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Abstract 13 

The lateral prefrontal cortex (LPFC) is an evolutionarily expanded region in humans that is critical 14 
for numerous complex functions, many of which are largely hominoid-specific. While recent work 15 
shows that the presence or absence of specific sulci in anterior LPFC is associated with cognitive 16 
performance across age groups, it is unknown whether the presence of these structures relates 17 
to individual differences in the functional organization of LPFC. To fill this gap in knowledge, we 18 
leveraged multimodal neuroimaging data from 72 young adult humans aged 22-36 and show that 19 
dorsal and ventral components of the paraintermediate frontal sulcus (pimfs) present distinct 20 
morphological (surface area), architectural (thickness and myelination), and functional (resting-21 
state connectivity networks) properties. We further contextualize the pimfs components within 22 
classic and modern cortical parcellations. Taken together, the dorsal and ventral pimfs 23 
components mark transitions in anatomy and function in LPFC, across metrics and parcellations. 24 
These results emphasize that the pimfs is a critical structure to consider when examining 25 
individual differences in the anatomical and functional organization of LPFC and highlight the 26 
importance of considering individual anatomy when investigating structural and functional 27 
features of the cortex.    28 
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Introduction 35 

A main goal in cognitive and systems neuroscience is to precisely understand how the human 36 

cerebral cortex is organized morphologically, anatomically, and functionally. Of particular interest 37 

are association cortices, which have expanded the most throughout evolution and present 38 

anatomical and functional features that are cognitively relevant – some of which are unique to 39 

humans. For example, classic and ongoing work shows that the lateral prefrontal cortex (LPFC) 40 

displays a complex structural and functional organization that supports numerous complex 41 

cognitive abilities (Badre & D’Esposito, 2009; Demirtaş et al., 2019; Levy & Goldman-Rakic, 2000; 42 

Nee & D’Esposito, 2016; Petrides, 2005; Rosenkilde, 1979; Stuss & Knight, 2013). A growing 43 

body of recent work demonstrates the utility of studying small, shallow, and variable sulci (often 44 

referred to as tertiary sulci; Armstrong et al., 1995; Chi et al., 1977; Sanides, 1964; Welker, 1990) 45 

for understanding the anatomical and functional organization of association cortices, including 46 

LPFC (Amiez et al., 2013, 2021; Amiez & Petrides, 2014; Y. Li et al., 2015; Lopez-Persem et al., 47 

2019; Miller, D’Esposito, et al., 2021; Miller, Voorhies, et al., 2021; Sanides, 1964; Troiani et al., 48 

2016, 2020; Weiner, 2019; Willbrand, Parker, et al., 2022). Intriguingly, some tertiary sulci are 49 

present in every brain, while others are not (Amiez et al., 2019; Hathaway et al., 2023; Malikovic 50 

et al., 2012; Miller et al., 2020; Miller, Voorhies, et al., 2021; Nakamura et al., 2020; Paus et al., 51 

1996; Petrides, 2019; Vallejo-Azar et al., 2022; Willbrand, Parker, et al., 2022; Willbrand, 52 

Voorhies, et al., 2022). In the present study, we focus on the morphological, architectural, and 53 

functional features of variably present sulci in anterior LPFC—the dorsal (pimfs-d) and ventral 54 

(pimfs-v) components of the paraintermediate frontal sulcus (pimfs), respectively. We do so for 55 

four main reasons. 56 

First, the anterior and posterior LPFC differ based on incidence rates of the small, shallow, 57 

and variable tertiary sulci located within them. Across age groups, posterior LPFC contains three 58 

tertiary sulci that are present in all participants (Miller, Voorhies, et al., 2021; Voorhies et al., 2021; 59 

Yao et al., 2022). By contrast, in anterior LPFC, a given hemisphere can have (i) a pimfs-d and 60 
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pimfs-v, (ii) a pimfs-d, but not a pimfs-v (or vice versa), or (iii) neither component (Willbrand, 61 

Jackson, et al., 2023; Willbrand, Voorhies, et al., 2022). Second, the sulcal depth of a subset of 62 

these posterior and anterior LPFC sulci are related to cognitive performance (Voorhies et al., 63 

2021; Yao et al., 2022). Third, two separate studies in pediatric and adult cohorts show that the 64 

presence or absence of the pimfs is related to reasoning performance (Willbrand, Jackson, et al., 65 

2023; Willbrand, Voorhies, et al., 2022). Fourth, while our prior work indicated that the three 66 

posterior LPFC sulci are anatomically distinct structures that co-localize with distinct functional 67 

networks (Miller, Voorhies, et al., 2021), the anatomical and functional distinctiveness and 68 

relevance of the pimfs components have yet to be investigated. 69 

Therefore, to fill this gap in knowledge, we tested whether the two pimfs components are 70 

functionally and/or anatomically dissociable. To do so, we applied classic multimodal criteria 71 

(Felleman & Van Essen, 1991; Kaas, 1997; Van Essen, 2003) to 249 pimfs labels from 72 72 

participants from the Human Connectome Project (HCP; 144 hemispheres; 50% female, aged 73 

22-36) via a three-pronged approach. First, we extracted and compared the morphological (depth, 74 

surface area) features of the pimfs components. Second, we did the same for architectural (gray 75 

matter thickness, myelination) features of the pimfs. Third, we created functional connectivity 76 

profiles for each pimfs component using functional network parcellations of the human cerebral 77 

cortex unique to each HCP participant that was created blind to cortical folding and our sulcal 78 

definitions (Kong et al., 2019). Finally, we contextualized the alignment of our individual-level 79 

pimfs labels with several widely used group-level modern and classic parcellations of the human 80 

cerebral cortex spanning multiple cortical features. 81 

 82 
 83 
Materials and Methods 84 

Multimodal HCP dataset 85 

Data for the young adult human cohort analyzed in the present study were taken from the Human 86 

Connectome Project (HCP) database: ConnectomeDB (db.humanconnectome.org). Here, as in 87 
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several prior studies (Miller, Voorhies, et al., 2021; Willbrand, Jackson, et al., 2023; Willbrand, 88 

Parker, et al., 2022), we used a randomly selected subset of 72 participants (50% female, aged 89 

between 22 and 36 years old), given the time-intensive process of individual sulcal labeling. 90 

Additionally, previous work examining structural-functional correspondences in individual 91 

hemispheres shows that this sample size is large enough to encapsulate individual differences 92 

and detect reliable effects in individual hemispheres (e.g., as few as 20 hemispheres is typically 93 

considered a sufficient sample size; (Amiez et al., 2006; Amunts et al., 2020; Amunts & Zilles, 94 

2015; Lopez-Persem et al., 2019; Zlatkina et al., 2016). HCP consortium data were previously 95 

acquired using protocols approved by the Washington University Institutional Review Board and 96 

informed consent was obtained from all participants.  97 

Anatomical T1-weighted (T1-w) MRI scans (0.7 mm voxel resolution) were obtained in 98 

native space from the HCP database (db.humanconnectome.org), along with outputs from the 99 

HCP modified FreeSurfer pipeline (v5.3.0; (Dale et al., 1999; Fischl, Sereno, & Dale, 1999; Fischl, 100 

Sereno, Tootell, et al., 1999; Glasser et al., 2013). Additional details on image acquisition 101 

parameters and image processing can be found in the previously published work by Glasser and 102 

colleagues (Glasser et al., 2013). Maps of the ratio of T1-w and T2-w scans, which is a measure 103 

of tissue contrast enhancement related to myelin content, were downloaded as part of the HCP 104 

‘Structural Extended’ release. All subsequent sulcal labeling and extraction of anatomical metrics 105 

were calculated on the cortical surface reconstructions of individual participants generated 106 

through the HCP’s custom-modified version of the FreeSurfer pipeline (Dale et al., 1999; Fischl, 107 

Sereno, & Dale, 1999; Fischl, Sereno, Tootell, et al., 1999; Glasser et al., 2013).  108 

 109 

Anatomical analyses 110 

Manual sulcal labeling 111 

LPFC sulci were manually defined within each individual hemisphere using tksurfer, as in prior 112 

work (Miller, Voorhies, et al., 2021; Voorhies et al., 2021; Willbrand, Ferrer, et al., 2023; Willbrand, 113 
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Jackson, et al., 2023; Willbrand, Voorhies, et al., 2022; Yao et al., 2022). Manual lines were drawn 114 

on the inflated cortical surface to define sulci based on the most recent schematics of pimfs and 115 

sulcal patterning in LPFC by Petrides (Petrides, 2019), as well as by the pial and smoothwm 116 

surfaces of each individual (Miller, Voorhies, et al., 2021). In some cases, the precise start- or 117 

end-point of a sulcus can be difficult to determine on a surface (Borne et al., 2020). Thus, using 118 

the inflated, pial, and smoothwm surfaces to inform our labeling allowed us to form a consensus 119 

across surfaces and clearly determine each sulcal boundary. The location of pimfs components 120 

was confirmed by trained independent raters and finalized by a neuroanatomist (K.S.W.).  121 

In the present study, we restricted our analyses to the anterior MFG (aMFG; Figure 1), as 122 

the anatomical and functional properties of the tertiary sulci in posterior MFG (pMFG) have 123 

already been assessed (Miller, Voorhies, et al., 2021). Although this project focused primarily on 124 

the pimfs and three immediately surrounding sulci [i.e., the horizontal component of the 125 

intermediate middle frontal sulcus (imfs-h), ventral component of the intermediate middle frontal 126 

sulcus (imfs-v), and inferior frontal sulcus (ifs)], the manual identification of the other 19 LPFC 127 

sulci (2,985 sulcal definitions across all 72 participants) was required to ensure the most accurate 128 

definition of all sulci. For in-depth descriptions of all LPFC sulci, see (Miller, D’Esposito, et al., 129 

2021; Miller, Voorhies, et al., 2021; Petrides, 2019; Voorhies et al., 2021; Willbrand, Ferrer, et al., 130 

2023; Willbrand, Jackson, et al., 2023; Yao et al., 2022). In each hemisphere, we first labeled the 131 

surrounding primary (ifs) and secondary sulci (imfs-h and imfs-v) so that we could use them as 132 

landmarks to identify the pimfs (Figure 1). As described in prior work (Willbrand, Jackson, et al., 133 

2023; Willbrand, Voorhies, et al., 2022), the dorsal and ventral components of the pimfs (pimfs-d 134 

and pimfs-v) were generally defined using the following two-fold criterion: i) the sulci ventrolateral 135 

to the imfs-h and imfs-v, respectively, and ii) superior and/or anterior to the mid-anterior portion 136 

of the ifs (Figure 1).  137 

 138 
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Quantifying and comparing the morphology and architecture of the paraintermediate frontal sulcus 139 

components 140 

Morphologically, we compared the depth and surface area of the pimfs components, as these are 141 

two of the primary morphological features used to define and characterize sulci (Armstrong et al., 142 

1995; Chi et al., 1977; X. Li et al., 2022; Lopez-Persem et al., 2019; Madan, 2019; Miller, 143 

D’Esposito, et al., 2021; Miller et al., 2020; Miller, Voorhies, et al., 2021; Natu et al., 2021; 144 

Petrides, 2019; Sanides, 1964; Voorhies et al., 2021; Weiner, 2019; Weiner et al., 2014, 2018; 145 

Welker, 1990; Willbrand, Ferrer, et al., 2023; Willbrand, Parker, et al., 2022; Willbrand, Voorhies, 146 

et al., 2022; Yao et al., 2022). We expected that the pimfs components would be shallower and 147 

smaller than the three more prominent sulci surrounding them, based on our prior work on the 148 

three pMFG tertiary sulci in young adults (Miller, Voorhies, et al., 2021) and for the pimfs in 149 

children and adolescents (Voorhies et al., 2021). Indeed, this is what we found (Figure A.1).  150 

Sulcal depth and surface area were measured following the same procedures as in our 151 

prior work (Voorhies et al., 2021; Yao et al., 2022). Mean sulcal depth values (in standard 152 

FreeSurfer units) were computed in native space from the .sulc file generated in FreeSurfer (Dale 153 

et al., 1999; Fischl, Sereno, & Dale, 1999; Fischl, Sereno, Tootell, et al., 1999) with custom Python 154 

code (leveraging functions from the nilearn and nibabel packages) developed in our prior work 155 

(Voorhies et al., 2021). Briefly, depth values are calculated based on how far removed a vertex is 156 

from what is referred to as a “mid-surface,” which is determined computationally such that the 157 

mean of the displacements around this “mid-surface” is zero. Thus, generally, gyri have negative 158 

values, while sulci have positive values. Given the shallowness and variability in the depth of 159 

tertiary sulci (Miller, Voorhies, et al., 2021; Voorhies et al., 2021; Yao et al., 2022), some mean 160 

depth values extend below zero. We emphasize that this just reflects the metric implemented in 161 

