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ABSTRACT
The lateralization of cortical activations and functional connectivities was analyzed when 833 Human Connectome Project (HCP) 
right-handed participants were viewing faces, spatial scenes, body parts, and tools, using the HCP-Multimodal Parcellation atlas. 
Spatial scenes produce stronger activations (Bonferroni corrected) in the right hemisphere, especially in the ventromedial visual 
cortical stream from early visual cortical regions via ventromedial visual cortical regions (VMV1–3) and medial parahippocam-
pal regions (PHA1–3) to the hippocampus, and in inferior parietal visual cortical regions (PGi, PGs, and PFm), and in posterior 
cingulate division regions. Faces, tools, and body parts produce stronger activations in the left hemisphere in some of the ven-
trolateral temporal lobe and superior temporal sulcus (STS) visual cortical regions. Some activations were independent of the 
stimulus type, such as language, and anterior temporal lobe STS semantic regions consistently have higher activations and/or 
functional connectivities on the left, consistent with the importance of the left hemisphere in language in right-handed people. 
Also, early visual cortical regions, V2–V4 and POS1, have higher activations in the right hemisphere independently of stimulus 
type. The lateralizations of the functional connectivities were largely consistent with the activations, but additionally showed 
that groups of functional connectivities lateralize together (e.g., inferior parietal PGi, PGs, and PFm on the right for scenes but 
not for any other stimuli), providing further evidence on computational units of the cerebral cortex.

1   |   Introduction

Lateralization of function in the human brain is well established, 
with language typically lateralized more to the left hemisphere, 
and some spatial functions to the right hemisphere, based on 
the effects of brain damage and on brain activations in differ-
ent tasks (Barkas et al. 2010; Dalton et al. 2016; Gainotti 2021; 
Rossion and Lochy  2022; Labache et  al.  2023; Quin-Conroy 
et al. 2024). The lateralization may arise because if a computa-
tion such as language is not related to left versus right sides of 
the body or brain, it is adaptive to have specialized modules for 

each function on different sides of the brain, in order to mini-
mize the connection lengths between the neurons involved in 
the computation (Rolls 2023b, 2026b; Rolls et al. 2026). But there 
are many unanswered questions about brain lateralization. For 
example, is the lateralization of processing in some brain regions 
always preferential on one side of the brain, or are regions on 
each side of the brain recruited preferentially depending on the 
task? This is a fundamental issue in how the human brain func-
tions: are groups of cortical regions in different hemispheres re-
cruited into being preferentially involved depending on the task 
being performed, and, for example, the stimuli being viewed? If 
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so, lateralization of function could be seen as rather dynamic, 
with modules, groups of cortical regions from either hemisphere 
being recruited depending on the computations being per-
formed. In this case, human cortical function could be imple-
mented by different modules of cortical regions that are on the 
same or different sides of the brain, being recruited in a way that 
depends on what is being performed. Moreover, analysis of such 
right–left brain differences could provide fundamental evidence 
about which cortical regions operate together as a group in a cor-
tical module, on either the right or left side of the brain.

To address these fundamental issues in human cortical brain 
function, we analyzed the lateralization of activations in the ce-
rebral cortex and the functional connectivity (FC) between corti-
cal regions when four different types of visual stimuli were being 
presented in a short-term memory task. The functional magnetic 
resonance imaging (fMRI) neuroimaging data for the investi-
gation were from 833 right-handed participants in the Human 
Connectome Project (HCP) performing a short-term memory 
task when viewing either faces, visual scenes, body parts, or tools 
(Barch et al. 2013; Glasser, Smith, et al. 2016). We also compared 
the brain BOLD signals when the same participants were in the 
resting state to help understand any differences in lateralization 
during tasks and when in the resting state. We have analyzed the 
activations and FC in this task (Rolls, Feng, et al. 2024), but there 
has been no comprehensive investigation previously as far as we 
know for these types of visual stimuli of the laterality differences 
of the activations and FC in these HCP participants using the HCP 
Multimodal Parcellation (HCP-MMP) which defines 360 cortical 
regions in the human brain, 180 of which are on the right, with 
180 corresponding cortical regions on the left (Glasser, Coalson, 
et al. 2016). The regions defined in this atlas, and the abbrevia-
tions, are shown in Supporting Information S1. This HCP-MMP 
atlas is used for this investigation because it uses multimodal 
information, including cortical myelin, cortical thickness, FC, 
and task-related fMRI to delineate what are potentially different 
computational modules in the cerebral cortex (Glasser, Coalson, 
et al. 2016; Rolls 2023b). In this investigation, we analyzed the dif-
ference in the activations between the right and left hemisphere 
for these 180 cortical regions, and the right–left differences in the 
FC between visual cortical regions and all other cortical regions 
in the HCP-MMP cortical parcellation when four different types 
of visual stimuli were being presented.

Some of the key visual cortical pathways in which effects might 
be produced by these visual stimuli include the following (see 
Figure S4), which have been analyzed with HCP data and using the 
HCP-MMP atlas and effective connectivity, FC, and diffusion trac-
tography, but without systematic investigation of right–left hemi-
sphere differences (Rolls, Deco, Huang, et al. 2023b; Rolls 2024).

First, a ventrolateral visual cortical pathway connects from V2 
to V4 to FFC (the fusiform face cortex) and V8 and PIT (the pos-
terior inferior temporal cortex region); and then to posterior in-
ferior temporal cortex regions TE1p and TE2p, which are the 
last primarily unimodal visual cortical regions in the ventro-
lateral stream (Rolls, Deco, Huang, et  al.  2023b; Rolls, Deco, 
Zhang, et al. 2023; Rolls 2024, 2026b; Rolls and Turova 2025) 
(Figure S4). This pathway is involved computationally in invari-
ant object and face processing (Rolls 2012, 2021, 2026a, 2026b; 
Zhang et al. 2026).

Second, a ventromedial visual cortical pathway connects via 
V1–V4 to the ProStriate region (ProS) and POS1, where the retro-
splenial scene area is located to the ventromedial visual cortical 
regions VMV1–3 and VVC; these then connect to the medial par-
ahippocampal place (or better scene) regions PHA1–3 (Epstein 
and Julian 2013; Epstein and Baker 2019; Celik et al. 2021; Natu 
et al. 2021; Piza et al. 2024; Rolls, Feng, et al. 2024), which then 
connect to the hippocampus (Rolls et  al.  2022b; Rolls, Deco, 
Huang, et  al.  2023b; Rolls  2024, 2025a, 2025b, 2026b, 2026c; 
Rolls, Yan, et al. 2024; Rolls and Turova 2025) (Figure S4). This 
pathway is involved in building scene representations using spa-
tial view cells (Rolls  2025b, 2026c) and provides the “where” 
input for episodic memory (Rolls, Zhang, et al. 2024; Rolls 2025a, 
2026b, 2026c).

Third, the cortex in the superior temporal sulcus (STS) re-
ceives from both the ventrolateral and dorsal visual streams 
(Rolls, Deco, Huang, et  al.  2023b; Rolls  2024), and has neu-
rons specialized for social signals such as face expression 
and head and body motion (Perrett et  al.  1985; Hasselmo, 
Rolls, and Baylis  1989; Hasselmo, Rolls, Baylis, et  al.  1989; 
Pitcher et  al.  2019; Pitcher and Ungerleider  2021). More an-
teriorly, the cortex in the STS and anterior temporal lobe re-
gions is involved in multimodal semantic representations 
(Rolls et  al.  2022a, 2025; Rolls, Deco, Huang, et  al.  2023b; 
Rolls 2026b) (Figure S4).

Fourth, the Dorsal Cortical Visual Stream, a “Where” stream for mo-
tion and visuomotor action in space (Ungerleider and Haxby 1994; 
Milner and Goodale 1995; Gallivan and Goodale 2018), connects 
V1 > V2 > V3 > LO3 + MT > MST > FST which then connects to 
intraparietal regions (e.g., LIPd, LIPv, VIP, and MIP) and pari-
etal area seven regions (e.g., 7PC) (Rolls et al. 2022a; Rolls, Deco, 
Huang, et al. 2023b, 2023c; Rolls 2026b) (Figure S4).

