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Abstract

The parahippocampal place area (PPA) is a widely studied high-level visual region in the human 

brain involved in place and scene processing. The goal of the present study was to identify the 

most probable location of place-selective voxels in medial ventral temporal cortex. To achieve this 

goal, we first used cortex-based alignment (CBA) to create a probabilistic place-selective region of 

interest (ROI) from one group of 12 participants. We then tested how well this ROI could predict 
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place selectivity in each hemisphere within a new group of 12 participants. Our results reveal that 

a probabilistic ROI (pROI) generated from one group of 12 participants accurately predicts the 

location and functional selectivity in individual brains from a new group of 12 participants, despite 

between subject variability in the exact location of place-selective voxels relative to the folding of 

parahippocampal cortex. Additionally, the prediction accuracy of our pROI is significantly higher 

than that achieved by volume-based Talairach alignment. Comparing the location of the pROI of 

the PPA relative to published data from over 500 participants, including data from the Human 

Connectome Project, shows a striking convergence of the predicted location of the PPA and the 

cortical location of voxels exhibiting the highest place selectivity across studies using various 

methods and stimuli. Specifically, the most predictive anatomical location of voxels exhibiting the 

highest place selectivity in medial ventral temporal cortex is the junction of the collateral and 

anterior lingual sulci. Methodologically, we share this pROI with the field (vpnl.stanford.edu/

PlaceSelectivity), which provides a means to accurately identify a functional region from 

anatomical MRI data when fMRI data are not available (for example, in patient populations). 

Theoretically, we consider different anatomical and functional factors that may contribute to the 

consistent anatomical location of place selectivity relative to the folding of high-level visual 

cortex.
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INTRODUCTION

The parahippocampal place area (PPA) is a functional region of the brain that responds more 

strongly to images of scenes and places compared to other classes of visual stimuli and is 

critical for scene and place recognition, as well as navigation (Epstein and Kanwisher, 1998; 

Epstein, 2008). Typically, the PPA is defined from functional magnetic resonance imaging 

(fMRI) experiments. The PPA is located within a gross anatomical territory that contains 

several macroanatomical structures including the collateral sulcus (CoS), the lingual sulcus, 

(LS), and the parahippocampal gyrus (PHG; Aguirre et al., 1998; Avidan et al., 2002; 

Epstein and Kanwisher, 1998; Epstein, 2008; Levy et al., 2004; Nasr et al., 2011; Weiner 

and Grill-Spector, 2010; Weiner et al., 2010). These macranatomical structures span several 

centimeters, making it hard to precisely predict the exact location of place selectivity from 

cortical folding patterns alone, which was nicely summarized in a recent review (Epstein, 

2014)1. A question remains whether it is possible to accurately identify the most probable 

location of these place-selective voxels without needing to acquire functional MRI data. 

Such a feat would be especially useful in patient populations and other participant groups in 

1Specifically, Epstein eloquently and accurately defines these issues: “The PPA is a functionally defined, rather than an anatomically 
defined region. This can lead to some confusion, as there is a tendency to conflate the PPA with parahippocampal cortex (PHC), its 
anatomical namesake. Although they are partially overlapping, these two regions are not the same. The PPA includes the posterior end 
of the PHC but extends beyond it posteriorly into the lingual gyrus and laterally across the collateral sulcus into the fusiform gyrus.” 
(Epstein, 2014, pp.107)
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which it may be relatively easy to acquire anatomical data, but difficult to acquire functional 

data.

Of course, the identification of the PPA is complicated by (at least) four methodological 

considerations. First, the PPA definition may depend on the type of experiment, task, and 

stimuli used. Second, the boundaries of the PPA may depend on the statistical threshold 

used. Third, the spatial extent and localization of the PPA may vary if defined within the 

native brain space of an individual or based on a group analysis. Fourth, the size of the PPA 

may depend on data acquisition choices (e.g. large vs. small voxels) and data analysis 

choices (e.g. liberal vs. no spatial smoothing). The present study aims to identify and to 

predict the most probable location of place-selective voxels within medial VTC of an 

individual brain that is impervious to these methodological decisions.

To achieve this goal, the present study implemented a three-fold approach. First, we 

generated probabilistic group ROIs of place-selective voxels using cortex-based alignment 

(Fischl et al., 1999). Second, we quantified how well this probabilistic ROI predicts the 

location of the PPA, as well as place-selective fMRI responses, from an independent 

experiment and a separate set of participants. Third, we tested if this probabilistic ROI also 

captures the locus of highest place selectivity in (a) our data and (b) a separate set of data 

collected from over 500 participants by other researchers using different stimuli, tasks, and 

methods (shared from Nasr et al., 2014 and the Human Connectome Project, Barch et al., 

2013).

The results from these analyses demonstrate that (a) the anatomical location of place-

selective voxels relative to cortical folding is consistent across participants, (b) the 

probabilistic ROI identifies the location of the PPA in individual brains from multiple 

independent datasets, and (c) the probabilistic ROI encapsulates voxels in medial VTC 

exhibiting the highest place selectivity in our data as well as shared data from other labs. 

Our probabilistic ROI of place selectivity is freely available with this study aligned to the 

FreeSurfer average cortical surface (vpnl.stanford.edu/PlaceSelectivity).

MATERIALS and METHODS

Participants

To identify place-selective voxels, 12 adults (5 females) participated in fMRI Study 1 and 12 

independent adults (8 females) participated in fMRI Study 2. Procedures were approved by 

the Stanford Internal Review Board on human participants research.

Study 1

Functional localizer—12 adults participated in 4 runs of an fMRI functional localizer 

experiment (6 min/run; from Stigliani et al., 2015; http://vpnl.stanford.edu/fLoc/). Each run 

consisted of 16 s blocks, which contained different images from the same category presented 

at a rate of 1 Hz. Images within each block were from one of 5 different categories: faces 

(adult and child faces), places (corridors and houses), bodies (limbs and headless bodies), 

characters (numbers and pseudowords), and objects (cars and guitars). The view, size, and 

retinal position of the images varied. Each item was overlaid on a 10.5° phase-scrambled 
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background generated from a randomly selected image from the entire set to minimize low-

level differences across categories. We controlled for low-level differences such as contrast, 

luminance, similarity to other stimuli of the same category, and spatial frequency (for further 

details, please see: http://vpnl.stanford.edu/fLoc/). Participants performed an oddball task 

during which they were instructed to fixate on a central dot and detect an oddball phase 

scrambled image that occurred randomly within the blocks. The incidence of the oddball 

image was 0, 1, or 2 times per block.

