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A B S T R A C T   

The nature and extent of hemispheric lateralization and its potential for reorganization continues to be debated, 
although there is general agreement that there is a right hemisphere (RH) advantage for face processing in 
human adults. Here, we examined face processing and its lateralization in individuals with a single preserved 
occipitotemporal cortex (OTC), either in the RH or left hemisphere (LH), following early childhood resection for 
the management of drug-resistant epilepsy. The matched controls and those with a lesion outside of OTC evinced 
the standard superiority in processing upright over inverted faces and the reverse sensitivity to a nonface 
category (bicycles). In contrast, the LH and the RH patient groups were significantly less accurate than the 
controls and showed mild orientation sensitivities at best (and not always in the predicted directions). For the 
two patient groups, the accuracies of face and bicycle processing did not differ from each other and were not 
obviously related to performance on intermediate level global form tasks with, again, poorer thresholds for both 
patient groups than controls and no difference between the patient groups. These findings shed light on the 
complexity of hemispheric lateralization and face and nonface object processing in individuals following surgical 
resection of OTC. Overall, this study highlights the unique dynamics and potential for plasticity in those with 
childhood cortical resection.   

1. Introduction 

Hemispheric organization and its lateralization and malleability 
continue to be of great interest from both a basic science and a clinical 
perspective. Notwithstanding the remarkable anatomical similarities, 
the two cerebral hemispheres exhibit different functional superiorities. 
For example, there is an advantage for face processing in the right 
hemisphere (RH) compared with the left hemisphere (LH), and an 
advantage for word processing in the LH compared with the RH, 
although both hemispheres are able to process both types of stimuli 
(Behrmann and Plaut, 2014, 2020). This weighted asymmetry of func
tion is assumed to emerge over maturation and development but is also 

contingent on the experience of the observer with a particular category 
(Scott and Arcaro, 2023). 

Here, we focus specifically on face processing, its lateralization to the 
RH and its potential for reorganization following RH damage. To address 
this issue, we studied the face perception ability of individuals following 
cortical resection or ablation of the OTC for the management of drug- 
resistant epilepsy (DRE). The individuals who participated in the cur
rent investigation underwent surgery in childhood when there is greater 
opportunity for plasticity than is the case later in life (Bourne, 2010; 
Bourne and Morrone, 2017; Guzzetta et al., 2010; Lidzba et al., 2017; 
Stiles et al., 2005). The key question, then, concerns the consequences of 
an OTC resection at an early age, and, specifically, whether there is 
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reorganization of function to the hemisphere with the preserved OTC 
and whether the outcome differs as a function of the side of surgery. 

1.1. Evidence for the RH superiority for face processing 

Evidence revealing a RH over the LH advantage in face processing 
comes from hundreds of studies conducted with typical individuals as 
well as from neuropsychological investigations. For example, in one 
relevant study, a large and heterogeneous sample of 122 control par
ticipants completed multiple tasks in which the stimuli were presented 
to the left or right visual field, permitting inferences about the compe
tence of the RH and LH, respectively (Brederoo et al., 2020). Group-level 
analyses confirmed the predicted RH lateralization of faces by revealing 
correlations between performance on tasks of face perception, global 
form perception, low spatial frequency processing, and spatial attention, 
all generally considered to be mediated by the RH. In complementary 
fashion, the LH lateralization for visual word processing was confirmed 
through correlations between visual word and local feature processing, 
functions considered to be mediated by the LH. These lateralization 
results are consistent with decades of neuropsychological studies con
ducted with individuals with ‘prosopagnosia’ following a RH lesion 
(Barton, 2022; Barton et al., 2021; Behrmann, 2024; Gainotti, 2023) 
[see also (Gauthier et al., 1999; Volfart et al., 2023)]. 

Event-Related Potential studies provide converging evidence of the 
face lateralization profile, with the greater N170 waveform over the RH 
than LH in response to faces compared to other visual categories (Carmel 
and Bentin, 2002). Relatedly, Fast Periodic Visual Stimulation has un
covered a RH OTC signal for faces at ~170 ms cycle duration (Rossion, 
2014) (see also (Yan et al., 2019)), and recordings from patients 
implanted with intracranial depth electrodes for presurgical DRE clin
ical evaluation reveal enhanced RH OTC activation to faces, with this 
differential face signal extending along most of the posterior-anterior 
axis of ventral cortex (Rossion et al., 2023). 

Consistently, the seminal papers of Sergent and colleagues using PET 
(Sergent et al., 1992; Sergent and Signoret, 1992) and of Kanwisher and 
colleagues using functional magnetic resonance imaging (fMRI) 
(Kanwisher et al., 1997) have confirmed the greater activation of the RH 
over LH fusiform gyrus in response to faces although activation is pre
sent in both hemispheres. Several hundred imaging papers have repli
cated this asymmetric profile with over 270 PubMed entries for 
‘prosopagnosia and functional MRI’ over just the last few years. 
Particularly important are the brain-behavior correspondence data 
linking the RH fMRI asymmetry (lateralization index of FFA) with face 
processing performance and the strength of the left visual field bias 
(Yovel et al., 2008). 

1.2. What gives rise to the RH superiority for face processing 

Numerous hypotheses, many of which are not mutually exclusive, 
have been proposed to account for this hemispheric asymmetry and the 
RH advantage for faces. Among these is the notion that the RH processes 
information at a more holistic or global level and the LH processes visual 
input at a more local or featural level (Ivry and Robertson, 1998; Ser
gent, 1982; Van Kleeck, 1989). In both PET (Rossion et al., 2000) and 
fMRI (Meng et al., 2012) studies, the RH fusiform gyrus was more 
activated when participants matched or viewed whole faces compared 
with when they viewed parts of faces, and, conversely, the LH was more 
activated for the part than for the whole condition. This RH preference 
for processing the ‘whole’ for faces and the LH preference for parts of 
faces bolsters the conclusion of lateralized holistic RH face processing. 

According to Sergent (1982), this global-local hemispheric asym
metry may reflect a fundamental spatial frequency sensitivity, with the 
RH showing a bias to processing low spatial frequency visual informa
tion and, hence, the global image, and the LH showing a bias towards 
high spatial frequencies, hence, the local image elements (Ivry and 
Robertson, 1998; Robertson and Ivry, 2000; Sergent, 1982). One 

consequence of these asymmetric perceptual abilities is the dispropor
tionate RH advantage for stimuli, such as faces, with which observers 
have considerable experience and come to process holistically (Maurer 
et al., 2002). As a consequence of naturally viewing faces upright (Yin, 
1969), the RH is tuned to whole upright faces (Sergent, 1984), in 
contrast with inverted faces in which each facial feature must be 
analyzed independently (Jacques and Rossion, 2009). Moreover, the 
advantage for upright over inverted images, “the inversion effect” 
(Valentine, 1988) is greater for faces than for other visual categories 
(Farah et al., 1998) (see also (Blauch et al., 2021)). This inversion effect 
is also manifest to a greater degree across age, consistent with the role of 
experience (Diamond and Carey, 1986), culminating in adult-like 
expertise (Cashon and Holt, 2015). Unsurprisingly, given the asymme
try, the inversion effect is greater in the left (RH) than right (LH) visual 
field (Kolb et al., 1983; Leehey et al., 1978). 

1.3. Childhood occipitotemporal resection and holistic and face 
perception 

Having established that the RH has an advantage for holistic face 
processing, here we examine the consequences of an early childhood 
resection of the RH OTC. The question is, what happens to face 
perception and the inversion effect in an individual who does not have a 
RH OTC? Lesions to the RH OTC in adults lead to deficits in global 
perception (Robertson and Delis, 1986), and, as noted above, to proso
pagnosia (for reviews, see (Behrmann, 2024; Blauch et al., 2022). One 
can also query the flip side of the coin: does an individual with a 
resection to LH OTC and a preserved RH show entirely typical face and 
holistic processing or are they perhaps adversely impacted by ‘neural 
crowding’ as a result of accommodating LH functions in the preserved 
RH OTC (Danguecan and Smith, 2019; Lidzba et al., 2006). Some data 
reveal that adults with a lesion to LH OTC and an intact RH OTC do not 
show entirely normal face perception, although the impairment is 
considerably less severe than that resulting from a frank RH lesion 
(Behrmann and Plaut, 2014; Gainotti, 2021; Meadows, 1974). 