Key aims of the investigation are as follows:

1.	 Are there right-hemisphere compared to left-hemisphere 
differences in cortical activations measured with the 
HCP-MMP atlas (Glasser, Coalson, et  al.  2016) to the 
following four types of visual stimuli: faces, scenes 
(viewed places), body parts, and tools in a large cohort 
of 833 right-handed participants? (The activations were 
measured in a 0-back working memory task, which had 
a minimal memory load, but ensured that the partici-
pants were looking at and processing the four types of 
visual stimuli.) Use of a large cohort here is important, 
in that some of the previous research used only tens of 
participants when studying the regions activated by 
these types of stimuli (Kanwisher et  al.  1997; Epstein 
and Kanwisher 1998; Liu et al. 2010; Weiner and Grill-
Spector  2013; Epstein and Baker  2019; Rossion and 
Lochy 2022).

2.	 If so, do groups of cortical regions lateralize similarly for a 
given stimulus type, and what can be learned from these 
grouped lateralizations?

3.	 Are there right hemisphere compared to left hemisphere 
differences in cortical FC, another measure of cortical 
function, to the following four types of visual stimuli: 
faces, scenes (viewed places), body parts, and tools?
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4.	 An aim is to present the activation results not only for 
well-known visual cortical pathways (Rolls 2023b, 2024; 
Rolls, Deco, Huang, et al. 2023b), but for all 180 cortical 
regions in the HCP-MMP atlas, because we have recently 
found that with this HCP data set, activations can also 
be found in some other cortical regions that relate to the 
semantic properties of the stimuli, such as whether the 
stationary visual stimuli used in the memory task are nor-
mally associated with motion, such as tools (Rolls, Feng, 
et al. 2024).

This investigation focused on activation and FC measures, 
as both are likely to be affected by the type of stimuli, faces, 
scenes, tools, and body parts being presented (Rolls  2023b; 
Rolls, Feng, et  al.  2024), whereas diffusion tractography is a 
structural and not a functional measure. Moreover, how ac-
tivations and FC relate to each other is not simple, and FC is 
likely to at least add some useful information, because it is not 
about the activity of a single cortical region, but reflects how 
each cortical region interacts with all the other cortical regions 
(Rolls 2023b).

2   |   Methods

2.1   |   HCP Task and Working Memory Paradigm

The HCP dataset provides task fMRI data for seven cogni-
tive tasks, one of which is the working memory task (Barch 
et  al.  2013), which provided the data analyzed here. In the 
working memory task, participants were presented with sep-
arate task blocks of trials for faces, places, body parts, and 
tools (Barch et al. 2013). Most of the analyses described here 
were in a 0-back working memory task (Figure 1), which en-
sured that the visual stimuli were processed, but which had 
only a small memory requirement so that cortical responses 
to the visual stimuli could be analyzed. The interest here is 
in effects related to the four different visual stimulus types, 
rather than in the 2-back memory condition that has been an-
alyzed elsewhere (Rolls, Feng, et al. 2024). The “place” stimuli 
were views of spatial scenes, and are termed “scene stimuli” 
here (details of the task, and the stimuli used, are available at 
https://​www.​human​conne​ctome.​org/​hcp-​proto​cols-​ya-​task-​
fmri and https://​db.​human​conne​ctome.​org/​app/​action/​Choos​
eDown​loadR​esour​ces?​proje​ct=​HCP_​Resou​rces&​resou​rce=​
Scrip​ts&​fileP​ath=​HCP_​TFMRI_​scrip​ts.​zip). Within each task 
block, first an instruction/cue image was presented for 2.5 s 
to indicate the stimulus task type and whether that block was 
0-back or 2-back. Then, 10 trials were run for a given stimulus 
type, with each stimulus shown for 2.0 s followed by an inter-
stimulus interval of 0.5 s in which a cross was shown. The 10 
stimuli in each block thus lasted for 25 s, and the whole dura-
tion of a block, including the cue, was 27.5 s. In the analyses 
described here, the activations and functional connectivities 
were measured as described below during these 25-s periods, 
which, with a TR of 0.72 s, provided 35 volumes. There were 
two runs in which data were acquired, and each run included 
eight task blocks, four task blocks for 0-back, and four task 
blocks for 2-back. Each stimulus type (faces, scenes, etc.) thus 
had 20 trials as 0-back.

2.2   |   HCP Data Acquisition

fMRI were acquired from a large cohort of individuals par-
ticipating in the working memory task of the HCP (Barch 
et al. 2013). The data were obtained from the publicly available 
S1200 release (last updated April 2018) of the HCP (Van Essen 
et al. 2013). Participants provided written informed consent, and 
the scanning protocol was approved by the Institutional Review 
Board of Washington University in St. Louis, MO, USA (IRB 
#201204036). In this study, we utilized the task-based fMRI data 
of the working memory task from all 956 participants who com-
pleted both runs of the task, with data quality approved by the 
HCP, and which had covariates available.

The whole-brain EPI acquisitions were performed using a 
32-channel head coil on a modified 3 T Siemens Skyra scanner. 
The imaging parameters included a TR of 720 ms, TE of 33.1 ms, 
a flip angle of 52 degrees, a bandwidth of 2290 Hz/Px, and an 
in-plane FOV of 208 × 180 mm. Each functional volume com-
prised 72 slices with a voxel size of 2.0 mm isotropic. A multi-
band acceleration factor of 8 was used during image acquisition 
(Feinberg et al. 2010; Moeller et al. 2010). Two runs of each task 
were acquired, one with right-to-left phase encoding and the 
other with left-to-right phase encoding (Barch et al. 2013).

2.3   |   Use of the HCP-MMP Atlas

The HCP-MMP (Glasser, Coalson, et al. 2016) is a well-founded 
parcellation of the human cerebral cortex into 360 cortical re-
gions that utilizes evidence from anatomy (cortical thickness and 
cortical myelin), FC, and task-related fMRI (Glasser, Coalson, 
et al. 2016). This atlas provides a reference system that could be 
used in many investigations of human cortical function, to pro-
vide a reference standard to enable findings from different in-
vestigations to be compared. The HCP-MMP (Glasser, Coalson, 
et  al.  2016) has been extended to include 66 subcortical areas 
(Huang et al. 2022). The HCP-MMP is the best cortical atlas we 
know for delineating the smallest cortical regions that can be reli-
ably identified in humans, which may be building blocks of corti-
cal function and provide a basis for advancing our understanding 
of cortical function (Rolls 2023b). It contrasts with many earlier 
parcellations of the cerebral cortex that are less computationally 
useful, as they are based on gross topology (Rolls et  al.  2015, 
2020) or on cortical regions categorized primarily by FC (Power 
et  al.  2011). The order used here for the regions in this atlas is 
that of Huang et al. (2022), as that has been used extensively in 
previous investigations (Ma et al. 2022; Rolls et al. 2022a, 2022b, 
2022c; Rolls 2023a, 2023b; Rolls, Deco, Huang, et al. 2023a, 2023b, 
2023c, 2023d; Rolls, Deco, Zhang, et al. 2023; Rolls, Rauschecker, 
et al. 2023; Rolls, Wirth, et al. 2023; Rolls, Deco, et al. 2024; Rolls, 
Feng, et al. 2024; Rolls, Yan, et al. 2024; Rolls, Zhang, et al. 2024), 
and its cortical regions and abbreviations for each cortical region 
are provided in Supporting Information S1.

2.4   |   The Visual Cortical Regions Analyzed

The 55 visual cortical regions selected for analysis of right–left 
differences were as previously selected (Rolls, Deco, Huang, 
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et al. 2023b), in the HCP-MMP division, indicated where rele-
vant. These 55 regions were selected because they are primarily 
of the cortical regions in the divisions listed below that are the 
main visual cortical divisions in the HCP-MMP atlas (Glasser, 
Coalson, et  al.  2016). Some additional regions with visual re-
sponses, such as the eye fields and the parahippocampal gyrus 
regions, were also included to provide evidence about how visual 
inputs reach these regions. These cortical regions are shown 
clearly on the surface maps of the human brain in Figures S1-5, 
S1-6, and S4, and are also clearly shown in the coronal slices 

in Figures S1-1–S1-4. In addition, a table of all the 180 cortical 
regions in each hemisphere in the HCP-MMP atlas, including 
these 55 regions, is provided in Table S1.

