.1184/R1/6856424.v1. Structural MRI and fMRI 284 

data were processed in BrainVoyager 2.8 (Brain Innovation, Maastricht, the Netherlands), FSL 285 

5.0 (FMRIB, Oxford, UK) and in-house Matlab scripts. In patients NN and UD, to reduce the 286 

variability of the noise in the time series (see tSNR equation), despiking of high-motion time 287 

points was performed using the ArtRepair toolbox (Mazaika et al., 2009) in Statistical Parametric 288 

Mapping (SPM, www.fil.ion.ucl.ac.uk/spm/). 289 

Preprocessing of the anatomical MRI included brain extraction/skull stripping, intensity 290 

inhomogeneity correction, and AC-PC alignment. Given the variability in the extent and site of 291 

the lesions in the patients, there was no spatial normalization and analyses were conducted in 292 

native space. Functional data were 3D-motion corrected (trilinear/sinc interpolation), slice-time 293 

corrected and temporally filtered (high-pass GLM Fourier = 2 cycles). Functional runs were co-294 

registered with the structural scan using boundary-based registration approach. To permit the 295 

multivariate analysis, no spatial smoothing was applied.  296 

Head motion 297 

During each run, for each participant, the head motion was calculated from the combination of 298 

three translation parameters (in millimeters) and three rotation parameters (in degrees) using the 299 

following equations:  300 

Total translation =  301 

Total rotation =  302 
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The average head motion for patients was 0.49±0.21 mm (translation) and 0.52±0.28 degree 303 

(rotation), and for controls was 0.53±0.25 mm (translation) and 0.47±0.27 degree (rotation). See 304 

also Figure 6A-B. 305 

Temporal signal-to-noise ratio (tSNR)  306 

To ensure equivalent fMRI data quality across participants, we used tSNR as an index of the 307 

temporal SNR for each voxel. To minimize the influence from signal dropout due to resection, 308 

we excluded those voxels in the lesion mask (Fig. 2) for tSNR calculation in each patient. For 309 

each run, tSNR was calculated as the mean signal of the fMRI time series divided by the 310 

standard deviation of the noise in the time series: SNR(temporal) = μ time series /σ time series 311 

General linear model (GLM)  312 

For each run, a standard GLM was performed. The regressor for each condition (faces, houses, 313 

objects, scrambled objects and words) was defined as a boxcar function convolved with a 314 

canonical hemodynamic response function (Glover, 1999). To avoid overfitting, fixation 315 

conditions were not included.   316 

ROI definition 317 

To delineate both category-selective and EVC regions, a series of contrasts were employed. In 318 

each participant, category-selective ROIs were defined as a sphere (radius: 7mm) centered on the 319 

peak voxel under each paired contrast (see below), with the difference score controlling for any 320 

differences in raw signal strength in each session (and ensuring the optimal response for each 321 

participant).  322 

The Fusiform Face Area (FFA) was defined as the region in the mid-fusiform gyrus with 323 

greater activation for faces compared with houses. The Parahippocampal Place Area (PPA) was 324 

defined as the region in the anterior portion of the parahippocampal gyrus with greater activation 325 
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for houses compared with faces. The Lateral Occipital Complex (LOC) was defined as the region 326 

on the lateral surface of the occipital lobe with greater activation for intact objects compared 327 

with scrambled objects. The Visual Word Form Area (VWFA) was defined as a region in the left 328 

fusiform gyrus with greater activation for words than faces (except in TC who showed a 329 

remapping to the right VWFA). Finally, EVC was defined as a region in the posterior calcarine 330 

sulcus with greater activation for scrambled objects than fixation. For each subject, the 331 

sensitivity of each region to the preferred category was estimated by computing the t-value of the 332 

above contrast.  333 

The spatial relationship between ROIs 334 

To estimate the extent to which the spatial organization of the different ROIs was preserved in 335 

the patient group, we first extracted the native coordinates of all ROIs for each participant. 336 

Because we were unable to normalize the lesioned brains without further distortion, we 337 

quantified the spatial topography of ROIs in each participant by correlating (using a multivariate 338 

correlation, Matlab function: corr2) the coordinates of all identifiable ROIs in each patient and in 339 

each control with the average coordinates obtained for the controls.  340 

Note that a preliminarily analysis of each individual’s coordinates in native space showed 341 

that the z (inferior-superior) axis was relatively stable across ROIs (patients’ SD = 5.13, controls’ 342 

SD = 4.93), whereas the x (medial-lateral; patients SD = 30, controls SD = 34) and y (posterior-343 

anterior; patients’ SD = 21, controls’ SD = 19) axes varied considerably between ROIs. 344 

Therefore, the correlational analysis was conducted on the x and y axes.   345 

Representational Similarity Analysis (RSA) 346 

To characterize the nature of the representations, Representational Similarity Analysis (RSA)  347 

(Kriegeskorte et al., 2008) was applied. Beta values were calculated separately for all voxels in 348 
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each ROI and condition. Next, for each ROI, the Pearson correlation coefficient between all 349 

conditions was computed and Fisher transformations was applied to permit the use of parametric 350 

statistics. Finally, for each ROI, we calculated the average correlation between the preferred 351 

category and all other categories: high correlations reflect less selective representations, while 352 

low correlations reflect more dissociable or unique representations of the preferred category.  353 

 354 

RESULTS 355 

Behavioral results 356 

Global form perception  357 

In the contour integration task (Hadad et al., 2010, Fig. 3A), each patient’s thresholds fell within 358 

the normal range in the 20° misaligned condition (Crawford’s modified t-test: all t values < 359 

2.202, all p values > 0.070, two-tailed). In the aligned condition, however, NN and SF (two red 360 

outliers in Fig. 3A) showed significantly poorer performance than controls [NN: t(6) = 3.612, p = 361 