FreeSurfer. Each depth value was also normalized by the deepest point in the given hemisphere. 162 

Surface area (in square millimeters) was generated for each sulcus through the 163 

mris_anatomical_stats function in FreeSurfer (Fischl & Dale, 2000). Surface area was normalized 164 
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by hemispheric surface area as in our prior work (Hathaway et al., 2023; Willbrand, Ferrer, et al., 165 

2023; Willbrand, Voorhies, et al., 2022).  166 

Architecturally, we compared cortical thickness and myelination (Figure 2A), as in our 167 

prior work (Miller, Voorhies, et al., 2021; Voorhies et al., 2021; Willbrand, Parker, et al., 2022). 168 

Mean gray matter cortical thickness (mm) was extracted from each sulcus using the 169 

mris_anatomical_stats function in FreeSurfer (Fischl & Dale, 2000). To quantify myelin content, 170 

we used an in vivo proxy of myelination: the T1-w/T2-w maps for each individual hemisphere 171 

(Glasser & Van Essen, 2011; Shams et al., 2019). To generate the T1-w/T2-w maps, two T1-w 172 

and T2-w structural MR scans from each participant were registered together and averaged as 173 

part of the HCP processing pipeline (Glasser et al., 2013). The averaging helps to reduce motion-174 

related effects or blurring. Additionally, the T1-w/T2-w images were bias-corrected for distortion 175 

effects using field maps, as described by Glasser and colleagues (Glasser et al., 2013). We then 176 

extracted the average T1-w/T2-w ratio values across each vertex for each sulcus using custom 177 

Python code, leveraging functions from the nilearn and nibabel packages (Miller, Voorhies, et al., 178 

2021). 179 

To assess whether these four metrics differed between the pimfs components, we ran a 180 

linear mixed effects model (LME) with the following predictors: sulcal component (pimfs-d and 181 

pimfs-v) × metric (surface area, depth, cortical thickness, and myelination) × hemisphere (left and 182 

right). Sulcal component, metric, and hemisphere were treated as fixed effects. Metric was nested 183 

within sulcus, which was nested within hemisphere, which was nested within subject. An ANOVA 184 

F-test was subsequently conducted, from which results were reported. We also assessed whether 185 

the presence/absence of the pimfs-d impacted these features of the pimfs-v, and vice versa, by 186 

running an LME for each component, exchanging the predictor “sulcal component” for “number 187 

of components” (one, two).  188 

 189 
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Functional analyses 190 

To assess whether the pimfs components are functionally distinct, we implemented a three-191 

pronged approach leveraging data spanning the individual (Kong et al., 2019), meta-analysis (Yeo 192 

et al., 2015), and group levels (Fan et al., 2016; Foit et al., 2022; Glasser et al., 2016; Scholtens 193 

et al., 2018; Van Essen, 2005), which we now discuss in turn. 194 

 195 

Individual level: Comparing connectivity of the paraintermediate frontal sulcus components from 196 

resting-state functional connectivity network parcellations 197 

To determine whether the pimfs components are functionally distinct, we generated functional 198 

connectivity profiles, or “connectivity fingerprints”, using a recently developed analytic approach 199 

(Miller, Voorhies, et al., 2021; Willbrand, Parker, et al., 2022). First, we used resting-state network 200 

parcellations for each individual participant from Kong and colleagues (Kong et al., 2019), who 201 

previously generated individual network definitions by applying a hierarchical Bayesian network 202 

algorithm to produce maps for each of the 17 networks in individual HCP participants. These data 203 

were calculated in the template HCP fs_LR 32k space. Importantly, this parcellation was 204 

conducted blind to cortical folding (and therefore, our sulcal definitions). Next, we resampled the 205 

network profiles for each participant onto the fsaverage cortical surface, and then to each native 206 

surface using CBIG tools (https://github.com/ThomasYeoLab/CBIG).  207 

We then calculated, for each hemisphere and participant, the spatial overlap between a 208 

sulcus and each of the (i) eight main networks comprising the parcellation (Auditory, Control, 209 

Default, Dorsal Attention, Somatomotor, Temporal-Parietal, Ventral Attention, Visual) and (ii) 17 210 

individual resting-state networks (i.e., considering sub-networks: Auditory, Control A, Control B, 211 

Control C, Default A, Default B, Default C, Dorsal Attention A, Dorsal Attention B, Somatomotor 212 

A, Somatomotor B, Temporal-Parietal, Ventral Attention A, Ventral Attention B, Visual A, Visual 213 

B, Visual C). To quantify the overlap between a sulcus and each of the networks, we computed 214 

Dice coefficients: 215 
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𝐷𝐼𝐶𝐸	(𝑋, 𝑌) 	= 	
2	|𝑋	 ∩ 	𝑌|
|𝑋| 	+	 |𝑌|

 216 

where X and Y are the sulcus and network, | | represents the number of elements in each set, 217 

and ∩ represents the intersection of two sets. Fourth, we ran two LMEs [predictors: sulcal 218 

component (pimfs-d and pimfs-v) × network (8 or 17 networks) × hemisphere (left and right)] to 219 

determine whether the network profiles (i.e., the Dice coefficient overlap with each network) of 220 

the pimfs-d and pimfs-v were differentiable from one another. In the first LME, we compared the 221 

profiles using the general eight networks to assess broad correspondences. Next, we compared 222 

the connectivity fingerprints of the pimfs components with all 17 networks to determine which sub-223 

networks were driving the effect in the first model. In this second model, sulcal component, 224 

network, and hemisphere were treated as fixed effects. Network was nested within sulcal 225 

component, which was nested within hemisphere, which was in turn nested within subject. 226 

ANOVA F-tests were applied to each model.  227 

To quantify variability and individual differences in the connectivity fingerprints of each 228 

pimfs component, we calculated the Wasserstein metric (Earth Mover's Distance) between the 229 

resting-state network overlap values for each unique pair of participants, such that a larger 230 

distance indicates decreased similarity. We then applied the non-parametric Wilcoxon signed-231 

rank test to the pimfs Wasserstein metric data to assess whether the pimfs components differed 232 

in terms of inter-individual variability of the pattern of network overlap.  233 

 234 

Meta-analysis: Cognitive component modeling of the paraintermediate frontal sulcus components  235 

To further assess the functional dissociability of the pimfs components, we quantified the overlap 236 

between each sulcal component and meta-analytic fMRI data at the group level from 10,449 237 

neuroimaging experiments, which yielded 14 probabilistic “cognitive component” maps (Yeo et 238 

al., 2015). The cognitive component model from Yeo and colleagues (Yeo et al., 2015) links 239 
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patterns of brain activity to behavioral tasks via latent components representing putative functional 240 

subsystems. Each cognitive component map, which was calculated on the fsaverage surface, 241 

provides the probability that a given voxel will be activated by one of the 14 components (Yeo et 242 

al., 2015).  243 

To relate the sulcal components of each individual to the vertex-wise maps of the 14 244 

cognitive components (Yeo et al., 2015), we first aligned each sulcal label to the fsaverage 245 

surface, using the mri_label2label FreeSurfer function. We then used a Bayesian method of 246 

expectation maximization to determine the combination of cognitive components that best fit each 247 

sulcal component for each participant in each hemisphere. This resulted in a set of probabilities 248 

of overlap between the pimfs-d and pimfs-v and each of the 14 cognitive components. We 249 

previously validated this approach by showing that the somatomotor components of the cognitive 250 

component map aligned strongly with the central sulcus (Miller, Voorhies, et al., 2021). Moreover, 251 

we showed that it was possible to detect functional differences between neighboring tertiary sulci: 252 

specifically, between the three pmfs components in the pMFG (Miller, Voorhies, et al., 2021). 253 

Therefore, in the present study, we tested whether the pimfs components were distinguishable 254 

based on these cognitive component loadings, via an LME [predictors: sulcal component (pimfs-255 

d and pimfs-v) × cognitive component (14 components) × hemisphere (left and right)]. Sulcal 256 

component, cognitive component, and hemisphere were treated as fixed effects. Cognitive 257 

component was nested within sulcal component, which was nested within hemisphere, which was 258 

nested within subject. ANOVA F-tests were applied to each model. These results are discussed 259 

in Figure A.5. 260 

 261 

Group level: Comparing co-localization of the paraintermediate frontal sulcus components with 262 

classic and modern group-level parcellations of the cerebral cortex 263 

Finally, we sought to situate the pimfs components with respect to modern and classic cortical 264 

parcellations. In the main text we highlight two parcellations: the group-level HCP 180-region 265 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       11 

 

multimodal parcellation (HCP-MMP), derived from topography, architecture, function, and 266 

connectivity (Glasser et al., 2016), as well as Brodmann's cytoarchitectonic parcellation 267 

(Brodmann, 1909) mapped onto the fsavarage surface (i.e., the PALS B12 Brodmann atlas; (Van 268 

Essen, 2005). We specifically focused on the HCP-MMP because it is based on multiple 269 

anatomical and functional metrics, was derived from the sample used in the present study, and 270 

has been highly influential since its release (Glasser et al., 2016). We also focused on Brodmann’s 271 

cytoarchitectonic parcellation because it is foundational to the field of brain mapping, having been 272 

used to identify the location of different functional areas in thousands of studies (Zilles, 2018).  273 

We adopted a similar procedure to the one used for the individually derived parcellations 274 

and meta-analysis cognitive components described above. First, we resampled the pimfs 275 

components of each participant to the common fsaverage surface, which the HCP-MMP and 276 

Brodmann parcellations were also mapped onto (Glasser et al., 2016; Van Essen, 2005). Second, 277 

for each participant and hemisphere, we calculated the Dice coefficient to measure the overlap 278 

between each sulcal component and the group-level parcellations in the Glasser and Brodmann 279 

atlases that comprise LPFC: specifically,  eight HCP-MMP regions (IFS-p, IFS-a, p9-46v, 46, 9-280 

46d, a9-46v, p47r, a47r; (Glasser et al., 2016) and six Brodmann Areas (BAs; 45, 46, 47, 9, 10, 281 

11; (Brodmann, 1909). Third, we ran an LME [predictors: sulcal component (pimfs-d and pimfs-v) 282 

× ROI × hemisphere (left and right)] to determine if the the pimfs-d and pimfs-v were differentiable 283 

from one another based on each parcellation. ROI was nested within sulcal component, which 284 

was nested within hemisphere, which was nested within subject. ANOVA F-tests were applied to 285 

each model.   286 

 We then repeated this pipeline with three additional cortical parcellations, to expand upon 287 

the two focused on in the main text. First, we used the modern, functional connectivity-based 288 

Brainnetome atlas (specifically nine LPFC regions: IFJ, A8vl, A9/46d, A9/46v, IFS, A46, A45r, 289 

A10l, A12/47l; (Fan et al., 2016). Second, we used the classic Von Economo and Koskinas (von 290 

Economo & Koskinas, 1925) cytoarchitecture parcellation—specifically five LPFC regions: FC, 291 
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FD, FDdelta, FDT, FF—which was recently projected to the fsaverage surface by Scholtens et al. 292 

(Scholtens et al., 2018). Third, we used the classic myeloarchitecture parcellation of the Vogt-293 

Vogt school (Vogt & Vogt, 1919) (specifically seven LPFC regions: 48, 49, 52, 53, 54, 58, 59), 294 

which was also recently projected to the fsaverage surface by Foit et al. (Foit et al., 2022). The 295 

same format of LME was applied in these cases as well.  296 

 297 

Statistics 298 

All statistical tests were implemented in R (v4.0.1). LMEs were implemented with the lme function 299 

from nlme R package. ANOVA F-tests were run with the anova function from the stats R package. 300 

Effect sizes for the ANOVAs are reported with the partial eta-squared (η2) metric. Relevant post 301 

hoc pairwise comparisons on ANOVA effects were computed with the emmeans and contrast 302 

functions from the emmeans R package (p-values adjusted with Tukey’s method). The effect size 303 

for post hoc pairwise comparisons is reported with the Cohen’s d (d) metric. Wasserstein distance 304 

was calculated with the wasserstein1d function from the transport R package. The Wilcoxon test 305 

was implemented with the wilcox.test function from the stats R package. If an effect or interaction 306 

with a factor (such as hemisphere) is not explicitly reported, it is not significant. 307 

 308 

Results 309 

When present, the dorsal and ventral components of the pimfs differ morphologically and 310 

architecturally 311 

As described in the Materials and Methods and in our prior work (Willbrand, Jackson, et al., 312 