Primary Visual division: Primary visual cortex V1.

Early Visual cortical division: V2, V3, and V4.

Dorsal Stream Visual Division: Intraparietal Sulcus Area 1 IPS1, 
V3A, V3B, V6, V6A, and V7.

FIGURE 1    |    The Human Connectome Project Working Memory task for the 0-back condition (Barch et al. 2013). Four stimulus types were used in 
a block design: faces, places, tools, and body parts. + indicates a fixation cross presented in the intertrial interval. Examples of the large set of stimuli 
used are shown in this figure. In the 0-back condition used for most of the analyses described here, a target cue was presented at the start of each 
block in the cue period, and the participant had to respond “target” to any presentation of that stimulus in the block. There were two runs in which 
data were acquired, and each run included eight task blocks: four task blocks for 0-back and four task blocks for 2-back. Each stimulus type (faces, 
scenes, etc.) thus had 20 trials as 0-back, and 20 trials as 2-back. (A) The task design in which runs of a task, such as the 0-back task, were performed. 
Each run consisted of a 2.5-s cue period followed by 10 trials in which a stimulus was shown for 2 s, followed by a 0.5-s fixation period. The 10 stimuli 
in each run were thus presented over a 25 s period. Each run consisted of either faces, places, body parts, or tools. On 50% of runs, 0-back faces, places, 
and tools were preceded by a 15 s screen showing only a fixation cross. (B–E) Examples of the different 0-back runs.
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Ventral Stream Visual Division: Fusiform face Complex FFC, 
Posterior Inferotemporal complex PIT, V8, Ventromedial Visual 
Areas 1–3 VMV1–VMV3, and Ventral Visual Complex VVC.

MT+ complex division: FST, Lateral Occipital Areas 1–3 LO1–
LO3, Medial Superior Temporal Areas MST, Middle Temporal 
Area MT, PH, V3CD, and V4t (it is noted that an MT cluster has 
been described that includes FST, MST, MT, and V4t Kolster 
et  al.  2010); but that the MT+ complex division of the HCP-
MMP includes more cortical regions as just specified (Glasser, 
Coalson, et al. 2016).

Eye Field regions: Supplementary and Cingulate Eye Field SCEF, 
Frontal Eye Fields FEF, and Premotor Eye Fields PEF.

STS regions with visual responses: STGa, STS dorsal anterior 
STSda, STS dorsal posterior STSdp, STS ventral anterior STSva, 
and STS ventral posterior STSvp.

Parahippocampal gyrus regions with visual responses: TF, 
Parahippocampal area 1–3 PHA1–PHA3 (which correspond to 
macaque TH).

Lateral Temporal division: PHT, TE1 anterior TE1a, TE1 middle 
TE1m; TE1 posterior TE1p, TE2 anterior TE2a, TE2 posterior 
TE2p, temporal pole TG dorsal TGd, and temporal pole ven-
tral TGv.

Intraparietal sulcus regions in the Superior Parietal division: 
Anterior IntraParietal Area AIP, Lateral Intraparietal dorsal 
region LIPd, Lateral Intraparietal ventral region LIPv, Medial 
Intraparietal area MIP, and Ventral IntraParietal complex VIP. 
Intraparietal area 0–Intraparietal Area 2 IP0–IP2 from the infe-
rior parietal division are also included for completeness.

2.5   |   Calculation of the Activations and Functional 
Connectivities for Each Type of Visual Stimulus

The current study employed surface-based time series data 
from the HCP for the working memory task. We parcellated 
the timeseries data into the 360 cortical regions defined by the 
surface-based HCP-MMP atlas (Glasser, Coalson et  al. 2016). 
We extracted the timeseries for each task block, which lasted for 
27.5 s as described above, using the timing information for each 
block provided by the HCP (https://​www.​human​conne​ctome.​
org/​hcp-​proto​cols-​ya-​task-​fmri).

Within each task block, the BOLD signal showed a consistently 
high level to the set of stimuli in that task block for the last 20 
time points in a block (with TR = 0.72 s) (see fig. S3B of Rolls, 
Feng, et  al.  (2024)), and that period was used for the analysis 
of the cortical responses to the visual stimuli. The first 15 time 
points served as a baseline, with the activation calculated for 
each participant as the mean BOLD signal across the last 20 
time points minus the mean for the first 15 baseline time points 
(see fig. S3B of Rolls, Feng, et al. (2024) which shows a flat BOLD 
signal in the first 15 timebins of a run, and then a very clear 
increase to the visual stimuli after that). The calculation of the 
average activation for each cortical region for each stimulus type 
for 0-back was averaged for each subject across the two runs. For 

comparison with the task-related activations, the resting state 
BOLD signal right–left differences were calculated from the 
resting state fMRI in the same HCP participants.

Additionally, the FC matrices for each participant were con-
structed by assessing the Pearson correlation between the last 
20 time points of the timeseries for the 180 cortical regions in 
each hemisphere (again using the mean between the two runs 
available for each stimulus type for both 0-back and 2-back).

2.6   |   Statistical Analyses

We have just described how the data for individual subjects were 
extracted. For the population-based statistical analysis, the aim 
was to examine the differences between the activation of the 180 
cortical regions between the right and left hemispheres for each 
of the four stimulus types: faces, scenes, body parts, and tools. 
To implement this, paired t-tests were performed to examine the 
differences in the BOLD signal level for each participant for the 
right minus the left hemisphere. The covariates of no interest 
in this analysis that were regressed out were sex, age, drinker 
status, smoking status, education qualification, and head mo-
tion. We then calculated across the participants the difference 
between the right and left hemispheres using Bonferroni cor-
rection for multiple comparisons. The effect sizes of the signif-
icant differences for the right–left hemisphere activations were 
measured using Cohen's d (Cohen 1992). These analyses were 
performed for 833 right-handed HCP participants (450 females 
and 383 males), selected to have a laterality quotient ≥ 40 (fol-
lowing Schachter et al.  (1987)) for the Edinburgh Handedness 
questionnaire (Oldfield 1971). It is emphasized that only right-
handed participants were included in the analyses, as including 
participants with different handedness might have confused the 
findings.

For the functional connectivities, paired t-tests were conducted 
to identify FCs that were significantly different for the right 
minus the left hemisphere for the links between the 55 visual 
cortical regions and the 180 cortical regions in the atlas. This 
was performed separately for each of the four stimulus condi-
tions: faces, scenes, body parts, and tools. FDR correction was 
applied to account for multiple comparisons, with the above co-
variates of no interest regressed out. FDR correction was used, 
given that each FC matrix was 55 × 180. The effect size, mea-
sured with Cohen's d, was calculated as the number of standard 
deviations between the means of the two conditions. These FC 
analyses were for the same 833 right-handed HCP participants 
as the activation analyses.

3   |   Results

The activation differences for the right–left hemispheres are 
shown in Figure 2 for faces, scenes, body parts, and tools, using 
the effect size as a measure, with only regions with significant 
differences (Bonferroni corrected) shown. The activations 
themselves for the right and left hemispheres for each corti-
cal region for faces, scenes, body parts, and tools are shown in 
Figure  3A–D. These figures allow not only the differences in 
the activations to be evident, but all the actual activations for 
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6 of 20 Human Brain Mapping, 2026

each cortical region produced by faces, scenes, body parts, and 
tools to be shown. The FC differences for right–left are shown 
in Figures 4–7 for faces, scenes, body parts, and tools. In pre-
senting the results, we take each stimulus type (scenes, faces, 
etc.) and consider the right–left differences together for both the 
activations and the functional connectivities. For early visual 
cortical regions (V2, V3, and typically V4), all four visual stimuli 
produced greater activations in the right hemisphere, and the 
focus is on higher visual and other cortical regions where differ-
ences were found.