Last, because the underlying neural representations for face 
perception may develop slowly and continue to mature till age 30 
approximately (Germine et al., 2011), might there be opportunities for 
plasticity and reorganization in younger individuals, perhaps especially 
in OTC (Ayzenberg et al., 2023). that might not be available to adults? 
Some supportive evidence for this comes from a study of face and word 
matching in a relatively large sample of individuals who had undergone 
childhood hemispherectomy (n = 39). These participants obtained a 
mean score of around 80% accuracy, independent of whether the RH or 
LH was resected. Although the patients’ performance was still statisti
cally inferior to that of matched typically developed controls, their ac
curacy was remarkable given the large extent of the hemispherectomy 
surgery (Granovetter et al., 2022). 

In this paper, we evaluated the face and non-face object processing 
along with the inversion effect in individuals with childhood resection of 
the OTC. We compared the results of the LH and RH OTC resection 
patients to each other, to ‘patient controls’ with a childhood resection 
outside OTC and to matched healthy controls. Last, we examined 
whether any of the observed differences might be explained by a deficit 
in intermediate level vision tasks. 

2. Methods 

2.1. Participants 

Four groups of participants were recruited for this study: (i) patients 
who had a RH OTC resection with a preserved LH OTC (N = 8; M =
17.44yrs; 4 female); (ii) patients who had a LH OTC resection with a 
preserved RH OTC (N = 8; M = 16.92yrs; 4 female); (iii) patient controls 
(N = 8; M = 15.97yrs; 4 female) who had a cortical resection, but to 
regions outside the OTC; and (iv) healthy control participants matched to 
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the OTC resection patients but with no resection or neurological history 
(N = 18; M = 17.44; 9 female). Note that we label the patient groups 
according to which hemisphere is preserved (e.g., RH means RH pre
served) as we infer that the preserved OTC is primarily contributing to 
the observed behavior. 

The majority of the LH and RH patients were hemianopic. However, 
sensory vision in the intact visual field was generally good as reflected in 
their clinical evaluation and acuity (uncorrected or corrected) is typi
cally 20/20 or 20/40. The non-OTC patients had full visual fields with 
approximately the same acuity levels as the LH and RH patients. This 
information is included in Table 1 for each participant along with their 
biographical and medical information. Fig. 1 includes the MRI images of 
all patients from the LH and RH groups. 

A one-way ANOVA with group as the between-subjects variable 
yielded no difference in age between LH and RH patient groups, (F(1, 
14) = 0.02, p > 0.88, ηp

2 = 0.002), no difference between LH group and 
patient controls, (F(1, 14) = 0.02, p > 0.67, ηp

2 = 0.014), or between RH 
group and patient controls, (F(1, 14) = 0.24, p > 0.63, ηp

2 = 0.017). 
There were also no significant age differences between the healthy 
control group and LH patient group, (F(1, 14) = 0.0, p > 1, ηp

2 = 0.0), 
healthy control group and RH patient group, (F(1, 24) = 0.04, p > 0.8, 
ηp

2 = 0.002), or healthy control group and patient control group, (F(1, 
24) = 0.29, p > 0.6, ηp

2 = 0.012). These results indicate that any group 
differences are unlikely to be a product of difference in age of the par
ticipants in the various groups. 

2.2. Procedure 

For all experiments, the participants were seated in a chair placed 
directly in front of a computer screen. All experiments were conducted 
using a 14 inch Macbook Pro laptop running Matlab. Viewing distance 
was approximately 60 cm. Participants were paid for their participation. 
The protocol was approved by the Institutional Review Board of Car
negie Mellon and the University of Pittsburgh, and consent was received 
from parents or guardians, and assent or consent, where appropriate, 
was received from all participants. The four behavioral tests were always 
run in the same sequence in which they are described below to keep 
order constant across participants. 

2.3. Face and nonface recognition 

The integrity of face and of non-face processing was explored using 
standardized tests. 

2.3.1. Face recognition 
The Cambridge Face Memory Test (CFMT) has been used previously 

to demonstrate face recognition impairments in individuals with pro
sopagnosia (Duchaine and Nakayama, 2006). We used the child version 
of the CFMT which limits the total number of target faces participants 
learn and the total number of arrays containing the target and dis
tractors (Croydon et al., 2014) (see Fig. 2a). Because we wished that all 
participants complete the same test and were concerned that the 

Table 1 
Biographic and medical details for all patients.  

Subject 
Code 

Age 
(yr) 

Gender Age 
Seizure 
Onset 

Age at 
Surgery 

Intact 
Hemisphere 

ILAE Scale 
(Binned)a 

Surgery and hemianopia 

Right Surgery Patients/Preserved Left (LH group) 
ON 18.3 Male 7 12 Left Low posterior temporal lobectomy, parietal lobectomy; hemianopia 
BN 17.4 Female 0 9 Left Low Right hemispherectomy; hemianopia 
ED 11.6 Female 4 4 Left High Temporal lobe lobectomy with amygdalohippocampectomy; no hemianopia 
EC 16.6 Male 11 age 15 

and 16 
Left Low 1) laser ablation of the SEEG identified seizure focus, 2) laser ablation of right 

occipito-temporal seizure focus; no hemianopia 
BI 16.1 Female 0 1 Left Low Hemispherotomy; hemianopia 
UD 14.4 Male 4 age 6 

and 11 
Left High Right occipital lobectomy, posterior temporal lobectomy, and resection of right 

medial inferior temporal lobe tumor; resection of right parietal recurrent tumor; 
hemianopia 

KI 7.8 Female 2 3 Left Low Hemispherotomy; hemianopia 
SI 37.3 Male 10 age 11 

and 27 
Left Low Right anatomical hemispherectomy; revision surgery; hemianopia 

Left Surgery Patients/Preserved Right (RH group) 
OT 21.4 Male 12 13 Right Low Left temporal lobectomy; gross total resection of enhancing medial left temporal 

lobe tumor; no hemianopia 
KT 15.6 Female 6 13 Right Low Functional hemispherectomy; hemianopia 
KN 11.5 Male 0 1 Right Low Hemispherectomy; hemianopia 
NM 12.0 Female 0 age 0 

and 10 
Right – Left functional hemispherectomy; Left anatomical hemispherectomy; hemianopia 

JH 16.1 Male 0 10 Right High Temporal lobectomy with amygdalohippocampectomy; no hemianopia 
CO 19.8 Female 1 4 Right Low Hemidecortication; hemianopia 
JF 16.7 Male 0 4 Right High Functional hemispherectomy; hemianopia 
IT 22.2 Female 11 17 Right Low Amygdalohippocampectomy, anterior temporal lobectomy, and resection of 

mesial temporal lobe tumor; no hemianopia 
Patient Controls/Surgery outside of the OTC region  

10.8 Female 4 10 Left High SEEG-guided stereotactic laser interstitial thermal therapy of right frontal seizure 
onset zone  

11.3 Male 6 10 Left High Stereotactic MR-guided laser interstitial thermotherapy of right amygdala and 
hippocampus  

15.1 Female 8 14 Right – Left frontal lobe resection  
15.9 Female 5 15 Left – Resection of frontal focal cortical dysplasia  
16.7 Female 13 age 15 

and 16 
Right High SEEG guided, stereotactic laser ablation of the left mesial temporal lobe including 

the amygdala and hippocampus; stereotactic laser thermal interstitial thermal 
therapy to left mesial temporal lobe including the amygdala and hippocampus  

17.4 Male 7 15 Right Low Left frontal lesionectomy with corticectomy  
20.1 Male 10 18 Left Low SEEG-guided, robot-assisted stereotactic laser interstitial thermal ablation of the 

right insulo opercular cortex  
20.5 Male 13 18 Right Low SEEG-guided resection of left T1 gyrus and Heschl’s gyrus  

a Patient’s ILAE Scale score 1–3 are binned as low and score 4–6 are binned as high. 
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Fig. 1. MRI scans in coronal, sagittal and axial planes for A. all eight patients in the preserved LH and B. all eight patients in the preserved RH group.  
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increased memory load might make the adult test more problematic for 
the younger than older participants, we elected to use the children’s 
version of the test and collected matched control data for comparison. 
We also conjectured that the potentially easier children’s version might 
obscure our ability to detect a deficit, in which case any face processing 
deficit we uncover might be especially compelling. 