2023; Willbrand, Voorhies, et al., 2022), the pimfs components are two variable sulci in the aMFG, 313 

identified based on their proximity to the more prominent and superior imfs (Figure 1). The dorsal 314 

pimfs is inferior to the horizontal imfs, whereas the ventral pimfs is inferior to the ventral imfs 315 

(Figure 1). Both sulci are superior and anterior to the ifs (Figure 1). The pimfs is also variably 316 

present across the 72 young adult participants in this sample (see example hemispheres in 317 
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Figure 1): in a given hemisphere, individuals may have 2, 1, or 0 components. In this sample, the 318 

pimfs-d was present in 89% of the left and 88% of the right hemispheres, whereas the pimfs-v 319 

was present in 81% of the left and 89% of the right hemispheres (Willbrand, Jackson, et al., 2023). 320 

With regard to the number of components present, both pimfs-d and pimfs-v were present in in 321 

72% of the left and 78% of the right hemispheres, a single one was present in 25% of the left and 322 

21% of the right hemispheres, and neither was present in 3% of the left and 1% of right 323 

hemispheres. 324 

 325 

 326 

Figure 1. Components of the paraintermediate frontal sulcus are often, but not always, identifiable 327 
within individual hemispheres. Left: pial (top) and inflated (bottom) left hemisphere (dark gray: sulci; light 328 
gray: gyri) from an example participant with the two components of the paraintermediate frontal sulcus 329 
(dorsal: pimfs-d; ventral: pimfs-v) defined, as well as three prominent surrounding sulci: i) horizontal 330 
component of the intermediate frontal sulcus (imfs-h), ii) ventral component of the intermediate frontal 331 
sulcus (imfs-v), and inferior frontal sulcus (ifs). Sulci are colored according to the key below. The black box 332 
around the inflated surface focuses on the lateral prefrontal cortex (LPFC). Right: Additional left (LH) and 333 
right (RH) inflated cortical surfaces of six individual participants focused on the LPFC. While there can be 334 
0, 1, or 2 pimfs components in a given hemisphere, we primarily show hemispheres containing 2 335 
components (with the exception of P4). 57% of individuals had both components in both hemispheres.  336 
 337 

After defining the pimfs components, we tested, based on four metrics, whether they 338 

differed morphologically and architecturally (Materials and Methods). Morphologically, we tested 339 

sulcal surface area (normalized to hemispheric surface area) and depth (normalized to maximal 340 
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hemispheric depth), since these are two of the primary features used to describe sulci (e.g., 341 

(Armstrong et al., 1995; Chi et al., 1977; X. Li et al., 2022; Lopez-Persem et al., 2019; Madan, 342 

2019; Miller, Voorhies, et al., 2021; Natu et al., 2021; Petrides, 2019; Sanides, 1964; Weiner, 343 

2019; Welker, 1990). Architecturally, we assessed cortical thickness (in mm) and myelination (T1-344 

w/T2-w ratio; (Glasser et al., 2013; Glasser & Van Essen, 2011); see Figure 2A for these values 345 

displayed on example hemispheres), as they are additional metrics commonly used to describe 346 

and compare sulci (e.g., (Alemán-Gómez et al., 2013; Ammons et al., 2021; Bertoux et al., 2019; 347 

Fornito et al., 2008; Miller et al., 2020; Miller, Voorhies, et al., 2021; Natu et al., 2019; Voorhies 348 

et al., 2021; Willbrand, Ferrer, et al., 2023; Willbrand, Parker, et al., 2022; Yao et al., 2022).  349 

An LME [predictors: sulcal component (pimfs-d and pimfs-v) × metric (surface area, depth, 350 

cortical thickness, and myelination) × hemisphere (left and right)] revealed a sulcal component × 351 

metric interaction (F(3, 735) = 5.50, η2 = 0.02, p = .001). Post hoc pairwise comparisons revealed 352 

that (i) the pimfs-d was on average 15.73% smaller than the pimfs-v (d = 0.34, p = .005), (ii) there 353 

were no differences in sulcal depth (d = 0.10, p = .38), (iii) the pimfs-d was on average 2.48% 354 

cortically thicker than the pimfs-v on average (d = 0.26, p = .020), and (iv) the pimfs-d was on 355 

average 0.81% less myelinated than the pimfs-v (d = 0.30, p = .029; Figure 2B). Removing 356 

outliers did not meaningfully impact this interaction or the subsequent post hoc comparisons; in 357 

fact, doing so made some of the differences numerically stronger (interaction (F(3, 714) = 6.67, 358 

η2 = 0.03, p < .001), surface area (d = 0.38, p = .001; pimfs-d 16.36% smaller than pimfs-v on 359 

average), depth (d = 0.10, p = .32), cortical thickness (d = 0.35, p = .015; pimfs-d 2.92% thicker 360 

than pimfs-v on average), and myelination (d = 0.33, p = .010; pimfs-d 0.81% less myelinated 361 

than pimfs-v on average)). Further, the surface area, depth, cortical thickness, and myelination of 362 

the pimfs-d and pimfs-v did not differ based on the presence/absence of the other component (ps 363 

> .31).  Altogether, these results indicate that the pimfs-d and pimfs-v are dissociable on the basis 364 

of morphology (surface area) and architecture (cortical thickness and myelination) at the individual 365 

level. 366 
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 367 

Figure 2. Pimfs-d is 15.73% smaller, 2.48% cortically thicker, and 0.81% less myelinated on average 368 
than pimfs-v. A. Four example inflated hemispheres (labeled H1, H2, etc; two left and two right; all oriented 369 
as right hemispheres) displaying the thickness/myelination ratio (heatmap; see bottom color bar) within 370 
each pimfs component (pimfs-d: black outline; pimfs-v: white outline). Surfaces are focused on LPFC as in 371 
Figure 1. Note that these example hemispheres display the effects shown in B: the pimfs-d is smaller, as 372 
well as thicker and less myelinated (as shown by the higher thickness/myelination ratio) than the pimfs-v. 373 
B. Polar plot showing the mean morphological (top) and architectural (bottom) values for the pimfs 374 
components (averaged across hemisphere; see Figure A.2 for these values split by hemisphere). Solid 375 
lines and dots represent the means. Dashed lines represent ± standard error. Lines and dots are colored 376 
by sulcal component (pimfs-d: black, pimfs-v: white/gray). Each concentric circle corresponds to the units 377 
shown to the left, which are standardized to allow for these metrics to be plotted together. Line and asterisks 378 
above each of the metric labels indicate the post hoc pairwise comparisons on the sulcus × metric 379 
interaction (* p < .05, ** p < .01).   380 
 381 
 382 

When present, the ventral and dorsal components of the pimfs are functionally dissociable 383 

Classic and recent work implicate the topography of tertiary sulci in the functional organization of 384 

association cortices (Amiez et al., 2013; Amiez & Petrides, 2014; Y. Li et al., 2015; Lopez-Persem 385 

et al., 2019; Miller, D’Esposito, et al., 2021; Miller, Voorhies, et al., 2021; Sanides, 1964; Troiani 386 

et al., 2016, 2020; Weiner, 2019; Willbrand, Parker, et al., 2022). Particularly relevant to the 387 

present study, our prior work indicated that the pMFG tertiary sulci were dissociable based on 388 
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their relationship to fMRI connectivity networks (Miller, Voorhies, et al., 2021). Therefore, we 389 

sought to extend this assessment to the pimfs components in the aMFG.  390 

To this end, we leveraged individual-level resting-state functional connectivity 391 

parcellations in the HCP sample (Kong et al., 2019). Importantly, these individual-level 392 

parcellations were developed without consideration for cortical folding (and therefore blind to our 393 

sulcal labels). For each pimfs component, we calculated the overlap with 8- and 17-functional 394 

network parcellations via the Dice coefficient (Materials and Methods). Akin to prior work on 395 

individual-level functional network variations (Gordon et al., 2017; Seitzman et al., 2019), this 396 

procedure generated a “connectivity fingerprint” for each pimfs component for each participant 397 

that is reflective of whole-brain connectivity patterns (for an example of this individual-level sulcal-398 

network overlap see Figure 3A, see Figures A.3 and A.4 for all individual connectivity 399 

fingerprints).  400 

 We first assessed the relationship between the pimfs components and eight broad 401 

functional connectivity networks identified by Kong and colleagues (Kong et al., 2019); Auditory, 402 

Control, Default, Dorsal Attention, Somatomotor, Temporal-Parietal, Ventral Attention/Salience, 403 

Visual). An LME [predictors: sulcal component (pimfs-d and pimfs-v) × network (8 networks) × 404 

hemisphere (left and right)] revealed a sulcal component × network interaction (F(7, 1659) = 405 

55.09, η2 = 0.19, p < .001). Post hoc pairwise comparisons revealed a double dissociation: pimfs-406 

d overlapped more with the Ventral Attention/Salience network (d = 0.95, p < .001; pimfs-d: mean 407 

± se = 0.60 ± 0.03, pimfs-v: mean ± se = 0.27 ± 0.03; Figure 3B), whereas pimfs-v overlapped 408 

more with the Control network (d = 0.92, p < .001; pimfs-d: mean ± se = 0.52 ± 0.03, pimfs-v: 409 

mean ± se = 0.82 ± 0.02; Figure 3B). There was also a sulcal component × network interaction 410 

× hemisphere interaction (F(7, 1659) = 2.78, η2 = 0.01, p = .007), such that the pimfs-d overlapped 411 

more with the Control network in the right hemisphere (d = 0.25, p = .004) and with the Ventral 412 

Attention/Salience network in the left hemisphere (d = 0.22, p = .015), thereby indicating that the 413 

dissociation was stronger in the left hemisphere (Figure 3B). Additionally, the pattern of overlap 414 
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between a given component and the networks did not differ based on whether or not the other 415 

component was present (ps > .40). 416 

 We then assessed the degree of overlap of the pimfs components with the sub-networks 417 

of these aforementioned networks (Control A, Control B, Control C, Ventral Attention/Salience A, 418 

Ventral Attention/Salience B; Figure 3A). Once again, an LME [predictors: sulcal component 419 

(pimfs-d and pimfs-v) × network (17 networks) × hemisphere (left and right)] revealed a sulcal 420 

component × network interaction (F(16, 3792) = 26.93, η2 = 0.10, p < .001). Post hoc pairwise 421 

comparisons revealed that the pimfs-d overlapped more with Ventral Attention/Salience B sub-422 

network (d = 0.94, p < .001; Figure 3C), while the pimfs-v overlapped more with the three Control 423 

sub-networks: Control A (d = 0.13, p = .022), Control B (d = 0.86, p < .001), and Control C (d = 424 

0.27, p < .001; Figure 3C). It is worth noting that the overlap of pimfs-d with the broad Ventral 425 

Attention/Salience network was driven by strong overlap with a single subnetwork, Ventral 426 

Attention B (Figures 3C, A.3, and A.4) at the level of individual participants. By contrast, the 427 

overlap of the pimfs-v was more variable across individuals and split among all three sub-428 

networks (Figures 3C, A.3, and A.4). This observation was statistically supported by the pimfs-v 429 

having a larger Wasserstein distance (W = 6.07 × 106, p < .001; pimfs-d: mean ± se = 0.0311 ± 430 

0.0003, pimfs-v: mean ± se = 0.0325 ± 0.0003), which indicates decreased similarity and therefore 431 

greater variability between participants (Materials and Methods). As with the broad functional 432 

networks, the relationships between each component and the functional sub-networks did not 433 

differ based on whether or not the other component was present (ps > .37). The functional network 434 

dissociations between the pimfs components identified in individual participants also extended to 435 

meta-analytic fMRI data from over 10,000 neuroimaging experiments (Yeo et al., 2015); Figure 436 

A.5; Materials and Methods). Altogether, our analyses indicate that the pimfs-d and pimfs-v are 437 

functionally dissociable and have different connectivity fingerprints, despite being in close cortical 438 

proximity to one another (Figure 1).  439 
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 440 