3.1   |   Scenes

For scenes (viewed places), activations are greater in the right 
hemisphere for ventromedial visual cortical regions VMV1–3 
and VVC; and in the medial parahippocampal gyrus (PHA1–3) 
(Figure 2B). This is the ventromedial scene pathway to the hip-
pocampus (Rolls, Deco, Huang, et al. 2023b; Rolls 2024, 2025a, 
2025b; Rolls, Yan, et al. 2024), and it is clearly organized to be 
right lateralized in terms of the activations (Figure  2B). The 

results in Figure  2B establish that when scenes (places) are 
being viewed, there are higher activations in the right hemi-
sphere than the left hemisphere for these named regions (with 
red/yellow colors) after rigorous Bonferroni correction for mul-
tiple comparisons, and that the effect sizes as shown by Cohen's 
d are up to 2.3, which are large effect sizes (a value for d > 0.8 
counts as a large effect size, Cohen 1992).

Further quantitative evidence to provide details of the results is 
in Figure 3B, which shows the change of BOLD signal produced 
by seeing scenes, and indicates how high the activations are to 
scenes in each of the 180 cortical regions in the right and left 
hemispheres. Figure 3B emphasizes that the activations to the 
VMV and PHA regions are not only right lateralized, but that the 
activations of these regions to scenes are large, and higher than 
for any of the other stimuli. Further analysis and context are 
provided in Figure S5, which shows the activations for scenes–
faces, which are larger in regions including VMV1–3, VVC, and 
PHA1–3, which are in the ventromedial cortical visual scene 
pathway (Rolls, Deco, Huang, et  al.  2023b; Rolls  2024; Rolls, 
Yan, et al. 2024). This is found in both hemispheres. But what is 

FIGURE 2    |    Activation differences for faces, places, body parts, and tools for the right hemisphere–the left hemisphere for the 180 cortical regions 
in the surface-based Human Connectome Project (HCP)-MMP atlas (Glasser, Coalson, et al. 2016) in 833 right-handed HCP participants. Higher 
activations in the right hemisphere are thus yellow/red, and higher activations in the left hemisphere are thus blue for all cortical regions in which 
the difference was significant after Bonferroni correction. The effect sizes of the differences are shown with Cohen's d. A list of the cortical regions 
and their abbreviations is shown in Table S1.
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7 of 20Human Brain Mapping, 2026

FIGURE 3    |    (A) The activations for faces are shown separately for the right hemisphere and for the left hemisphere for the 180 cortical regions in 
the surface-based Human Connectome Project (HCP)-MMP atlas (Glasser, Coalson, et al. 2016) in the 833 right-handed HCP participants so that the 
activations in the two hemispheres can be compared. The activations are shown as the percent BOLD signal change produced by the visual stimuli 
from the BOLD signal in the 15 time points before the visual stimuli were shown. The cortical regions with right–left hemisphere differences that 
were significant after Bonferroni correction are indicated by *(red for right hemisphere > left; blue for left hemisphere > right). A list of the cortical 
regions and their abbreviations is shown in Table S1, and the order used is that in the extended HCP-MMP atlas (Huang et al. 2022). (B) The activa-
tions for scenes (viewed places) are shown separately for the right hemisphere and for the left hemisphere with the same conventions as in (A). (C) 
The activations for body parts are shown separately for the right hemisphere and for the left hemisphere with the same conventions as in (A). (D) The 
activations for tools are shown separately for the right hemisphere and for the left hemisphere with the same conventions as in (A).
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8 of 20 Human Brain Mapping, 2026

clearly established in Figures 2B and 3B is that the activations to 
scenes for these regions are very significantly greater in the right 
than in the left hemisphere, with a large effect size, and that this 
is a finding emphasized in this research.

It is interesting that the functional connectivities between these 
groups of regions are high in the right hemisphere; that is, some 
of the early visual cortical visual Regions V1–V4 have higher FC 
in the right hemisphere with some of the ventromedial cortical 

FIGURE 3    |     (Continued)
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9 of 20Human Brain Mapping, 2026

visual regions VMV1–3; and in turn, VMV3 has higher FC in 
the right hemisphere with the medial parahippocampal scene 
area PHA2 (Figure 5). Correspondingly, the effective connectiv-
ity is from V1 to V4 to VMV regions, and then to PHA regions 
(Rolls, Deco, Huang, et al. 2023b; Rolls, Yan, et al. 2024; Rolls 

and Turova 2025). This is all consistent with visual inputs for 
scenes received through early visual regions V1–V4 having high 
activations in the right hemisphere, which then drive VMV re-
gions strongly in the right hemisphere, which in turn activate 
the PHA regions in the right hemisphere.

FIGURE 4    |    Functional connectivity differences for faces for the right hemisphere–the left hemisphere between visual cortical regions and 180 
other cortical regions in 833 right-handed Human Connectome Project (HCP) participants. Higher functional connectivity in the right hemisphere 
is thus yellow/red, and higher functional connectivity in the left hemisphere is thus blue. The upper figure shows the functional connectivity of 
the visual cortical regions with the first half of the cortical regions; the lower figure shows the functional connectivity with the second half of the 
cortical regions. Note that each link that is significant after FDR correction is shown only once in this matrix; that is, the matrix is asymmetric. 
Abbreviations: See Table S1. The groups of visual cortex regions are separated by red lines. Group 1 (top) Early Visual division of the HCP-MMP atlas 
(labeled on the left Early); Group 2 Dorsal Visual division (Dorsal); Group 3 Ventral Visual division (Ventral); Group 4 MT+ division (MT+); Group 5 
Eye Field regions (EF); Group 6 Superior Temporal Sulcus regions (STS); Group 7 Medial Temporal Regions (PHG, parahippocampal gyrus); Group 8 
Lateral Temporal division including the Temporal Pole (L Temp); and Group 9 Intraparietal sulcus regions (IntraPar). The colored labeled bars show 
the cortical divisions in the HCP-MMP atlas (Glasser, Coalson, et al. 2016). The order of the cortical regions is as in Huang et al. (2022).
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10 of 20 Human Brain Mapping, 2026

This whole ventromedial visual cortical pathway thus shows 
right lateralized activations for scenes (Figure 2B) more than 
for faces and tools, though body parts also activate some right 
hemisphere regions preferentially too (Figure 2C). However, 
the functional connectivities between VMV regions and PHA 
(plus TF and perirhinal) regions (Figure 5) show more consis-
tent right lateralization for scenes than for body parts, faces 
and tools (Figures 4–7), so overall the visual spatial scene sys-
tem is more strongly lateralized on the right than for the other 
three types of visual stimulus, faces, body parts, and tools.

Another set of cortical regions that is right lateralized for 
scenes is the inferior parietal cortex visual regions, with higher 
activations of the right hemisphere for PGi, PGs, and PFm 
(Figure 2B). This inferior parietal right lateralization is unique 
for scenes and is not found for faces, tools, and body parts 
(Figure 2A,C,D). This provides key evidence that the human 
inferior parietal cortex is involved in spatial scene representa-
tions (on the right), and this contrasts with its activations when 
tools, faces, and body parts are viewed, which produce more 
activation on the left than the right (Figure 2). In addition, PGi 

FIGURE 5    |    Functional connectivity differences for scenes (places) for the right hemisphere–the left hemisphere between visual cortical regions 
and 180 other cortical regions. The upper figure shows the functional connectivity of the visual cortical regions with the first half of the cortical 
regions; the lower figure shows the functional connectivity with the second half of the cortical regions. Conventions as for Figure 4. Abbreviations: 
See Table S1.
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11 of 20Human Brain Mapping, 2026

and PGs have higher FC with many right intraparietal regions 
such as AIP, LIPd, and LIPv (Figure 5). A related part of the 
inferior parietal cortex, PGp, has higher FC on the right with 
visual cortical regions including V2–V4; VMV2; FFC, PIT, and 
V8; and some MT+ regions including V3CD, where the occipi-
tal place area may be located (Figure 5).