Data Acquisition—Participants were scanned at the Center for Neurobiological Imaging 

(CNI) at Stanford University using a 3T GE scanner equipped with custom-built phase-array, 

32-channel head coil. We acquired 34 slices covering occipitotemporal cortex (resolution: 

2.4 × 2.4 × 2.4 mm; one-shot T2*-sensitive gradient echo acquisition sequence: FOV = 192 

mm, TE = 30 ms, TR = 2000 ms, and flip angle = 77°).

Study 2

Functional localizer—12 adults (8 females) participated in two runs during which they 

viewed gray-scale natural images of faces (children and adult faces), objects (novel objects 

and cars), places (indoor scenes and outdoor scenes) and scrambled images (created by 

randomly scrambling pictures into 225, 8 × 8 pixel squares as in Golarai et al., 2010b and 

Golarai et al., 2015). Indoor scenes of buildings were mostly of empty rooms and corridors, 

devoid of furniture. Outdoor scenes were of natural settings that were (with a few 

exceptions) devoid of buildings. All scenes were devoid of people, animals, or salient 

objects. Stimuli were presented at a rate of 1Hz in 12 s blocks followed by 12 s of a blank 

screen with a fixation. As described previously (Golarai et al., 2015), low-level differences 

among images were assessed using pixel-wise similarity. Participants performed a 1-back 

task during which they were instructed to fixate on a central red dot and to press a button 

whenever they detected identical images appearing successively, which occurred on ~ 17% 

of the images per block.

Data Acquisition—Participants were scanned at the Lucas Imaging Center at Stanford 

University in a 3T GE scanner equipped with an 8-channel surface coil. We acquired 32 

slices at a resolution of 3.125 × 3.125 × 3mm mm using a two-shot T2*-sensitive spiral 

(Glover, 1999) acquisition sequence (FOV = 200 mm; TR=2 seconds, TE=30 ms, and flip 

angle = 76°).

Neuroanatomical data for Studies 1 and 2

Data Acquisition—A standard high-resolution anatomical volume of the whole brain was 

acquired using either a T1-weighted SPGR pulse sequence (TR = 1000 ms, flip angle = 45°, 

2 NEX, FOV = 200 mm, resolution: 0.78 × 0.78 × 1.2 mm) or a T1-weighted BRAVO pulse 

sequence (TR = 450 ms, flip angle = 12°, 1 NEX, FOV = 240 mm, resolution: 1.0mm 

isotropic). For consistency, the former data were resampled to 1.0mm isotropic.

Cortical surface reconstruction—All anatomical volumes were aligned to the AC-PC 

plane. Using automated (FreeSurfer: http://surfer.nmr.mgh.harvard.edu) and manual 

segmentation tools (ITK-SNAP: http://www.itksnap.org/pmwiki/pmwiki.php), each 
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anatomical volume was segmented to separate gray from white matter, and the resulting 

boundary was used to reconstruct the cortical surface for each subject (Wandell et al., 2000).

Data Analyses

Data from Study 1 and Study 2 were analyzed with MATLAB using the mrVista toolbox 

(http://github.com/vistalab) as in our prior publications (Weiner and Grill-Spector, 2010, 

2011; Golarai et al., 2010a, b; Stigliani et al., 2015). AS and KW analyzed the data and 

defined functional regions of interest (ROIs) in Study 1. GG and NW analyzed the data and 

defined functional ROIs in Study 2.

Time series processing—For Study 1 and Study 2, functional data from each session 

were motion corrected using an affine transformation (Nestares and Heeger, 2000). Time 

series data were processed with a temporal high-pass filter (1/20 Hz cutoff) and then 

converted to percentage signal change by dividing the time series of each voxel by its mean 

intensity. We estimated the blood oxygen level dependent (BOLD) response amplitudes for 

each condition using a general linear model (GLM) applied to the time series of each voxel 

using as predictors the experimental conditions convolved with the hemodynamic impulse 

response function used in SPM. Data were not spatially smoothed.

Functional region of interest (fROIs)—Place-selective voxels were defined within each 

subject’s native brain anatomy using a common threshold (t > 3, voxel-level) for both 

Studies 1 and 2. Study 1 compared BOLD responses to images of places (corridors and 

houses) relative to images of faces (adult and child faces), bodies (limbs and headless 

bodies), characters (numbers and pseudowords), and objects (cars and guitars). Study 2 

compared BOLD responses to images of places (indoor scenes and outdoor scenes) relative 

to images of faces (children and adult faces) and objects (novel objects and cars). Though 

there are some overlapping categories between Studies 1 and 2, the exemplars representing 

each category were different between studies. There was no difference in the surface area of 

these regions across experiments (A 2-way ANOVA with hemisphere and experiment as 

factors yielded no effect of hemisphere (F(1,44)=2.8, p=0.1), no effect of method (F(1,44) = 

1.22, p = 0.3), and no interaction (F(1,44) = 0.2, p = 0.7). The average surface area (±SEM) 

across experiments was 599 ± 39 mm2 and 518 ± 83 mm2 in the right and left hemisphere, 

respectively. Prior studies have identified a gradient of place selectivity in parahippocampal 

cortex in which more anterior voxels illustrate higher place selectivity compared to more 

posterior voxels (Baldassano et al., 2013; Grill-Spector et al., 2000; Grill-Spector, 2003; 

Grill-Spector and Malach, 2004; Silson et al., 2016). The present study focuses on the more 

anterior cluster because (1) it can be anatomically and functionally differentiated from the 

more posterior cluster (Grill-Spector et al., 2000; Grill-Spector, 2003; Grill-Spector and 

Malach, 2004) and (2) the two clusters may appear contiguous in some participants due to 

artifacts induced by large draining veins (Vu and Gallant, 2015).

Sulcal definitions in medial VTC—To best understand the location of place selectivity 

relative to cortical folding, an accurate identification of sulci in medial VTC is imperative. 