Figure 3. The pimfs components differ based on individually-derived functional connectivity 441 
fingerprints. A. Example left (LH) and right (RH) hemispheres displaying the relationship between the 442 
pimfs components (pimfs-d: black outline; pimfs-v: white outline) and the Ventral Attention/Salience 443 
networks (red areas), as well as the Control networks (blue areas) as defined by Kong et al., 2019. We only 444 
visualize these two broad networks/five sub-networks, as they are the only ones prominently overlapping 445 
with the pimfs. B. Dice coefficients are plotted as a function of sulcal component (x-axis; pimfs-d: black, 446 
pimfs-v: white), broad networks (facets), and hemisphere (left hemisphere: darker shades; right 447 
hemisphere: lighter shades). Large dots and error bars represent mean ± standard error. Horizontal lines 448 
and asterisks indicate the significance of the post hoc pairwise comparisons stemming from the sulcus × 449 
network interaction on Dice coefficient overlap (* p < .05, ** p < .01, *** p < .001). Vertical lines and asterisks 450 
indicate the significance level of the post hoc pairwise comparisons stemming from the sulcus × network × 451 
hemisphere interaction.  C. Same as B, but for sub-networks: the Ventral Attention/Salience and Control 452 
sub-networks. Lines and asterisks indicate the significance level of the post hoc pairwise comparisons 453 
stemming from the sulcus × network interaction on Dice coefficient overlap. Although there was a sulcus × 454 
network × hemisphere for the broad networks, this interaction was not significant with the sub-networks (p 455 
= .19). 456 
 457 
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Components of the paraintermediate frontal sulcus can disappear on average surfaces: 458 

Implications for neuroimaging studies performing group analyses 459 

The variable presence of the pimfs can affect neuroimaging studies aimed at assessing structural-460 

functional correspondences using group analyses and averaged cortical surface reconstructions. 461 

For example, the putative “averaged” pimfs components are visible in the left, but not right, 462 

hemisphere of the commonly used fsaverage template (which is made from 39 participants, see 463 

https://surfer.nmr.mgh.harvard.edu/fswiki/FsAverage for additional details; Figure 4A). Notably, 464 

the fact that two components are visible in the left-hemisphere fsaverage template  does not mean 465 

that the pimfs components are more common in the left hemisphere. Both in this adult sample 466 

(Willbrand, Jackson, et al., 2023) and a previous pediatric sample (Willbrand, Voorhies, et al., 467 

2022), the incidence of pimfs-d and pimfs-v do not differ significantly across hemispheres.  468 

 Beyond freely available templates such as the fsaverage surface, pimfs components can 469 

disappear when averaging randomly chosen cortical surfaces from large databases, such as the 470 

Human Connectome Project used in the present study (Glasser et al., 2013). For example, when 471 

randomly choosing either 100 or 650 HCP participants, the pimfs components are no longer 472 

visible in the left hemisphere (Figure 4A). This highlights the variability of the pimfs and, more 473 

generally, how anatomical variability could affect neuroimaging studies focused on anatomical-474 

functional correspondences, thereby necessitating analyses at the level of individual participants. 475 
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 476 
 477 
Figure 4. Paraintermediate frontal sulcal 478 
components can disappear on average surfaces. A. 479 
The variability of the pimfs in the aMFG can cause them 480 
to disappear when individual surfaces are averaged 481 
together. Surfaces are focused on LPFC, as in Figure 482 
1. Top to bottom: i) fsaverage surface (39 participants), 483 
ii) 100 Human Connectome Project (HCP) participants, 484 
iii) 650 HCP participants. The disappearance of these 485 
sulci on average surfaces, which are often used for 486 
group analyses in neuroimaging research, emphasizes 487 
the importance of defining these structures on individual 488 
hemispheres (Figure 1). B. Probabilistic maximum 489 
probability maps (MPM; thresholded at 10% of vertex 490 
overlap across participants) of the pimfs-d (top) and 491 
pimfs-v (bottom) on the fsaverage surface (data from 492 
(Willbrand, Jackson, et al., 2023), showing that the likely 493 
location of the pimfs components do not necessarily 494 
align with clearly identifiable structures on average 495 
surfaces. 496 
 497 

 498 

Discussion 499 

Overview 500 

By applying a multimodal and multiscale approach based on classic criteria (Felleman & Van 501 

Essen, 1991; Kaas, 1997; Van Essen, 2003) to 249 pimfs labels from 72 participants, we 502 

demonstrated that the pimfs-d and pimfs-v—two variable sulci in anterior LPFC—are anatomically 503 

and functionally dissociable cortical structures (Figure 1). First, the pimfs-d and pimfs-v are 504 

morphologically dissociable based on their size (which is also the largest difference): the surface 505 

area of the pimfs-d is 15.73% smaller on average than the pimfs-v. Second, the pimfs-d and pimfs-506 

v are dissociable based on architectural features (cortical thickness and myelination): the pimfs-507 

d has a 2.48% higher thickness and 0.81% less myelination (T1-w/T2-w ratio proxy) on average 508 

than the pimfs-v. Third, the pimfs-d and pimfs-v are functionally dissociable based on data at the 509 

individual (Kong et al., 2019) and meta-analytic levels (Yeo et al., 2015).  510 
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The present study builds on the growing literature examining relationships between sulcal 511 

anatomy and the anatomical and functional organization of association cortices, including ventral 512 

temporal cortex (Weiner, 2019), posterior LPFC (Miller, Voorhies, et al., 2021), medial PFC 513 

(Amiez et al., 2013, 2021; Amiez & Petrides, 2014; Lopez-Persem et al., 2019), orbitofrontal 514 

cortex (Y. Li et al., 2015; Troiani et al., 2016, 2020), and posteromedial cortex (Willbrand, Parker, 515 

et al., 2022). In the sections below, we discuss these findings in the context of tertiary sulci serving 516 

as personalized coordinates for function and architecture in association cortices, and the impact 517 

of sulcal variability on regional anatomical and functional organization. We then discuss the 518 

limitations of this work and possible future directions. 519 

 520 

Tertiary sulci as “personalized coordinates” for function and architecture in association cortices 521 

The present study shows that pimfs-d and pimfs-v are dissociable structures, which justifies the 522 

use of distinct anatomical labels for these sulci in current and future research. More generally, 523 

these results extend recent work proposing that tertiary sulci may serve as “personalized 524 

coordinates” for distinct functional and architectural areas in association cortices at the individual 525 

level (Miller, D’Esposito, et al., 2021). Specifically, with regard to the pimfs-d and pimfs-v in 526 

anterior LPFC, we find that these components represent a transition from attention-related 527 

networks to cognitive control-related networks (Figure 3).  528 

To further contextualize the relationship between the pimfs components and 529 

anatomical/functional regions (albeit at the group level), we assessed whether probabilistic 530 

locations of the pimfs components also differed in their overlap with well-cited group-level modern 531 

multimodal parcellations derived based on measures such as topography, architecture, function, 532 

and connectivity (HCP-MMP; (Glasser et al., 2016) and a classic microstructural parcellation 533 

(Brodmann’s classic cytoarchitectonic parcellation (Brodmann, 1909; Van Essen, 2005); Figure 534 

5; Materials and Methods). While we focus on the HCP-MMP and Brodmann cortical 535 

parcellations here, we show additional anatomically and/or functionally derived parcellations in 536 
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Figure A.6 (Fan et al., 2016; Foit et al., 2022; Scholtens et al., 2018; Vogt & Vogt, 1919; von 537 

Economo & Koskinas, 1925). 538 

 539 

Figure 5. Pimfs components overlap with different regions in classic cytoarchitectonic and modern 540 
multimodal group-level cortical parcellations. A. Left (LH) and right (RH) fsaverage hemispheres 541 
displaying the relationship between the probabilistic location of the pimfs components (pimfs-d: black 542 
outline; pimfs-v: white outline; from (Willbrand, Jackson, et al., 2023) and eight LPFC regions in the HCP-543 
MMP parcellation (Glasser et al., 2016). B. Dice coefficient overlap visualized as a function of sulcus (x-544 
axis; pimfs-d: black, pimfs-v: white), HCP-MMP regions (subplots), and hemisphere (LH: darker shades; 545 
RH: lighter shades; see key). Large dots and error bars represent mean ± standard error (se). Horizontal 546 
lines and asterisks (*** p < .001, ** p < .01) indicate the significant post hoc pairwise comparisons from a 547 
sulcal component × region interaction [LME, predictors: sulcal component (pimfs-d and pimfs-v) × region × 548 
hemisphere (LH and RH); F(7, 1701) = 55.64, η2 = 0.19, p < .001]. This interaction was driven by the pimfs-549 
d overlapping more with areas p9-46v (d = 0.72, p < .001), 9-46d (d = 0.30, p = .003), and 46 (d = 1.40, p 550 
< .001) and the pimfs-v overlapping more with areas a9-46v (d = 0.86, p < .001), p47r (d = 0.89, p < .001), 551 
and a47r (d = 0.55, p = .005). C. Same as A, except for the six LPFC regions in Brodmann’s 552 
cytoarchitectonic parcellation (Brodmann, 1909; Van Essen, 2005). D. Same format as B, but with 553 
Brodmann’s cytoarchitectonic parcellation. Again, there was a sulcal component × region interaction (F(5, 554 
1215) = 93.19, η2 = 0.28, p < .001). This interaction was driven by the pimfs-d overlapping more with 555 
Brodmann area (BA) 46 (d = 1.12, p < .001; pimfs-d: mean ± se = 0.75 ± 0.03, pimfs-v: mean ± se = 0.38 556 
± 0.03) and pimfs-v overlapping more with BA 10 (d = 1.20, p < .001; pimfs-d: mean ± se = 0.36 ± 0.03, 557 
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pimfs-v: mean ± se = 0.75 ± 0.03). Additional modern and classic cortical parcellations are shown in Figure 558 
A.6.  559 
 560 

With regard to the HCP-MMP, pimfs-d showed similar overlap with area 46 (mean ± se = 561 

0.46 ± 0.03) and area a9-46v (mean ± se = 0.40 ± 0.03), whereas the pimfs-v showed the highest 562 

overlap with area a9-46v (mean ± se = 0.68 ± 0.02; Figure 5B). In classic anatomical terms 563 

(Cunningham, 1892), these data suggest that the pimfs-d may serve as a limiting sulcus (that is, 564 

a boundary) separating areas 46 and a9-46v, while pimfs-v may serve as an axial sulcus (that is, 565 

co-localizing with) for area a9-46v (Figure 5B). On the other hand, overlap with Brodmann’s 566 

cytoarchitectural parcellation suggests that both pimfs components may be axial sulci for separate 567 

Brodmann areas (BAs). In this parcellation, the pimfs-d overlaps strongly with BA 46 (mean ± se 568 

= 0.75 ± 0.03), whereas the pimfs-v overlaps with BA 10 (mean ± se = 0.75 ± 0.03; Figure 5D). 569 

However, these results need further verification as these parcellations were derived at the group 570 

level (Glasser et al., 2016; Van Essen, 2005) and their identification was observer-dependent 571 

(Brodmann, 1909; Glasser et al., 2016). Future work with post-mortem data, along with individual-572 

level, observer-independent MRI data (e.g., (Amunts et al., 2020) is needed to further investigate 573 

this relationship.  574 

The putative overlap of pimfs-v with parcels in the HCP-MMP and Brodmann atlases links 575 

this sulcus to the fMRI literature on reasoning. The HCP-MMP parcel with which pimfs-v 576 

overlapped most strongly (area a9-46v) was shown to be functionally dissociable from nearby 577 

areas by Glasser and colleagues on the basis of activation during the performance of a relational 578 

reasoning task (the relational-match contrast; (Glasser et al., 2016). Similarly, the Brodmann area 579 

with which pimfs-v putatively overlaps (BA 10) has been routinely reported for a variety of 580 

reasoning tasks, especially in relation to rostrolateral PFC (RLPFC), a functionally identified 581 

region implicated in reasoning (Christoff & Gabrieli, 2000; Holyoak & Monti, 2021; Koechlin et al., 582 

1999; Ramnani & Owen, 2004; Smith et al., 2007; Urbanski et al., 2016; Vendetti & Bunge, 2014; 583 

Wendelken et al., 2008; Westphal et al., 2016, 2019). This correspondence suggests that pimfs-584 
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v may lie within an area of LPFC functionally related to reasoning (i.e., RLPFC). Future work 585 

delineating sulcal anatomy and task-related fMRI activation at the individual level is needed to 586 

confirm this overlap.  587 

In sum, the pimfs components may be axial or limiting sulci, depending on the parcellation 588 

(Figures 4, 5, and A.6). These results, alongside prior work (Y. Li et al., 2015; Lopez-Persem et 589 

al., 2019; Miller, D’Esposito, et al., 2021; Miller, Voorhies, et al., 2021; Troiani et al., 2016, 2020; 590 

Weiner, 2019; Willbrand, Parker, et al., 2022), emphasize that future parcellations should 591 

incorporate individual-level sulcal definitions to more accurately delineate regions. Further, the 592 

pimfs components overlap with HCP-MMP areas called a “hotspot of individual variability” in terms 593 

of topography, architecture, function, and connectivity (Glasser et al., 2016). Therefore, a goal for 594 

future research is to investigate how individual-level sulcal variability in LPFC relates to individual-595 

level variability in these metrics and parcellations, especially given that two pimfs components are 596 

not present in every hemisphere.  597 

 598 

The impact of sulcal variability on regional anatomical and functional organization 599 