Some inferior temporal cortex regions, such as TE1p and TE1m, 
are more strongly activated on the right by scenes (Figure 2B), 

and this contrasts with generally stronger activation of inferior 
temporal visual cortex regions on the left for faces, body parts, 
and tools (Figure 2).

Another set of cortical regions that is right lateralized for scenes 
is the posterior cingulate cortical regions, with higher activa-
tions on the right, especially POS1, POS2, 31pv, 31pd, 7m, PCV, 
7pm, 31a, which, as a group, do not show right lateralization of 
activations for faces, tools, and body parts. Correspondingly, the 

FIGURE 6    |    Functional connectivity differences for body parts for the right hemisphere–the left hemisphere between visual cortical regions and 
180 other cortical regions. The upper figure shows the functional connectivity of the visual cortical regions with the first half of the cortical regions; 
the lower figure shows the functional connectivity with the second half of the cortical regions. Conventions as for Figure 4. Abbreviations: See 
Table S1.
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12 of 20 Human Brain Mapping, 2026

functional connectivities are higher on the right for scenes of the 
posterior cingulate cortex regions, especially intraparietal and 
some MT+ regions. This is of interest in understanding the func-
tions of the right versus left posterior cingulate cortical regions 
(Rolls, Wirth, et al. 2023).

Interestingly, language areas 44, 45, and 47l (Rolls et al. 2022a) did 
not show strong lateralization for scenes on the left (Figure 3B), 
whereas for all other stimuli, the activations were higher in the 
left hemisphere. The anterior temporal lobe semantic regions 
in and connected with the STS (Rolls et al. 2022a) had higher 
activations (Figure  2B) and higher functional connectivities 

(Figure 3B) even for scenes on the left, suggesting that these se-
mantic regions are not part of the right lateralized spatial scene 
processing system, which instead involves the right-biased ven-
tromedial spatial scene system via VMV and PHA regions, the 
right inferior parietal visual cortical regions, and the right pos-
terior cingulate cortical regions.

The actual activation values shown in Figure  3B for scenes 
emphasize large right-lateralized activation differences for es-
pecially V1, V2, VMV2, VMV3, PHA1, PHA2, PHA3, POS1, 
POS2, 31pv, 31pd, and 7m, a32pr, d32, p24, 46, 8Ad, 8Av, 9a, 
and 9p.

FIGURE 7    |    Functional connectivity differences for tools for the right hemisphere–the left hemisphere between visual cortical regions and 180 
other cortical regions. The upper figure shows the functional connectivity of the visual cortical regions with the first half of the cortical regions; the 
lower figure shows the functional connectivity with the second half of the cortical regions. Conventions as for Figure 4. Abbreviations: See Table S1.
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13 of 20Human Brain Mapping, 2026

3.2   |   Faces

For faces, activations in many cortical regions are left lateral-
ized (Figure 2A), rather than right lateralized as for scenes. For 
example, lateral inferior temporal cortical regions such as VVC, 
TE1m, and TE2a, and the STS visual face-related regions STSvp 
and STSva (Rolls, Deco, Huang, et  al.  2023b; Rolls  2024) are 
more strongly activated on the left by faces (Figure 2A) (VVC 
is adjacent to the FFC and becomes part of the ventrolateral 
cortical visual pathway, which includes FFC in terms of effec-
tive connectivity when faces vs. scenes are viewed; Rolls and 
Turova 2025).

The results in Figure  2A establish that when faces are being 
viewed, there are higher activations in the left hemisphere than 
the right hemisphere for these named regions (with blue colors) 
after rigorous Bonferroni correction for multiple comparisons, 
and that the effect sizes, as shown by Cohen's d, are moderate.

Further quantitative evidence to provide further details of the 
results is in Figure 3A, which shows the change of BOLD signal 
produced by seeing scenes and indicates how high the activations 
are to scenes in each of the 180 cortical regions in the right and 
left hemispheres. Further analysis and context are provided in 
Figure S5, which shows the activations for faces–scenes as blue, 
which are larger in regions including FFC, TE2p, TF, TE2a. This 
is found in both hemispheres. But what is established clearly in 
Figure 2B is that the activations to faces in regions such as VVC, 
TE1m, TE2a, STSvp, and STSva are significantly greater in the 
left than in the right hemisphere, with a large effect size, and 
that is a finding that is emphasized in this research.

The FFC has a higher FC on the left with TE1m and TE2a 
(Figure 4). Another comparison is that FFC has higher FC on 
the left with language areas such as 44, 45, and 47l (Figure 4), 
whereas this is not the case for scenes (Figure 5).

The ventromedial visual cortical regions VMV1–3 are overall 
much less activated on the right for faces compared to scenes 
(Figure  2A vs. Figure  2B), and correspondingly, the FCs for 
faces are not right lateralized for VMV2 with other VMV regions 
or with MT+ complex regions (Figure  4), though they are for 
scenes (Figure 5).

The inferior parietal cortex visual regions PGi, PGs, and PFm 
(Rolls, Deco, Huang, et al. 2023c) have higher activations of 
the left hemisphere for faces (Figure 2A), and this is in con-
trast to scenes, which show greater activations of the right 
hemisphere for these inferior parietal regions (Figure  2B). 
Correspondingly, some FCs between inferior parietal regions 
are higher on the left with face-related temporal cortex re-
gions such as FFC and PIT (Figure 4), and that is not the case 
for scenes (Figure 5).

The activations in the posterior cingulate cortical regions are 
much less overall right lateralized for faces (Figure  2A) com-
pared to scenes (Figure  2B), with differences for POS2, 7pm, 
PCV, 31pv, and 31pd not evident for faces (Figures 2A and 3).

However, it is interesting that the face processing was not 
greater in the left hemisphere for all visual cortical regions. 

For example, V2–V4, POS1, v23ab, 7m, d23ab, and 31a were 
more activated by faces in the right hemisphere, as were some 
dorsal visual division, MT+, and TPO division regions, includ-
ing LO1–3, MST, and FST, and TPOJ2 and TPOJ3 (Figure 2A). 
Interestingly, faces also activated parts of the right medial or-
bitofrontal cortex, pOFC, and 13l, whereas these regions were 
activated more on the left for all the other stimuli (scenes, 
body parts, and tools). For the FCs for faces, though many for 
the visual cortical areas are higher on the left, there are some 
exceptions, including V3, and the connectivity of dorsal visual 
division regions with many somatomotor, premotor, and oper-
cular division regions, which are right lateralized (Figure 4).

The actual activation values shown in Figure 3A for faces em-
phasize large left lateralized activation differences for especially 
regions STSdp, STSva, STSvp, 7PC, 7PI, IP2, PF, PFm, PFt, 10r, 
10v, 44, 45, and 47l and SFL, 9p.

3.3   |   Body Parts

For body parts, activations in many ventral visual cortical re-
gions are right lateralized, including V1–V4, V8, PIT, FFC, 
VVC, and TE2p (Figure  2C). However, these right lateraliza-
tions do not extend to the ventromedial visual pathway regions 
VMV2, PHA2, and PHA1 that are left lateralized for scenes 
(Figure 2C vs. Figure 2B). Interestingly, right lateralization was 
also found for visual motion regions MST, MST, FST, and LO1–3 
(Figure 2C), and this is remarkable because the body part stim-
uli were stationary, and it is just the semantic association that 
accounts for these activations (Rolls et  al.  2025). The higher 
right hemisphere activations for body parts for MT+ regions 
are very evident in Figure 3C. This was not found, as expected, 
for scenes, given that scenes are typically stationary. The acti-
vations for body parts were right lateralized for TPO division 
regions, including TPOJ1–3 and STV, which was less generally 
the case for faces, scenes, and tools.