0.011, SF: t(6) = 3.132, p = 0.020, two-tailed, Crawford’s modified t-test]. Similarly, each 362 

patient’s threshold for detecting the presence of a “swirl” pattern in Glass pattern stimuli (Lewis 363 

et al., 2002, Fig. 3B) was in the normal range except for SF (a red outlier in Fig. 3B) [Crawford’s 364 

modified t-test: t(6) = 4.705, p = 0.003, two-tailed]. See Table 3 for results for each patient. 365 

 The perception of Glass patterns is thought to be achieved by lateral connections in V1/V2 366 

neurons (Smith et al., 2002, 2007) and contour integration is thought to tap into longer-range 367 

interactions in V1-V3 (Field et al., 1993). In particular, the preserved global form perception for 368 

the four VOTC patient with visual field defects (NN, SF, TC, and UD) implicates the sole 369 

contribution of their spared EVC.  370 

 371 
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Pattern recognition 372 

On the CFMT-C (Croydon et al., 2014, Fig. 3C), only SF was impaired (a red outlier in Fig. 3C, 373 

Crawford's modified t-test: t(6) = 4.041, p = 0.007, two-tailed). For all other patients, 374 

performance fell within the normal range (all t values < 2.083, all p values > 0.082). On the 375 

object discrimination task (Gauthier et al., 1999), NN and SF (two red outliers in Fig. 3D) 376 

showed significantly poorer performance than the controls (mean RT – NN: 1726.1ms, t(6) = 377 

3.553, p = 0.012; SF: 2644.6ms, t(6) = 7.360, p = 0.0009, two-tailed, Crawford's modified t-test) 378 

although accuracy was normal. All other patients’ performance fell within the normal range 379 

(Crawford’s modified t-test: all t values < 2.064, all p values > 0.085, two-tailed). See Table 3 380 

for results for each patient. 381 

All patients except NN and SF, the two patients with the lowest IQ and broadest cortical 382 

alteration pre-surgically, showed normal perceptual performance across a wide range of global 383 

form and category-specific tasks. Setting these two cases aside, the results indicate that, even in 384 

cases with extensive resection for example, a right posterior temporal and entire occipital 385 

lobectomy (UD), normal perceptual behavior is preserved. 386 

 387 

fMRI results 388 

Presence of category-selective ROIs  389 

Prior to any fMRI analyses, we confirmed that there were no between-group differences in head 390 

motion [translation: F(1,18) = .17, p = 0.685, rotation: F(1,18) = .20, p = 0.658, one-way ANOVA) 391 

or temporal signal-to-noise ratio (tSNR) [F(1,18) = 1.34, p = 0.266, one-way ANOVA] (Fig. 6A). 392 

Furthermore, no significant deviation was noted in any patient’s tSNR compared to the control 393 
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group (all t values < 1.377, all p values > 0.202). Thus, any potential differences between 394 

patients and controls cannot be attributed to differences in data acquisition or quality.  395 

Consistent with the reported topography of category-selectivity in children (Golarai et al., 396 

2007; Scherf et al., 2007) and adults (Martin, 2007; Grill-Spector and Weiner, 2014), the regions 397 

of interest (ROIs) in the typically developing controls consisted of bilateral face-selective FFA 398 

(Kanwisher et al., 1997; Weiner et al., 2013); bilateral scene-selective PPA (Epstein and 399 

Kanwisher, 1998); bilateral object-selective LOC (Malach et al., 1995), and left-lateralized 400 

word-selective VWFA (Cohen et al., 2000). In nine out of ten controls, all nine ROIs (bilateral – 401 

EVC, FFA, LOC, PPA; unilateral VWFA) were identified. In the remaining control, the left FFA 402 

could not be defined and it is not unusual for the left FFA to be absent in some individuals 403 

(Kanwisher et al., 1997). That we were able to uncover robust category-selectivity both at the 404 

group and the individual level in the controls attests to the sensitivity of the experimental 405 

methods. 406 

Our first analysis examined whether category-selective ROIs and EVC activations could be 407 

identified in the patients. In the four patients with resections outside the VOTC (Fig. 1A), 408 

unsurprisingly, all nine ROIs were successfully identified (Fig. 5A, four top rows, filled 409 

rectangles). Of the six patients with VOTC resections (Figs. 1B, 4B), four (NN, SF, TC, and UD) 410 

had posterior and two (KQ and OT) had anterior resections. For the posterior resection cases, 411 

when the resected tissue overlapped with the predicted location of the ROI, no preferred category 412 

activation was found in the affected hemisphere but the ROIs could be defined in the preserved 413 

hemisphere (Figs. 4B, 5A). For the two patients with anterior resections, all nine ROIs were 414 

present (Figs. 4B, 5A). See examples of category-selective activations in each patient in Figure 415 

4B and C. 416 
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There were, however, some individual differences. TC, whose resection partially involved 417 

the typical left VWFA, showed a right VWFA activation, the only instance of explicit remapping 418 

to the structurally intact hemisphere (cyan sphere in TC’s RH in Fig. 4B, empty square in Fig. 419 

5A, also see cyan arrow in Fig. 5C). The immediate question that arises is whether TC’s cross-420 

localization of the VWFA was coupled to a shift in language dominance to the LH given that the 421 

VWFA is usually co-localized with areas critical for language (Devlin et al., 2006; Cai et al., 422 

2008; Price and Devlin, 2011; Van der Haegen et al., 2012). The usual coupling of spoken and 423 

written language areas appears not to hold in TC as her pre-surgical clinical fMRI scans 424 

localized language to the LH with activation of the left pSTG (Wernicke) and left inferior frontal 425 

(Broca) region in language-related tasks (verb generation, stories and synonyms generation). 426 