Prior work has demonstrated that the presence or absence of sulci in association cortices impacts 600 

the location of cytoarchitectural areas, task-related activation, and functional networks, 601 

particularly in medial PFC (Amiez et al., 2013, 2021; Amiez & Petrides, 2014; Lopez-Persem et 602 

al., 2019). Although the present investigation focused primarily on the pimfs-d and pimfs-v in 603 

cases where these structures were present, many but not all individuals have both pimfs 604 

components in a given hemisphere, as noted above (Willbrand, Jackson, et al., 2023; Willbrand, 605 

Voorhies, et al., 2022). This variability also has behavior implications: our previous work indicated 606 

that the presence of the left pimfs-v is associated with 21-34% better reasoning scores in pediatric 607 

and adult samples (Willbrand, Jackson, et al., 2023; Willbrand, Voorhies, et al., 2022).  608 

Prior fMRI research on reasoning has most consistently emphasized the role of left RLPFC 609 

in reasoning (Assem et al., 2020; Bunge et al., 2009; Christoff et al., 2001; Green et al., 2006, 610 
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2010; Hartogsveld et al., 2018; Hobeika et al., 2016; Urbanski et al., 2016; Wendelken et al., 611 

2017). Given our prior work revealing better reasoning performance overall among participants 612 

with a left, but not right, pimfs-v (Willbrand, Jackson, et al., 2023; Willbrand, Voorhies, et al., 613 

2022), future work should assess whether the incidence of this sulcal component relates to 614 

activation of RLPFC—and whether this mediates the behavioral difference seen between 615 

individuals who do or do not possess a left pimfs-v component. Further, once improved 616 

cytoarchitectural definitions fully characterize the aMFG (Amunts et al., 2020; Bludau et al., 2014; 617 

Bruno et al., 2022; Wojtasik et al., 2020), future investigations could relate the presence/absence 618 

of the pimfs components to shifts in cytoarchitectonic regions (Figure 5D), given previous findings 619 

for sulcal variations in medial PFC (Amiez et al., 2021).  620 

 621 

Limitations 622 

Although the present work contained a relatively large sampling of sulci for individual-level 623 

analyses (the identification of 249 pimfs informed by the location of additional LPFC sulci, 624 

resulting in 2,985 sulci defined), the primary limitation was the sample size (72 participants; 144 625 

hemispheres). The sample sizes of studies involving manually defined sulci in individual 626 

participants (e.g., (Amiez et al., 2006, 2018, 2019; Borst et al., 2016; Cachia et al., 2014; Garrison 627 

et al., 2015; Hopkins et al., 2021; Lopez-Persem et al., 2019; Miller, Voorhies, et al., 2021; 628 

Nakamura et al., 2020; Voorhies et al., 2021; Weiner et al., 2014; Willbrand, Parker, et al., 2022; 629 

Willbrand, Voorhies, et al., 2022; Yao et al., 2022; Zlatkina et al., 2016) are limited by the time 630 

investment and anatomical expertise required to label them. With the advent of improved methods 631 

to automatically define sulci (e.g., (Borne et al., 2020; Lyu et al., 2021; Willbrand, Parker, et al., 632 

2022), such sulcal-based studies can begin to increase their scope and scale. However, these 633 

methods are still developing, given the large (and still growing) number of sulci identifiable in the 634 

human (and non-human hominoid) cerebral cortex and the uniqueness of sulcal patterning at the 635 
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individual level. Therefore, for the time being, manual and automatic methods must be used in 636 

tandem to further delineate the complex sulcal patterning of the cortex.  637 

 638 

Future directions 639 

Altogether, the present findings and our prior work demonstrate the feasibility of applying this 640 

multimodal approach for dissociating sulci from one another and also determining the relevance 641 

of these structures across association cortices (Miller, Voorhies, et al., 2021; Willbrand, Parker, 642 

et al., 2022). Future work should test these and additional methodologies in other regions and 643 

samples to determine the generalizability of these relationships and explore new questions. For 644 

example, although sulci appear in gestation (Chi et al., 1977), sulcal morphology does change 645 

during child development (Alemán-Gómez et al., 2013; Klein et al., 2014; Meng et al., 2014; 646 

Raznahan et al., 2011; Vandekar et al., 2015; Willbrand, Ferrer, et al., 2023), Thus, the differences 647 

in thickness, myelination, and surface area of the pimfs components may relate to underlying 648 

differential rates of development. Additionally, we identified a small difference in the myelination 649 

between the pimfs components (via the T1-w/T2-w ratio proxy), but it is an open question as to 650 

whether there are differences between the pimfs components in terms of white matter projections 651 

that could explain or contribute to differences in functional connectivity profiles. Exploring these 652 

multiple possibilities could provide insight into how LPFC hierarchies develop on a microscale. 653 

Further, these relationships between the pimfs components may change with age: that is, do the 654 

pimfs components begin as morphologically, anatomically, and functionally distinct at birth, or do 655 

they differentiate during infant/child development? These anatomical and functional relationships 656 

may also differ as a function of psychiatric or neurological conditions that have roots in prenatal 657 

development when the sulci first form (Cachia et al., 2021; Chi et al., 1977). Finally, given the 658 

variability of the pimfs and their unique location in LPFC at the convergence between dorsal-659 

ventral and rostral-caudal axes in LPFC, these sulci may serve as convergence zone for 660 
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anatomical and functional gradients in LPFC (Badre & D’Esposito, 2009; Miller, D’Esposito, et al., 661 

2021; Miller, Voorhies, et al., 2021; Nee & D’Esposito, 2016).  662 

 663 

Conclusion 664 

To conclude, the present study further supports the claim that sulci can serve as a powerful tool, 665 

providing personalized anatomical coordinates (Miller, D’Esposito, et al., 2021) that “precision 666 

neuroimaging” studies (Gratton et al., 2022) can leverage to improve understanding of 667 

neuroanatomical-functional relationships at the individual level.  668 

 669 

  670 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       28 

 

Appendix 671 

 672 

 673 
Figure A.1. Sulcal depth and surface area of pimfs in relation to surrounding anterior LPFC sulci. A. 674 
Mean and standard deviation (large dot and bar) of the normalized depth of the two pimfs components and 675 
three more prominent sulci surrounding them (ifs, imfs-h, imfs-v; facets) in each hemisphere (x-axis). Depth 676 
is normalized to the maximum depth in each hemisphere (Materials and Methods). Individual dots represent 677 
individual values for each participant. Sulci are colored according to Figure 1A. B. Same as A, but for 678 
surface area (normalized by cortical surface area; Materials and Methods). The pimfs components are far 679 
shallower and smaller than the sulci surrounding them (Amiez et al., 2019; Lopez-Persem et al., 2019; 680 
Miller, D’Esposito, et al., 2021; Miller et al., 2020; Miller, Voorhies, et al., 2021; Sanides, 1964; Voorhies et 681 
al., 2021; Weiner, 2019; Weiner et al., 2014; Welker, 1990; Willbrand, Parker, et al., 2022; Yao et al., 2022).  682 
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 683 
Figure A.2. Morphological and architectural features of the pimfs components in each hemisphere 684 
separately. Polar plot showing the mean morphological (top features) and architectural (bottom features) 685 
values for the pimfs components in the left (left facet) and right (right facet) hemispheres separately. Solid 686 
lines and dots represent the means. Dashed lines represent ± standard error. Lines and dots are colored 687 
by sulcal component (pimfs-d: black, pimfs-v: white/gray). Each concentric circle corresponds to the units 688 
shown to the left, which are standardized to allow for these metrics to be plotted together. 689 
 690 
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 691 

Figure A.3. Functional connectivity fingerprints of pimfs components in individual left hemispheres. 692 
Polar plots showing the connectivity fingerprints of the pimfs-d and pimfs-v with the Control (C) and Ventral 693 
Attention (VA) sub-networks in the left hemisphere of all participants with at least one pimfs component (N 694 
= 68). The closer to the periphery of the circle, the higher the Dice coefficient (numbers on the left 695 
correspond to the Dice coefficient value at each concentric circle). 696 
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 697 

Figure A.4. Functional connectivity fingerprints of pimfs components in individual right 698 
hemispheres. Polar plots showing the connectivity fingerprints of the pimfs-d and pimfs-v with the Control 699 
(C) and Ventral Attention (VA) sub-networks in the right hemisphere of all participants with at least one 700 
pimfs component (N = 69). The closer to the periphery of the circle, the higher the Dice coefficient (numbers 701 
on the left correspond to the Dice coefficient value at each concentric circle). 702 
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 703 

Figure A.5. Cognitive component profiles of pimfs components differ. Using an expectation-704 
maximization algorithm (Materials and Methods), we quantified the posterior probability between each of 705 
the 14 cognitive components (from a meta-analysis of fMRI experimental tasks; (Yeo et al., 2015) being 706 
associated with each pimfs component from each hemisphere of each individual (all in fsaverage space). 707 
In A and B, we only show the two cognitive components that displayed significant differences between the 708 
pimfs cognitive components: Component 9 (C09; inhibitory control) and Component 10 (C10; executive 709 
function). A. Left (LH) and right (RH) fsaverage hemispheres displaying the relationship between the 710 
probabilistic location of the pimfs components (pimfs-d: black outline; pimfs-v: white outline; from (Willbrand, 711 
Jackson, et al., 2023) and the two cognitive components (heatmaps) that displayed significant differences 712 
between the pimfs components. B. Posterior probability (P) visualized as a function of cognitive component 713 
(x-axis), sulcal component (pimfs-d: black; pimfs-v: white), and hemisphere (left hemisphere: left facet; right 714 
hemisphere: right facet). Large dots and error bars represent the means ± standard errors. These mean 715 
dots are connected by lines to help indicate the sulcal component × cognitive component × hemisphere 716 
interaction from an LME [predictors: sulcal component (pimfs-d and pimfs-v) × 14 cognitive components × 717 
hemisphere (LH and RH); F(13, 3159) = 8.51, η2 = 0.03, p < .001]. Asterisks (** p < .01; *** p < .001) 718 
indicate the significance of post hoc pairwise comparisons on the sulcal component × cognitive component 719 
× hemisphere interaction. This interaction was driven by a hemispheric dissociation in cognitive component 720 
and sulcal component probability. In the left hemisphere, pimfs-d loaded more onto C09 (d = 0.51, p < .001) 721 
while pimfs-v loaded more onto C10 (d = 0.43, p < .001). In the right hemisphere, pimfs-d loaded more onto 722 
C10 (d = 0.27, p < .001) while pimfs-v loaded more onto C09 (d = 0.23, p = .001). 723 
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 724 
Figure A.6. Pimfs components in relation to different areas in additional cortical parcellations. A. 725 
Left (LH) and right (RH) hemisphere fsaverage surfaces displaying the relationship between the 726 
probabilistic location of the pimfs components (pimfs-d: black outline; pimfs-v: white outline; from (Willbrand, 727 
Jackson, et al., 2023) and nine LPFC regions in the Brainnetome resting-state functional connectivity-based 728 
parcellation (Fan et al., 2016). B. Dice coefficient overlap visualized as a function of sulcus (x-axis; pimfs-729 
d: black, pimfs-v: white), Brainnetome regions (subplots), and hemisphere (LH: darker shades; RH: lighter 730 
shades; see key). Large dots and error bars represent mean ± standard error (se). Horizontal lines and 731 
asterisks (*** p < .001, ** p < .01, * p < .05) indicate the significant post hoc pairwise comparisons from the 732 
sulcal component × region interaction [LME: predictors: sulcal component (pimfs-d and pimfs-v) × region × 733 
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hemisphere (LH and RH); F(8, 1944) = 14.49, η2 = 0.06, p < .0001]. This interaction was driven by the 734 
pimfs-d overlapping more with areas A8vl, A9/46d, and A9/46v (ds > 0.15, ps < .028) and the pimfs-v 735 
overlapping more with area 46 (d = 0.47, p < .001). Vertical lines and asterisks indicate the significant post 736 
hoc pairwise comparisons from the sulcal component × region × hemisphere interaction (F(8, 1944) = 2.76, 737 
η2 = 0.01, p < .005). C. Same as A, except for the five LPFC regions in Von Economo and Koskinas’ 738 
cytoarchitectonic parcellation (Scholtens et al., 2018; von Economo & Koskinas, 1925). D. Same format as 739 
B, but with Von Economo and Koskinas’ cytoarchitectonic parcellation. Again, there was a sulcal component 740 
× region interaction (F(4, 972) = 11.88, η2 = 0.05, p < .001). This interaction was driven by the pimfs-d 741 
overlapping more with area FC (d = 0.73, p < .001) and the pimfs-v overlapping more with area FDdelta (d 742 
= 0.36, p < .001). E. Same as A, except for the seven LPFC regions in Vogt and Vogt’s myeloarchitectonic 743 
parcellation (Foit et al., 2022; Vogt & Vogt, 1919). F. Same format as B, but with Vogt and Vogt’s 744 
myeloarchitectonic parcellation. Again, there was a sulcal component × region interaction (F(6, 1458) = 745 
45.42, η2 = 0.06, p < .001). This interaction was driven by the pimfs-d overlapping more with areas 48 and 746 
49 (ds > 0.30, ps < .001) and the pimfs-v overlapping more with areas 53 and 58 (ds > 0.52, ps < .003).   747 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       35 