The CFMT task has three stages. In the first, ‘same image’ stage (n =
15), participants memorized the faces of five different individuals, each 
shown from three vantage points. In the test section, two images were 
displayed and participants indicated via key press which face they had 
seen previously. In the second, ‘novel image’ stage (n = 25), participants 
memorized five targets faces shown in a frontal view and, then, a pair of 
faces was shown, one of which was a studied face but with different 
lighting or from a different vantage point. Participants indicated via key 
press which one of the two faces was a studied face. Last, in the third 
stage with ‘novel images and noise’, participants studied the five target 
faces again, and, subsequently, a target face was displayed with a dis
tractor face and both faces were perturbed with Gaussian noise (n = 20). 
Participants again indicated via key press which of the two was the 
previously studied face. 

All participants saw the same stimuli presented in the same 
sequential order. This task was performed with all faces upright and 
then, after a short break, repeated with all faces inverted. For each 
version, the percentage accuracy across all the trials (60 total) from the 
three blocks was calculated. The entire CFMT took approximately 20 
min although there were no time limits. 

Object Recognition. The non-face recognition task, the Cambridge 
Bicycle Memory Test (CBMT) is matched to the CFMT with same format 
and level of difficulty as the CFMT but with grayscale bicycles presented 
as the stimulus exemplars (see Fig. 2b). There are more trials per stage 
for the CBMT than for the CFMT. The CBMT has been used successfully 
to uncover deficits in object recognition in children (Dalrymple et al., 
2014). Participants initially saw and studied a total of five bicycle ex
emplars and were required to identify the exemplar they had previously 
seen among three stimuli in the ‘same image’ stage, ‘novel image’ stage 
and ‘novel image with noise’ stage. This task was performed with all 
bicycles upright and then, after a short break, repeated with all bicycles 
inverted. For each version, the percentage correct across all the trials (72 
total) from the three blocks was calculated. The entire CBMT took 

approximately 25 min although there were no time limits. 
The upright version of the task preceded the inverted version for both 

CFMT and CBMT and the CFMT preceded the CBMT for all participants. 

2.4. Intermediate vision 

One possible explanation for any differential difficulty in face versus 
nonface recognition as a function of which hemisphere is preserved 
might result from a problem deriving a global percept from the input. 
Because observers have more experience with faces and, hence, are more 
reliant on holistic processing, a disproportionate processing deficit for 
faces than for nonface objects might be expected in the LH patient group 
following RH OTC resection. To examine this hypothesis, we obtained 
thresholds from two intermediate level tasks which require integration 
of local elements into a global whole. Both of these tasks have been used 
with individuals with cortical resection previously (Liu et al., 2019). 

2.4.1. Contour integration 
The contour integration task evaluates the participants’ ability to 

detect a coherent shape in images in which the relative spacing of the 
elements in the target and the background (which consisted of randomly 
oriented and positioned noise Gabor shapes), were manipulated (for 
more specific details, see Hadad et al., 2010). We included just two 
conditions both of which came from the low proximity trials (Hadad 
et al., 2010): the target Gabor elements making up the shape had either 
0◦ or 20◦ collinearity and were embedded in background distractors (see 
jittered local Gabors on shape contour for 20% display in Fig. 3B). The 
display (containing Gabor elements) extended 17.6◦ horizontally and 
12.6◦ vertically. Participants pressed one of the two keys to indicate 
whether an embedded ‘egg-shaped’ contour pointed rightward or left
ward. Feedback was given on every trial. The average spacing between 
background elements was varied according to a 1-up (after a wrong 
response), 3-down (after 3 correct responses) staircase procedure, until 
there were 10 reversals in the staircase. A practice session (10 trials) 
preceded each version of the task. The experiment took roughly 20 min. 
The threshold score was calculated from the geometrical mean spacing 
of the final six reversals and indicates the minimum spacing among 
background elements for which the target contour was detected. 

Fig. 2. Example stimuli and task format for the a. Cambridge Face Memory Test (CFMT) for children. b. Cambridge Bicycle Memory Test for children.  
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2.4.2. Glass patterns 
Participants were shown two, sequentially displayed Glass patterns 

and, then, were required to press one of two response keys to indicate 
which image had more concentric “swirl” (Lewis et al., 2002) (Fig. 3A). 
The 75% threshold was established by varying the percentage of signal 
dots using a 1-up (after incorrect response), 3-down (after 3 correct 
responses) adaptive staircase method. The staircase started at 95% 
signal and terminated after 10 reversals, and the threshold was 
measured from the geometric mean of the last six reversals. Each Glass 
pattern was centrally presented and extended 8.57◦ horizontally and 
8.56◦ vertically. The practice session included 10 trials and the experi
ment took 15 min. Feedback was given on every trial. 

2.4.3. Data quality and analysis 
A few participants did not complete all tests. To address the missing 

data, we replaced the absent scores with the median of the respective 
group on that condition. Data points were only substituted for the 
nonface task in two RH participants and one control participant. 
Imputing the missing values with the median remains agnostic regarding 
the nature of the data, and this method was chosen as the fairest way of 
handling the incomplete data set. We also repeated the analyses after 
excluding the two patients with missing values and the results were 
essentially the same (these results are included in a footnote). Also, to 
ensure homogeneity of variance for the repeated measures on CFMT and 
CBMT, all accuracy scores were transformed using logit transformation 
which were then analyzed statistically. We do, however, plot the raw 
accuracy scores and standard error to make the results more accessible 
to the reader. 

For the majority of the analyses, we used a mixed repeated measures 
ANOVA with group (for example, RH patients versus LH patients) as the 
between-subjects variable and condition (for example, faces versus bi
cycles or contour integration 0◦ versus 20◦) as the within-subject factor. 
For Glass patterns which does not have a repeated measure factor, the 
analysis is a one-way test across groups. Our particular interest is in the 
main effect of group or any interaction with group as a qualifying var
iable. Interactions were broken down into more specific ANOVAs with p 
< 0.05, for example, upright versus inverted faces with the RH patients 
and then the same analysis for just the LH patients and the controls. We 
also conducted single case statistical analyses (Crawford and 
Garthwaite, 2002) to determine which individual patients fell outside 
the normal distribution. Last, we performed correlation analyses at the 
end with Bonferroni familywise correction to adjust the alpha value for 
multiple tests. 

3. Results 

The means and SDs of the groups for all tests are shown in Table 2 
and individual data and summary statistics are shown in the Appendix. 

Note that, in the Appendix, lower scores for an individual on the CFMT 
and CBMT indicate poorer performance than controls on the modified 
single-case statistics, whereas higher scores for Glass patterns and con
tours indicate poorer performance than controls on the modified single- 
case statistics. 

3.1. Face and object recognition 

The results of the face and object recognition studies are shown in 
Fig. 4 below and a summary of the findings is presented in an at-a-glance 
summary in Table 3 (at the end of the Face and Object Recognition 
section). Prior to comparisons between the preserved RH or LH patients 
and controls, we analyzed the data from the non-OTC patient control 
group (n = 8) versus the healthy control group (n = 18) to assess the 
impact of a resection outside of OTC. 

3.1.1. Controls versus Patient controls 
A mixed repeated measures ANOVA with stimulus (faces/bicycles) 

and orientation (upright/inverted) as within-subject measures and 
group (Patient Control/Control) as the between-subjects measure 
revealed no main effect of stimulus or of orientation, both p > 0.05) nor 
a main effect of group, (F(1, 24) = 0.67, p > 0.1, ηp

2 = 0.04). There was, 
however, a significant interaction between stimulus x orientation, (F(1, 
24) = 50.7, p < 0.001, ηp

2 = 0.68) but no three-way interaction of 
stimulus x orientation x group nor an interaction of group with either of 
the other two factors, all p > 0.05. Decomposing the two-way interac
tion revealed a significant decrement in accuracy when faces were 
inverted (mean and SD: 0.78, 0.11) compared with upright (mean and 
SD: 0.90, 0.09), (F(1, 25) = 4.6, p = 0.04, ηp

2 = 0.16), replicating the 
standard “inversion effect”. Interestingly, accuracy for bicycles was 
significantly better when the images were presented inverted (mean and 
SD: 0.90, 0.29) than upright (mean and SD: 0.79, 0.12), (F(1, 25) = 4.6, 
p = 0.04, ηp

2 = 0.16). The advantage of inverted over upright bicycles, 
termed here the “reverse inversion effect” may be explained by the order 
of the experiments. Because participants all completed the upright trials 
first, they had the advantage of encoding or remembering certain visual 
features of the bicycle images which then could have aided them in the 
(part or feature-based) subsequent inverted bicycle task. This pattern 
would not be evident for faces (and it is not) as faces, when presented 
upright, are processed more holistically than featurally, and the absence 
of featural encoding for the upright faces has no benefit for inverted 
faces. 

