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The neural processes underlying attentional processing are typically lateralized in adults, with 
spatial attention associated with the right hemisphere (RH) and object-based attention with the left 
hemisphere (LH). Using a modified two-rectangle attention paradigm, we compared the lateralization 
profiles of individuals with childhood hemispherectomy (either LH or RH) and age-matched, typically 
developing controls. Although patients exhibited slower reaction times (RTs) compared to controls, 
both groups benefited from valid attentional cueing. However, patients experienced significantly 
higher costs for invalid trials—reflected by larger RT differences between validly and invalidly cued 
targets. Notably, controls showed no significant RT cost differences between invalidly cued locations 
on cued versus uncued objects. By contrast, patients, irrespective of which hemisphere was resected, 
exhibited greater RT costs for targets on uncued versus cued objects, suggesting greater difficulty 
shifting attention across objects. We explore potential explanations for this group difference and the 
lack of difference between patients with LH or RH resection. These findings enhance our understanding 
of spatial- and object-based attention in typical development and reveal how significant neural injury 
affects the development of attentional systems in the LH and RH.

Visual information in the environment is highly complex and unfolds quickly. Attention is a cognitive mechanism 
that biases an observer to respond rapidly and effortlessly to behaviorally relevant or salient subsets of this 
visual input1,2. This selection of information, which favors the processing of certain locations or objects3 at the 
expense of others4, can occur covertly in the absence of overt eye movements. Covert attention is considered to 
be the output of competitive interactions between bottom-up/stimulus-driven information from the external 
environment and top-down signals/internal goals of the observer. ‘Spatial-based’ attention refers to the selection 
and preferential processing of specific positions in space, whereas ‘object-based’ attention refers to the selection 
and preferential processing of specific objects (and perhaps also their associated spatial location) over others. 
Whether these forms of attention arise from the same underlying neural substrate or are, at least to some extent, 
independent, is not yet fully resolved1,2.

Spatial-based attention is right-lateralized in adults
Spatial-based attention has been well characterized using the covert cueing attention paradigm designed by 
Posner and colleagues5,6. In this paradigm, two squares are presented on a screen, one on each side of central 
fixation (and participants maintain central fixation). In the exogenous version of the task, a cue – e.g., a 
brightening of one square – draws attention to that square. If the subsequent target (e.g., an asterisk) appears 
in the cued square, target detection is facilitated (‘valid’ trials) compared to when the target appears in the 
uncued box (‘invalid’ trials). Valid trials are more common (up to 70–75%) than invalid trials, and this induces 
participants to attend preferentially to and make use of the spatial location of the cue. The rapid responses to 
valid trials reflect the benefit of the target being presented in the attentionally-cued spatial location and, in 
invalid trials, the cost of switching attention to the uncued location at which the target appears.

Studies typically localize the neural basis of spatial attention and selection to the right hemisphere (RH) 
in humans but not in non-human primates7,8. This hemispheric asymmetry in humans is thought to be a 
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consequence of the fact that, in the large majority of the population, the left hemisphere (LH) is dominant for 
language and, hence, attention is largely, albeit not exclusively, mediated by the RH9,10. The RH superiority for 
spatial-based attention has been confirmed in both positron emission tomography11 and functional magnetic 
resonance imaging (fMRI)12 studies using paradigms that closely resemble the Posner covert spatial cueing 
experiment described above13. Further evidence for this hemispheric lateralization comes from studies of adults 
with damage to the right parietal lobe14 with or without concurrent hemispatial neglect15, a condition marked by 
reduced awareness of the contralesional side of space16. Those with right parietal damage are deficient in spatial-
based attentional processing to a greater degree than those with damage to the left parietal lobe16–19.

Object-based attention is left-lateralized in adults
In addition to attending to and selecting particular spatial locations, covert attention can also be directed to 
particular objects present in the visual input. In the widely replicated two-rectangle paradigm shown in Fig. 115, 
a target that appeared at a location (top or bottom of one of two displayed rectangles) that is validly precued 
(75% of trials) was detected faster than a target that appeared at an invalid, uncued location (25% of trials)15. 
Critically, however, the reaction time (RT) cost on invalid trials differed depending on where the invalid target 
appeared (compare rows 2 and 3 in Fig. 1). Relative to valid trials, RT was slowed by a further 47 ms when the 
target appeared in an uncued spatial location on the uncued object (invalid-space condition, IS), demonstrating 
the cost of spatial-based attention, i.e., shifting attention away from the cued location. However, RT was slowed 
by only an additional 34 ms when the target appeared in an uncued spatial location but within the cued object 
(invalid-object condition, IO). Note that the IS and IO targets were spatially equidistant from the cue. If only 
spatial-based attention played a role, RT should have been equal between IS and IO trials. The 13 ms statistically 
significant advantage when the target fell within the cued (IO) vs. uncued (IS) rectangle thus reflects object-
based attentional modulation, i.e., the positive contribution that accrues from the shared representation of 
the cued rectangle. This may reflect an ‘object-based advantage’ of attention spreading within the cued object, 
resulting in faster RTs on IO trials20,21, and/or an additional ‘object switching cost’ that arises when attention 
shifts across different objects, leading to slower RTs on IS trials.