Also, because her resection did not impinge on her LH language areas, there is no particular 427 

pressure for language to be remapped interhemispherically. 428 

Indeed, a similar atypical spoken and written language dissociation has been previously 429 

reported in an 11-year-old girl who underwent a left occipitotemporal resection at the age of 4 430 

years (Cohen et al., 2004). As with TC, her VWFA was uncovered in the RH but language 431 

lateralization was evident in the LH. In both TC and this other patient, it appears that speech and 432 

language emerged in the LH presurgically and before the acquisition of reading. Orthographic 433 

sensitivity in reading then emerged post-surgically (note that TC’s surgery was at age 13 years 434 

but seizures began at age 7 years; see Table 1). The absence of interhemispheric transfer of 435 

language (and the transfer of the VWFA to the RH) in these two cases is consistent with a further 436 

previous finding in which only roughly one-third of cases showed transfer of language regions to 437 

the RH after a resection of the LH (Pahs et al., 2013). 438 
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There was no evidence of word selectivity in SF (right VOTC resection) or in NN (left 439 

VOTC resection), perhaps consistent with their lower IQ scores (Table 1) and poor reading 440 

abilities. In addition, NN did not exhibit preferred activation for houses and its absence might 441 

result either from the posterior lesion disrupting low-level input to the PPA, from reduced 442 

statistical power (only two runs were available for this patient) or from the fact that some ROIs 443 

are simply not present even in normal observers. Importantly, however, in all six VOTC patients, 444 

the ROIs in the spared, contralesional hemisphere were successfully identified.  445 

In sum, a resection of the VOTC, either right or left, did not obviously impair the category-446 

selectivity of the contralesional hemisphere, and, with one exception (right VWFA in TC), the 447 

resected regions were not remapped to a different cortical location. In two cases, SF and NN, the 448 

two individuals with lowest IQ scores and broadest cortical atypicality pre-surgically, the VWFA 449 

could not be identified and, for NN, this was also true for the PPA. The following analyses were 450 

designed to scrutinize further the topography and functional properties of the identified ROIs.  451 

 452 

The spatial topography of category-selectivity 453 

This analysis determined whether the spatial arrangement of category-selective regions in the 454 

patients obeys the same spatial organization as the controls. This was achieved by measuring the 455 

pairwise correlation between the native coordinates of all identifiable ROIs in each patient and in 456 

each control with the average coordinates of the controls (see Materials and Methods).  457 

As visualized in Figures 5B and 5C, both groups exhibited highly reliable spatial 458 

organization (mean Rpatients = .980; mean Rcontrols = .985) that largely obeyed the established 459 

medial-lateral organization (EVC-PPA-FFA-VWFA/LOC) (Grill-Spector and Malach, 2004; 460 

Martin, 2007). Next, a series of Crawford modified t-tests revealed that nine out of ten patients 461 

evinced spatial organization that was not differentiable from the controls (resected regions 462 
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excluded from the analysis) (all t values < 1.35, P FDR > .25). The only exception was TC whose 463 

reduced correlation to the average spatial organization was likely the outcome of the 464 

reorganization of the VWFA to the RH [t(9) = 2.99, p = .007], although this did not survive FDR 465 

correction (p = .07). Using a permutation approach (Freud et al., 2017; Rosenthal et al., 2017), 466 

the spatial organization of ROIs in the two groups did not differ (p = .63), and this also held even 467 

when just the VOTC patients (n = 6) were compared directly against their tightly matched 468 

control group (n = 6) (p = .73, Fig. 5D). 469 

These results indicate that the ROIs could be successfully identified in most patients with 470 

cortical resection, and that the spatial topography of the identified ROIs was preserved in these 471 

patients, independent of resection site or side. Next, we evaluated the functional properties of the 472 

ROIs in the patients and control. We first employed univariate analysis to evaluate the magnitude 473 

of selectivity and then conducted multivariate analyses on the representational structure of the 474 

higher-order visual processing. 475 

 476 

Univariate analysis - the magnitude of category-selectivity 477 

The magnitude of category-selective responses for each ROI was derived by calculating the 478 

selectivity (t-value) for each category based on the paired contrast between the preferred and 479 

non-preferred categories (see Materials and Methods). First, single-case comparisons revealed 480 

that all patients, across all defined ROIs, had normal magnitudes of category-selectivity 481 

(Crawford's modified t-test: all t values < 2.22, PS FDR values > .25, two-tailed, Fig. 6B).  482 

Next, group-level analyses were conducted using a permutation approach (see Materials and 483 

Methods). The t-score of difference in the magnitude of selectivity was compared against the 484 

null-distribution of the between-groups t-score (Fig. 6C, gray histogram). When all ten patients 485 
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and controls were included, across all ROIs, there was no difference in visual selectivity between 486 

patients and controls (PS FDR > .5), and this also held true when only the six VOTC patients and 487 

their matched controls were included in the analysis (PS FDR > .5, Fig. 6C). 488 

Together, the single-case and group-level analyses of the univariate category-selectivity and 489 

EVC activations revealed that the functional organization and sensitivity of the VOTC to 490 

different visual inputs was preserved even in those individuals with cortical resections 491 

encompassing the VOTC (in either LH or RH).  492 

 493 

Multivariate analysis - representational structure of higher-order visual processing 494 

The above univariate analyses explored the magnitude of activation in each ROI but these 495 

findings are insensitive to the pattern of fMRI activation across all voxels within an ROI. 496 

Previous investigations have demonstrated the usefulness of multivariate approaches for 497 

uncovering the underlying neural representations of category-selective ROIs (e.g., Haxby et al., 498 

2001; Bracci and Op de Beeck, 2016) even under a block-design experiment such as that utilized 499 

here (Freud et al., 2017). To compare the representational basis of the different category-500 

selective ROIs, we applied representational similarity analysis (RSA) to characterize the 501 

multivariate response patterns and strength of similarities among response patterns between 502 

preferred and non-preferred categories for the patients and controls (Fig. 7A, see also Materials 503 

and Methods).  504 

Single-case analysis revealed that in all ROIs, with one exception (VWFA), there were no 505 

differences between patients and controls (PS FDR > .15, Fig. 7B). In the VWFA, two patients 506 

showed a higher correlation between words and non-word categories than controls [KU: t(9) = 507 