The absence of a difference between the Patient controls and Healthy 
Controls is important as it indicates that a resection outside of OTC does 
not result in abnormal complex pattern recognition performance – thus, 
any performance differences observed in the resected OTC patients 
implicates the OTC as the probable site of impairment. In the absence of 
any differences between the Patient Controls and Healthy Controls, we 

Fig. 3. Global Form perception tasks. a. Contour integration: participants indicated the leftward or rightward pointing of the embedded “egg-like” shape embedded 
in background distractors. The orientations of the contour elements differed randomly either clock-wise or anti-clockwise by 0◦ or 20◦ from the imaginary contour. b. 
Glass pattern with concentric swirl. 
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merge these two groups and include all these participants in one ‘Con
trol’ group (n = 26), for comparison against the patient groups. 

3.1.2. Controls versus preserved LH patients 
The ANOVA with the Controls and LH patient group revealed sig

nificant main effects of stimulus, (F(1, 32) = 11.2, p = 0.003, ηp
2 = 0.26) 

and of orientation, (F(1, 32) = 5.1, p = 0.03, ηp
2 = 0.14), as well as an 

interaction between them, (F(1, 32) = 35.9, p = 0.0001, ηp
22 = 0.53). 

There was also a main effect of group, (F(1, 32) = 23.1, p < 0.001, ηp
2 =

0.42) but this was qualified by the three-way interaction of stimulus x 
orientation x group, (F(1, 32) = 4.8, p = 0.04, ηp

2 = 0.13), as depicted in 
Fig. 4. 

A mixed repeated measures ANOVA just on faces revealed a main 
effect of group, (F(1, 32) = 8.1, p = 0.008, ηp

2 = 0.20), a significant main 
effect of orientation, (F(1, 32) = 24.3, p = 0.001, ηp

2 = 0.43), but no 
interaction between group and orientation, F = 1.3. For the bicycles, the 
ANOVA revealed a main effect of group, (F(1, 32) = 28.7, p = 0.001, ηp

2 

= 0.47), and no other significant effects. 
Note that for the bicycle condition, the LH group performed equally 

poorly on upright and inverted bicycles whereas both the controls and 
the RH group performed better in inverted than upright bicycles (see 
below for RH data). Adopting the explanation we offered for the superior 
performance for bicycles in controls (which also applies to the RH pa
tients below), the prior viewing of the upright bicycles, which are pro
cessed featurally, affords an advantage for the featural processing of 
inverted bicycles which are subsequently viewed. The LH group per
forms less well on upright bicycles and presumably, the poorer pro
cessing affords no benefit when the LH patients subsequently view the 
inverted bicycles and, hence, they show no difference in accuracy be
tween the upright and inverted bicycle conditions. 

3.1.3. Controls versus preserved RH patients 
The mixed repeated measures ANOVA with the Controls and RH 

patient groups revealed no significant main effects of stimulus or of 
orientation, but there was a significant interaction between these fac
tors, (F(1, 32) = 29.1, p < 0.001, ηp

2 = 0.48). Unsurprisingly, there was a 
main effect of group with the RH patients performing more poorly than 
controls, (F(1, 32) = 9.3, p < 0.005, ηp

2 = 0.22). While group did not 
interact with either of these factors, there was a trend towards a three- 
way interaction of stimulus x orientation x group, (F(1, 32) = 3.5, p 
= 0.07, ηp

2 = 0.1). An ANOVA just on faces revealed a significant effect of 
orientation, (F(1, 1) = 12.2, p = 0.001, ηp

2 = 0.28, a main effect of group, 
(F(1, 32) = 5.7, p = 0.02, ηp

2 = 0.15), and a trend towards a significant 
interaction between the two, (F(1, 32) = 3.8, p = 0.06, ηp

2 = 0.11). While 
the RH patients’ mean accuracy was close to that of controls for inverted 
faces (means: RH 72.4%, controls 77.8%), there was a large difference in 
accuracy for upright faces (means: RH 73.3%, controls 91%). These data 
suggest that the RH patients do not benefit from upright presentation 
and might suggest a problem in holistic processing (see below). For bi
cycles, there was a significant main effect of orientation (F(1, 1) = 10.0, 
p = 0.003, ηp

2 = 0.24) with both groups showing higher accuracy on 
inverted than upright bicycles, consistent with the suggestion of featural 

Table 2 
Group mean (and 1 SD) for the controls, LH patients and RH patients on all measures.   

Face Up (proportion 
accuracy) 

Face Inv (proportion 
accuracy) 

Bicycle Up 
(proportion accuracy) 

Bicycle Inv 
(proportion accuracy) 

Glass pattern 
(threshold)b 

Contour 
0 (thresholdc) 

Contour 20 
(thresholdc) 

Controlsa 0.91 (.09) 0.78 (.11) 0.79 (.12) 0.90 (.29) 36.97 (5.8) 53.68 (4.7) 74.37 (3.9) 
LH 0.77 (.15) 0.66 (.12) 0.54 (.11) 0.55 (.16) 51.3 (20.4) 67.29 (8.1) 76.04 (2.3) 
RH 0.73 (.17) 0.72 (.07) 0.65 (.12) 0.73 (.12) 53.3 (20.4) 65.91 (9.6) 77.78 (.63)  

a Includes typical controls as well as controls with resections outside of occipitotemporal cortex. 
b Threshold value calculated from the geometric mean of the last six reversals (Lewis et al., 2002). 
c Threshold value calculated from the geometrical mean spacing of the final 6 reversals (Hadad et al., 2010). 

Fig. 4. Mean percentage accuracy (colored empty red or blue square) as a function of the upright and inverted orientation for the Controls (merged Healthy Controls 
and Patient Controls, n = 26) and the preserved LH and preserved RH groups. (a) Face CFMT and (b) Bicycle CBMT. Each small square containing initials (jittered to 
make all points visible) plots the accuracy of a single individual in the patient groups and the empty square depicts the group mean. 

Table 3 
At-a-glance summary of the comparisons between Controls and each of the Pa
tient groups and across the two patient groups.   

LH vs Controls RH vs Controls LH vs RH 

Object recognition 
Faces < < & no inversion effect =

Bicycles < & equal upright/inverted < =

Global form perception 
Glass < < =

Contour < on 0◦ collinearity only < on 0◦ collinearity only =

< indicates that patients (first listed in column) perform more poorly than the 
Control group (n = 26). 
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processing being engaged. There was also a main effect of group, (F(1, 
32) = 6.9, p = 0.013, ηp

2 = 0.18), and no interaction between stimulus 
and orientation. 

Because two RH patients did not complete the bicycle tasks, we 
replaced their data with the median for those cells and repeated the 
ANOVA for Controls and RH patients excluding these patients. 
Notwithstanding the loss in power, the results point largely in the same 
direction.1 

3.1.4. Preserved LH vs preserved RH patients 
This mixed repeated measures ANOVA pitted the preserved LH and 

preserved RH patient groups against each other. The results revealed a 
main effect of stimulus, (F(1, 1) = 9.5, p < 0.008, ηp

2 = 0.40), with 
higher accuracy on the CFMT than CBMT, and an interaction of stimulus 
x orientation, (F(1, 1) = 8.9, p < 0.0.1, ηp

2 = 0.39). There was neither a 
main effect of group, (F = 1.8), nor any other interaction with group, all 
p > 0.05. 

As above, we repeated the comparison of the two patient groups after 
removing the two RH participants who did not complete the CBMT. The 
results from this analysis largely follow those from the analysis above 
which assigned median values for these two RH participants.2 

Together (see Table 3 for summary), these findings highlight the 
poorer performance of both patient groups against the controls. When 
the preserved RH/LH patients were pitted against each other, their 
behavioral profiles did not differ for either faces or for bicycles. Single 
case statistical data in Appendix 1 largely reveal and mirror the results of 
the group analyses. 

3.2. Global form perception 

Unlike for face and non-face object recognition in which the CFMT 
and CBMT are matched and can be harnessed as a within-subject factor 
in an ANOVA, the two global form perception tests differ and so we 
analyzed them separately. The means and SD for each group are shown 
in Tables 2 and in the at-a-glance Table 3 and Fig. 5 shows the com
parison across group. Single subject statistical data are reported in 
Appendix 1. 

3.2.1. Glass patterns 
As above, not all patients completed the Glass pattern task and we 

assigned the median of the group to a few LH patients, RH and OTC 
patient controls. Although this is obviously not ideal, the fact that a 
roughly equivalent number of patients in each group (except for scores 
on Contour integration for the RH group) received the median value 
reflects roughly equal treatment across groups. However, caution ought 
to be exercised while examining these findings. 