 

Competing Interests statement 748 

The authors declare no competing financial interests.  749 

 750 

Data availability statement 751 

The processed data required to perform all statistical analyses and reproduce all figures used for 752 

this project will be made freely available on GitHub upon publication (https://github.com/cnl-753 

berkeley/stable_projects). The analysis pipelines used for this project are available on Open 754 

Science Framework (https://osf.io/7fwqk/). Anonymized neuroimaging data for the HCP 755 

participants are available at ConnectomeDB (db.humanconnectome.org). Requests for any 756 

additional information should be directed to the Corresponding Author, Kevin Weiner 757 

(kweiner@berkeley.edu).  758 

 759 

Acknowledgments  760 

We thank Jacob Miller, Willa Voorhies, Jewelia Yao, Samantha Jackson, and Szeshuen Chen for 761 

their prior assistance in defining LPFC sulci. We also thank Jacob Miller for helping develop the 762 

analysis pipelines implemented in the present work. 763 

 764 

Funding information 765 

This research was supported by NICHD R21HD100858 (PIs Weiner and Bunge) and NSF 766 

CAREER Award 2042251 (PI Weiner). The neuroimaging data were provided by the HCP, WU-767 

Minn Consortium (PIs David Van Essen and Kamil Ugurbil; NIH Grant 1U54-MH-091657) funded 768 

by the 16 NIH Institutes and Centers that support the NIH Blueprint for Neuroscience Research, 769 

and the McDonnell Center for Systems Neuroscience at Washington University.   770 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       36 

 

References 771 

Alemán-Gómez, Y., Janssen, J., Schnack, H., Balaban, E., Pina-Camacho, L., Alfaro-Almagro, 772 

F., Castro-Fornieles, J., Otero, S., Baeza, I., Moreno, D., Bargalló, N., Parellada, M., 773 

Arango, C., & Desco, M. (2013). The human cerebral cortex flattens during adolescence. 774 

The Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 33(38), 775 

15004–15010. https://doi.org/10.1523/JNEUROSCI.1459-13.2013 776 

Amiez, C., Kostopoulos, P., Champod, A.-S., & Petrides, M. (2006). Local morphology predicts 777 

functional organization of the dorsal premotor region in the human brain. The Journal of 778 

Neuroscience: The Official Journal of the Society for Neuroscience, 26(10), 2724–2731. 779 

https://doi.org/10.1523/JNEUROSCI.4739-05.2006 780 

Amiez, C., Neveu, R., Warrot, D., Petrides, M., Knoblauch, K., & Procyk, E. (2013). The location 781 

of feedback-related activity in the midcingulate cortex is predicted by local morphology. The 782 

Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 33(5), 2217–783 

2228. https://doi.org/10.1523/JNEUROSCI.2779-12.2013 784 

Amiez, C., & Petrides, M. (2014). Neuroimaging evidence of the anatomo-functional 785 

organization of the human cingulate motor areas. Cerebral Cortex , 24(3), 563–578. 786 

https://doi.org/10.1093/cercor/bhs329 787 

Amiez, C., Sallet, J., Giacometti, C., Verstraete, C., Gandaux, C., Morel-Latour, V., 788 

Meguerditchian, A., Hadj-Bouziane, F., Hamed, S. B., Hopkins, W. D., Procyk, E., Wilson, 789 

C. R. E., & Petrides, M. (2023). A revised perspective on the evolution of the lateral frontal 790 

cortex in primates. Science Advances, 9(20), eadf9445. 791 

https://doi.org/10.1126/sciadv.adf9445 792 

Amiez, C., Sallet, J., Hopkins, W. D., Meguerditchian, A., Hadj-Bouziane, F., Ben Hamed, S., 793 

Wilson, C. R. E., Procyk, E., & Petrides, M. (2019). Sulcal organization in the medial frontal 794 

cortex provides insights into primate brain evolution. Nature Communications, 10(1), 1–14. 795 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       37 

 

https://doi.org/10.1038/s41467-019-11347-x 796 

Amiez, C., Sallet, J., Novek, J., Hadj-Bouziane, F., Giacometti, C., Andersson, J., Hopkins, W. 797 

D., & Petrides, M. (2021). Chimpanzee histology and functional brain imaging show that the 798 

paracingulate sulcus is not human-specific. Communications Biology, 4(1), 54. 799 

https://doi.org/10.1038/s42003-020-01571-3 800 

Amiez, C., Wilson, C. R. E., & Procyk, E. (2018). Variations of cingulate sulcal organization and 801 

link with cognitive performance. Scientific Reports, 8(1), 1–13. 802 

https://doi.org/10.1038/s41598-018-32088-9 803 

Ammons, C. J., Winslett, M.-E., Bice, J., Patel, P., May, K. E., & Kana, R. K. (2021). The mid-804 

fusiform sulcus in autism spectrum disorder: Establishing a novel anatomical landmark 805 

related to face processing. Autism Research: Official Journal of the International Society for 806 

Autism Research, 14(1), 53–64. https://doi.org/10.1002/aur.2425 807 

Amunts, K., Mohlberg, H., Bludau, S., & Zilles, K. (2020). Julich-Brain: A 3D probabilistic atlas of 808 

the human brain’s cytoarchitecture. Science, 369(6506), 988–992. 809 

https://doi.org/10.1126/science.abb4588 810 

Amunts, K., & Zilles, K. (2015). Architectonic Mapping of the Human Brain beyond Brodmann. 811 

Neuron, 88(6), 1086–1107. https://doi.org/10.1016/j.neuron.2015.12.001 812 

Armstrong, E., Schleicher, A., Omran, H., Curtis, M., & Zilles, K. (1995). The ontogeny of human 813 

gyrification. Cerebral Cortex , 5(1), 56–63. https://doi.org/10.1093/cercor/5.1.56 814 

Assem, M., Glasser, M. F., Van Essen, D. C., & Duncan, J. (2020). A Domain-General Cognitive 815 

Core Defined in Multimodally Parcellated Human Cortex. Cerebral Cortex , 30(8), 4361–816 

4380. https://doi.org/10.1093/cercor/bhaa023 817 

Badre, D., & D’Esposito, M. (2009). Is the rostro-caudal axis of the frontal lobe hierarchical? 818 

Nature Reviews. Neuroscience, 10(9), 659–669. https://doi.org/10.1038/nrn2667 819 

Bertoux, M., Lagarde, J., Corlier, F., Hamelin, L., Mangin, J.-F., Colliot, O., Chupin, M., Braskie, 820 

M. N., Thompson, P. M., Bottlaender, M., & Sarazin, M. (2019). Sulcal morphology in 821 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       38 

 

Alzheimer’s disease: an effective marker of diagnosis and cognition. Neurobiology of Aging, 822 

84, 41–49. https://doi.org/10.1016/j.neurobiolaging.2019.07.015 823 

Bludau, S., Eickhoff, S. B., Mohlberg, H., Caspers, S., Laird, A. R., Fox, P. T., Schleicher, A., 824 

Zilles, K., & Amunts, K. (2014). Cytoarchitecture, probability maps and functions of the 825 

human frontal pole. NeuroImage, 93 Pt 2, 260–275. 826 

https://doi.org/10.1016/j.neuroimage.2013.05.052 827 

Borne, L., Rivière, D., Mancip, M., & Mangin, J.-F. (2020). Automatic labeling of cortical sulci 828 

using patch- or CNN-based segmentation techniques combined with bottom-up geometric 829 

constraints. Medical Image Analysis, 62, 101651. 830 

https://doi.org/10.1016/j.media.2020.101651 831 

Borst, G., Cachia, A., Tissier, C., Ahr, E., Simon, G., & Houdé, O. (2016). Early cerebral 832 

constraints on reading skills in school-age children: An MRI study. Mind, Brain and 833 

Education: The Official Journal of the International Mind, Brain, and Education Society, 834 

10(1), 47–54. https://doi.org/10.1111/mbe.12098 835 

Brodmann, K. (1909). Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien 836 

dargestellt auf Grund des Zellenbaues von Dr. K. Brodmann. J.A. Barth. 837 

https://play.google.com/store/books/details?id=Qw5KQwAACAAJ 838 

Bruno, A., Bludau, S., Mohlberg, H., & Amunts, K. (2022). Cytoarchitecture, intersubject 839 

variability, and 3D mapping of four new areas of the human anterior prefrontal cortex. 840 

Frontiers in Neuroanatomy, 16, 915877. https://doi.org/10.3389/fnana.2022.915877 841 

Bunge, S. A., Helskog, E. H., & Wendelken, C. (2009). Left, but not right, rostrolateral prefrontal 842 

cortex meets a stringent test of the relational integration hypothesis. NeuroImage, 46(1), 843 

338–342. https://doi.org/10.1016/j.neuroimage.2009.01.064 844 

Cachia, A., Borst, G., Jardri, R., Raznahan, A., Murray, G. K., Mangin, J.-F., & Plaze, M. (2021). 845 

Towards Deciphering the Fetal Foundation of Normal Cognition and Cognitive Symptoms 846 

From Sulcation of the Cortex. Frontiers in Neuroanatomy, 15, 712862. 847 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       39 

 

https://doi.org/10.3389/fnana.2021.712862 848 

Cachia, A., Borst, G., Vidal, J., Fischer, C., Pineau, A., Mangin, J.-F., & Houdé, O. (2014). The 849 

shape of the ACC contributes to cognitive control efficiency in preschoolers. Journal of 850 

Cognitive Neuroscience, 26(1), 96–106. https://doi.org/10.1162/jocn_a_00459 851 

Chi, J. G., Dooling, E. C., & Gilles, F. H. (1977). Gyral development of the human brain. Annals 852 

of Neurology, 1(1), 86–93. https://doi.org/10.1002/ana.410010109 853 

Christoff, K., & Gabrieli, J. D. E. (2000). The frontopolar cortex and human cognition: Evidence 854 

for a rostrocaudal hierarchical organization within the human prefrontal cortex. 855 

Psychobiology , 28(2), 168–186. https://doi.org/10.3758/BF03331976 856 

Christoff, K., Prabhakaran, V., Dorfman, J., Zhao, Z., Kroger, J. K., Holyoak, K. J., & Gabrieli, J. 857 

D. (2001). Rostrolateral prefrontal cortex involvement in relational integration during 858 

reasoning. NeuroImage, 14(5), 1136–1149. https://doi.org/10.1006/nimg.2001.0922 859 

Cunningham, D. J. (1892). Contribution to the Surface Anatomy of the Cerebral Hemispheres. 860 

Academy House. https://play.google.com/store/books/details?id=t4VCAQAAIAAJ 861 

Dale, A. M., Fischl, B., & Sereno, M. I. (1999). Cortical surface-based analysis. I. Segmentation 862 

and surface reconstruction. NeuroImage, 9(2), 179–194. 863 

https://doi.org/10.1006/nimg.1998.0395 864 

Demirtaş, M., Burt, J. B., Helmer, M., Ji, J. L., Adkinson, B. D., Glasser, M. F., Van Essen, D. 865 

C., Sotiropoulos, S. N., Anticevic, A., & Murray, J. D. (2019). Hierarchical Heterogeneity 866 

across Human Cortex Shapes Large-Scale Neural Dynamics. Neuron, 101(6), 1181–867 

1194.e13. https://doi.org/10.1016/j.neuron.2019.01.017 868 

Fan, L., Li, H., Zhuo, J., Zhang, Y., Wang, J., Chen, L., Yang, Z., Chu, C., Xie, S., Laird, A. R., 869 

Fox, P. T., Eickhoff, S. B., Yu, C., & Jiang, T. (2016). The Human Brainnetome Atlas: A 870 