For the sight of body parts it is interesting that somatosensory 
cortical regions (Rolls, Deco, Huang, et al. 2023c) are activated 
(Rolls, Feng, et al. 2024), and here we reveal that these activa-
tions are more on the right, and include regions such as 1, 2, PFt, 
and PFm (Figures 2C and 3C), whereas for all other visual stim-
uli, the activations of these somatosensory regions are higher 
on the left.

For the sight of body parts, the orbitofrontal cortex activations 
were higher on the left for almost all orbitofrontal cortex regions 
(Rolls et al. 2022c), and this is not the case for faces.

Although some of the functional connectivities of V1–V4 with 
ventral visual cortical regions such as FFT, PIT, V4 and VMV 
regions were left lateralized for body parts (Figure 6) (unlike 
scenes), V1–V4 had higher FC on the right with somatosensory 
regions, premotor regions, lateral temporal, superior parietal, 
inferior parietal, posterior cingulate, and parts of inferior 
frontal gyrus and DLPFC, and this is unique, and is not found 
for faces, scenes and tools. The higher FCs in the right hemi-
sphere for V1–V4 regions are consistent with the right lateral-
ization for many cortical regions produced by body parts.
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3.4   |   Tools

Although early visual cortical regions showed right hemisphere 
lateralization for tools, as for most other visual stimuli, most 
of the other activations for tools are left lateralized, including 
higher ventral stream cortical regions FFC, TE2p, TE1m, TE2a, 
and PIT (Figures 2D and 3D). The visual motion regions, such 
as MST, FST, and LO2, also show left lateralization for these 
stationary stimuli with the semantic association of motion. The 
activations for language-related regions TPOJ1, TPOJ2 (as well 
as 44, 45, SFL, and 55b) are left lateralized for tools. The activa-
tions for tools are left lateralized for more cortical regions with 
significant differences than for the other visual stimuli, faces, 
scenes, and body parts (Figures 2D and 3D).

The functional connectivities have consistency, with right lat-
eralization for FCs involving V1–V4 with ventral stream visual 
regions such as PIT, V8, and VMV1–3 (Figure 7). The functional 
connectivities are higher on the left for the lateral temporal cor-
tical visual regions and temporal pole regions, such as TE2a, 
TGd, and TGv, with some inferior parietal visual regions, such 
as PGs, PGi, and PFm. All of these regions are involved in visual 
semantic processing (Rolls et al. 2022a). The orbitofrontal cortex 
FCs for tools with most lateral temporal (TE) regions and with 
STS regions are also left lateralized (Figure 7).

3.5   |   Comparison of Activations to Scenes 
Versus Faces

The analyses shown in Figures 2 and 3 are for right versus left 
hemisphere differences for each of the scenes, faces, body parts, 
and tools. We also tested whether the laterality effects were sig-
nificantly different from each other for different stimuli, such as 
scenes versus faces. For example, for which cortical regions were 
the activations significantly greater in the right versus left hemi-
sphere for the differences between scenes and faces? In one such 
comparison, it was shown that the differences in the activations 
for scenes minus faces were greater in the right than left medial 
parahippocampal cortex scene regions PHA1, PHA2, and PHA3 
after Bonferroni correction.

3.6   |   Hemisphere Differences of the BOLD Signals 
in the Resting State Compared With Those in 
the Visual Tasks

The hemisphere differences for the resting state BOLD signal 
are shown in Figure S2, with the values shown separately for 
the right and left hemispheres in Figure S3. In the resting state, 
many cortical regions have a significantly higher BOLD signal 
in the left hemisphere. The regions with greater BOLD signal 
in the left hemisphere in the resting state include especially the 
inferior frontal gyrus language-related regions, such as 44, 45, 
and 47l, and those closely related to them, such as IFJa, IFJp, 
IFSa, and IFSp (Rolls et al. 2022a), and also some more dorso-
lateral prefrontal cortex regions (Figure  S3). These higher left 
hemisphere BOLD signals may relate to the fact that, with no 
visual stimuli or task to process in the resting state, partici-
pants may be thinking and reflecting using language cortical 
and prefrontal short-term/working memory systems, which 

are predominant in the left hemisphere in right-handed par-
ticipants. Somewhat curiously, some of the semantic regions in 
the anterior temporal lobe (Rolls et al. 2022a), such as the STS 
regions, have a little more signal in the resting state in the right 
hemisphere (Figure S3). Other regions with more BOLD signal 
in the left hemisphere in the resting state include somatosensory 
cortical regions such as FOP2–5 and insular regions, and also 
some superior parietal regions such as area 7 and intraparietal 
regions, and this may relate to the right-handedness of these 
participants and hence stronger representation in these left so-
matosensory and related cortical regions.

4   |   Discussion

Some of the key findings are as follows. First, when viewing 
scenes, activations are greater in the right hemisphere for key re-
gions in the human ventromedial cortical scene “where” stream 
(Figure S4) (Rolls, Deco, Huang, et al. 2023b; Rolls 2024; Rolls, 
Yan, et al. 2024; Rolls and Turova 2025), VMV1–3 and PHA1–3 
(Figures 2B and 3B), and the functional connectivities are con-
sistent. Some other visual cortical regions are also more strongly 
activated on the right by scenes, including visual regions in the 
right inferior parietal gyrus (PGi, PGs, and PFm), which are 
not selectively activated in the right for the other three visual 
stimuli.

Second, when viewing faces, activations are higher in the left 
hemisphere for a region that can be part of the ventrolateral visual 
cortical “what” stream VVC (Rolls, Deco, Huang, et al. 2023b; 
Rolls and Turova 2025) (Figures 2A and 3A), and the FC of the 
FFC and the related PIT is higher on the left with VVC and with 
anterior temporal lobe semantic regions TE1m and TE2a. In 
addition, regions STSvp and STSva, STS regions implicated in 
face expression and face motion processing (Hasselmo, Rolls, 
and Baylis 1989; Hasselmo, Rolls, Baylis, et al. 1989; Pitcher and 
Ungerleider 2021; Rolls 2024), are more strongly activated in the 
left hemisphere by faces.

Third, when viewing body parts, ventrolateral visual cortical 
regions such as FFC, VVC, TE2p, PIT and V8 are more strongly 
activated in the right hemisphere (Figures 2C and 3C), and the 
functional connectivities of some of the ventrolateral stream 
regions (Figure S4) such as TE1p, TE2p with V1–V4 and with 
dorsal visual stream regions is higher on the right. Interestingly, 
right lateralization was also found for activations of visual mo-
tion regions MST, MST, FST, and LO1–3 (Figure 2C), and this is 
remarkable because the body part stimuli were stationary, and 
it is just the semantic association that accounts for these activa-
tions in visual motion-related cortical regions (Rolls et al. 2025).

Fourth, when viewing tools, ventrolateral visual cortical regions 
such as FFC, TE2p, and PIT are more strongly activated in the 
left hemisphere (Figures 2D and 3D). The visual motion regions, 
such as MST, FST, and LO2, also show left lateralization of their 
activations for these stationary stimuli with the semantic asso-
ciation of motion.

Fifth, the activations of many of the anterior temporal lobe re-
gions such as TE1a, TE1m, TE2a, and the temporal pole regions 
TGv and TGd that are implicated in semantic representations 
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(Rolls et al. 2022a; Rolls, Deco, Huang, et al. 2023b) are stronger 
on the left to most of the visual stimuli (faces, body parts, and 
tools), but not to scenes (Figures 2 and 3). This is consistent with 
the key functions of the left hemisphere in language and the 
connectivity of these anterior temporal lobe regions to Broca's 
area implicated in syntax/speech production (Rolls et al. 2022a; 
Rolls 2023b).

Sixth, the lateralizations of the functional connectivities were 
largely consistent with the activations, but additionally showed 
that groups of functional connectivities lateralize together, pro-
viding further evidence on computational units of the cerebral 
cortex.

Seventh, we do not suggest that the laterality effects described 
here imply that the processing described here takes place in only 
one hemisphere. Instead, we describe highly significant differ-
ences in the activations and functional connectivities between 
the two hemispheres with moderate effect sizes for different 
types of visual stimuli, which provide very interesting evidence 
about how groups of cortical regions operate together (by being 
grouped in one hemisphere or the other) to process different 
types of visual stimuli.