In a seminal study implicating the LH in object-based attention, Egly, Driver, and colleagues52 used this 
paradigm to localize space- and object-based attention in a split-brain patient, in whom communication 
between the hemispheres is not possible due to resection of the corpus callosum. By presenting stimuli to one 
hemifield at a time, and ensuring that the patient maintained central fixation, they were able to evaluate the 
performance of each hemisphere independently. When the display was in the left hemifield (RH), this patient 
displayed significant RT costs for IS and IO trials (where costs are defined as the RT on invalid trials relative to 
those on valid trials), but no difference between the two invalid trial types. By contrast, when the display was 

Fig. 1.  The two-rectangle attention paradigm of Egly et al.15. Two rectangles appear on the screen, followed by 
an ‘exogenous’ or bottom-up cue (black outline), in one of four locations. After a brief interstimulus interval 
(ISI), usually 100–150 ms, the target (black square) appears at one end of one rectangle in one of three possible 
locations (it never occurs on the diagonal opposite the cued corner). In Valid (V) trials (first row), the target 
appears in the same location and object (rectangle) as the cue—this occurs on 70–75% of the trials, leading the 
observer to use the cue to predict target location. In the Invalid Spatial (IS) trials (second row), following the 
cue, the target appears at a different location, at the same relative position on the other, uncued object. In the 
Invalid Object (IO) trials (third row), following the cue, the target appears at an uncued location that is spatially 
equidistant from the cue as in IS trials but is within the same cued object. Participants were instructed to 
respond as quickly as possible to the presence of the target. After a response window of 2000 ms, the next trial 
was presented after an inter-trial interval (ITI).
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in the right hemifield (LH), there was a significantly greater cost for IS trials than for IO trials. This finding 
suggests that the LH, operating in approximate isolation, has an additional cost when the target appears in the 
uncued object, requiring a switch of attention across objects. As this sensitivity to cued vs. uncued objects was 
not observed for the RH, these results highlight a greater role of the LH than of the RH for object-based attention 
and its modulation of spatial costs.

Further support for the LH involvement in object-based attention comes from a neuroimaging study. 
Shomstein and Behrmann22 employed a modified version of the Egly paradigm in a group of healthy adults, 
requiring them to perform object- and space-based shifts of attention while undergoing fMRI. As anticipated, 
right posterior parietal cortex activity was associated with mediating spatial shifts of attention for both IS and IO 
trials, since the distance from the cue was equal in these conditions. More notably, only the left posterior parietal 
cortex exhibited greater activation for shifts to IO targets compared to IS targets, indicating a lateralization of 
object-based attention to the LH in adults.

Spatial- and object-based attentional processing in childhood
While significant progress has been made in documenting the behavioral differences between space- and object-
based attention and their hemispheric lateralization in adults, much less attention has been paid to whether such 
processes are already present in childhood and how they are organized in the brain. In the studies that do exist, 
different operational definitions and experimental assays of attention have made it difficult to reach a consensus 
about the neural correlates of spatial and object attention in children. For spatial attention, a mix of right-
lateralized and bilateral activation patterns have been observed depending on task and age. Some of these studies 
have reported bilateral processing of spatial information during visual-spatial construction and reconstruction 
across a range of ages23,24. In contrast, others have found right-lateralization during tasks involving spatially 
complex visual search, with better performance correlating with higher degrees of lateralization, a relationship 
that increases with age25,26. In studies that relied on paradigms more closely related to the study conducted here, 
i.e., in which valid and invalid targets are compared, covert shifts of attention have been reported in 4-month-old 
infants27, and rapid development of spatial attention has been observed from 5 to 10 months of age28. No object-
based modulation of spatial effects was investigated in these studies.

Some useful evidence is also offered by neuropsychological studies of attention (again, largely space-based) 
in children with isolated RH or LH damage, although these studies, too, have produced mixed results. There 
are reports of deficits in children with cerebrovascular injury in engaging or orienting attention29,30 as well as 
subtle, persistent attention biases in children with perinatal injury, regardless of which hemisphere is affected31. 
Hemispatial neglect can also occur in children with brain damage; however, its manifestation in children is 
highly variable and not consistently linked to RH vs. LH damage32. For instance, in a cohort of 34 pediatric 
hemispheric surgery patients, only one was reported to have hemispatial neglect33.

In a large study, Adamos and colleagues34 showed that children with LH perinatal stroke showed extensive 
impairments in orienting and disengaging attention to both sides of visual space, while those with RH perinatal 
stroke had more limited impairments, confined to the contralateral side. This is the opposite of what one would 
predict on the basis of the adult profile RH specialization for spatial attention35. On the other hand, another 
study has shown that there are hemispheric differences in attentional capacities in children with unilateral 
brain damage. Danguecan and Smith36 conducted a presurgical evaluation of 91 children with LH epilepsy that 
showed that the necessitation for language function to be accommodated in the RH can compromise ‘native’ 
functions of the RH such as attention. Patients with RH language dominance had poorer scores on visuo-spatial 
measures compared with patients with more typical LH dominance. Despite these findings, none of the studies 
clearly differentiate between spatial- and object-based attention, leaving open the question of when hemispheric 
specialization for these attentional processes begins to emerge and what consequences ensue if one hemisphere 
is resected in childhood.