Contrary to historical (Huschke, 1854; Retzius, 1896) and modern definitions of a single 

lingual sulcus (LS), Mangin and colleagues (Mangin et al., 2015) recently identified an 
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anterior intralingual sulcus (S. Li. Ant.) and a posterior intralingual sulcus (S. Li. Post.). We 

used 84 brains (73 living and 11 postmortem, none of which were used for our functional 

analyses) to examine the morphology of the LS. We used post-mortem brains in addition to 

those from living individuals as the classic examinations were from post-mortem brains. We 

replicated the identification of two lingual sulci in 86.7% (146/168) of hemispheres 

independent of whether or not the brain was from a living or post-mortem individual 

(Figures 1–2). The anterior (ALS) and posterior (PLS) lingual sulci separate the LG into 

anterior, mid, and posterior components. Interestingly, the ALS intersects with the occipital 

branch of the CoS (CoS-o; Petrides, 2012) in almost twice as many cases in the left (67.9%) 

compared to the right (36.9%) hemisphere. This hemispheric difference is also evident in the 

FreeSurfer (FS) template, which is an average of 39 different adult brains (Figure 2). What 

we refer to as the ALS has also been referred to as the Sulcus paracollateralis (Smith, 1907), 

the subcalcarine fissure (Wilder, 1901), the intralingual ramus of the CoS (Ono et al., 1990), 

and the medial CoS-o (Huntgeburth and Petrides, 2012; Petrides, 2012). We agree with 

Mangin and colleagues to include this sulcus as an anterior lingual sulcus rather than a 

medial branch or ramus of the CoS because it is located within the LG.

Generating a group probabilistic region of interest (pROI) of place selectivity
—We generated separate probabilistic ROIs from the 12 participants in Study 1 and the 12 

participants in Study 2. These probabilistic ROIs were generated using cortex-based 

alignment (CBA) tools in FreeSurfer (Fischl et al., 1999; http://

surfer.nmr.mgh.harvard.edu/). Briefly, the cortical surface of each of our 12 participants was 

aligned to the FreeSurfer average surface (from 39 healthy adults not used in our study) 

using a high-dimensional nonlinear registration algorithm. Using this alignment, we 

transformed functional ROIs (fROIs) from each subject to the FreeSurfer (FS) average brain. 

Probabilistic maps (Figure 2) were then generated by summing the 12 fROIs at each point 

along the cortical surface of the FS average brain and dividing by the number of participants. 

Each voxel within the map reflects the proportion of participants sharing that location of 

place selectivity on the cortical surface. Three probabilistic ROIs were generated: (1) 

unthresholded, (2) thresholded by 33% overlapping participants, or (3) thresholded by 66% 

overlapping participants. We used these three different thresholds to test if and how different 

threshold values influence the predictability of place selectivity in a new group of 

participants. Based on related work (Weiner et al., 2016a), a threshold of 0.33 is sufficient 

for predicting functional ROIs in VTC. The pROI from Study 1 was previously published 

(Weiner et al., 2016a).

Assessing the correspondence between the probabilistic ROI and 
individually-defined ROIs in independent participants—Using data from Study 1, 

we generated three probabilistic ROIs as described above. Using data from Study 2, we used 

CBA to align each subject’s cortical surface to the FS average brain and then used the same 

transformation to project fROIs from each individual subject to the FS average brain. 

Because these individual fROIs were in the same common space as the probabilistic ROI 

from Study 1, we could compare their spatial locations on the cortical surface.
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We calculated the Dice coefficient to determine how well our probabilistic ROIs from Study 

1 predicted each individually-defined ROI from Study 2 on the FS average brain. The Dice 

coefficient is calculated with the following formula: Dice Coefficient = 2 P ∩ A
P + A , where P is 

the surface area of the probabilistic ROI and A is the surface area of the actual ROI. We 

repeated this calculation for the probabilistic ROI generated from Study 2 and the individual 

subject fROIs from Study 1 (Figure 2C). We repeated this calculation an additional time 

with an exhaustive leave-one-out cross validation procedure using data from all 24 

participants and then compared our calculations to results using Talairach alignment (Figure 

2D; see Comparing our predictions using CBA to volume based, Talairach alignment).

Perfect alignment between the probabilistic prediction and the actual ROI would result in a 

Dice coefficient of 1 and complete misclassification would result in a Dice coefficient of 0. 

We calculated a ceiling (the empirically best dice coefficient given the noise in the data) 

performance as the Dice coefficient between the probabilistic ROI in Study 1 and each 

individual subject from Study 1 that contributed to generating the probabilistic ROI from the 

same experiment. We repeated this estimate of the ceiling performance for Study 2 as well. 

The ceiling performance plotted in Figure 2 (horizontal gray bar) is the average of the two 

estimates.

We tested if there were differences in the predictability of fROIs across studies using a 2-

way ANOVA with study and hemisphere as factors. There was no effect of study (F(1,44) = 

0.3, p = 0.68), no effect of hemisphere (F(1,44) = 1.43, p = 0.24), and no interaction (F(1,44) 

= 1.43, p = 0.61). Thus, results in Figure 2 are the average across the two different 

approaches (e.g. predicting individual ROIs in Study 2 from a probabilistic ROI from Study 

1 and vice versa).

Comparing our predictions using CBA to volume-based, Talairach alignment
—A common procedure in the field is to align functional data to an anatomical template in 

stereotaxic coordinate space such as Talairach space (Talairach and Tournoux, 1988). Prior 

work shows that functional regions in high-level visual cortex are better aligned to one 

another after CBA compared to stereotaxic alignment (Frost and Goebel, 2012). Thus, we 

repeated our leave-one-out cross-validation procedure across all 24 participants with an 

affine volume based registration to the Talairach brain and compared this performance to the 

same procedure implemented with CBA in FreeSurfer (Figure 2D).

Testing the functional profile of probabilistic predictions: In addition to examining the 

ability of the probabilistic ROI to spatially predict the actual ROI, we also examined if the 

voxels in this probabilistic ROI displayed significantly higher BOLD responses to places 

compared to other stimuli. To do so, we used CBA to project the probabilistic ROI generated 

from Study 1 on the FS average brain to the native brain space of each subject from Study 2. 