3.2.1.1. Controls versus patient controls. The initial one-way analysis 
comparing performance of the Controls and the Patient Controls 
revealed no effect of group on the Glass patterns task, p > 0.3. Given the 
absence of a group difference, we collapsed the data across the two 

groups (making Control n = 26) for comparison with the patient groups. 

3.2.1.2. Controls versus preserved LH patients. In an analysis with group 
(LH, Controls) and threshold as the dependent measure, a significant 
effect of group was observed, (F(1, 32) = 10.7, p < 0.003, ηp

2 = 0.25). As 
displayed in Fig. 5, the patients required a higher threshold (inclusion of 
more dots to perceive the swirl) than the controls, reflecting the greater 
difficulty experienced by the patients on the task. 

3.2.1.3. Controls versus preserved RH patients. An analysis with group 
(RH, controls) and threshold as the dependent measure also revealed a 
significant effect of group, (F(1, 32) = 13.6, p < 0.001, ηp

2 = 0.30). Fig. 5 
shows that the patients required a higher threshold to perceive the swirl 
although there is variability in the group with some individuals with 
very high threshold values. 

3.2.1.4. Preserved LH versus RH patients. The same analyses but with the 
patient groups revealed no difference between them, p > 0.5. Individual 
variability within the group is also evident. See Fig. 5. 

Overall, the findings from the Glass pattern task were clear. Both 
patient groups performed more poorly than controls and the two patient 
groups did not differ from one another. 

3.2.2. Contour integration 
As above, not all patients completed the Contour integration task and 

we assigned the median of the group to a few patients here (see scores on 
Contour integration for the RH group). Fig. 5 shows the data across 
group. 

Patient versus patient controls. For the repeated measures (0◦, 20◦

collinearity conditions) analysis of the Contour integration task, there 
was a significant effect of condition, (F(1, 24) = 412.5, p < 0.001, ηp

2 =

0.94), confirming the sensitivity in revealing higher thresholds for the 
20◦ than for the 0◦ condition, as expected. There was no main effect of 
group, nor an interaction of group x condition, p > 0.4. In the absence of 
any group effects, we merge the two groups into a single group (n = 26) 
which is used for the analyses below. 

3.2.2.1. Controls versus preserved LH patients. A mixed repeated mea
sures ANOVA with condition (0◦, 20◦ collinearity) as the within-subjects 
factor and group as a between-subjects variable revealed a significant 
effect of condition, (F(1, 1) = 179.8, p < 0.001, ηp

2 = 0.85), and an 
interaction of condition x group, (F(1, 32) = 29.5, p < 0.001, ηp

2 = 0.48). 
As evident from Fig. 5, the LH patients had significantly higher thresh
olds than the controls, but this was only the case for the 0◦ collinearity 
condition. Both groups had equivalently higher thresholds for the more 
taxing 20◦ condition suggesting a possible floor effect. There was also a 
significant main effect of group, (F(1, 32) = 24.3, p < 0.001, ηp

2 = 0.43), 
revealing the higher threshold for LH patient group than for the control 
group. Note that, for the 20◦ condition in the LH patients, the 
compression of the threshold is somewhat, but not entirely, attributable 
to the use of the median values for missing data. As such, this particular 
comparison should be treated with caution. 

3.2.2.2. Controls versus preserved RH patients. The same mixed repeated 
measures ANOVA but with controls and RH patients as the between 
subject variable revealed a significant effect of condition, (F(1, 1) =
166.31, p < 0.001, ηp

2 = 0.84), and an interaction of condition x group, (F 
(1, 32) = 12.1, p < 0.001, ηp

2 = 0.28). As evident from Fig. 5, the RH 
patients had significantly higher thresholds than the controls, but this 
was only the case for the 0◦ and not the 20◦ collinearity condition, again 
consistent with the possibility that the 20◦ was equally difficult for both 
groups and, hence, insensitive to differences. There was also a signifi
cant effect of group, (F(1, 32) = 25.2, p < 0.001, ηp

2 = 0.44), revealing 
the higher threshold for the patient group. Note that for the 20◦ con
dition, for the LH patients, the compression of the threshold is 

1 The repeated measures ANOVA with Controls and RH patients (removing 2 
cases) revealed no significant main effects of stimulus or of orientation, but 
there was a significant interaction between these factors, p < 0.001. There was 
a main effect of group with the RH patients performing more poorly than 
controls, p < 0.03. An ANOVA just on faces revealed a significant effect of 
orientation, p = 0.001, and no other effects. For bicycles, there was a significant 
main effect of orientation (p = 0.008) with both groups showing higher accu
racy on inverted than upright bicycles. There was no main effect of group and 
no interactions.  

2 The repeated measures ANOVA with the preserved LH and preserved RH 
patient groups against each other was redone without the two RH patients who 
did not complete the Bicycle task. The results revealed the expected main effect 
of stimulus, p < 0.01, and a trend towards an effect of orientation, p = 0.08. 
There was neither a main effect of group nor any other interaction with group. 
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somewhat, but not entirely, attributable to the use of the median values 
for missing data. As such, this particular comparison should be treated 
with caution. 

3.2.2.3. Preserved LH vs preserved RH patients. In the mixed repeated 
measures ANOVA comparing the LH and RH preserved patient group as 
the between-subjects factor and condition (0◦, 20◦ collinearity) as the 
within-subjects factor, there was a significant main effect of condition, 
(F(1, 1) = 22.1, p < 0.001, ηp

2 = 0.61). There was, however, no main 
effect of group, p > 0.9, and no interaction of condition x group, p = 0.5. 

Overall, the findings from the Contour integration task were clear 
and mirrored those of the Glass pattern task. Both patient groups per
formed more poorly than controls, especially in the easier 0◦ condition 
(possible floor effect in the more challenging 20◦ condition), and the LH 
and RH OTC patient groups did not differ from one another. 

3.3. Correlation between face/object recognition and intermediate level 
vision profile 

The findings thus far (see Table 2 for means and Table 3 for at-a- 
glance summary) reveal differences in the profile of the patient groups 
versus the control group but not between the two patient groups. This 
difference relative to the controls emerged primarily because controls 
were more accurate for upright than inverted faces and more accurate 
for inverted than upright bicycles. This was not the case for the patient 
groups in whom the interactions were not always significant and not 
always in this direction. 

The final question we address is whether performance on the Global 
form tasks might account for the differences in the patient group pro
files. The analyses performed thus far were done at the group level, and 
we now examine individual correlations. As is obvious, the number of 
values we have is rather limited and so any result that passes statistical 
significance ought to be cautiously interpreted. Prior to any correlations, 
we determined the reliability of the variables via split-half reliability.3 

The thresholds measured for the Glass patterns were not reliable and 
thus we did not include them in any correlation analysis. Reliability was 
moderate for all the remaining variables. 

Before evaluating the correlation in the patient groups, using Pear
son’s r just in the control data, we correlated the object recognition 
accuracies (logit transformed for faces and bicycles upright and 

inverted) as well as the average accuracy computed for faces upright and 
inverted and the average accuracy computed for bicycles upright and 
inverted with the contour integration 0◦ and 20◦ thresholds. There was a 
negative correlation between the 0◦ condition in the contour integration 
task and the average accuracy of face trials (r = − 0.654, p = 0.003). This 
association indicates that the lower the threshold on contour integration 
(the better performance), the higher the face accuracy score (better 
performance). Knowing that this relationship exists in the control data 
permits us to examine whether a similar association might exist in the 
patient data. 

For the patient group correlations, we used only the data from the LH 
and RH patients and all the same variables as included in the correlation 
analysis above (again, excluding the thresholds from the Glass pattern 
task). The outcome was clear: there was no correlation between the 
Contour integration at either level (0◦ or 20◦), with any of the other 
measures. No correlations reached statistical significance, all p > 0.1. As 
above, we suggest that, because of the missing values in some individual 
participant cells and the moderate reliability of the variables included, 
the interpretation of these effects ought to be considered with caution. 

4. Discussion 

The goal of this investigation was to examine the consequence of a 
childhood resection of the RH occipitotemporal cortex on face process
ing. The RH dominance in face perception and the accompanying 
inversion effect has been well established as has the RH’s role in 
mediating holistic processing of faces and of other stimuli, for example, 
Navon hierarchical shapes (Ivry and Robertson, 1998). Unsurprisingly, a 
lesion to the right occipitotemporal (OTC) area results in prosopagnosia 
(Behrmann, 2024) and in deficits in global form perception (Behrmann 
and Kimchi, 2003; Robertson and Delis, 1986). The critical question 
addressed here is to what extent face perception and the inversion effect 
are disrupted in individuals whose RH OTC has been resected for the 
management of pharmacologically resistant epilepsy. Specifically, we 
examine this in children, in whom plasticity may be more viable than is 
the case later in life and for whom reorganization of function to the 
preserved hemisphere may be possible. 