The current study
Here, we investigate how development with only one hemisphere (left or right) affects spatial- and object-based 
attention. One reason that hemisphere-specific deficits may be observed less commonly in children with cortical 
damage32 compared to adults may be because children, in general, have relatively less lateralized spatial- and 
object-based processing. Hence, damage to a single hemisphere may be compensated for by intact attentional 
functions in the opposite, undamaged hemisphere. Another possible reason is that, given the enhanced 
plasticity during childhood35,37,38, children may be able to compensate for deficits in lateralized functions via 
plastic processes regardless of which hemisphere was initially affected. Alternatively, it is possible that when 
the entire cerebral hemisphere is damaged/removed, hemisphere-specific pressures will differentially affect 
the development of spatial- and object-based processing in the preserved functional hemisphere. To test these 
hypotheses, we recruited individuals who underwent the surgical removal and/or disconnection of an entire 
hemisphere (hemispheric surgeries, including hemispherectomy and hemispherotomy39, of the LH or RH) 
during childhood. On average, most hemispheric surgeries occur at very young ages (e.g., less than two years of 
age)40, presumably prior to the maturation of lateralized attentional systems. Moreover, hemispheric surgery is 
often indicated as the treatment for the most severe cases of epilepsy, typically with pathology globally affecting 
a single hemisphere. In general, the onset of seizures is also at even younger ages (e.g., less than one year of age)40 
and the onset of the pathology is likely even earlier (prior to when seizures are clinically evident). Therefore, 
most hemispheric surgery patients have only a single functional hemisphere for the majority (if not all) of their 
lifespan, allowing us to infer the effects of the development of attentional systems with only a single functional 
hemisphere.

First, we compared the patients’ spatial- and object-based attention against that of age-matched, typically 
developing (TD) controls using a child-appropriate Egly two-rectangle paradigm. Second, we compared patients 
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with only a LH to those with only a RH to test whether the hemisphere affected/resected differentially affects 
spatial- vs. object-based attention. The answers to these questions will be informative with respect to our 
understanding of typical development of attention and the potential for cortical plasticity.

Methods
Participants
We tested 21 left (8 female, age range: 5.53–30.08 years old) and 14 right (8 female, age range: 5.06–32.41 years 
old) childhood hemispheric surgery patients and 24 TD, age-matched controls (14 female, age range: 6.49–
32.41 years old). We provide detailed demographic information about patients in Table S1. Because of their 
persistent hemianopia39, patients viewed the paradigm entirely in their intact visual field. To match presentation 
conditions to that of the patients, control participants were assigned to one of two conditions: they completed the 
task viewing the paradigm entirely in either their left (n = 14) or right (n = 10) visual field.

The Institutional Review Boards of Carnegie Mellon University (CMU) and the University of Pittsburgh 
approved the study. All methods were performed in accordance with the relevant guidelines and regulations. 
All child participants provided informed assent, and their parents/guardians provided informed consent; adult 
participants consented for themselves. Participants received $25 as compensation.

Experimental task
The two-rectangle paradigm used in this study (Fig. 2) closely follows that of the original paradigm designed by 
Egly and colleagues15. We modified the task to make it more engaging and child-friendly, but the key parameters 
remain unchanged. As in the original task, a cue (a yellow outline) appeared in one of four locations on two 
objects, in this case cartoon ‘bones’ instead of rectangles, all presented in the same, single visual field (left or 
right) across all trials. We also opted for a discrimination task in which participants identified, via key press, 
the color of the circle target ‘red’ or ‘purple’ which appeared at one end of a bone, as attentional cuing effects are 
consistently greater in discrimination tasks than in simple target detection tasks35.

Participants were instructed to have a ‘staring contest’ with the fixation marker, a small picture of a cartoon 
dog (‘Doug the Dog’), while viewing the display and responding whether the color of Doug’s toy ball was red 
or purple as accurately and quickly as possible. The response keys to indicate ‘red’ and ‘purple’ were counter-
balanced across participants. Fixation was monitored by the experimenter throughout the study. Also, because 
our interest is on covert rather than overt attention, we chose a brief exposure duration for the appearance of 
the cue and the interstimulus interval prior to the target. It is unlikely, therefore, that the participants executed 
a saccade to the target as saccade execution takes between 200–250 ms, especially to unpredicted objects41. Last, 
post hoc analysis of controls’ performance between valid trials on the two bones showed an advantage in RT 