We then extracted response amplitudes from this ROI to each of the stimuli shown in Study 

2 in each individual subject and tested whether this ROI exhibited stronger responses to 

places compared to other stimuli (Figure 3).
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Examining the topological relationship between the probabilistic ROI and peak place 
selectivity in medial VTC in over 500 participants: In addition to identifying the most 

probable location of place-selective voxels in medial VTC, we also tested whether or not our 

pROI captures voxels that exhibit the highest (sometimes referred to as ‘peak’) place 

selectivity in medial VTC in new participants. Here, we define ‘peak’ as those voxels with 

the highest selectivity as indicated by the t-statistic. To address this question, we examined if 

the probabilistic pROI contains (a) peak place-selective voxels within medial VTC in 

individual participants from our data (24 participants, Figure 4) (b) the group average peak 

selectivity across 24 participants from our data (Figures 4–5), (c) the cortical location of 

peak place selectivity from 247 participants from the Human Connectome Project (HCP) 

500 Participants Release (Barch et al., 2013; Figure 5), (d) the cortical location of peak place 

selectivity from a separate set of 247 participants from the HCP 500 Participants Release 

(Barch et al., 2013; Figure 5), and (e) the cortical location of peak place selectivity from a 

separate set of 26 participants from a recent study by Nasr and colleagues (Nasr et al., 2014, 

Figure 5). The data in (c)–(e) were preprocessed and analyzed with different methods than 

those implemented in Studies 1 and 2: the HCP data were analyzed by author KNK (see 

section Analysis of place selectivity from the HCP 500 dataset), while the data from Nasr 

and colleagues were shared as an overlay file in FreeSurfer representing a random effects 

analysis comparing static images of scenes to static images of objects in 26 participants (see 

Nasr et al., 2014 for details). Thus, this approach allows us to examine the topological 

relationship between our pROI and clusters of peak place selectivity from over 500 

additional individuals.

It should be noted that there is a fundamental difference between the probability map of 

place-selective ROIs (Figure 2) and the selectivity maps (Figures 4–5). In particular, the map 

of pROIs across subjects is generated after assigning either a 1 (if the ROI is present) or a 0 

(if the ROI is not present) at vertices of the FS average surface. On the contrary, the latter 

selectivity map reflects a continuous metric in which a vertex is assigned a selectivity value 

(for the present study, a t-statistic) first for each subject and then averaged across subjects. 

Thus, for the latter case, there is no threshold and the group map directly indicates 

selectivity (each vertex reflects the average t-value across subjects), while for the former 

case, there is a threshold and the group map does not reflect selectivity and instead 

represents the percentage of overlap across subjects at each vertex.

Analysis of place selectivity from the HCP 500 dataset: To identify the cortical locus of 

peak place selectivity from the HCP dataset, minimally pre-processed data of the HCP 500 

Participants Release (Barch et al., 2013) were used to identify place-selective regions. Data 

from 494 participants were included in the download and analyzed using GLMdenoise 

(http://kendrickkay.net/GLMdenoise/; Kay et al., 2013). The GLM included four regressors 

to model experimental effects: one regressor for each combination of stimulus category 

(bodies, faces, places, tools) during the 0-back task. Beta weights were converted to units of 

percent signal change by dividing by the mean intensity at each gray coordinate. Participants 

were randomly split into two groups (N=247 in each group) in order to assess reliability of 

the effects. In each subject, we computed a contrast between the beta weight for places 

against the mean of the beta weights for bodies, faces, and tools. The resulting contrast map 
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of each subject was aligned to the FS average cortical surface. We then averaged these 

contrast maps across participants on the FS average cortical surface, separately for each of 

the two groups of 247 participants. Clusters reflecting peak selectivity across subjects were 

generated using a threshold of t > 2.5, vertex level.

RESULTS

Place-selective voxels in medial VTC are located in the banks of the CoS with inter-subject 
variability

Our data illustrate that macroanatomical features create a reliable set of landmarks that 

confine place selectivity in medial ventral temporal cortex (VTC), which replicates and 

extends previous findings (Aguirre et al., 1998; Epstein and Kanwisher, 1998; Nasr et al., 

2011, 2014; Weiner et al., 2010; Weiner and Grill-Spector, 2010). For example, our data 

show that place-selective voxels are consistently located within the banks of the collateral 

sulcus (CoS) in individual participants (Figure 1). Posteriorly, place-selective voxels seldom 

extend past the posterior tip of the anterior lingual sulcus (ALS; Materials and Methods for a 

description of the ALS and posterior (PLS) lingual sulcus). Anteriorly, place-selective 

voxels often macroanatomically align (a) with the anterior tip of the mid-fusiform sulcus 

(MFS; asterisk in Figure 1) and (b) what is referred to as the CoS-ph, which is a ramus of 

the CoS that separates the parahippocampal (PHG) and lingual (LG) gyri (Ono et al., 1990; 

circle in Figure 1). Of course, this structural-functional coupling is not always perfect and 

there is inter-subject variability as to how much the place-selective voxels extend within the 

PHG, as well as the LG and medial aspects of the fusiform (FG) gyrus (Figure 1; see also 

Supplemental Figures 1–4 and Figure 4). Nonetheless, despite this inter-subject variability, 

place-selective voxels are always located within the CoS across participants. The 

consistency between the identification of place-selective voxels and cortical folding suggests 

that it may be possible to use cortex-based alignment to generate a group probabilistic ROI 

that would predict the most probable location of place selectivity within VTC in independent 

participants.

Cortex based alignment generates a group-based probabilistic ROI that maintains the 
structural-functional relationship between place selectivity and cortical folding

Using cortex-based alignment (CBA) tools in FreeSurfer (FS; Materials and Methods), we 

generated a probabilistic ROI (pROI) of place selectivity separately for each study. To 

determine the utility of this pROI: (1) we examined if the group pROI maintains the 

structural-functional coupling observed in individual participants, (2) we tested if the group 

pROI is stable across studies that used different methods, and (3) we used a cross-validation 

approach to quantify how well the pROI predicts the location of the actual ROI in a new 

group of participants.