Eighth, for none of these four stimuli were activations in all cor-
tical regions, let alone all visual cortical regions, higher in one 
hemisphere. For example, even for tools and faces where a num-
ber of visual cortical regions were left lateralized, for all four 
types of visual stimuli, the activations of early visual cortical 
regions such as V2 and V3 were higher in the right hemisphere 
(Figure 2). The implication is that each type of visual stimulus 
recruits most strongly a subset of visual cortical regions that 
are especially suited to performing the computations for each 
stimulus type, but with clustering of cortical regions that keep 
together in either the left or right hemisphere, as illustrated in 
Figure 2.

The findings described here make a number of fundamen-
tal points about cortical organization. First, whereas viewing 
scenes tends to activate right visual cortical regions (includ-
ing VMV regions connecting to the medial parahippocampal 
gyrus), and viewing faces does activate some left visual corti-
cal regions (e.g., VVC and STSvp and STSva activations, and 
functional connectivities of FFC with superior parietal inferior 
parietal and some posterior cingulate regions), lateralization is 
not just greater for all regions in one hemisphere, but certain 
parts of the processing are especially lateralized in the way de-
scribed. For example, for scenes, some regions have activations 
and FCs that are higher on the left (e.g., MT+ regions, STS, TG, 
and TPOJ1 semantic regions, and medial orbitofrontal cortex 
13l, OFC, and pOFC); and for faces, some regions have activa-
tions and FCs that are higher on the right (e.g., V1–V4; and orbi-
tofrontal cortex regions 13l, pOFC, and 47m; Figure 2). Cortical 
processing for these stimuli is far from completely greater across 
all regions in one hemisphere than the other. An implication for 
understanding laterality effects related to brain damage is that, 
at least in the cases described, where there are very clear and sta-
tistically significant right–left differences in cortical activations 
and connectivity, the actual cortical processing in typical tasks 
may have different components that are specialized to operate in 
different hemispheres.

This is highly relevant to the evidence, particularly from the ef-
fects of brain damage that indicate that damage to an occipito-
temporal region in the right hemisphere is especially associated 
with face recognition deficits such as prosopagnosia (Rossion 
and Lochy 2022). Much previous fMRI evidence of responses to 
faces was consistent with greater activations in the right hemi-
sphere (Rossion and Lochy 2022), though there are some excep-
tions (Hervais-Adelman et al. 2019). Moreover, left hemisphere 
abnormalities in face-selective activation and FC have been 
found in developmental prosopagnosia (Campbell et al. 2025). In 
the investigation described here, the cohort of participants was 
very much larger than in most previous investigations, and here 
we found evidence for at least some left hemisphere greater acti-
vation to faces. But the present investigation provides a possible 
resolution to this issue. For a higher cortical region in the ventro-
lateral processing stream, VVC, which is adjacent to and highly 
connected with the FFC (Rolls, Deco, Huang, et al. 2023b), we 
found left activations were higher than the right, and the FC evi-
dence was consistent. And in another part of the face processing 
system, the cortex in the STS implicated in face expression and 
face motion, the regions STSvp and STSva had higher activa-
tions in the left hemisphere than in the right. However, the early 
stages of visual cortical processing, V2–V4, had greater activa-
tions in the right hemisphere to faces (and to the other visual 
stimuli). The evidence from the present large-scale investigation 
is thus that the different parts of the face processing system have 
different lateralization, with early stages right lateralized, and 
later, higher stages left lateralized. Thus, the interpretation of 
the effects of brain damage on face perception may depend on 
exactly which parts of the whole system are most damaged in 
particular patients. From the present finding, we would pre-
dict that damage to the left STS regions would be more likely 
to impair emotional and social responses to faces because these 
regions are involved in face expression and gesture (Hasselmo, 
Rolls, and Baylis  1989; Hasselmo, Rolls, Baylis, et  al.  1989; 
Cheng et al. 2015; Pitcher and Ungerleider 2021; Rolls 2024).

Further possible reasons for differences from some previous 
studies which found greater activation to faces in the right hemi-
sphere are that in the present study we used a large number of 
833 participants, greater than most previous studies; that these 
833 participants were selected to be right-handed, which could 
be relevant; that the participants had a clearly defined task, a 
0-back memory task that required careful processing of each 
face; that we used the very good HCP-MMP parcellation of the 
cortex with its surface-based parcellation, which enabled all 180 
regions in each hemisphere to be statistically compared not only 
for activations but also for FC, which supported the left activa-
tions found for some key cortical regions involved in face pro-
cessing; and that the left lateralized regions are high level visual 
cortical regions involved in face recognition (VVC, adjacent to 
FFC) and in the STS regions in the cortex in the STS implicated 
in face expression and movement processing, and that we found 
some right lateralization for some other cortical regions includ-
ing early visual cortical regions.

Second, the activations and FCs for these stationary visual 
stimuli extend far beyond visual cortical areas, and when they 
do, these semantic associations can be strongly lateralized. For 
scenes, what may be described as semantic associations, in that 
the regions are not purely visual, activations are greater in the 
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left hemisphere for language-related regions such as STSdp, 
TPOJ1, TGd, TGv, and 45; for the medial orbitofrontal cortex 13l, 
OFC, and pOFC; and very many somatosensory cortical regions. 
Comparably, for faces, some right hemisphere semantically re-
lated activations and FCs are higher (e.g., orbitofrontal cortex re-
gions 13l, pOFC, and 47m; e.g., visual motion regions MST and 
FST; and language regions TPOJ1 and TPOJ2).

An extension of these concepts is that some language-related 
regions are not always more activated in the left hemisphere 
by these stimuli. For example, for faces, TPOJ2 and TPOJ3 are 
more strongly activated on the right (Figure  2A); for scenes, 
TPOJ3 and STV are on the right; for body parts, TPOJ1–3, STV, 
and SFL are on the right; and for tools, TPOJ3 is more strongly 
activated on the right.

Another interesting finding is that lateralization of function 
does appear in the orbitofrontal cortex and is different for dif-
ferent visual stimuli. For example, for faces some right orbitof-
rontal regions are preferentially activated (13l, pOFC and 47m), 
and some left (a47r and 47l); for scenes some left orbitofrontal 
cortex regions are preferentially activated (OFC, 13l, and pOFC), 
and some right (11l, a47r, and 47l); and for body parts and tools, 
almost all left orbitofrontal cortex regions are preferentially ac-
tivated (Figure 2).

Another striking finding is that whole groups of cortical regions 
were consistently found to have higher FC in a given hemi-
sphere, depending on the type of stimulus. This is a useful clue 
to what groups of cortical regions are involved in communica-
tion with each other to perform particular computations. One 
group identified in this way included regions in the ventrome-
dial visual cortical pathways, including VMV and PHA regions, 
which were especially activated or had FC with each other 
as a group in the right hemisphere when scenes were shown. 
Another example is the FFC and some TE areas in the left hemi-
sphere when viewing faces. Another group is the visual inferior 
parietal regions PGi, PGs, and PFm, which were together right 
lateralized for scenes and left lateralized for faces (Figure  2). 
This shows that cortical regions are allocated typically as groups 
to have higher activations and/or FCs in one hemisphere or the 
other, which indicates how such groups of cortical regions are 
linked together for particular computations, and for that matter 
how they are linked as a group to other cortical regions when a 
particular type of computation (scene-related, face-related, etc.) 
is performed.