Fig. 2.  Two-rectangle attention paradigm modified to accommodate hemianopia in hemispheric surgery 
patients. Participants were instructed to fixate on ‘Doug the Dog’ and help him decide which colored ball (red 
or purple) appeared on his bones at any given time by pressing one key if they saw the red ball and another 
key if they saw the purple ball. They were not informed about the presence of the pre-cue that flashed in either 
a valid location (70% of trials), an invalid spatial location on the opposite object of the target to be presented 
(10% of trials, ‘IS’), an invalid location on the same object of the target to be presented (but equidistant to 
the cue to target distance of IS trials; 10% of trials, ‘IO’), or in all locations (neutral trials: 10%). After the cue 
appeared and a jittered interstimulus interval (between 100–150 ms) passed, participants had 2000 ms to 
identify the color of the target. A happy ‘Doug’ was shown if a response was completed in the allotted time 
irrespective of accuracy, and a sad ‘Doug’ was shown if no response was completed.
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for the more foveally- vs. more peripherally-located bones (z = -3.14, p = 0.002). This suggests that participants 
were likely centrally fixating rather than fixating between the two bones, as the latter viewing position would 
have equalized RTs across the two bones42. Note that we only used rectangles displayed vertically (and not 
horizontally) to reduce the length of the experiment and because Egly et al.15 showed no significant difference of 
rectangle orientation (Experiment 1).

The timing of the stimulus presentation and details of stimulus sizes in visual degrees are described below 
and shown in Fig. 2. A total of 400 experimental trials were pseudo-randomly split into 10 blocks (allowing the 
children to take breaks), preserving the 70:10:10:10 ratio of valid to IS to IO to neutral trials within blocks. Note 
that the number of IS and IO trials were the same. The maximum experiment time – if all 2000 ms of allowed 
response time were used for each response – was 35 min.

Stimulus information
Stimuli were presented in PsychoPy43. Visual angles at which stimuli were presented are shown in Fig. 2. The 
fixation marker, Doug the Dog, subtended approximately 0.64 degrees vertically and horizontally. All targets 
were presented within approximately 4 degrees of the fixation marker. The center of the two positions on the 
more central bone was approximately 1.8 degrees from fixation, and the center of the two positions on the more 
peripheral bone was approximately 3.6 degrees from fixation. The stimulus cue formed an outline of the edge of 
a bone and subtended 1.24 degrees. The target, a circle, subtended 0.74 degrees. Each bone had a minimum and 
maximum width of 0.76 and 1.24 degrees, respectively. The distance between an invalid cue and the target (either 
on the same object or at the same position on the other object) was approximately 3 degrees.

Software
All preprocessing and analysis were conducted in R44. For a list of all toolboxes used, see Table S2.

Data preprocessing
Three criteria were evaluated for data preprocessing. First, on a participant level, if the average accuracy was at 
or below chance (50%), that participant’s data were removed because such performance is indicative of a failure 
to perform the task. This step resulted in the removal of four patients (all LH surgery). Second, for the RT 
analyses, incorrect trials were removed for all participants. Third, trial counts for each trial type were calculated 
per participant. If a participant did not have at least 150 valid trials and 20 trials each of IS, IO, and neutral, 
their data were removed. For the RT analysis, this step resulted in the removal of 1 control for whom stimuli 
were presented in their right field, 4 LH surgery patients, and 1 RH surgery patient. For the accuracy analysis, 
which included incorrect trials, this step resulted in the removal of 1 LH and 1 RH surgery patient from the 
final accuracy dataset (16 LH and 13 RH surgery patients and 14 LH and 10 RH surgery matched controls). The 
RT dataset (final dataset: 14 LH and 12 RH surgery patients and 14 LH and 9 RH surgery matched controls) 
underwent a further preprocessing step in which we replaced RTs below the 5th or above the 95th percentile of 
a given participant’s RT distribution with the 5th or 95th percentile RT, respectively. This winsorization process 
reduces the impact of outliers while allowing for data retention45.

Mixed effects modelling
Fixed effects
 We sought to examine how the within-subject fixed effect of trial type (valid, neutral, IS, or IO) varied across 
two between-subjects variables: the categorical but orthogonal factors of group (patients or controls) and 
hemifield of presentation (left or right).To maximize the power of the dataset, we performed analyses on trial-
level observations across participants and fit random intercepts per participant to account for participant-level 
variability.

Age
Age was included as an additive fixed effect in all statistical models because we anticipated age affecting RTs38,46,47. 
Age was centered around the grand cohort mean so that the intercept was interpretable as the effect of the other 
predictors for the average-aged participant. Age was not normalized or scaled so that the units of the effect could 
still be interpreted in terms of year.

Model evaluation
 Our linear mixed effects models (LMEMs) were fit to predict trial-level accuracy and RTs. The significance of 
each model term was evaluated with Type II Wald chi-squared analysis of deviance48 at an alpha criterion of 
0.05. To determine the strength of evidence for each term in the model, a Bayes factor (BF), defined as the ratio 
of the prior predictive probabilities, was approximated using the Bayesian Information Criteria (BIC) for the 
null model that does not include the term subtracted from the BIC for the alternative model with the term49. 
To compute the BF for a three-way interaction term, we compared a model with the three-way interaction term 
(null model) to a model with all two-way interaction terms. To compute the BF for a two-way interaction term, 
we compared a model with all two-way interaction terms (null model) to a model without the interaction term of 
interest. To compute the BF for a main effect, we compared a model with all main effects (null model) to a model 
without the main effect of interest. A BF greater than 3 offers evidence for the null hypothesis, while a BF less 
than 0.33 offers evidence for the alternative hypothesis50. Post hoc comparisons at each level of the significant 
factors were then calculated and corrected for multiple comparisons using a false discovery rate of < 0.0551.
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Results
To evaluate spatial- and object-based attention within a single hemisphere, we compared patients who 
underwent childhood hemispheric surgery to TD age-matched controls on the paradigm established by Egly et 
al.15, modified here for appropriateness for children (see Figs. 1 and 2). Overall, participants performed the task 
with high accuracy (Table S3): on average, controls responded correctly on 94% of trials (standard deviation or 
SD = 0.24) and patients responded correctly on 84% of trials (SD = 0.37), where chance was 50% (red/purple ball). 
Controls did not have significantly higher accuracy than patients (z = 3.12, p = 0.09), and group performance did 
not interact with trial type or hemifield of stimulus presentation (see Table S3 for full description of accuracy 
results).