Examining the location of the pROI generated from Study 1 on the FS average brain reveals 

that the macroanatomical location of the pROI (Figure 2A) falls within the same series of 

anatomical landmarks we identified in individual participants. Furthermore, projecting the 

pROI from Study 2 on the FS average brain revealed a close correspondence between the 

pROIs across the two studies (Figure 2B). To quantify how well pROIs predict functionally-
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defined ROIs in an independent group of participants, we used the Dice coefficient metric to 

calculate the amount of spatial correspondence between the two regions in individual brains 

(Materials and Methods). We did this analysis using group pROIs from Study 1 and 

individual ROIs from Study 2 and vice versa, measuring cross-validation performance at 

three threshold levels (no threshold, 33%, and 66%). The ceiling Dice coefficient in our data 

is 0.73±0.03 in the left hemisphere and 0.72±0.03 in the right hemisphere (as opposed to 1, 

which is the mathematically largest Dice coefficient; Materials and Methods).

The results of this cross-validation analysis reveal that our pROI predicts individual ROIs 

with high accuracy across hemispheres. At a threshold of 33%, the Dice coefficient is 

0.70±0.03 in the right hemisphere and 0.65±0.03 in the left. The predictability of the pROI 

approached, but was significantly lower than, the ceiling performance in both hemispheres 

(all ts >3.3, all ps <0.003). Repeating these quantifications with both a more lenient pROI 

(an unthresholded ROI) as well as a more stringent ROI (a thresholded ROI at 66%) also 

revealed Dice coefficients larger than 0.5, with numerical values varying with threshold 

(Figure 2C). The unthresholded ROI had the lowest predictability (right: 0.56±0.03; left: 

0.52±0.03), and the 66% thresholded ROI had an intermediate predictability (right: 

0.61±0.03; left: 0.60±0.03), all of which were significantly lower than the ceiling 

performance (all ts>4.5, all ps<10−4).

We also performed an exhaustive leave-one out cross validation (LOOCV) procedure using 

data from all 24 participants across both studies. That is, in each iteration, the pROI was first 

generated from 23 participants and then tested on the left out, 24th participant. Since the 

33% thresholded pROI performed the best in the prior analyses, we used this threshold for 

the present (and subsequent) analyses. Results again revealed high predictability (mean Dice 

coefficients: 0.72±0.03 and 0.70±0.03, which were not different than the ceiling 

performance, all ts<.7, all ps>.5). Thus, cross-validated performance from 23 participants is 

not significantly different than the ceiling performance, which provides statistical evidence 

supporting that the structural-functional predictability from our participants likely reflects a 

predictability that is reflective of the general population (see Figure 5). Together, these 

analyses reveal that the group pROI maintains the structural-functional coupling observed in 

individual participants and it is possible to predict the location of place-selective voxels in 

medial VTC from cortical folding alone.

Cortex-based alignment out-performs volume-based alignment by nearly a factor of two

Our previous work quantifying the relationship between cortical folding and face-selective 

regions showed that surface-based predictions out-performed predictions based on 

stereotaxic coordinates (Weiner et al., 2014). Nevertheless, predicting the location of place 

selectivity from stereotaxic coordinates may not be as impeded as face-selective regions due 

to the relatively medial location of place-selective voxels in the brain. To test this hypothesis, 

we repeated the exhaustive LOOCV procedure across 24 participants using Talairach-based 

alignment. We then compared the Dice coefficients between this approach and those 

resulting from CBA (using the pROI with the 33% threshold; see previous section). The 

mean Dice coefficients for the Talairach–based approach were 0.48±0.04 and 0.37±0.03 in 

the right and left hemispheres, respectively (Figure 2D). These Dice coefficients were lower 
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than CBA, as CBA out-performed Talairach alignment by nearly a factor of two in the right 

hemisphere (1.85±0.26) and by a factor of more than two in the left hemisphere (2.23 

±0.24). A 2-way ANOVA with factors method and hemisphere yielded a main effect of 

method (F(1,92)=98.6, p < 10−6), a main effect of hemisphere F(1,92)=5.0, p < 0.03), and no 

interaction (F(1,92)=2.8, p=0.1). Thus, the implementation of CBA significantly improved 

the alignment and predictability of place selectivity within medial VTC across participants 

compared to Talairach alignment.

Probabilistic ROI identifies voxels exhibiting highest BOLD responses to places in 
individual participants

To further test the effectiveness of our predictions, we extracted the response amplitudes 

from the pROI. To do so, we used CBA to project the pROI from Study 1 to each individual 

brain of the participants in Study 2. We then extracted the response amplitudes from the 

pROI in each individual subject. We used the 33% thresholded pROI, which produced the 

highest Dice coefficient in the previous analyses. As illustrated in Figure 3, the predicted 

ROI exhibited significantly higher mean response amplitudes to indoor and outdoor scenes 

compared to cars, novel objects, child faces, adult faces, and textures. Thus, as one would 

hope, the predicted place-selective ROI exhibits the expected higher response to places than 

other stimuli. A 2-way ANOVA with factors hemisphere (right/left) and category (indoor 

place, outdoor place, car, novel object, adult face, child face, texture) revealed a main effect 

of category (F(6,154)=20.4, p<10−6), no effect of hemisphere (F(1,154)=2.9, p=0.1), and no 

interaction (F(6,154)=0.14, p=0.99). Together, our probabilistic predictions identify voxels 

in medial VTC that illustrate higher response amplitudes for places than other stimulus 

categories (at least those tested in the present experiment).

Probabilistic ROI identifies the location of ‘peak’ place selectivity in over 500 participants

In addition to identifying the most probable location of place-selective voxels in medial 

VTC, which was the primary goal of the present study, a related experimental question is 

whether this pROI captures the ‘peak’ voxels exhibiting the highest place selectivity in 

medial VTC. To address this question, we first generated a group map of place selectivity 

across our 24 participants to visualize the locus of peak place selectivity across subjects and 

experiments used to generate the pROI. Here, we used CBA to generate an average map of 

place-selectivity in which vertices are assigned continuous values of place selectivity rather 

than a binary distinction as in the probability maps from the prior analyses. We then 

visualized the group place selectivity map relative to the group pROI from all 24 

participants.