New Brain Atlas Based on Connectional Architecture. Cerebral Cortex , 26(8), 3508–3526. 871 

https://doi.org/10.1093/cercor/bhw157 872 

Felleman, D. J., & Van Essen, D. C. (1991). Distributed hierarchical processing in the primate 873 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       40 

 

cerebral cortex. Cerebral Cortex , 1(1), 1–47. https://doi.org/10.1093/cercor/1.1.1-a 874 

Fischl, B., & Dale, A. M. (2000). Measuring the thickness of the human cerebral cortex from 875 

magnetic resonance images. Proceedings of the National Academy of Sciences of the 876 

United States of America, 97(20), 11050–11055. https://doi.org/10.1073/pnas.200033797 877 

Fischl, B., Sereno, M. I., & Dale, A. M. (1999). Cortical surface-based analysis. II: Inflation, 878 

flattening, and a surface-based coordinate system. NeuroImage, 9(2), 195–207. 879 

https://doi.org/10.1006/nimg.1998.0396 880 

Fischl, B., Sereno, M. I., Tootell, R. B., & Dale, A. M. (1999). High-resolution intersubject 881 

averaging and a coordinate system for the cortical surface. Human Brain Mapping, 8(4), 882 

272–284. https://doi.org/10.1002/(sici)1097-0193(1999)8:4<272::aid-hbm10>3.0.co;2-4 883 

Foit, N. A., Yung, S., Lee, H. M., Bernasconi, A., Bernasconi, N., & Hong, S.-J. (2022). A whole-884 

brain 3D myeloarchitectonic atlas: Mapping the Vogt-Vogt legacy to the cortical surface. 885 

NeuroImage, 263, 119617. https://doi.org/10.1016/j.neuroimage.2022.119617 886 

Fornito, A., Wood, S. J., Whittle, S., Fuller, J., Adamson, C., Saling, M. M., Velakoulis, D., 887 

Pantelis, C., & Yücel, M. (2008). Variability of the paracingulate sulcus and morphometry of 888 

the medial frontal cortex: associations with cortical thickness, surface area, volume, and 889 

sulcal depth. Human Brain Mapping, 29(2), 222–236. https://doi.org/10.1002/hbm.20381 890 

Garrison, J. R., Fernyhough, C., McCarthy-Jones, S., Haggard, M., Australian Schizophrenia 891 

Research Bank, & Simons, J. S. (2015). Paracingulate sulcus morphology is associated 892 

with hallucinations in the human brain. Nature Communications, 6, 8956. 893 

https://doi.org/10.1038/ncomms9956 894 

Glasser, M. F., Coalson, T. S., Robinson, E. C., Hacker, C. D., Harwell, J., Yacoub, E., Ugurbil, 895 

K., Andersson, J., Beckmann, C. F., Jenkinson, M., Smith, S. M., & Van Essen, D. C. 896 

(2016). A multi-modal parcellation of human cerebral cortex. Nature, 536(7615), 171–178. 897 

https://doi.org/10.1038/nature18933 898 

Glasser, M. F., Sotiropoulos, S. N., Wilson, J. A., Coalson, T. S., Fischl, B., Andersson, J. L., 899 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       41 

 

Xu, J., Jbabdi, S., Webster, M., Polimeni, J. R., Van Essen, D. C., Jenkinson, M., & WU-900 

Minn HCP Consortium. (2013). The minimal preprocessing pipelines for the Human 901 

Connectome Project. NeuroImage, 80, 105–124. 902 

https://doi.org/10.1016/j.neuroimage.2013.04.127 903 

Glasser, M. F., & Van Essen, D. C. (2011). Mapping human cortical areas in vivo based on 904 

myelin content as revealed by T1- and T2-weighted MRI. The Journal of Neuroscience: The 905 

Official Journal of the Society for Neuroscience, 31(32), 11597–11616. 906 

https://doi.org/10.1523/JNEUROSCI.2180-11.2011 907 

Gordon, E. M., Laumann, T. O., Gilmore, A. W., Newbold, D. J., Greene, D. J., Berg, J. J., 908 

Ortega, M., Hoyt-Drazen, C., Gratton, C., Sun, H., Hampton, J. M., Coalson, R. S., Nguyen, 909 

A. L., McDermott, K. B., Shimony, J. S., Snyder, A. Z., Schlaggar, B. L., Petersen, S. E., 910 

Nelson, S. M., & Dosenbach, N. U. F. (2017). Precision Functional Mapping of Individual 911 

Human Brains. In Neuron (Vol. 95, Issue 4, pp. 791–807.e7). 912 

https://doi.org/10.1016/j.neuron.2017.07.011 913 

Gratton, C., Nelson, S. M., & Gordon, E. M. (2022). Brain-behavior correlations: Two paths 914 

toward reliability [Review of Brain-behavior correlations: Two paths toward reliability]. 915 

Neuron, 110(9), 1446–1449. https://doi.org/10.1016/j.neuron.2022.04.018 916 

Green, A. E., Fugelsang, J. A., Kraemer, D. J. M., Shamosh, N. A., & Dunbar, K. N. (2006). 917 

Frontopolar cortex mediates abstract integration in analogy. Brain Research, 1096(1), 125–918 

137. https://doi.org/10.1016/j.brainres.2006.04.024 919 

Green, A. E., Kraemer, D. J. M., Fugelsang, J. A., Gray, J. R., & Dunbar, K. N. (2010). 920 

Connecting long distance: semantic distance in analogical reasoning modulates frontopolar 921 

cortex activity. Cerebral Cortex , 20(1), 70–76. https://doi.org/10.1093/cercor/bhp081 922 

Hartogsveld, B., Bramson, B., Vijayakumar, S., van Campen, A. D., Marques, J. P., Roelofs, K., 923 

Toni, I., Bekkering, H., & Mars, R. B. (2018). Lateral frontal pole and relational processing: 924 

Activation patterns and connectivity profile. Behavioural Brain Research, 355, 2–11. 925 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       42 

 

https://doi.org/10.1016/j.bbr.2017.08.003 926 

Hathaway, C. B., Voorhies, W. I., Sathishkumar, N., Mittal, C., Yao, J. K., Miller, J. A., Parker, B. 927 

J., & Weiner, K. S. (2023). Defining putative tertiary sulci in lateral prefrontal cortex in 928 

chimpanzees using human predictions. Brain Structure & Function. 929 

https://doi.org/10.1007/s00429-023-02638-7 930 

Hobeika, L., Diard-Detoeuf, C., Garcin, B., Levy, R., & Volle, E. (2016). General and specialized 931 

brain correlates for analogical reasoning: A meta-analysis of functional imaging studies. 932 

Human Brain Mapping, 37(5), 1953–1969. https://doi.org/10.1002/hbm.23149 933 

Holyoak, K. J., & Monti, M. M. (2021). Relational Integration in the Human Brain: A Review and 934 

Synthesis. In Journal of Cognitive Neuroscience (Vol. 33, Issue 3, pp. 341–356). 935 

https://doi.org/10.1162/jocn_a_01619 936 

Hopkins, W. D., Procyk, E., Petrides, M., Schapiro, S. J., Mareno, M. C., & Amiez, C. (2021). 937 

Sulcal Morphology in Cingulate Cortex is Associated with Voluntary Oro-Facial Motor 938 

Control and Gestural Communication in Chimpanzees (Pan troglodytes). Cerebral Cortex , 939 

31(6), 2845–2854. https://doi.org/10.1093/cercor/bhaa392 940 

Kaas, J. H. (1997). Topographic maps are fundamental to sensory processing. Brain Research 941 

Bulletin, 44(2), 107–112. https://doi.org/10.1016/s0361-9230(97)00094-4 942 

Klein, D., Rotarska-Jagiela, A., Genc, E., Sritharan, S., Mohr, H., Roux, F., Han, C. E., Kaiser, 943 

M., Singer, W., & Uhlhaas, P. J. (2014). Adolescent brain maturation and cortical folding: 944 

evidence for reductions in gyrification. PloS One, 9(1), e84914. 945 

https://doi.org/10.1371/journal.pone.0084914 946 

Koechlin, E., Basso, G., Pietrini, P., Panzer, S., & Grafman, J. (1999). The role of the anterior 947 

prefrontal cortex in human cognition. Nature, 399(6732), 148–151. 948 

https://doi.org/10.1038/20178 949 

Kong, R., Li, J., Orban, C., Sabuncu, M. R., Liu, H., Schaefer, A., Sun, N., Zuo, X.-N., Holmes, 950 

A. J., Eickhoff, S. B., & Yeo, B. T. T. (2019). Spatial Topography of Individual-Specific 951 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       43 

 

Cortical Networks Predicts Human Cognition, Personality, and Emotion. Cerebral Cortex , 952 

29(6), 2533–2551. https://doi.org/10.1093/cercor/bhy123 953 

Levy, R., & Goldman-Rakic, P. S. (2000). Segregation of working memory functions within the 954 

dorsolateral prefrontal cortex. Experimental Brain Research. Experimentelle Hirnforschung. 955 

Experimentation Cerebrale, 133(1), 23–32. https://doi.org/10.1007/s002210000397 956 

Li, X., Zhang, S., Jiang, X., Zhang, S., Han, J., Guo, L., & Zhang, T. (2022). Cortical 957 

development coupling between surface area and sulcal depth on macaque brains. Brain 958 

Structure & Function. https://doi.org/10.1007/s00429-021-02444-z 959 

Li, Y., Sescousse, G., Amiez, C., & Dreher, J.-C. (2015). Local morphology predicts functional 960 

organization of experienced value signals in the human orbitofrontal cortex. The Journal of 961 

Neuroscience: The Official Journal of the Society for Neuroscience, 35(4), 1648–1658. 962 

https://doi.org/10.1523/JNEUROSCI.3058-14.2015 963 

Lopez-Persem, A., Verhagen, L., Amiez, C., Petrides, M., & Sallet, J. (2019). The Human 964 

Ventromedial Prefrontal Cortex: Sulcal Morphology and Its Influence on Functional 965 

Organization. The Journal of Neuroscience: The Official Journal of the Society for 966 

Neuroscience, 39(19), 3627–3639. https://doi.org/10.1523/JNEUROSCI.2060-18.2019 967 

Lyu, I., Bao, S., Hao, L., Yao, J., Miller, J. A., Voorhies, W., Taylor, W. D., Bunge, S. A., Weiner, 968 

K. S., & Landman, B. A. (2021). Labeling lateral prefrontal sulci using spherical data 969 

augmentation and context-aware training. In NeuroImage (Vol. 229, p. 117758). 970 

https://doi.org/10.1016/j.neuroimage.2021.117758 971 

Madan, C. R. (2019). Robust estimation of sulcal morphology. Brain Informatics, 6(1), 5. 972 

https://doi.org/10.1186/s40708-019-0098-1 973 

Malikovic, A., Vucetic, B., Milisavljevic, M., Tosevski, J., Sazdanovic, P., Milojevic, B., & 974 

Malobabic, S. (2012). Occipital sulci of the human brain: variability and morphometry. 975 

Anatomical Science International, 87(2), 61–70. https://doi.org/10.1007/s12565-011-0118-6 976 

Meng, Y., Li, G., Lin, W., Gilmore, J. H., & Shen, D. (2014). Spatial distribution and longitudinal 977 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       44 

 

development of deep cortical sulcal landmarks in infants. NeuroImage, 100, 206–218. 978 

https://doi.org/10.1016/j.neuroimage.2014.06.004 979 

Miller, J. A., D’Esposito, M., & Weiner, K. S. (2021). Using Tertiary Sulci to Map the “Cognitive 980 

Globe” of Prefrontal Cortex. Journal of Cognitive Neuroscience, 1–18. 981 

https://doi.org/10.1162/jocn_a_01696 982 

Miller, J. A., Voorhies, W. I., Li, X., Raghuram, I., Palomero-Gallagher, N., Zilles, K., Sherwood, 983 

C. C., Hopkins, W. D., & Weiner, K. S. (2020). Sulcal morphology of ventral temporal cortex 984 

is shared between humans and other hominoids. Scientific Reports, 10(1), 17132. 985 

https://doi.org/10.1038/s41598-020-73213-x 986 

Miller, J. A., Voorhies, W. I., Lurie, D. J., D’Esposito, M., & Weiner, K. S. (2021). Overlooked 987 

Tertiary Sulci Serve as a Meso-Scale Link between Microstructural and Functional 988 

Properties of Human Lateral Prefrontal Cortex. The Journal of Neuroscience: The Official 989 