We also investigate the flip side of the coin, namely whether there 
are any adverse consequences for face and holistic processing in those 
with childhood resection of LH OTC. i.e., does the preserved RH 
continue to subserve normal face and holistic processing. One might 
assume that the answer would be ‘yes’ but an equally compelling answer 
might be ‘no’: although one might expect better face and holistic 

Fig. 5. Global form perception data for the controls and preserved LH and preserved RH groups. a. Mean threshold on Glass patterns. b. Mean threshold for the 
0◦ and 20◦ collinearity trials in the contour integration task. Each small symbol (jittered to make all points visible) plots the accuracy of a single individual in the 
group (see text for replacement of missing data with median for that cell). 
See Appendix for single subject statistics values. 

3 We thank Dr Marc Brysbaert for suggesting this approach to us. 
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processing with a preserved RH than LH, the preserved RH might not be 
entirely normal, perhaps as a result of ‘neural crowding’ and the pres
sure to accommodate other LH functions, such as language-related 
processes, into the preserved RH OTC (Danguecan and Smith, 2019; 
Lidzba et al., 2006). 

The answers to these questions are reasonably clear as revealed by 
comparing the behavior of patients with RH or LH resection against 
matched controls (see summary Tables 2 and 3). First, and probably 
most dramatic, is that the performance profile of the two patient groups 
is equivalent on both object recognition and global form measures. 
Although patients have different size LH or RH resections ranging from 
laser ablation to hemispherectomy, the ‘experimental’ patients all had a 
resection that included OTC (see Table 1). There was no main effect of 
group (LH or RH OTC resection) on any of the four tasks and no dif
ference between the patient groups as a function of stimulus type and/or 
orientation for the face and bicycle recognition tasks. There was also no 
difference between the patient groups on the Global form perception 
tasks with the two groups showing equally abnormal ability to detect the 
swirl in the Glass pattern experiment and the embedded shape in both 
conditions of the integrated contour task. 

Second, we compared the patient groups to the controls. An addi
tional patient group with resections outside OTC was also recruited; 
because the non-OTC group performance did not differ from that of 
matched controls, we merged the data from this group with those of the 
typical control data. It is noteworthy that a resection outside of OTC 
does not adversely affect perceptual function, thereby limiting the def
icits we observe in the OTC patient groups specifically to the OTC itself. 
Relative to the (merged) control group, both patient groups performed 
more poorly. There was a non-significant trend for the LH over RH pa
tient group to show an advantage for upright over inverted faces which 
is similar to the control profile (difference score upright – inverted: LH 
11%, RH 1%) and a slight but non-significant trend for the RH over LH 
group to show an advantage for inverted over upright bicycles also 
similar to the control profile (difference score inverted-upright: RH 8%, 
LH 1%). The two patient groups also performed more poorly than the 
controls on Glass patterns and Contour integration in the 0◦ but not in 
the more difficult 20◦ contour integration condition. Below, we discuss 
both the patient-patient and patient-controls findings in greater detail. 

4.1. Hemispheric equivalence and postsurgical outcomes 

The absence of a difference between the LH or RH OTC resection 
patients is provocative. An immediate explanation might suggest that 
the tests themselves were not sufficiently sensitive or that we simply did 
not have sufficient statistical power to uncover differences as we had 
only eight patients in each group (and imputed the median score for 
bicycles for a few RH participants). The two main tests, CFMT and 
CBMT, have been rigorously standardized and have been used to iden
tify deficits in young children’s behavior (Barton et al., 2019; Bennetts 
et al., 2017; Dalrymple et al., 2017; Dalrymple and Palermo, 2016). 
Moreover, the finding of equivalent perceptual profile independent of 
which hemisphere has undergone resection fully replicates the results of 
Granovetter et al. (2022) using a controlled experiment paradigm, 
which also showed no difference (in the sequential discrimination of 
faces and of words) but, in this case, between individuals who had an 
entire left (n = 15) or right (n = 24) hemispherectomy. In that study, 
both patient groups were able to discriminate faces and words with a 
mean of above 80% accuracy, which, while statistically inferior to the 
accuracy of the controls, was nevertheless surprising given the extent of 
the resection (all hemispherectomy patients in that study). Here, with 
patients displaying a more varied etiology (including hemispherectomy 
but also more focal resection to OTC) and a demographic profile 
different from that in Granovetter et al. (2022), we also demonstrated 

equivalent patterns of performance for the two patient groups. This 
supports the hypothesis that behavioral outcomes are not contingent on 
the hemisphere of resection (or the specific behavioral test adopted). As 
in that study, here, the performance of both groups were outside the 
normal distribution. Importantly, too, this profile of performance is 
specific to those individuals in whom the OTC has been resected –the 
behavioral profile of matched individuals with resections outside OTC 
(‘Patient Controls’) did not differ from the typical Control participants 
and the data from both groups were aggregated into a single control 
group. 

The current findings are also consistent with existing studies doc
umenting a deficit in face processing in children who have sustained 
unilateral damage in the pre-, peri-, or postnatal period (de Schonen 
et al., 2005). Irrespective of age at damage in these children and, irre
spective of whether the injury was to the left or right side of the brain, 
posterior damage resulted in a face processing deficit. Although some 
data have shown that adults with a lesion to LH OTC and a preserved RH 
do not show entirely normal face perception, the impairment is much 
less severe than that resulting from a RH lesion (Behrmann and Plaut, 
2014), and implicates the added contribution, albeit less substantive, of 
the LH to face perception in adulthood. 

To date, there have not been many postsurgical investigations of 
perceptual function in children with drug-resistant epilepsy, and most 
studies do not separate the patients as a function of resected hemisphere 
although side of resection does impact memory function and PIQ versus 
VIQ differently (Skirrow et al., 2011, 2015). Nevertheless, the overall 
findings from the present study align well with investigations showing 
reasonably good behavior in a pediatric population post-surgery. For 
example, in one study with 306 children and adolescents (ages 6–17 
years), 85% of whom had cognitive impairments presurgically, 21–50% 
of the patients changed from impaired to unimpaired postsurgically 
along with seizure freedom in 81%, and the site and side of the epilepsy 
did not impact the reported findings (Helmstaedter et al., 2020). 

4.2. Differences in face and non-face discrimination accuracy relative to 
controls 

The second major finding was that there were some, albeit slight, 
differences in pattern recognition for each of the two patient groups 
when compared to the control participants. The a priori prediction was 
that the removal of the RH OTC (the preserved LH group here) should 
impair performance, especially on faces and in the pattern of upright 
versus inverted faces, to a greater degree than those with LH OTC (the 
preserved RH group here) resection. We already know that there is no 
overall difference in performance in the two patient groups and that 
both LH and RH group performed more poorly than controls on both 
face and bicycle tasks. However, the effect of stimulus orientation was 
somewhat informative. On the face task, the LH group (RH OTC resec
tion) and controls, but not the RH group (LH OTC resection), had 
marginally higher accuracy for upright than inverted faces. 

For bicycles, the RH group (LH OTC resection) mirrored that of 
controls – although performing more poorly overall, there was a trend to 
better accuracy for inverted than upright bicycles. While we had no a 
priori prediction for bicycles, the control data reveal a reverse inversion 
effect which indicates an advantage for featural over configural or ho
listic processing. This reverse inversion effect was mirrored (albeit to a 
lesser extent) in the preserved RH but not in the preserved LH patient 
group. 

Taken together, these findings are a little unexpected and challenge 
some data in the literature. For example, in one study (Pinabiaux et al., 
2022), children and adolescents (aged 7–16 years) who had undergone 
either RH or LH hemispherectomy, did not differ from each other overall 
on visuospatial and perceptive tests, as was also the case for the two 
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patient groups here. Closer inspection, however, revealed that those 
with RH hemispherectomy (LH preserved) performed more poorly than 
those with LH hemispherectomy (RH preserved) on the processing of 
faces, more in line with the a priori prediction that we set out in the 
introduction to this paper. 