For our main dependent variable of interest, RT, only correct trials were analyzed to ensure that patients were 
in fact attending to the target when they responded. Participants’ average RTs for correct responses to each of the 
four trial types (valid, IS, IO, and neutral) are shown in Fig. 3.

Model 1: Comparison of spatial- and object-based attention in controls and patients
In the first LMEM, we modelled RT from the three-way interaction between group (patients, controls), hemifield 
of presentation (left, right), and trial type (valid, neutral, IO, IS), with mean-centered age as an additive effect 
and participant as a random effect (see Tables S4 and S5 for complete model results). The three-way interaction 
term was not significant (group x hemifield x trial type: Χ2(3, n = 49) = 2.77, p = 0.428, BF = 6.71 × 1031). There was 
also no significant effect of hemifield as a function of group (group x hemifield: Χ2(1, n = 49) = 0.54, p = 0.463, 
BF = 9.46 × 102) or of trial type (trial type x hemifield: Χ2(3, n = 49) = 2.37, p = 0.500, BF = 7.36 × 105). However, 
patients’ and controls’ RTs were differentially affected by trial type (group x trial type: Χ2(3, n = 49) = 14.91, 
p = 0.002, BF = 1.96 × 102), as detailed in the post hoc comparisons below. Beyond this interaction, we also found 
significant main effects of group (Χ2(1, n = 49) = 6.66, p = 0.010, BF = 0.694), trial type (Χ2(3,  n = 49) = 27.86, 
p < 0.001, BF = 1.93 × 10−64), and age (Χ2(1, n = 49) = 13.65, p = 0.002, BF = 0.150). Older participants responded 
faster than younger participants, with an estimated 12 ms decrease per year of age (t = 3.70, p < 0.001). There was 
no significant main effect of hemifield (Χ2(1, n = 49) = 0.18, p = 0.669, BF = 1.31 × 102) on RT.

Fig. 3.  Distribution of reaction times for patients (red) and controls (blue) for each trial type, respectively. 
The line in each box represents the median, while the lower and upper ranges represent the 25th and 75th 
percentiles, respectively; the whiskers extend to 1.5 times the interquartile range. Stimuli were only presented 
to patients’ intact hemifield, i.e., the hemifield opposite to their intact hemisphere. Thus, LH surgery patients 
saw stimuli in their left hemifield (circles), and RH surgery patients saw stimuli in their right hemifield 
(triangles). The same was the case for patients’ matched controls. We included statistical details in the main 
text.

 

Scientific Reports |        (2025) 15:29891 6| https://doi.org/10.1038/s41598-025-13704-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Analysis of the validity effect
Within group post hoc comparisons of the group x trial type interaction revealed that both patients and 
controls showed a significant validity effect in which RTs to the valid condition were significantly faster than 
the N condition and the IS condition (Fig. 4). In the direct comparison of the validity effect (N-V), patients and 
controls did not differ significantly in the degree of facilitation seen in the valid trials. These results are important 
in demonstrating that patients can take advantage of the cue and that this is so regardless of which hemisphere 
was resected (as there was no effect of hemifield or interaction of group by trial type by hemifield).

Comparison of IS and IO trials
Post hoc comparisons of IS and IO conditions (Fig.  4, Table S6) revealed that, contrary to the adult 
literature15, controls in our largely pediatric sample did not show a significant RT difference between IS and IO 
trials ( ∆  = 10 ms, z = 1.21, p = 0.245). In contrast, patients did have significantly longer RTs on IS trials relative 
to IO trials ( ∆  = 27 ms, z = 3.42, p = 0.001) and N trials (Δ = 20 ms, z = 2.48, p = 0.022). We also compared 
invalid trials across groups by subtracting each group’s estimated marginal mean RT on valid trials from that 
on IS trials. Patients had significantly greater spatial costs (IS-V) relative to controls ( ∆  = 35 ms, z = -3.98, 
p < 0.001). Together, these results suggest that the difference in RTs for IS and IO trials for patients is more likely 
a result of the increased cost on IS trials and less likely a result of an advantage on IO trials, as controls did not 
show a significant advantage for IO compared to IS trials, and patients also have longer RTs to IS trials than to 
IO and neutral trials.