2.44, p = .037, and TC: t(9) = 2.87, p = 0.019, red dots in Fig. 7B], although for neither case did 508 
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this result survive FDR correction (PS FDR = .09). In TC, the less dissociable representation 509 

might result from the remapping of the VWFA to the RH (Figs. 4B, 5C). 510 

At the group level, across all ROIs, the representational similarity between preferred and 511 

non-preferred categories, was similar when all patients (n = 10) and controls (n = 10) were 512 

included in the permutation analysis (all adjusted PS > .2) and, again, this was also true when the 513 

analysis was restricted to the VOTC patients and their matched-controls (PS FDR > .12, Fig. 7C). 514 

The analysis conducted above compared the patients’ ROIs to the matched hemisphere of the 515 

controls - for example, the left (and only) FFA in the patients was compared to the LH of the 516 

controls. Because it remained a possibility that the unilateral ROIs in the preserved hemisphere 517 

might be different in the patients than the standardly preferred regions in controls (e.g., the right 518 

FFA in normal observers typically shows greater face selectivity than the left FFA), we also 519 

conducted the same RSA comparing the similarity of the unilateral ROI in the patients with that 520 

of the opposite hemisphere in the controls; for example, the left (and only) FFA in the patients 521 

was compared to the right FFA of the controls. This analysis was conducted on the three-bilateral 522 

category-selective ROIs (FFA, LOC, PPA). The results replicated those of the ipsilateral 523 

comparisons: the representational structure of the patients’ ROIs was similar to that of the 524 

controls’ contralateral ROIs (PS FDR > .2). 525 

In sum, we were unable to identify 17 out of 90 ROIs in total. We could not identify 14 ROIs 526 

in regions that overlapped resected areas in the VOTC patients and a further 3 ROIs could not be 527 

defined in the preserved regions (VWFA in NN and SF, and left PPA in NN). Among the 528 

remaining 73 ROIs, we observed largely typical spatial topography, normal magnitude of 529 

selectivity, and equivalent representational structures in the patients (albeit with VWFA 530 

remapped to the RH in patient TC). Remarkably, these results applied even to most, although not 531 
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all, patients with large cortical resections or resections encompassing most of unilateral VOTC. 532 

There was little evidence of remapping to another region in the resected hemisphere or to the 533 

structurally intact hemisphere. Furthermore, the representational structure in the preserved 534 

hemisphere (even in VOTC cases) mirrored that of controls (both in the matched and in the 535 

opposite hemispheres). 536 

 537 

DISCUSSION 538 

Studies of post-surgical outcome in children with pharmaco-resistant epilepsy have provided 539 

valuable insights into neural plasticity and the functional restitution of behavior. The current 540 

study explored the neural and behavioral outcomes of ten children or adolescents who had 541 

undergone unilateral cortical resection to address questions concerning the stability versus 542 

plasticity of the category-selective maps in visual cortex, possible alterations in perceptual 543 

behavior and their relationship to the cortical maps, and factors that might account for 544 

differential post-surgical outcomes. 545 

Independent of whether or not the resection included the VOTC, and independent of 546 

hemisphere affected, there was, with just two exceptions, (i) normal intermediate vision and 547 

high-level face and object recognition; (ii) normal neural category-selectivity in both magnitude 548 

and spatial distribution; and (iii) normal representational structure in category-selective regions, 549 

as revealed by multivariate analyses. Of the two exceptions, the first was in patient TC in whom 550 

the VWFA was uncovered in the right homologous region (and neither the category-selectivity 551 

of this region nor its multivariate status differed from controls). The second exception was that 552 

the pattern of normal behavior and preserved neural profile was not evident in either SF (likely 553 
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the largest resection) or NN (with polymicrogria resulting in a very different anatomical profile), 554 

both of whom had the lowest presurgical cognitive status.  555 

This seeming early equipotentiality (in the majority of the cases) contrasts with the profound 556 

largely immutable perceptual deficits and absence of compensation in the adult brain following a 557 

unilateral lesion to VOTC; damage to the right temporal or occipital lobe in adulthood results in 558 

an impairment in face recognition that persists over long periods of time and perhaps over the 559 

entire lifetime (Busigny et al., 2010; Barton and Corrow, 2016; Weiner et al., 2016). 560 

 561 

Sufficiency of a single hemisphere for visual function 562 

The findings revealed the apparent sufficiency of a single hemisphere for most visual functions 563 

and category-selective topographic maps. With the single exception of the right VWFA in patient 564 

TC, there was neither remapping of ROIs to spared cortical regions in the affected hemisphere 565 

nor to the spared hemisphere interhemispherically. Moreover, there were no apparent differences 566 

between the representational structures of the ROIs in the patients’ single, structurally preserved 567 

hemisphere and either hemisphere of the control participants. Instead, the evidence argues 568 

against marked rearrangement of category-selectivity or recruitment of compensatory cortical 569 

regions in the visual system and indicates that, at least in the case of relatively early-onset 570 

epilepsy, in contrast to an acute lesion or late-onset epilepsy, a single VOTC, either left or right, 571 

suffices for the emergence of normal intermediate vision and pattern recognition.  572 

Taken together, these findings argue for both plasticity and stability – plasticity is most 573 

clearly observed as in the case of atypical hemispheric manifestation of the VWFA. But stability 574 

also is evident in that in most of the cases, the existing topography, selectivity and 575 

representational basis of the structurally preserved hemisphere, which does not differ from either 576 

hemisphere of the controls, appears to suffice for the support for normal visuoperceptual 577 
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behaviors. Whether the neural representations of the single preserved hemisphere are entirely 578 

normal still remains to be demonstrated, but the analyses included here indicate that, at least to a 579 

first-order approximation, this appears to be the case. Another example of stability or perhaps, in 580 

this case, immutability, is that, in the four patients with a resection encompassing the EVC, there 581 

was no remapping of the blind field to the spared EVC (Table 1). Presumably, the in situ wiring 582 

of the subcortical and cortical projections from the eye is stable and does not permit obvious 583 

plasticity unless the damage occurs prenatally or perhaps perinatally (for examples in the 584 

literature of ipsilateral visual field mapping, see Liu and Behrmann, 2017). Instead, it appears 585 

that only genetic manipulations or changes to the thalamic innervation, which presumably are 586 

only possible during neurodevelopment, yield large deviations from a stereotypical retinotopic 587 

map (Cang et al., 2005, 2008). Because there are insufficient cases, included either here or in the 588 

literature at large, that definitively indicate when and how plasticity versus stability might hold 589 