Figure 4 shows an unthresholded group map of place selectivity (calculated from data across 

24 participants from Studies 1 and 2) on the FS average brain relative to the outline of our 

pROI. Consistent with prior research (Baldassano et al., 2013; Epstein, 2008; Nasr et al., 

2011; Silson et al., 2016) the group map illustrates place selectivity within the CoS, LG, 

PHG, the parietal occipital sulcus (POS), and retrosplenial cortex (RSC). Weakly (e.g. with 

t-values greater than 0 and less than 2) place-selective voxels do extend into the medial 

fusiform gyrus and more posteriorly along the CoS. Nonetheless, there is a consistent 

“hotspot,” or locus, of peak place selectivity. Specifically, the locus of peak place selectivity 
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is observed near the medial lip of the CoS in the right hemisphere and close to the center of 

our pROI near the fundus of the CoS in the left hemisphere (Figure 4A). It is important to 

emphasize that the locus of peak place selectivity is within the group pROI (Figure 4A-black 

contour).

Examining the location of our pROI relative to the peak cluster of place selectivity in 

individual participants shows that there are individual differences in the location of voxels 

with highest place selectivity (Figure 4B–C). That is, voxels with the highest place 

selectivity are not always located within the same exact location in the pROI for each 

participant and small clusters of high place selectivity can also extend outside of the pROI. 

Nevertheless, despite these individual differences, all participants exhibit voxels with the 

highest place selectivity within the pROI (Figure 4B–C).

Crucially, our pROI not only identifies voxels exhibiting the highest selectivity in our own 

data, but also identifies voxels exhibiting the highest place selectivity in independent 

datasets from over 500 participants. These comparisons reveal two main results. First, the 

location of peak place selectivity occurs within the CoS in two separate splits (each 

consisting of data from 247 participants) from the HCP 500 subject release (Barch et al., 

2013), as well as data from 26 participants from Nasr and colleagues (Nasr et al., 2014; 

Figure 5). Second, even though there is variability in the exact location of peak selectivity 

across datasets, the locus of peak place selectivity across these experiments differing in 

stimuli, tasks, methods, and participants is located within our pROI. Altogether, our data and 

analyses suggest that our pROI of place selectivity is a robust predictor of the location of 

high place selectivity within medial VTC and these predictions are generalizable across data 

collected with different scanners, participants, images used for localization, data acquisition, 

and analysis methods.

DISCUSSION

In this study, we examined the relationship between cortical folding patterns and the most 

probable location of place selectivity in medial ventral temporal cortex (VTC). Our results 

show that cortical folding patterns and probabilistic predictions reliably identify place-

selective voxels in medial VTC across individuals and experiments. Below, we discuss these 

findings in the context of (1) predicting functional regions from cortical folding across the 

visual hierarchy and (2) underlying anatomical/functional mechanisms that may contribute 

to this predictable relationship between cortical folding and place selectivity in medial VTC.

Predicting functional regions from cortical folding across the visual hierarchy

Our findings contribute to a growing trend supporting a tight relationship between cortical 

folding and functional regions across the visual hierarchy. For example, V1 is reliably 

located within the calcarine sulcus (Henschen, 1893; Inouye, 1909). Additionally, 

intermediate visual areas are also located in consistent locations relative to cortical folding: 

V3A abuts and extends into the transverse occipital sulcus (Nasr et al., 2011; Tootell et al., 

1997), the anterior boundary of human V4 is located within the posterior transverse 

collateral sulcus (Witthoft et al., 2014), and hMT+ is found at the intersection of the lateral 

occipital sulcus and the ascending branch of the posterior inferotemporal sulcus (Dumoulin 
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et al., 2000). Likewise, several high-level category-selective regions have also been reported 

to be reliably located relative to cortical folding patterns. The fusiform face area is 

composed of at least two distinct regions (mFus-faces and pFus-faces), which are well 

predicted by the mid-fusiform sulcus (Weiner et al., 2014, 2016; Weiner and Grill-Spector, 

2010, 2011, 2012, 2013; Weiner and Zilles, 2016) and are also cytoarchitectonically 

dissociable (Weiner et al., 2016a). The fusiform body area/OTS-limbs (Weiner and Grill-

Spector, 2010, 2013) and the visual word form area are reliably found in the 

occipitotemporal sulcus (Ben-Shachar et al., 2007; Glezer and Riesenhuber, 2013; Stigliani 

et al., 2015; Wandell et al., 2012; Yeatman et al., 2013). Finally, the extrastriate body area is 

composed of at least three anatomically distinct regions that are localized to the lateral 

occipital sulcus (LOS-limbs), inferotemporal gyrus (ITG-limbs), and middle temporal gyrus 

(MTG-limbs; Weiner and Grill-Spector, 2011, 2013).

We extend these findings to now include a precise set of anatomical landmarks identifying 

place-selective voxels within medial VTC. Prior studies have reported place selectivity 

within the CoS (Epstein and Kanwisher, 1998; Levy et al., 2001; Levy et al., 2004; Nasr et 

al., 2011; Weiner and Grill-Spector, 2010; Weiner et al., 2010). Nevertheless, the CoS is 

very long – extending nearly across the length of the ventral portions of the occipital and 

temporal lobes. Our current findings provide a series of anatomical landmarks that constrain 

the location of place-selective voxels to a specific location along the CoS. In particular, the 

CoS/ALS junction is most predictive of place selectivity as illustrated by the convergence of 

place selectivity across studies in this location (Figure 5). The tight coupling between 

cortical folding and place selectivity identified in the present study suggests that our pROI, 

which we share with the field, can predict place selectivity in the human brain with high 

likelihood using cortex-based alignment methods. This finding is consistent with other 

recent studies that showed that CBA improves the registration of functional data across 

participants (Benson et al., 2012, 2014; Frost and Goebel, 2012). Importantly, the use of our 

pROI does not necessitate the acquisition of functional MRI data, which we discuss further 

in the next section.

The utility of our probabilistic ROI (pROI) for localizing place-selective voxels when fMRI 
data are or are not available

We make our pROI freely available on the FreeSurfer (FS) average surface 

(vpnl.stanford.edu/PlaceSelectivity). We emphasize the utility of this pROI for localizing 

place-selective regions when fMRI data are not available. We have cross-validated our pROI 

across participants and studies including the identification of peak place selectivity in the 

CoS from data representing over 500 participants (Barch et al., 2013; Nasr et al., 2014). 