Model 2: Left and right hemispheric surgery patients are equivalently impaired in object- and 
spatial-based attention
Because we had a clear set of a priori predictions of hemispheric differences in the patients, based on Egly, Driver, 
et al.52 we fit a second LMEM using only the patient data and modelled the prediction of RT from preserved 
hemisphere (left, right) and trial type (valid, neutral, IO, IS). There was no significant interaction of preserved 
hemisphere x trial type on RT (Χ2(3, n = 35) = 1.89, p = 0.595, BF = 5.95 × 1018). Importantly, the main effect 
of preserved hemisphere was also not significant (Χ2(1, n = 35) = 0.230, p = 0.632, BF = 8.24 × 101). There was, 

Fig. 4.  Post hoc comparisons of estimated marginal mean reaction times for the validity effect (N-V), the 
object-based attention effect (IS-IO), and spatial attention effects (IS-V and IS-N) for controls (blue), patients 
(red), and across groups (gray). Error bars represent standard error. * denotes p-value < 0.05 after false 
discovery rate correction. See Table S6 for values.
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however, as above, a significant main effect of trial type on RT (Χ2(3, n = 35) = 92.11, p < 0.001, BF = 7.38 × 10−32). 
Post hoc comparisons on trial type confirmed that, irrespective of hemisphere preserved, responses to the valid 
condition were significantly faster than those to the neutral condition (validity effect: z = 7.78, p < 0.001), and 
responses to IS trials were significant slower than those to valid trials (z = 10.19, p < 0.001), neutral trials (z = 2.07, 
p = 0.04), and IO trials (z = 2.85, p = 0.006), consistent with the findings above from Model 1 including patients 
and controls.

Summary
Together, these analyses reveal that, unsurprisingly, patients performed more slowly than controls (group main 
effect), and RTs increased with age (age main effect). We also documented the expected profile across trial 
types15, with both patients and controls performing faster on valid than on invalid trials, demonstrating the 
advantage of the attentional cue in both groups. For the patients, this was true irrespective of hemisphere resected, 
and for controls, there was no effect of hemifield of presentation. Intriguingly, our (largely pediatric) controls 
do not show the difference in RT between IO vs. IS trials that has been previously reported in adults15, and this 
held equally over visual field of presentation. Additionally, there was an unexpected modulation of trial type by 
group: patients’ RTs on IO trials and neutral trials were significantly shorter than those on IS trials, a difference 
that we did not observe among controls. These findings suggest that neither group demonstrates an object-based 
advantage conferred on performance when targets are shown on a cued object, and patients have a larger cost in 
switching between locations on different objects than within the same object. Patients’ object-switching cost was 
also independent of which hemisphere was functionally preserved over development.

Discussion
The current study explored spatial- and object-based attention in individuals who have undergone childhood 
hemispheric surgery, providing novel insights into the effects of confining the development of visual attentional 
processes to a single hemisphere. There were two key findings. The first was that, surprisingly and interestingly, 
the control group did not show the benefit that typically accrues for targets in locations on the cued object 
compared to the uncued object, as has been robustly demonstrated in adults15. Second, patients who develop 
with just a single hemisphere, be it left or right, maintain the facilitative advantage afforded by valid cuing but 
are significantly more delayed by invalid cues to targets in the uncued object (IS) compared to controls. In fact, 
patients had a cost of switching attention across objects (IS) relative to within object (IO) that was not observed 
in our controls.

Controls show equivalent performance on object- and space-based trials
It is interesting that the controls, largely children, do not show the advantageous modulation of spatial distance 
when the invalid target is in the cued vs. uncued object, independent of the hemifield in which they view the 
stimuli. These results indicate that the hemispheric lateralization of object- and space-based attention may 
evolve differentially over the course of development, a proposal that remains to be verified with cross-sectional 
or longitudinal data. Evidence of developmental changes in visual search and the increase in RH participation 
in complex visual search is compatible with this hypothesis26. There are other findings, albeit not in the 
domain of attentional processing, that report evolving changes from bilateral to more unilateral organization 
over development. For example, in the domain of language, the LH and RH appear to be equipotential early 
in development but then, in most individuals, become more LH dominant for language with age, although a 
‘shadow’ remains in the RH53. Likewise, early in development, unlike in adulthood, both hemispheres appear to 
subserve the representation of faces, and damage to either hemisphere results in a recognition deficit54. Related 
research reveals that once literacy is acquired, word processing appears to become more LH dominant55, perhaps 
to be in close proximity to LH language areas. Similarly, face processing becomes more lateralized to the 
RH, perhaps to be in closer proximity to regions associated with social behaviors56. The emerging picture 
is of hemispheric functions being in flux as the multiple cognitive abilities and their neural substrates are 
configured over the course of development. Indeed, the evolving lateralization in multiple cognitive and social 
domains simultaneously constitutes an interesting constraint-satisfaction problem and a broad investigation of 
lateralization tracking the brain-behavior changes over multiple processing domains would be instructive in 
understanding how the mature adult-like lateralization profile emerges.