(see Liu and Behrmann, 2017, for detailed presentation of existing cases), future studies will 590 

shed further light on the plasticity-stability question.  591 

 592 

The critical role of experience 593 

The discussion thus far has focused on the possible mechanisms that support the positive 594 

functional outcomes. But not all cases evince a positive outcome and understanding what factors 595 

might help determine prognosis is important theoretically and clinically. One factor concerns the 596 

presence of other visual deficits – for example, elementary visual deficits such as esotropia, 597 

amblyopia, reduced acuity and visual field abnormalities. These accompanying visual deficits 598 

likely result in deprivation of normal experience and input, which may hamper a normal 599 

outcome, as in the case of Adam who never recovered the ability to recognize faces (Farah et al., 600 
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2000). A similar persistent impairment in face perception is present even in children with 601 

transient cataracts who, even without a cortical lesion, have long-lasting deficits in face and 602 

holistic processing (Le Grand et al., 2001, 2003, 2004; Lewis and Maurer, 2005, see Liu and 603 

Behrmann, 2017 for relevant cases). 604 

The contribution of experience in fashioning category-selective maps (and its absence when 605 

visual input is aberrant) is consistent with the emergent topography in VOTC that is established 606 

over the course of development or experience. Although neural category selectivity has been 607 

observed for different visual categories very early in life (Otsuka et al., 2007; Deen et al., 2017; 608 

Emberson et al., 2017; Barttfeld et al., 2018), this early selectivity is typically immature and not 609 

adult-like. For example, the left VWFA is weakly specified prior to the acquisition of literacy 610 

and there is ongoing refinement of word selectivity over time (Saygin et al., 2016; Dehaene-611 

Lambertz et al., 2018). The same holds for face-selectivity in that the early activation profiles in 612 

children is somewhat immature  and then, with experience, this becomes well-tuned in adults 613 

(Scherf et al., 2007, 2011; Golarai, 2009). Whether the mature pattern of cortical mapping results 614 

solely from experience-based tuning or, additionally, from brain maturation more generally is 615 

unclear as these are usually confounded. Based on data from monkeys raised without exposure to 616 

faces, however, experience clearly plays a critical role and deprivation of input has catastrophic 617 

effects on the development of category-selectivity: monkeys raised under these conditions had 618 

normal retinotopic organization, which appears to be established early in life, and developed 619 

cortical clusters selective for other visual categories, but not for the category of faces (Arcaro et 620 

al., 2017, although see Sugita, 2008; Bi et al., 2016). 621 

 622 
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The role of other factors in determining prognosis 623 

Aside from the critical role of experience for configuring category-selectivity, a number of other 624 

factors may play a role in shaping the outcome. One well-known heuristic is that the earlier the 625 

lesion, the greater the probability of recovery. Although demarcating the upper age bound 626 

beyond which recovery is not yet possible, the current study reveals that there is normality of 627 

behavior and neural profile in individuals whose neurological disorder manifests by about 13 628 

years of age (and surgery by 15 years of age). Similarly, extensive training of symbol recognition 629 

in non-human primates leads to the development of symbol-selective clusters but only in juvenile 630 

and not in adult animals (Srihasam et al., 2014) and, in humans, adults who acquired literacy in 631 

adulthood evinced reduced word-selectivity in VOTC compared with those who gained literacy 632 

in childhood (Dehaene et al., 2015). There is currently much debate about the possibility of 633 

extending the critical or sensitive period of acquisition of various perceptual and cognitive 634 

processes both through behavioral intervention (Bavelier et al., 2010) and molecular mechanisms 635 

(Sigal et al., 2019), in general, especially in the context of the visual system (Hensch, 2005, 636 

2016; Syken et al., 2006), but much research remains to be done in this regard.  637 

A further factor and one that emerged in the present study concerns presurgical profile: the 638 

two patients with lower IQ scores showed neither normal perceptual function nor normal neural 639 

profile. We were unable to discern whether the relatively lower IQ status or impaired perceptual 640 

abilities per se account for their altered profile. Moreover, most perceptual tasks, including those 641 

adopted here, have some additional cognitive components such as attention, working memory 642 

and sensory-motor processing speed, any of which might explain their poorer performance.  643 

Last, etiology may play a role in prognosis: pediatric patients with more acute etiologies (e.g. 644 

stroke) do not always evince the same recovery as those with more chronic etiology (e.g. tumor) 645 
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(Liu and Behrmann, 2017) and the different timing afforded by more acute versus chronic causes 646 

may permit different patterns of reorganization. Specifically, patients with early-onset epilepsy 647 

who only come to surgery after a relatively long period may well have some degree of 648 

reorganization prior to surgery. Given that the tissue in and around an epileptogenic focus, as 649 

well as more remote tissue, may be dysfunctional prior to surgery, the finding of normal 650 

topography and selectivity of ROIs in these 10 patients may begin (and perhaps even be 651 

complete) prior to surgery (Kamm et al., 2018). Comparing pre- and post-surgical profiles of 652 

cases such as those described here will help address this question and longitudinal monitoring of 653 

the cases will shed further light on the timing of change.  654 

 655 

CONCLUSION AND FURTHER CONSIDERATIONS 656 

Importantly and puzzling in light of the current findings, not all disorders of visuoperceptual 657 

function and structure are resolved even if the problem manifests early in life – 658 

neurodevelopmental disorders such as developmental dyslexia and congenital prosopagnosia, the 659 

difficulty mastering word and face recognition, respectively, can persist from childhood through 660 

adulthood and can be somewhat immutable even with intervention. We are thus left with a 661 

conundrum: whereas a single hemisphere suffices for normal visual category-selective function 662 

in the pediatric resection cases, the presence of two hemispheres in those cases with atypical 663 

development does not guarantee normal acquisition of word or face recognition (Geskin and 664 