There are also studies that continue to demonstrate hemispheric 
differences on a range of complex visual functions. In one recent study 
with patients with LH or RH anterior temporal lobectomy, those with LH 
resection (preserved RH) did not differ from the controls on a simulta
neous matching task in which a target (an object, or scene or building) 
was to be matched with one of two same-category distractor images 
shown from the same or a different viewpoint (Gardette et al., 2023). All 
three displays were presented simultaneously reducing the need for 
memory or learning of the stimuli. The results indicated that the patients 
with RH resection (preserved LH) were both slower and less accurate 
than both the controls and the LH resection patients but only in the 
different viewpoint condition, leading the authors to conclude that 
complex visual-representation functions are right-lateralized and a RH 
resection disadvantages high-level perceptual performance on homo
geneous displays. These findings are also consistent with data acquired 
from patients with right medial/anterior temporal lobe damage (but also 
temporal pole and perirhinal cortex) in which high-level perceptual 
performance was significantly poorer than controls for novel than for 
familiar objects in an oddity paradigm in which participants selected the 
‘odd one out’ from an array of simultaneously presented stimuli (Bare
nse et al., 2010a). 

One possible reconciliation of the seemingly discrepant findings 
might have to do with the time of resection and the opportunities for 
plasticity. For example, the mean age of the patients in Gardette et al. 
(2023) were older than 38yrs and 45yrs for the left and right resection 
cases, respectively, and they were tested roughly 25 months postsurgery. 
The ages of these participants are all much older and it is possible that, 
as with adult prosopagnosia after a RH lesion, there is less opportunity 
for reorganization than in childhood. Together, these results suggest that 
in early childhood, at least, the two hemispheres seem less committed to 
a particular function and more able to assume other functions than is the 
case for adulthood. Speculatively, because of the plasticity available 
during childhood, the preserved OTC is pressured to assume some of the 
functions of the resected OTC and so, independent of which side is 
resected, the residual OTC settles to a status that is midway between a 
healthy RH and healthy LH. 

4.3. Differences in global form perception accuracy relative to controls 

The last result is that both patient groups performed more poorly 
than controls on both tasks of Global form perception and that there was 
no difference between the groups. Also, thresholds obtained on the 
contour integration measures were not correlated with, and, therefore, 
not predictive of, pattern recognition behavior for the RH and LH pa
tients (although there was a non-significant) relationship between con
tour integration and face processing in the control group. The results 
obtained in the current study do not support the prediction that, given 
the dominance of the RH in holistic processing, removal of visual areas 
in the RH (so in the preserved LH group here) would result in greater 
deficits in global form perception than those with a preserved RH. 
Instead, again, we see equivalence across the two groups. A similar 
conjecture might be offered here as for the pattern recognition perfor
mance – the two hemispheres are less divergent in their functional role 
in early childhood than they are in adulthood, and so they come to 
occupy an intermediate and perhaps compromise position straddling the 
functions of the LH and the functions of the RH. 

We have suggested that, as a result of the surgery, the changeable 
functionality of the childhood brain can be sculpted to accommodate 
both LH and RH functions. Of course, such changes may not be solely a 
consequence of the surgery per se - the dysfunctional epileptic tissue 
might already provoke the reorganization of ordinarily lateralized 

functions presurgically and from even earlier on in childhood, poten
tially long before the surgery was undertaken. Thus, even if the surgery 
occurred later in childhood, some of the plastic changes might have 
occurred several years prior to this when the brain was even more 
malleable. 

4.4. The source of the deficits in the LH and RH patients 

Here, we characterized the deficits in both face and object recogni
tion and global form perception in patients with OTC resection 
compared with those with non-OTC resection and typical controls. The 
key question is what mechanism gives rise to these deficits. Multiple 
possibilities exist, within and outside of the visual system and we deal 
with each class of possibilities in turn in these next two sections. 

The impairment we observe in the present study is not an obvious 
result of the presence of hemianopia. Although many patients with OTC 
resection are hemianopic, as would be expected (see Table 1), they have 
largely corrected vision in their intact field and are given unlimited 
exposure of the stimulus prior to their providing a response. Addition
ally, the consensus in the field is that visual function in these patients is 
not hampered significantly by the field defect. One investigation of 
children with hemispherectomy showed positive visual recovery and 
also revealed compensatory skills such as anomalous head posturing and 
continuous or contralateral exotropia (Koenraads et al., 2014) (for re
view, see (Liu and Behrmann, 2017)). 

We also know that the observed performance deficit for face and 
word recognition, at least, is roughly equivalent in a study when the 
critical stimuli are shown either entirely in the hemianopic patients’ 
intact visual field or centered over fixation. Statistically equivalent 
performance was observed in the two conditions in a sequential 
matching task. In that study, an initial stimulus appeared centrally for 
750 msec to encode the target well, especially for the children, and then, 
following 150 ms delay, the second stimulus appeared just in the pa
tients’ intact visual field until response. The same participants 
completed a second version in which the initial stimulus was presented 
centrally for 750 ms and the second stimulus was also presented cen
trally until response. Scores across these two tasks were positively 
correlated suggesting that presentation condition per se was not a key 
determinant of how well or poorly the patients performed (Granovetter 
et al., 2022). 

A second possibility concerns a processing deficit that occurs earlier 
in the visual system prior to OTC. Both OTC patient groups perform 
more poorly than the controls on global form perception. However, the 
deficit in intermediate level visual processing may not fully explain the 
impairment in face and object recognition. The extent of the deficit in 
the contour threshold task is not significantly correlated with accuracy 
on either the face or object recognition tasks. However, we do, recognize 
that because we did not have that much data on the Global form tasks 
and we did not include Glass patterns in the correlation analysis, these 
finding needs to be replicated to be certain. 

So, what underlying perturbation does give rise to face and object 
recognition? This same question is regularly posed in the field of visual 
agnosia, as well, and the answer continues to be elusive. One low- 
hanging fruit, at least, would be to determine whether the recognition 
deficit in patients such as those described here or in cases with the more 
associative form of visual agnosia would be to assess how general the 
deficit is. The patients in the current study are not strictly prosopagnosic 
as they are poor at bicycle recognition too. It is possible that the patients 
have a generalized disturbance and will fail to recognize and discrimi
nate between any visual stimuli that are as complex as faces and bi
cycles. Alternatively, the patients may fail to recognize only those 
stimuli drawn from categories in which the exemplars are visually ho
mogeneous (as for faces and bicycles) and that they may succeed in 
recognizing objects from superordinate categories with heterogeneous 
exemplars for example, modes of transportation (e.g., bus, ship, plane) 
or types of furniture (e.g., bed, chair and closet). The outcome of further 
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experiments will help delimit the nature of the deficit to the exemplar 
perceptual level even if not providing a complete explanation of the 
underlying perturbation. 

4.5. Is the deficit mnemonic? 

The two major tests we adopted, the CFMT and CBMT, both involve a 
memory component – the participant studies a set of faces or bicycles 
and then decide which face or which bicycle was present in a subsequent 
display. We have argued here that deficits in the patients are of visuo
perceptual function but, given the memory load, the deficit might be one 
of visual memory function. Although we did attempt to alleviate the 
memory burden by using the child version of the tasks where only five, 
rather than six, images are memorized, there is, nevertheless, a memory 
load from the study to the test trial which is also the case for the control 
participants. 

The general prediction has been that individuals with anterior tem
poral lobe resections might have more of a memory impairment while 
those with posterior temporal lobe resections might have more of a 
perceptual impairment. This memory-perception distinction has 
received much attention lately and the distinction seems less clear than 
it once was, with both anterior and medial temporal lobe patients 
showing impairments in perceptual judgements. For example, in a 
relevant study, patients who had undergone temporal lobe resection, 
either to the left or right hemisphere, for the management of epilepsy 
completed an unfamiliar face recognition task (Rice et al., 2018). On 
each trial, a pair of unknown faces was shown simultaneously and a 
same-different judgement was performed. Notwithstanding the fact that 
no memory component was required in this task, both patient groups 
had poorer performance than controls. A similar decrement in percep
tual judgement has been reported in patients with lesions to the anterior, 
more medial temporal lobe compared with those with hippocampal le
sions or with congenital prosopagnosia. In an odd-one-out task (four 
stimuli, which is odd one?), patients with lesions to the anterior, more 
medial temporal lobe had lower accuracy for faces, scenes and objects 
that were highly similar to each other (Barense et al., 2011; Barense 
et al., 2010b; Behrmann et al., 2016). Again, without the need for 
remembered information, patients with more anterior temporal lobe 
lesions still performed poorly in perceptual tasks. The findings from the 
present study appear consistent with these previous studies: both ante
rior and medial temporal lobe resection patients were impaired at both 
face and bicycle recognition. Together, these studies challenge the bi
nary dichotomy of perception (posterior) versus memory (anterior) 
functions. 