Patients exhibit a validity effect and significantly larger IS cost
Hemispheric surgery patients exhibited a robust validity effect, demonstrating intact sensitivity to attentional 
cues. Unsurprisingly, patients were slower to respond compared to controls, perhaps a consequence of impaired 
motor control in hemispheric surgery patients39,57. The fact that patients nonetheless responded faster on valid vs. 
invalid trials demonstrates that mechanisms that underlie the facilitation of a highly predictive cue in enhancing 
processing at a spatial location can remain operational despite the loss of an entire cerebral hemisphere, either 
left or right, during early development. This is consistent with previous findings suggesting that certain cognitive 
functions can be largely preserved when a single hemisphere develops in isolation38. On the other hand, we 
observed that patients exhibited significantly longer response times to IS trials compared to not only IO trials, 
but also valid and neutral trials. The longer RTs to IS vs. IO trials in patients is likely a greater spatial cost as 
opposed to a greater within-object benefit than controls, as patients also have longer RTs to IS trials compared to 
neutral trials. As controls did not show this longer latency for IS compared to IO or neutral trials, these results 
suggest that development of space- and object-based attention in a single hemisphere might negatively affect the 
ability to efficiently switch attention across objects.
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Side of resection does not predict patients’ overall RTs or RTs to different trial types
Given the established lateralization of space- and object-based attention to the respective RH and LH in non-
neurological adults13,22, it is notable that patients’ performance was not affected by which hemisphere was resected 
in RT or accuracy overall or as a function of trial type31,32. In particular, these patient findings are comparable 
to results observed by Egly and colleagues52, specifically in the LH of the split-brain patient JW. Patient JW had 
similar RTs for IO and IS trials presented to the RH and comparable RTs to IO trials presented to the RH and LH, 
but slower RTs for IS trials than for IO trials presented to the LH. While in early development, both hemispheres 
may be equivalent for space- and object-based attention and damage to either hemisphere produces the same 
outcome, in adulthood when the attentional processes are lateralized, the findings from JW indicate that the LH 
plays the more critical role in object-based attention than the RH, similar to what we observe for each of our LH 
and RH surgery patients.

Egly and colleagues15 also acquired data from another neuropsychological population: patients with either 
LH or RH parietal damage (two of whom have a circumscribed parietal resection). This study showed that LH 
parietal damage patients have a sensitivity to object-related shifts of attention that RH damaged patients did not. 
However, they presented one rectangle in each visual field in both horizontal and vertical orientations and then 
collapsed across the orientation. This resulted in IO and IS cue-target pairs that were presented within the same 
hemifield, as in the IO condition in our study, to be collapsed with IO and IS pairs presented across hemifields, 
which was not possible in our study due to hemianopia in our patients. Because Egly and colleagues15 only 
analyzed LH and RH parietal patients for trial type differences based on the hemifield of the target (collapsing 
across orientation and, therefore, collapsing within and across hemifield shifts), their study differs sufficiently 
from ours to make further comparisons difficult.

Potential mechanisms for the patients’ atypical attention profile
Two patient findings require explanation: the lack of an effect of which hemisphere is resected and the larger 
IS than IO cost that was not observed in controls. Below, we offer potential accounts for each of these results.

Lack of hemisphere difference
 First, the timing of lateralization of object- and space-based attention in the TD population is poorly understood, 
with some studies suggesting that the characteristic right-lateralization of spatial attention observed in adults 
emerges around 10 years old and others demonstrating spatial functions that remain consistently bilateral13,24,26. 
It is thus possible that the age at which the children underwent hemispheric surgery in this study (median 
age = 14.89  years) was before the maturation of lateralized attentional systems. Indeed, in these patients the 
hemisphere that was ultimately resected was presumably non-functional for the majority of the patients’ 
development, as the median age at time of seizure onset of patients in the sample was 0.42 years, and epileptic 
pathology even precedes the first clinical seizure onset. It is also possible that, even though there was no effect 
of hemifield of presentation in this study, controls might have some degree of hemispheric lateralization that 
could not be behaviorally demonstrated because information is shared across both hemispheres after input, 
masking the effect of presenting to only one hemifield. If this is the case, and if our patients also had hemispheric 
differentiation before surgery, it is possible that after surgery, the LH and RH might be equally maladaptively 
affected by brain injury. For example, perhaps as a result of ‘neural crowding’58, the more spatially biased RH 
may struggle to accommodate object-based processing after LH resection, and the more object biased LH 
might struggle to accommodate spatial-based processing after RH resection, leading to the lack of hemisphere 
differences observed here.