These data were collected with different voxel resolutions, stimuli, tasks, scanners, and 

analysis methods. Thus, our probabilistic ROI is generalizable across many different 

methodological decisions spanning experimental design, as well as fMRI data acquisition 

and analyses. However, this pROI is not perfect. We underscore that additional analysis 

decisions such as the statistical threshold used, the precise contrast, or the amount of spatial 

smoothing influence the spatial extent of the ROI on the cortical surface. As such, our pROI 

may not always identify the exact boundaries of the “PPA,” but it will always identify the 

most probable location of voxels with the highest place selectivity within medial VTC. It 

Weiner et al. Page 13

Neuroimage. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



should be noted that the cortical location of these voxels is consistent with recent definitions 

of the ”anterior parahippocampal place area” (Baldassano et al., 2013; Silson et al., 2016) 

and CoS-places (Weiner et al., 2010; Stigliani et al., 2015). Additionally, as a recent study 

(Vu and Gallant, 2015) shows that the identification of place-selective voxels within medial 

VTC is affected by draining veins more so than other high-level regions in VTC such as 

face-selective regions, the use of our pROI to guide the localization of place-selective voxels 

in future studies may help to reduce variability induced by artifacts produced by large 

draining veins. We also emphasize that our pROI complements prior methods aimed to 

identify place-selective regions in VTC. For example, a recent approach (Julian et al., 2012) 

aims to first anatomically identify a large cortical expanse in parahippocampal cortex before 

then restricting this expanse to a smaller cortical extent that is place-selective when fMRI 

data are available. The combination of these approaches complement one another and 

achieve different research intentions: the approach by Julian and colleagues attempts to 

automate the identification of the PPA from fMRI data, while the present approach aims to 

identify the most probable location of place-selective voxels in VTC based on anatomical 

data even when fMRI data are not available.

Our pROI can be compared to other group ROIs on the FS average brain or can be projected 

to any individual brain using CBA to generate a predicted location of place-selective voxels 

in new individuals. We believe that this approach will be particularly useful in patient 

populations (e.g. blind individuals; Amedi et al., 2007; He et al., 2013; Mahon et al., 2009; 

Wolbers et al., 2011) and intracranial studies (e.g. Bastin et al., 2013; Davidesco et al., 2013; 

Engell and McCarthy, 2010; Jacques et al., 2015; Megevand et al., 2014; Murphey et al., 

2009; Rangarajan et al., 2014) in which it may not be possible to obtain fMRI data, but high 

resolution anatomical MRI data are typically obtained. Additionally, having a probabilistic 

ROI of place selectivity in typical adults can enable future studies to test differences across 

development (Cohen Kadosh and Johnson, 2007; Golarai et al., 2007; Peelen et al., 2009; 

Scherf et al., 2007; Gomez et al., 2016), lifespan (Park et al., 2012), or in atypical 

populations (Aguirre and D’Esposito, 1999; Epstein et al., 2001; Golarai et al., 2006; 

Golarai et al., 2010a; Lind et al., 2013; Mendez and Cherrier, 2003).

Several anatomical and functional constraints likely contribute to the functional-structural 
coupling of place selectivity and cortical folding patterns

Based on the tight relationship between cortical folding and place selectivity in medial VTC 

measured in the present study, we hypothesize that white matter connectivity and underlying 

cytoarchitecture may impose constraints on the location of place selectivity in human medial 

VTC. Evidence that white matter connections may contribute to the location of the PPA 

comes from several recent studies that discovered white matter tracts in the ventral temporal 

lobe that are associated specifically with place selectivity (Gomez et al., 2015; Tavor et al., 

2014; Saygin et al., 2012). Additionally, we recently quantified the relationship between the 

functional and cytoarchitectonic heterogeneity in VTC and found that place-selective voxels 

in medial VTC are largely contained within a single cytoarchitectonic area (FG3), which 

spans the CoS and medial FG (Weiner et al., 2016a, Figure 6). Furthermore, the white matter 

tracts and underlying cytoarchitectonics associated with place selectivity in medial VTC are 

anatomically distinct from tracts and cytoarchitectonic areas associated with face selectivity 
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in lateral VTC (Gomez et al., 2015; Tavor et al., 2014; Osher et al., 2015; Saygin et al., 

2012; Weiner et al., 2016b). Thus, accumulating evidence indicates that long-range white 

matter connectivity and local cellular architecture likely contribute to the tight 

correspondence between place selectivity and cortical folding in human medial VTC.

Nevertheless, additional empirical findings indicate that the PPA is not functionally or 

anatomically homogenous. For example, using a data-driven approach, Cukur and 

colleagues showed that the PPA contains differentiable voxel tuning for multiple semantic 

categories (Cukur et al., 2016). Additionally, Arcaro and colleagues showed that the PPA is 

retinotopically heterogeneous as it spans multiple retinotopic maps (Arcaro et al., 2009; 

Wang et al., 2015; Figure 6). Finally, comparing our pROI relative to a recent multimodal 

parcellation of the brain (Glasser et al., 2016) shows that our pROI contains portions of six 

different multimodal regions (Figure 6). Based on the combination of these findings, at least 

two hypotheses may be tested in future studies: (1) anatomical constraints such as white 

matter connectivity and cytoarchitectonics may couple with place selectivity at the level of 

an area, while other anatomical features (for example, receptor architectonics (Caspers et al., 

2014; Zilles et al., 2002, 2004)) may correspond to more fine-grained functional distinctions 

(for example, semantics and retinotopy) or (2) there are additional subdivisions of both 

white matter and cytoarchitecture that correspond to functionally distinct subdivisions of the 

PPA/CoS-places. Future research combining in-vivo measurements of tissue properties 

(Dick et al., 2012; Glasser and Van Essen, 2011; Mezer et al., 2013; Gomez et al., 2016), 

white matter tracts, and functional properties within the same subjects may be useful to test 

these hypotheses as well as identify additional sources contributing to the structural-

functional coupling in and around the PPA/CoS-places. Altogether, these data across studies 

suggest that a combination of anatomical and functional constraints contribute to the tight 

correspondence between place selectivity and cortical folding in medial VTC.