Behrmann, 2017). One possible explanation is that, in the neurodevelopmental cases, the 665 

underlying etiology, for example, the compromised white matter tracts (Thomas et al., 2009; 666 

Yeatman et al., 2012), are still in place and the atypical system continues to mediate visual 667 

computations, albeit detrimentally. In the VOTC resection cases, however, the dysfunctional 668 
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properties of the epileptogenic tissue (and perhaps also the removal of abnormal cortical tissue) 669 

may release the preserved hemisphere to undergo normal category-selective differentiation, 670 

permitting intact behavioral functions. 671 

Both the behavioral and neural investigations described here are, to our knowledge, the most 672 

detailed characterization of the status of visual category-selective structure and function in 673 

children with cortical resection. Needless to say, the different epileptic pathologies, the varied 674 

side and sites of resection, the varied ages at surgery and at testing and the varied level of 675 

presurgical intellectual function all contrive to reduce experimental control in studies such as this 676 

one. Nevertheless, given that “nature’s experiments” elude such control, the general findings and 677 

principles derived confirm that the profile of normality is largely replicable across a series of 678 

cases. Indeed, the present cross-sectional design has enabled us to reach conclusions that held 679 

independent of the variability in site and size of resection. Also, the inclusion of patients without 680 

VOTC lesion provided a benchmark against which to compare the signature of visual function in 681 

those with a VOTC resection.  682 

Unsurprisingly, we have been unable to discern, microgenetically, the process by which the 683 

sufficiency of a single hemisphere emerges and the extent to which the trajectory might mirror 684 

that of normal development. In a detailed longitudinal study over a period of three years, we 685 

monitored changes in behavior as well as EVC and category-selectivity in patient, UD, with an 686 

extensive right occipitotemporal resection (see Table 1). Whereas there was no visual field 687 

remapping and a persistent hemianopia, object and scene-selective regions in the intact LH were 688 

stable early on and retained their stability, whereas face-selective regions emerged slightly later 689 

and evinced competition for cortical representation with word-selective regions in the preserved 690 

LH during this period (Liu et al., 2018). We note here that the reported plasticity of the left 691 
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VOTC in patient UD is not inconsistent with the absence of large-scale interhemispheric 692 

reorganization uncovered here. In particular, the competition between face and word selectivity 693 

in adjacent extrastriate regions is consistent with enhanced within-hemisphere plasticity due to 694 

the absence of interhemispheric reorganization of category-selectivity. 695 

Many questions remain to be answered. Longitudinal investigations from pre-surgical state 696 

through post-surgical changes will be highly informative and additional cases, even if cross-697 

sectional, will permit more definitive conclusions regarding the factors that affect prognosis. 698 

Having established that visuoperceptual behaviors and normal cortical reorganization are 699 

possible following resections in childhood and adolescence, detailed investigations to uncover 700 

the mechanisms, either cortical or subcortical, that support the functional restitution in these 701 

patients are important to elucidate further the nature of brain-behavior reorganization. 702 
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FIGURE CAPTIONS 703 