4.6. Limitations of the current study 

Undoubtedly, in reading this paper, several limitations become 
obvious. We have listed a litany of limitations already and repeatedly 
noted the need for cautious interpretation of some of the analyses. A 
study such as this one falls between a rock (too many cases to be single 
case studies) and a hard place (not quite enough cases to be a strong 
group) but this is often so in studies with rather rare individuals. Of 
course, the limited sample size of the patient groups is concerning as are 
the missing data (for patients who were unable to complete all tasks). 
We attempted to offset some of the limitation by including three equal- 
sized groups, those with RH preserved, LH preserved, and non-OTC re
sections, with eight participants in each group. We have also presented 
the patient group data as well as the data from each individual partici
pant (and whether the single case deviates from the control distribution) 
which provides additional information and may be more akin to a 
neuropsychological single case study. 

A further glaring limitation is the heterogeneity of the performance 
of the patients. Here, we took the hemisphere of the resection as the key 
distinction between the groups. It is clear from Fig. 1, however, that the 
patients, both LH and RH, have different lesion sites and are also 

different sizes and Figs. 4 and 5 illustrate the performance variability. A 
myriad of other potential explanatory factors are also at play including 
etiology, age at first seizure, age at resection etc., many or all of which 
likely determine the patients’ outcome. In related work, we have 
examined the impact of some of these variables, including cognitive 
status, post-surgery seizure burden and age at surgery and, surprisingly, 
none of these can obviously account for the recognition abilities of the 
patients in tasks involving face and word processing (Granovetter et al., 
2022). Of course, future studies with larger sample sizes and, perhaps, 
with classification of the patients into more homogeneous subgroups 
will be extremely valuable. Such studies will replicate or challenge the 
current findings and add to the growing understanding of 
brain-behavior correspondences. 

5. Conclusion 

The findings presented here suggest that all bets are off concerning 
predicted lateralized visual functions following resections in childhood. 
Betting is even further ill-advised given that, as reported in Granovetter 
et al. (2022), the outcome of visual competence is not easily accounted 
for by any of the usual candidate variables as mentioned above. This 
patient population offers us a unique opportunity to study hemispheric 
plasticity and reorganization of the developing brain (Kolb et al., 1983; 
Kolb et al., 2003), especially in the context of visual recognition 
development (Liu and Behrmann, 2017) and in response to injury (Kolb 
et al., 1983; Kolb et al., 2003; Nudo, 2013). Predictions do not seem to 
translate from the mature adult brain and from prosopagnosia in adults 
to children whose brains, potentially, are amenable to reorganization. 
The findings also indicate that the residual OTC hemispheric function 
may come to occupy an intermediate solution, neither adult LH nor adult 
RH, but some amalgam of the two. Future findings will shed further light 
on these speculative interpretations. 
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Appendix  

Appendix 1 
Single participant data and group summary statistics for all 7 testing conditionŝ.  

Group Face Up Face Inverted Bicycle Up Bicycle Inverted Glass patterns Contour 0 Contour 20 

Regular control 0.80 0.62 0.69 0.71 42.50 55.99 69.67 
Regular control 0.88 0.57 0.72 0.81 34.17 67.03 78.20 
Regular control 0.78 0.63 0.81 0.93 37.50 56.59 70.90 
Regular control 0.98 0.87 0.72 0.79 34.17 53.12 71.73 
Regular control 0.93 0.80 0.75 0.81 38.33 55.00 78.20 
Regular control 0.63 0.73 0.51 0.90 36.30 53.40 73.90 
Regular control 0.98 0.92 0.93 0.96 31.67 50.19 72.13 
Regular control 0.88 0.68 0.83 1.00 35.00 52.27 76.87 
Regular control 0.98 0.92 0.79 0.96 38.33 50.71 74.29 
Regular control 0.93 0.82 1.00 0.81 32.50 48.47 75.13 
Regular control 0.87 0.67 0.78 0.58 31.67 51.61 74.78 
Regular control 0.97 0.87 0.79 0.68 28.33 49.57 76.88 
Regular control 0.87 0.57 0.81 2.23 50.00 62.07 78.64 
Regular control 0.90 0.77 0.89 0.90 35.00 51.90 62.10 
Regular control 0.87 0.85 0.94 0.97 40.83 51.90 75.16 
Regular control 0.97 0.83 0.88 0.93 27.50 48.48 74.29 
Regular control 0.97 0.82 0.90 0.92 44.17 51.90 73.11 
Regular control 0.98 0.95 0.89 0.92 34.17 50.43 74.72 
MEAN 0.90 0.77 0.81 0.93 36.23 53.37 73.93 
STDEV 0.09 0.12 0.11 0.34 5.60 4.74 3.88 
SIZE 18.00 18.00 18.00 18.00 18.00 18.00 18.00 
CI 0.04 0.06 0.05 0.16 2.59 2.19 1.79 
UPPER 0.94 0.83 0.87 1.09 38.82 55.56 75.72 
LOWER 0.86 0.71 0.76 0.78 33.64 51.18 72.13 
Non-OTC control 1.00 0.93 0.75 0.93 38.30 54.40 75.40 
Non-OTC control 0.95 0.80 0.65 0.72 44.17 54.07 78.64 
Non-OTC control 0.98 0.77 0.49 0.72 40.83 56.59 78.20 
Non-OTC control 0.82 0.67 0.75 0.81 29.17 49.02 74.72 
Non-OTC control 0.83 0.77 0.92 0.86 38.30 54.40 75.40 
Non-OTC control 0.98 0.75 0.89 0.85 31.67 48.45 66.59 
Non-OTC control 1.00 0.83 0.71 0.93 38.30 54.40 75.40 
Non-OTC control 0.88 0.80 0.69 0.92 48.33 63.79 78.64 
MEAN 0.93 0.79 0.73 0.84 38.63 54.39 75.37 
STDEV 0.08 0.08 0.14 0.09 6.19 4.75 3.91 
SIZE 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
CI 0.05 0.05 0.09 0.06 4.29 3.29 2.71 
UPPER 0.98 0.84 0.82 0.90 42.92 57.68 78.08 
LOWER 0.88 0.74 0.64 0.78 34.35 51.10 72.66 
Left 0.85 0.75 0.71 0.69 26.67 77.31 77.76 
Left 0.53 0.43 0.42 0.32 96.67 67.30 76.04 
Left 0.73 0.65 0.43 0.44 48.33 56.59 78.64 
Left 0.93 0.82 0.68 0.71 48.33 56.59 70.90 
Left 0.55 0.57 0.54 0.57 51.20 67.30 76.04 
Left 0.90 0.68 0.53 0.47 35.83 78.64 76.88 
Left 0.83 0.68 0.54 0.43 52.20 67.30 76.04 
Left 0.83 0.68 0.49 0.79 51.20 67.30 76.04 
MEAN 0.77 0.66 0.54 0.55 51.30 67.29 76.04 
STDEV 0.15 0.12 0.11 0.16 20.43 8.09 2.29 
SIZE 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
CI 0.11 0.08 0.07 0.11 14.16 5.61 1.59 
UPPER 0.88 0.74 0.61 0.67 65.46 72.90 77.63 
LOWER 0.66 0.58 0.47 0.44 37.14 61.69 74.45 
Right 0.87 0.75 0.89 0.96 31.67 65.90 77.80 
Right 0.62 0.72 0.65 0.73 53.30 65.90 77.80 
Right 0.52 0.72 0.65 0.73 53.30 65.90 77.80 
Right 0.85 0.78 0.65 0.79 39.17 49.85 77.76 
Right 0.98 0.83 0.68 0.81 53.30 65.90 77.80 
Right 0.82 0.63 0.47 0.57 35.83 57.00 78.64 
Right 0.68 0.72 0.63 0.63 97.50 78.64 78.20 
Right 0.53 0.63 0.58 0.64 62.50 78.20 76.41 
MEAN 0.73 0.72 0.65 0.73 53.32 65.91 77.78 
STDEV 0.17 0.07 0.12 0.12 20.74 9.64 0.63 
SIZE 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
CI 0.12 0.05 0.08 0.09 14.37 6.68 0.44 
UPPER 0.85 0.77 0.73 0.82 67.69 72.59 78.21 
LOWER 0.62 0.68 0.57 0.65 38.95 59.23 77.34  
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