Some of the other findings of this investigation can be summa-
rized as follows:

First, some cortical divisions had activations and/or functional 
connectivities that were higher in one hemisphere than the 
other, independent of the type of visual stimulus being viewed: 
faces, scenes, body parts, or tools. One example is the early corti-
cal visual regions V2, V3, and V4, and also POS1, which were ac-
tivated more in the right hemisphere for all four stimulus types 
(Figure 2). Another example is that the inferior frontal gyrus lan-
guage regions 44, 45, and 47l had functional connectivities with 
visual cortical regions that were higher on the left (Figures 4–7). 
Similarly, the temporal lobe STS semantic regions, such as 
STSda, STSdp, STSva, and STSvp (Rolls et al. 2022a), had FCs 

that were generally higher in the left hemisphere with other cor-
tical regions. These regularities, independent of stimulus type, 
may be summarized with the findings that the language and 
temporal lobe STS semantic regions consistently have higher ac-
tivations and/or FCs on the left, consistent with the importance 
of the left hemisphere in language in right-handed people. And 
early visual cortical regions, V2–V4 and POS1, have higher acti-
vations in the right hemisphere independently of stimulus type, 
faces, scenes, body parts, or tools.

Second, other cortical divisions and regions have activations 
and FCs that depend on the type of visual stimulus that is being 
shown. Overall, faces and tools tend to produce stronger effects 
in the left than the right hemisphere, and spatial scenes tend to 
produce stronger effects in the right hemisphere, especially in 
the ventromedial visual cortical stream from early visual corti-
cal regions via ventromedial visual cortical regions (VMV1–3) 
and medial parahippocampal regions (PHA1–3) to the hippo-
campus (Rolls  2024, 2025b; Rolls, Yan, et  al.  2024; Rolls and 
Turova  2025). Body parts activate right hemisphere early and 
intermediate visual cortical regions, such as FFC and TE2p, and 
VVC more on the right, but activate anterior temporal lobe se-
mantic cortical regions (Rolls et al. 2022a), such as TE1p, TE1m, 
TE2a, and STSvp more on the left than the right. A general 
summary is that the sight of most objects (faces, tools, and body 
parts) tend to activate higher order visual cortical regions espe-
cially in the ventrolateral (lateral temporal lobe) and STS visual 
cortical streams (Rolls 2024) more on the left; whereas the sight 
of spatial scenes tends to activate ventromedial cortical visual 
stream regions (Rolls, Deco, Huang, et  al.  2023b; Rolls  2024; 
Rolls, Yan, et al. 2024; Rolls and Turova 2025) more on the right.

Third, the activations and the hemisphere differences are very 
different in a task when visual stimuli are being presented 
(Figures  2 and 3A–D) than in the resting state (Figure  S2). 
Moreover, when visual stimuli are being presented, which 
hemisphere is more activated, and in which regions, depends 
on the type of visual stimulus being shown. The research de-
scribed here thus shows how the lateralization of cortical pro-
cessing depends on which visual stimuli are being shown, with 
the particular regions in the high-resolution HCP-MMP atlas in 
which these asymmetries of processing are found revealed here. 
For example, when viewing scenes, some of the key regions ac-
tivated asymmetrically are in the right hemisphere in cortical 
regions in the ventromedial visual cortical stream, including 
medial parahippocampal regions PHA1, PHA2, and PHA3; ven-
tromedial cortical regions VMV2, VMV3, and VVC; posterior 
cingulate division regions including 31a, 31pd, 31pv, 7m, d23ab, 
PCV, POS1, POS2, ProS, and RSC; and in inferior parietal visual 
cortical regions (PGi, PGs, and PFm); and in posterior cingulate 
division regions (see Figures 2 and 3). The inferior parietal re-
gion activation on the right by scenes is of great interest, for it 
implicates this cortical region, so greatly developed in humans, 
in spatial processing related to scene perception. Similarly, the 
right hemisphere lateralization for scenes of many posterior cin-
gulate division regions is of interest in relation to understand-
ing the functions of the posterior cingulate cortex in processing 
related to episodic memory and hippocampal function (Rolls, 
Wirth, et al. 2023). The right lateralization of scenes in each of 
these ventromedial cortical visual regions, visual inferior pari-
etal regions, and the posterior cingulate regions is a key finding 
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presented in this research. In another example, when viewing 
faces, some of the key regions activated asymmetrically are in the 
left hemisphere, including cortical regions STSva, STSvp (impli-
cated in face expression and motion processing Hasselmo, Rolls, 
and Baylis 1989; Pitcher and Ungerleider 2021; Rolls 2024), and 
anterior temporal lobe regions TE1m and TE2a, and these were 
not activated more on the left for scenes (see Figures 2 and 3).

The results described here are also consistent with the develop-
ment and revolution (Rolls  2024, 2026b, 2026c) of our under-
standing beyond the dual stream “what” and “where” model of 
visual cortical function (Ungerleider and Mishkin 1982; Mishkin 
et al. 1983; Haxby et al. 1991; Ungerleider and Haxby 1994).

First, we have produced evidence and proposed that there is a 
third cortical visual pathway involving cortical regions in the 
STS that is involved in face expression and motion processing 
and that is involved in social behavior (Perrett et al. 1985; Baylis 
et al. 1987; Hasselmo, Rolls, and Baylis 1989; Hasselmo, Rolls, 
Baylis, et al. 1989; Rolls 2011, 2024, 2026a, 2026b; Rolls, Deco, 
Huang, et al. 2023b) (and implicated in autism Cheng et al. 2015), 
and that proposal has been accepted (Pitcher et al. 2019; Pitcher 
and Ungerleider 2021).

Second, we have identified a fourth visual cortical pathway that 
builds spatial view cells (Rolls et al. 1989, 1997, 1998; Feigenbaum 
and Rolls 1991; Rolls and O'Mara 1995; Robertson et al. 1998; 
Georges-François et al. 1999; Rolls 2025a, 2025b) in the medial 
parahippocampal gyrus (where the parahippocampal place 
area [or better parahippocampal scene area] is located Epstein 
and Kanwisher  1998; Epstein  2005; Epstein and Julian  2013; 
Epstein and Baker  2019; Rolls  2024; Rolls, Feng, et  al.  2024) 
for scene perception and for use in episodic memory (Rolls and 
Treves 2024; Rolls 2026b). The ventromedial cortical scene vi-
sual pathway is from early visual cortical regions such as V2 via 
the ProStriate cortex (where the retrosplenial scene area is lo-
cated), and the ventromedial visual cortical regions VMV1–3, to 
reach the medial parahippocampal regions PHA1–3 (Rolls 2024, 
2025b; Rolls, Yan, et al. 2024; Rolls and Turova 2025). A theory 
and model of the mechanisms by which scene representations 
are built using spatial view cells uses classical ventral stream 
feature hierarchy mechanisms supplemented by gain modula-
tion by gaze direction (allocentric eye direction) from the dorsal 
visual stream (Rolls 2025b). It is somewhat revolutionary that 
“where” representations of locations in spatial scenes are built in 
a ventral visual cortical stream, the ventromedial visual cortical 
pathway (Rolls 2024, 2026b, 2026c). These spatial view repre-
sentations are in allocentric space (Feigenbaum and Rolls 1991; 
Rolls and O'Mara 1995; Rolls et al. 1997, 1998; Georges-François 
et al. 1999; Rolls 2025b).

Third, the dorsal visual “where” stream, now one of two “where” 
streams, is involved in a different type of “where” where ac-
tions should be made in typically egocentric space (Goodale 
and Milner  1992; Milner and Goodale  1995; Gallivan and 
Goodale 2018; Rolls, Deco, Huang, et al. 2023b; Rolls 2026b).

The “what” pathway to the temporal lobe for invariant object 
and face perception, we now term the ventrolateral cortical 
visual pathway (Rolls, Deco, Huang, et  al.  2023b; Rolls  2024, 
2026a, 2026b; Rolls and Turova  2025; Zhang et  al.  2026), to 

distinguish it from the ventromedial cortical pathway for scenes. 
There are thus (at least) two cortical “what” pathways, and two 
cortical “where” pathways (Rolls 2024, 2026b).

Overall, the research described here greatly extends our under-
standing of cortical lateralization for visual stimuli by showing 
in a very large cohort of 833 participants that there are moderate 
to large effect sizes for hemisphere differences in activations to 
scenes, faces, tools, and body parts, with specialized subgroups 
of regions evident more in one hemisphere than the other for 
each different type of stimulus, and none of the stimuli pro-
cessed primarily in only one hemisphere.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: Supporting Information. 
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