Larger IS than IO cost 
On the face of it, it is surprising that the patients have longer RTs to the uncued object when controls do not. 
This failure in switching to the uncued object or ‘object-based disengagement’ − akin to Posner’s disengage 
space-based deficit in hemispatial neglect—requires explanation. One possibility is that, in bottom-up fashion, 
the patients fail to perceptually organize the scene into two rectangles – it is only the arrival of the cue and the 
subsequent automatic attention spread within the bounds of the cued rectangle59 that both facilitate the valid 
targets and the targets in the cued rectangle. On this account, the IS cost derives from the fact that the uncued 
object remains unparsed. An alternative account posits that the rectangles have both been parsed (i.e., the scene 
has been segmented and perceptually organized), and the target at the cued location and within the cued object 
both benefit from the cueing. The greater cost when switching attention to a location on a different object may 
then reflect a deficit in the ability to disengage object-based attention from the cued object – because the valid 
trials and IO trials constitute 80% of all trials (10% IS and 10% neutral), the cued rectangle is assigned high 
prioritization, and the high statistical probability inhibits the disengagement. These two accounts may not be 
mutually exclusive and cannot be adjudicated between based on the data reported here. However, attempts 
have been made to separate these two possibilities. In typical observers, Ho60 varied the load (high vs. low) and 
showed that, only on the high (color/shape conjunction), but not the low (color feature), load condition was 
the benefit of the invalid target in the cued rectangle observed, thereby favoring the spread of attention in the 
cued object or the sensory enhancement associated with the cue. It is the case, however, that other studies that 
directly pit these accounts against each other reveal that depending on task contingencies, strength of the object 
representation, and timing, the cued vs. uncued object advantage can be altered61,62.

Limitations
A potential limitation of our study was that, to limit the overall length of the study so that children would be 
able to complete the task, we did not evaluate both vertically and horizontally oriented objects (bones). As such, 
in the IO condition, the attention shifted vertically from the cue to the opposite location on the same object, 
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whereas shifts across objects in the IS condition always involved the horizontal direction. Though Egly, Driver, 
and colleagues15 did not find a significant effect of object orientation when presenting horizontally compared 
to vertically, we cannot entirely rule out that the difference between our patients and controls in trial type is a 
specific deficit in horizontal (IS) vs. vertical (IO) shifts in attention.

Yet a further limitation of this study is the heterogeneity of our sample, with participants spanning a wide 
age range and undergoing hemispheric surgery at different ages. Furthermore, the distribution of participant 
ages in our sample was skewed such that we could not bin participants by age. While we accounted for age as 
a fixed effect in our analyses (and, indeed, it is statistically significant), future studies with a greater and more 
balanced sampling of ages should investigate attentional processing in controls and patients to better understand 
how the timing of surgery and brain development interact to influence attentional capacities. Additionally, 
etiology of disease (e.g., dysplasia vs. stroke) may have notable independent effects on postoperative cognitive 
outcomes, such as attention63,64, which we cannot capture with our relatively small sample. Lastly, it is important 
to acknowledge that attention is a broad cognitive domain, with many underlying mechanisms; only a specific 
attentional trade-off between spatial- and object-based attention was explored here. There are also other forms 
of attention, for example, attention to particular features of the input6, but these types of attention should be 
explored in hemispheric surgery patients in future studies.

There has also been some controversy regarding the two-rectangle paradigm. Among the criticisms is the 
claim that this paradigm cannot adjudicate whether the object-based advantage derives from a truly object-based 
representation that codes for object structure or from a representation in which spatial locations are grouped. 
If the latter holds, then the results’ implications for space-based processing and object-based processing are 
irrelevant65. A second concern relates to the potential hemispheric differences, especially the claim that object-
based attention is mediated by the LH. Valsangkar-Smyth et al.66,  using a modification of the object-based 
attention paradigm designed by Duncan67, showed a greater object cost when the visual displays were in the right 
visual field, i.e., the LH, compared to when they were shown in the left visual field, i.e. the RH. Relatedly, using 
the same paradigm as Valsangkar-Smyth et al.66 with the same split-brain patient as Egly et al.52, Kingstone68 also 
reported that object-based attention is lateralized to the RH (evident in the left but not right hemifield).

Although the specifics of the debate about the two-rectangle paradigm do not impugn the current results 
(as we examined a difference between two groups on the same paradigm), it is worth noting that the specific 
paradigms used may affect experiment outcomes, and the debate is not settled.

Conclusion
The current study characterizes spatial- and object-based attentional processing in TD controls and patients who 
underwent hemispheric surgery due to early onset, drug-resistant seizures. The findings suggest that patients with 
a single developing hemisphere can benefit from valid cues and, hence, maintain efficient attentional processing 
similar to that of TD controls but have significantly longer latencies for invalidly cued targets compared to 
controls. The increased cost associated with object-switching in these patients indicates that the attentional 
system, when constrained to a single hemisphere, results in a disproportionate cost of shifting attention to a 
location on an uncued object than on a cued object. That our LH and RH patients had an indistinguishable profile 
of difficulty with invalidly cued locations on cued and uncued objects could be explained by (1) malleability in 
the lateralization of spatial- and object-based attention or maladaptive plasticity that affects lateralized LH and 
RH functions in the same way or (2) a bilateral distribution of spatial- and object-based attention at the stage 
of development during which their hemispheric pathology began or they underwent surgery. Future research 
should explore the trajectory of space- and object-based attentional processing over development to ask how the 
timing of seizure onset and surgery in childhood resection might affect the lateralization of attentional systems.

Data availability
All raw data, as well as code for the experimental task and preprocessing/analysis, will be made freely available 
upon publication on the CMU KiltHub repository (reserved digital object identifier: ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​4​/​R​
1​/​2​7​2​2​1​2​1​1​)​.​​
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