Figure 1. Post-surgical MRI showing the site and extent of the resection in each patient (age at 704 
scan in parenthesis). Resection in A, four patients was outside the VOTC; B, six patients, three 705 
left hemisphere (LH) and three right hemisphere (RH) resections, involved the VOTC.  706 
 707 
Figure 2. Overlay map constructed from the lesions of all ten patients. Each color denotes the 708 
extent of the resection in a single patient (code for each patient is at the bottom of the Figure, see 709 
Table 1 for details). The resections were hand-drawn in native space for each patient and 710 
transformed to MNI space for visualization purposes only.  711 
 712 
Figure 3. Experimental design and results of the behavioral experiments. In all four panels, 713 
examples of stimuli are shown at the top and corresponding results are shown at the bottom. 714 
Boxplot represents the median (red line), the 25% and 75% quartiles (length of the blue box), the 715 
minimum and maximum values (black whiskers), and the value for each participant (patient: 716 
solid circle, control: empty circle). For visualization purposes, each circle in the boxplot was 717 
offset slightly and the sequence of dots (along the x-axis) was in accordance with the order of 718 
patients presented in Table 3. Individual red dots in the patient group denote significant deviation 719 
from the controls’ performance using the Crawford modified t-tests. There were no outliers in 720 
the control group on any task. A, Contour integration (Hadad et al., 2010). Task: Participants 721 
viewed a brief presentation and indicated the leftward or rightward pointing of the embedded 722 
“egg-like” shape. Results: patients and controls were found to have similar thresholds, except 723 
that the threshold in the ±0° collinearity condition in patients NN and SF was outside the control 724 
range. B, Glass pattern (Lewis et al., 2002). Task: Participants pressed a button to indicate which 725 
of the two displays had a more concentric swirl. Results: All patients showed normal threshold 726 
except patient SF. C, CFMT-C (Croydon et al., 2014). Task: Participants were instructed to 727 
remember target faces and subsequently identify them amongst an array of distractor faces. 728 
Results: All patients showed normal face recognition abilities except patient SF. D, Object 729 
recognition experiment (Gauthier et al., 1999). Task: Participants made same/different 730 
discriminations on pairs of objects and pressed a “same” or “different” button to indicate their 731 
response. Results: Patients and controls were found to have similar accuracy and RTs, excluding 732 
patients NN and SF who exhibited slower RT.  733 
 734 
Figure 4. Category-selectivity and EVC activation in the patients. A, Stimuli used in the fMRI 735 
category localizer experiment. B, A visualization of category-selective and EVC ROIs in each of 736 
the six VOTC patients. Pink arrows point to the site of the resection. Each colored sphere 737 
indicates one identifiable category-selective or EVC ROI (see color legend on the right). The Z 738 
values at the bottom left corner on each axial slice denotes the position of that slice in the Z 739 
(inferior-superior) axis in native space. All ROIs were defined in native space. C, Statistical 740 
maps of category-selective activation (p < .005) in each patient obtained from two representative 741 
contrasts: face-house, and word-face contrast. 742 
 743 
Figure 5. Spatial organization of category-selective ROIs in patients and controls. A, Category-744 
selective and EVC ROIs defined in each patient. Symbol: ROI(s) that were defined (filled square) 745 
or remapped (empty square), or could not be defined due to resection (empty circle) or not found 746 
(empty triangle). B, Visualization of the average spatial distribution of category-selective ROIs 747 
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in the controls. X-axis: coordinates in the medial-lateral direction in each hemisphere; Y-axis: 748 
coordinates in the anterior-posterior direction. C, Visualization of the spatial distribution of 749 
category-selective ROIs in each patient. X-axis: coordinates in the medial-lateral direction in 750 
each hemisphere; Y-axis: coordinates in the anterior-posterior direction. The cyan arrow (patient 751 
TC) indicates the location of the VWFA that was remapped to the RH. D, A permutation 752 
approach showed that the t-score of difference in the spatial organization between the VOTC 753 
patients and their matched controls (black dot) was within the null distribution of the between-754 
groups t-score (gray histogram).  755 
 756 
Figure 6. The quality of the scan and the magnitude of category-selective responses in patients 757 
and controls. A, Quality of the scan: The amount of translation (in millimeters), rotation (in 758 
degrees), and tSNR (in arbitrary units) did not differ significantly between patients and controls. 759 
Boxplot represents the median (red line), the 25% and 75% quartiles (length of the blue box), the 760 
minimum and maximum values (black whiskers), and the value for each participant (patient: 761 
solid circle, control: empty circle). B, Single-case comparisons: Crawford’s t-tests show that the 762 
magnitude of category-selectivity and EVC activation in each patient was within the control 763 
range. C, Group-level analyses: A permutation approach compares the t-score of difference in 764 
the magnitude of selectivity between the VOTC patients and their matched controls (black dot) 765 
against the null distribution of the between-groups t-score (gray histogram).  766 
 767 
Figure 7. Representational similarity analysis of category-selective responses in patients and 768 
controls. A, Schematic representational dissimilarity matrix (RDM) illustrating the preferred 769 
category (in black) and the non-preferred category (in gray) for each ROI. B, Single-case 770 
comparisons: Crawford’s t-tests showing that the representational similarity in each patient was 771 
within the control range except patients KU and TC in VWFA (although neither survived FDR 772 
correction). C, Group-level analyses: A permutation approach compares the t-score of difference 773 
in representational similarity between the VOTC patients and their matched controls (black dot) 774 
against the null distribution of the between-groups t-score (gray histogram).  775 



 

34 

Table 1. Summary of patients’ demographical information. 776 

Group Code Gender Diagnosis/Pathology Preoperative MRI Hemisphere Resection 
Seizure  

onset (yr) 
Age at  

surgery (yr) 
Age at 

scan (yr) 
Presurgical 

IQ 
Postsurgical 

IQ Visual Fields 
Engle Epilepsy Surgery 

Outcome Scale**** 

Fr
on

ta
l 

 

IS F perinatal stroke with medically 
intractable focal epilepsy/ulegyria 

abnormal MRI with 
remote right MCA infarct right 

right frontal pole, right 
frontal operculum and right 

inferior frontal 
corticectomy 

9 10 14 118 99 full IB 

EK M single focal seizure, symptomatic 
lesion/neuroglial tissue with gliosis 

abnormal MRI with 
lesion in the posterior 

right middle frontal gyrus 
right gross total resection of right 

frontal lesion 16 17 17 not done not done full IA 

Pa
rie

ta
l 

 

UT F medically intractable focal 
epilepsy/FCD non-lesion MRI right 

right premotor, 
supplementary motor and 

parietal corticectomy 
9 15 17 90 79 full IIA 

KU M 
medically intractable focal 

epilepsy, symptomatic 
lesion/ganglioglioma 

abnormal MRI with 
lesion in the right parieto-

occipital region 
right subtotal resection of right 

parietal tumor 6 14 19 N/A 103 full IC 

Le
ft 

V
O

TC
 

 

TC F 

perinatal stroke with medically 
intractable focal epilepsy/multifocal 

encephalomalacia consistent with 
remote ischemic injury 

abnormal MRI with 
lesion in the left occipital 

lobe 
left 

left posterior parietal and 
occipital 

lobectomy 
7 13 13 * * right superior  

quadrantanopia IID 

OT M 
medically intractable focal 

epilepsy, symptomatic 
lesion/ganglioglioma, FCD 

abnormal MRI with 
lesion in the medial left 

temporal lobe 
left 

medial left temporal lobe 
gross total tumor resection 

and left temporal 
lobectomy with 

preservation of medial 
structures 

12 13 14 122 127 full IA 

NN M medically intractable lesion focal 
epilepsy/FCD-Polymicrogyria 

abnormal MRI with  
macrocephaly, 

pachygyria, and 
polymicrogyria 

left 
left posterior temporal, 

inferior parietal and 
occipital corticectomy 

1 15 16 67 not done right 
hemianopia 

 
 
 

IIA 

R
ig

ht
 V

O
TC

 
 