CONCLUSION

The present study shows that the location of place-selective voxels in medial VTC relative to 

cortical folding is so consistent that it could be predicted from a probabilistic ROI generated 

from independent groups of participants. These findings extend recent results showing that 

cortical positions of high-level visual areas in the ventral temporal lobe are reliably arranged 

relative to the macroanatomy. Our results are important because they reveal regularities in 

the functional organization of high-level visual cortex, which is contrary to the assumption 

that high inter-subject variability in functional-structural relationships is a general feature of 

the organization of higher sensory cortices at the level of areas. Importantly, our study 

provides a cross-validated method to accurately localize place selectivity in individual 

participants when fMRI is not available.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• A probabilistic place ROI was created from cortex-based alignment in 24 

participants

• Cross-validation shows that this ROI predicts place selectivity in new 

participants

• This ROI predicts voxels with peak place selectivity in >500 participants

• The collateral/lingual sulcal junction is most predictive of place selectivity

• We share this predictive ROI with the field (vpnl.stanford.edu/

PlaceSelectivity)
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Figure 1. The location of place-selective voxels relative to the folding of medial ventral temporal 
cortex in individual subjects
Cortical surface reconstructions zoomed on medial ventral temporal cortex in left (A, top) 

and right (B, bottom) hemispheres. Place-selective voxels (red) are consistently located 

within the banks of the collateral sulcus (CoS). There is variability as to how much place-

selective voxels extend into the lingual (dotted black line; LG) and parahippocampal gyri 

(PHG). The CoS-ph (circle) is a small branch, or ramus, of the CoS dividing the LG from 

the PHG (Ono et al., 1990). a: Anterior lingual sulcus (ALS). p: posterior lingual sulcus 

(PLS). POS: parietal occipital sulcus. * anterior tip of the mid-fusiform sulcus.
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Figure 2. Accurate predictions of place-selective voxels in medial VTC from probabilistic ROIs
(A) Probabilistic maps of place-selective voxels from 12 participants in Study 1. Maps of the 

right and left hemisphere on the FreeSurfer (FS) template reflect those voxels shared by at 

least four subjects. (B) Outline of the probabilistic ROIs (pROIs) from (A) in yellow relative 

to pROIs from Study 2 (maroon) from 12 new participants. Blue: posterior lingual sulcus; 

Green: anterior lingual sulcus; *: anterior tip of the mid-fusiform sulcus. (C) The 

correspondence between predicted and actual ROIs assessed by the Dice coefficient for 

unthresholded, 33% thresholded, and 66% thresholded pROIs in the right and left 
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hemispheres. The best possible fit in our data determined by ceiling performance is indicated 

by the horizontal gray bar in the top right. (D) A leave-one-out-cross-validation procedure in 

all 24 subjects across Studies 1 and 2 (at 33% threshold) compared the performance of 

cortex-based and volume-based alignment techniques (e.g. Talairach) to predict place-

selective voxels in a left out participant. Cortex-based alignment out-performed volume-

based alignment by nearly a factor of two in the right hemisphere (1.85±.26) and more than 

a factor of two in the left hemisphere (2.23 ±.24). * all ps < 10−6.
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Figure 3. Predicted place-selective voxels from Study 1 exhibit higher response amplitudes to 
indoor and outdoor scenes compared to other stimuli in Study 2
We extracted the magnitude of fMRI responses from the predicted voxels from Study 1 in a 

new group of 12 subjects in Study 2. Subjects viewed images of child faces (cf), adult faces 

(af), textures (t), abstract objects (a), cars (c), outdoor scenes (o), and indoor scenes (i). 

Predicted voxels exhibit higher fMRI responses to indoor and outdoor scenes compared to a 

variety of other categories. Errorbars: SEM across 12 subjects from Study 2.
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Figure 4. Comparing the locus of peak place-selectivity relative to the probabilistic ROI (pROI)
(A) An unthresholded map illustrating place-selectivity (places > other categories) averaged 

across all 24 subjects from Studies 1 and 2 on the FreeSurfer average cortical surface. Black 

outline illustrates the pROI across these 24 subjects defined with a 33% threshold. The most 

selective voxels are located within this pROI. Left: Left hemisphere. Right: Right 

hemisphere. Asterisk: anterior tip of the mid-fusiform sulcus. ALS: anterior lingual sulcus: 

Calc: Calcarine sulcus; PLS: posterior lingual sulcus. POS: parietal occipital sulcus. (B–C) 
A thresholded map showing voxels exhibiting peak place selectivity in four example 

individual subjects. The colorbar indicates the thresholded value (left most number) to 

identify the peak in each subject. There is individual variability in the magnitude of peak 

selectivity, the exact location of peak selectivity, as well as additional small clusters located 

outside of our pROI. (B) Right hemisphere. (C) Left hemisphere.
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Figure 5. The relationship between our probabilistic ROI (pROI) and the locus of place 
selectivity in over 500 participants
All panels show the FreeSurfer cortical surface zoomed in on ventral temporal cortex. Red 
outline: Contour of the pROI of place selectivity from 24 subjects in the present study. Heat 
map: thresholded place-selectivity map in a group of subjects from (left to right): (1) the 

present 24 subjects, (2) 247 subjects from one half of the Human Connectome Project 500 

subject release, (3) 247 subjects from the other half of the Human Connectome Project 

subject release, and (4) 26 subjects from Nasr et al., 2014. Each map is stringently 

thresholded to isolate the cortical location of the most selective voxels in each independent 

group of participants. Note that the threshold and limits of the color bar are different for 

each group due to the differences in methods implemented to localize each locus of 

selectivity. Despite these differences, the cortical location of these peak selective voxels is 

within the pROI of the present study. Top: Right hemisphere; Bottom: Left hemisphere.
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Figure 6. pROI of place selectivity relative to probabilistic definitions of cytoarchitectonic, 
retinotopic, and multimodal parcellations of medial VTC
The FreeSurfer cortical surface zoomed in on ventral temporal cortex of the right 

hemisphere. Black outline: Contour of the place selectivity pROI from 24 subjects in the 

present study. Left: Blue: a maximum probability map of cytoarchitectonically defined area 

FG3 (Lorenz et al., 2015; Weiner et al., 2016a). Middle: a maximum probability map of 

retinotopic areas within ventral occipitotemporal cortex (see legend for details; Wang et al., 

2015). Right: a maximum probability map of regions within parahippocampal cortex 

determined by a recent multimodal parcellation technique (Glasser et al., 2016). FG3: 

fusiform gyrus 3; hV4: human visual area 4 (Brewer et al., 2005); PHA: parahippocampal 

area (Glasser et al., 2016); PHC: parahippocampal cortex; VMV: ventromedial visual 

(Glasser et al., 2016); VO: ventral occipital (Brewer et al., 2005).
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