UD M 

medically intractable focal 
epilepsy, symptomatic 

lesion/dysembryoplastic 
neuroepithelial tumor 

abnormal MRI with  
lesion in the right 

temporal lobe 
right 

right medial inferior 
temporal lobe gross total 

tumor resection with 
posterior temporal and 

occipital lobectomy 

4 6 10 116 118 left hemianopia  
IA 

SF F 
perinatal stroke with medically 

intractable focal epilepsy/ulegyria 
and mild dysplastic features 

abnormal MRI with right 
MCA infarct right right functional 

hemispherectomy 0 8 14 40 ** left hemianopia  
IA 

KQ F 
medically intractable focal 

epilepsy/mild increase in white 
matter neurons and reactive gliosis 

non-lesion MRI right 
right anterior temporal 

lobectomy and 
hippocampectomy 

13 15 16 76 *** full  
IA 

 777 
 778 
 779 
*Could not be reliably obtained due to language barrier; **Assessment was done but did not include FSIQ-I; ***Will be due for post-operative testing; ****For details of the Engel Outcome Scale, see 780 
Engel (1993).  781 
FCD: focal cortical dysplasia  782 
MCA: middle cerebral artery783 
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Table 2. Patients’ neuropsychological evaluation test performance before and after the surgery. 784 

 785 
*Could not be reliably obtained due to language barrier; **Assessment was done but did not include FSIQ-I; ***Will be due for post-operative 786 
testing. 787 
 788 
CVLT-C: California Verbal Learning Test–Children's Version 789 
D-KEFS: The Delis–Kaplan Executive Function System 790 
Grooved Pegboard: Grooved Pegboard for Manipulation and Dexterity Testing  791 
PPVT: Peabody Picture Vocabulary Test 792 
VMI-6: Developmental Test of Visual Motor Integration 6th Edition   793 
WASI: Wechsler Abbreviated Scale of Intelligence 794 
WIAT-III: Wechsler Individual Achievement Test–Third Edition  795 
WISC-V: Wechsler Intelligence Scale for Children–Fifth Edition  796 
WJ III ACH: The Woodcock-Johnson III Tests of Achievement 797 
WRAML-2: Wide Range Assessment of Memory and Learning–Second Edition 798 
 799 

Group Code Gender Hemi-
sphere 

Detailed IQ measures Vision or visual motor 
integration 

Memory & 
learning 

Executive 
function 

Academic 
skills/performance 

Fr
on

ta
l 

 

IS F right 

Pre-surgery: 
WISC-V: 118 
Post-surgery: 

WASI: 99 (full scale), 100 
(verbal), 98 (performance) 

WISC-V: 102 

Grooved pegboard: 
average (dominant hand) not done DKEFS:  

average WJ III ACH: age level 

EK M right Pre-surgery: not done 
Post-surgery: not done not done not done not done not done 

   
   

Pa
rie

ta
l 

 

UT F right 

Pre-surgery: 
WISC–V: 90 
Post-surgery: 
WISC–V: 79 

VMI-6: 92 (27th 
percentile) 

Grooved pegboard: 
average (dominant hand) 

not done average not done 

KU M right Pre-surgery: N/A 
Post-surgery: 103 not done not done not done not done 

   
   

   
   

   
   

Le
ft 

V
O

TC
 

 

TC* F left 

Pre-surgery: 
WIAT III: 2nd percentile* 

Post-surgery: 
not done 

not done not done not done 

PPVT: 1st percentile*     
WIAT III:  

Reading: 1st grade* 
Spelling: 2nd grade* 

OT M left 

Pre-surgery: 
WASI: 122 (full scale), 125 
(verbal), 114 (performance) 

Post-surgery: 
WASI: 127 (full scale) 

Grooved pegboard: 
average (dominant hand) 

CVLT-C:  
high average  
WRAML-2:  
high average  

DKEFS:  
superior 

WJ III ACH: above age 
and grade expectancy 

NN M left 

Pre-surgery: 
WASI: 67 (full scale), 73 
(verbal), 64 (performance) 

Post-surgery: 
not done 

not done not done not done not done 

   
   

   
   

   
  R

ig
ht

 V
O

TC
 

 

UD M right 

Pre-surgery: 
WASI: 116 (full scale) 

135 (verbal), 97 (performance)  
Post-surgery: 

WASI: 118 (full scale), 123 
(verbal), 108 (performance) 

Grooved pegboard:  
50th percentile 

 (dominant hand) 
not done 

Working 
memory (from 

WISC-V):  
Post-surgery: 
 34th percentile 

 

WJ III ACH:  
Reading: 63rd percentile 

Letter-Word: 67th 
percentile 

Passage: 56th percentile 
Calculation: 91st percentile 

SF F right 

Pre-surgery: 
WASI: 40 (full scale), 42 
(verbal), 43 (performance) 

Post-surgery: 
** 

not done not done not done not done 

KQ F right 

Pre-surgery: 
WASI: 76 (full scale), 5th 

percentile but not reflect skills, 
16th percentile (verbal), 3rd 

percentile (perceptual reasoning) 
Post-surgery: 

*** 

not done not done not done not done 
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Table 3. Behavioral results of visual perceptual performance in all patients and age-matched 800 
controls 801 

Initials Gender 

Intermediate-level vision High-level vision 

Contour integration Glass pattern CFMT-C Object matching 

Threshold Threshold 

Threshold Upright faces Inverted faces Accuracy RT (±0 collinearity) (±20 collinearity) 

EK M 54.01 75.51 54.17 88.33% 81.67% 100.00% 1192.12 

TC F 66.12 77.27 45.83 83.33% 46.67% 89.00% 1047.66 

OT M 54.01 65.73 31.67 62.50% 55.56% 99.00% 929.73 

NN M 75.95* 78.63 25.83 80.56% 45.83% 93.00% 1726.1* 

UD M 51.96 76.88 25.83 83.33% 68.33% 91.00% 1366.96 

SF F 73.36* 76.83 78.33* 38.33%* 40.00% 93.00% 2644.63* 

KQ F 68.45 74.21 35.00 90.00% 78.33% 99.00% 1018.14 

Patient average 63.41±9.97 75.01±4.32 42.38±18.97 75.2±18.59% 59.48±16.69% 94.86±4.41% 1417.91±603.96 

Control average 56.45±5.05 74.04±3.53 39.4±7.74 88.22±11.55% 70.36±11.79% 94.86±3.08% 869.03±225.65 

* denotes significance at p < 0.05.  802 
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