Journal of the Society for Neuroscience, 41(10), 2229–2244. 990 

https://doi.org/10.1523/JNEUROSCI.2362-20.2021 991 

Nakamura, M., Nestor, P. G., & Shenton, M. E. (2020). Orbitofrontal Sulcogyral Pattern as a 992 

Transdiagnostic Trait Marker of Early Neurodevelopment in the Social Brain. Clinical EEG 993 

and Neuroscience: Official Journal of the EEG and Clinical Neuroscience Society , 51(4), 994 

275–284. https://doi.org/10.1177/1550059420904180 995 

Natu, V. S., Arcaro, M. J., Barnett, M. A., Gomez, J., Livingstone, M., Grill-Spector, K., & 996 

Weiner, K. S. (2021). Sulcal Depth in the Medial Ventral Temporal Cortex Predicts the 997 

Location of a Place-Selective Region in Macaques, Children, and Adults. Cerebral Cortex , 998 

31(1), 48–61. https://doi.org/10.1093/cercor/bhaa203 999 

Natu, V. S., Gomez, J., Barnett, M., Jeska, B., Kirilina, E., Jaeger, C., Zhen, Z., Cox, S., Weiner, 1000 

K. S., Weiskopf, N., & Grill-Spector, K. (2019). Apparent thinning of human visual cortex 1001 

during childhood is associated with myelination. Proceedings of the National Academy of 1002 

Sciences of the United States of America, 116(41), 20750–20759. 1003 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       45 

 

https://doi.org/10.1073/pnas.1904931116 1004 

Nee, D. E., & D’Esposito, M. (2016). The hierarchical organization of the lateral prefrontal 1005 

cortex. eLife, 5. https://doi.org/10.7554/eLife.12112 1006 

Paus, T., Tomaiuolo, F., Otaky, N., MacDonald, D., Petrides, M., Jason Atlas, Morris, R., & 1007 

Evans, A. C. (1996). Human Cingulate and Paracingulate Sulci: Pattern, Variability, 1008 

Asymmetry, and Probabilistic Map. In Cerebral Cortex (Vol. 6, Issue 2, pp. 207–214). 1009 

https://doi.org/10.1093/cercor/6.2.207 1010 

Petrides, M. (2005). Lateral prefrontal cortex: architectonic and functional organization. 1011 

Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences, 1012 

360(1456), 781–795. https://doi.org/10.1098/rstb.2005.1631 1013 

Petrides, M. (2013). Neuroanatomy of Language Regions of the Human Brain. Academic Press. 1014 

https://play.google.com/store/books/details?id=DYlqAAAAQBAJ 1015 

Petrides, M. (2019). Atlas of the Morphology of the Human Cerebral Cortex on the Average MNI 1016 

Brain. Academic Press. https://play.google.com/store/books/details?id=qeWcBAAAQBAJ 1017 

Ramnani, N., & Owen, A. M. (2004). Anterior prefrontal cortex: insights into function from 1018 

anatomy and neuroimaging. Nature Reviews. Neuroscience, 5(3), 184–194. 1019 

https://doi.org/10.1038/nrn1343 1020 

Raznahan, A., Shaw, P., Lalonde, F., Stockman, M., Wallace, G. L., Greenstein, D., Clasen, L., 1021 

Gogtay, N., & Giedd, J. N. (2011). How does your cortex grow? The Journal of 1022 

Neuroscience: The Official Journal of the Society for Neuroscience, 31(19), 7174–7177. 1023 

https://doi.org/10.1523/JNEUROSCI.0054-11.2011 1024 

Rosenkilde, C. E. (1979). Functional heterogeneity of the prefrontal cortex in the monkey: a 1025 

review. Behavioral and Neural Biology, 25(3), 301–345. https://doi.org/10.1016/s0163-1026 

1047(79)90404-7 1027 

Sanides, F. (1964). Structure and function of the human frontal lobe. Neuropsychologia, 2(3), 1028 

209–219. https://doi.org/10.1016/0028-3932(64)90005-3 1029 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       46 

 

Scholtens, L. H., de Reus, M. A., de Lange, S. C., Schmidt, R., & van den Heuvel, M. P. (2018). 1030 

An MRI Von Economo - Koskinas atlas. NeuroImage, 170, 249–256. 1031 

https://doi.org/10.1016/j.neuroimage.2016.12.069 1032 

Seitzman, B. A., Gratton, C., Laumann, T. O., Gordon, E. M., Adeyemo, B., Dworetsky, A., 1033 

Kraus, B. T., Gilmore, A. W., Berg, J. J., Ortega, M., Nguyen, A., Greene, D. J., McDermott, 1034 

K. B., Nelson, S. M., Lessov-Schlaggar, C. N., Schlaggar, B. L., Dosenbach, N. U. F., & 1035 

Petersen, S. E. (2019). Trait-like variants in human functional brain networks. Proceedings 1036 

of the National Academy of Sciences of the United States of America, 116(45), 22851–1037 

22861. https://doi.org/10.1073/pnas.1902932116 1038 

Shams, Z., Norris, D. G., & Marques, J. P. (2019). A comparison of in vivo MRI based cortical 1039 

myelin mapping using T1w/T2w and R1 mapping at 3T. PloS One, 14(7), e0218089. 1040 

https://doi.org/10.1371/journal.pone.0218089 1041 

Smith, R., Keramatian, K., & Christoff, K. (2007). Localizing the rostrolateral prefrontal cortex at 1042 

the individual level. NeuroImage, 36(4), 1387–1396. 1043 

https://doi.org/10.1016/j.neuroimage.2007.04.032 1044 

Stuss, D. T., & Knight, R. T. (2013). Principles of Frontal Lobe Function. OUP USA. 1045 

https://play.google.com/store/books/details?id=GHrAhCMGj2EC 1046 

Tibon, R., Geerligs, L., & Campbell, K. (2022). Bridging the big (data) gap: levels of control in 1047 

small- and large-scale cognitive neuroscience research. Trends in Neurosciences, 45(7), 1048 

507–516. https://doi.org/10.1016/j.tins.2022.03.011 1049 

Troiani, V., Dougherty, C. C., Michael, A. M., & Olson, I. R. (2016). Characterization of Face-1050 

Selective Patches in Orbitofrontal Cortex. Frontiers in Human Neuroscience, 10, 279. 1051 

https://doi.org/10.3389/fnhum.2016.00279 1052 

Troiani, V., Patti, M. A., & Adamson, K. (2020). The use of the orbitofrontal H-sulcus as a 1053 

reference frame for value signals. The European Journal of Neuroscience, 51(9), 1928–1054 

1943. https://doi.org/10.1111/ejn.14590 1055 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       47 

 

Urbanski, M., Bréchemier, M.-L., Garcin, B., Bendetowicz, D., Thiebaut de Schotten, M., Foulon, 1056 

C., Rosso, C., Clarençon, F., Dupont, S., Pradat-Diehl, P., Labeyrie, M.-A., Levy, R., & 1057 

Volle, E. (2016). Reasoning by analogy requires the left frontal pole: lesion-deficit mapping 1058 

and clinical implications. Brain: A Journal of Neurology, 139(Pt 6), 1783–1799. 1059 

https://doi.org/10.1093/brain/aww072 1060 

Vallejo-Azar, M. N., Alba-Ferrara, L., Bouzigues, A., Princich, J. P., Markov, M., Bendersky, M., 1061 

& Gonzalez, P. N. (2022). Influence of accessory sulci of the frontoparietal operculum on 1062 

gray matter quantification. Frontiers in Neuroanatomy, 16, 1022758. 1063 

https://doi.org/10.3389/fnana.2022.1022758 1064 

Vandekar, S. N., Shinohara, R. T., Raznahan, A., Roalf, D. R., Ross, M., DeLeo, N., Ruparel, 1065 

K., Verma, R., Wolf, D. H., Gur, R. C., Gur, R. E., & Satterthwaite, T. D. (2015). 1066 

Topologically dissociable patterns of development of the human cerebral cortex. The 1067 

Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 35(2), 599–1068 

609. https://doi.org/10.1523/JNEUROSCI.3628-14.2015 1069 

Van Essen, D. C. (2003). Organization of Visual Areas in Macaque and Human Cerebral 1070 

Cortex. In L. C. A. Werner (Ed.), Visual Neurosciences. 1071 

https://www.cns.nyu.edu/csh/csh04/Articles/Vanessen-03.pdf 1072 

Van Essen, D. C. (2005). A Population-Average, Landmark- and Surface-based (PALS) atlas of 1073 

human cerebral cortex. NeuroImage, 28(3), 635–662. 1074 

https://doi.org/10.1016/j.neuroimage.2005.06.058 1075 

Vendetti, M. S., & Bunge, S. A. (2014). Evolutionary and developmental changes in the lateral 1076 

frontoparietal network: a little goes a long way for higher-level cognition. Neuron, 84(5), 1077 

906–917. https://doi.org/10.1016/j.neuron.2014.09.035 1078 

Vogt, C., & Vogt, O. (1919). Allgemeine Ergebnisse unserer Hirnforschung. J.A. Barth. 1079 

https://play.google.com/store/books/details?id=BJcXAAAAYAAJ 1080 

von Economo, C. F., & Koskinas, G. N. (1925). Die cytoarchitektonik der hirnrinde des 1081 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       48 

 

erwachsenen menschen. J. Springer. 1082 

https://play.google.com/store/books/details?id=2DVBAAAAYAAJ 1083 

Voorhies, W. I., Miller, J. A., Yao, J. K., Bunge, S. A., & Weiner, K. S. (2021). Cognitive insights 1084 

from tertiary sulci in prefrontal cortex. Nature Communications, 12(1), 5122. 1085 

https://doi.org/10.1038/s41467-021-25162-w 1086 

Weiner, K. S. (2019). The Mid-Fusiform Sulcus (sulcus sagittalis gyri fusiformis). Anatomical 1087 

Record , 302(9), 1491–1503. https://doi.org/10.1002/ar.24041 1088 

Weiner, K. S., Golarai, G., Caspers, J., Chuapoco, M. R., Mohlberg, H., Zilles, K., Amunts, K., & 1089 

Grill-Spector, K. (2014). The mid-fusiform sulcus: a landmark identifying both 1090 

cytoarchitectonic and functional divisions of human ventral temporal cortex. NeuroImage, 1091 

84, 453–465. https://doi.org/10.1016/j.neuroimage.2013.08.068 1092 

Weiner, K. S., Natu, V. S., & Grill-Spector, K. (2018). On object selectivity and the anatomy of 1093 

the human fusiform gyrus. NeuroImage, 173, 604–609. 1094 

https://doi.org/10.1016/j.neuroimage.2018.02.040 1095 

Welker, W. (1990). Why Does Cerebral Cortex Fissure and Fold? In E. G. Jones & A. Peters 1096 

(Eds.), Cerebral Cortex: Comparative Structure and Evolution of Cerebral Cortex, Part II 1097 

(pp. 3–136). Springer US. https://doi.org/10.1007/978-1-4615-3824-0_1 1098 

Wendelken, C., Ferrer, E., Ghetti, S., Bailey, S. K., Cutting, L., & Bunge, S. A. (2017). 1099 

Frontoparietal Structural Connectivity in Childhood Predicts Development of Functional 1100 

Connectivity and Reasoning Ability: A Large-Scale Longitudinal Investigation. The Journal 1101 

of Neuroscience: The Official Journal of the Society for Neuroscience, 37(35), 8549–8558. 1102 

https://doi.org/10.1523/JNEUROSCI.3726-16.2017 1103 

Wendelken, C., Nakhabenko, D., Donohue, S. E., Carter, C. S., & Bunge, S. A. (2008). “Brain is 1104 

to thought as stomach is to ??”: investigating the role of rostrolateral prefrontal cortex in 1105 

relational reasoning. Journal of Cognitive Neuroscience, 20(4), 682–693. 1106 

https://doi.org/10.1162/jocn.2008.20055 1107 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       49 

 

Westphal, A. J., Chow, T. E., Ngoy, C., Zuo, X., Liao, V., Storozuk, L. A., Peters, M. A. K., Wu, 1108 

A. D., & Rissman, J. (2019). Anodal Transcranial Direct Current Stimulation to the Left 1109 

Rostrolateral Prefrontal Cortex Selectively Improves Source Memory Retrieval. Journal of 1110 

Cognitive Neuroscience, 31(9), 1380–1391. https://doi.org/10.1162/jocn_a_01421 1111 

Westphal, A. J., Reggente, N., Ito, K. L., & Rissman, J. (2016). Shared and distinct contributions 1112 

of rostrolateral prefrontal cortex to analogical reasoning and episodic memory retrieval. 1113 

Human Brain Mapping, 37(3), 896–912. https://doi.org/10.1002/hbm.23074 1114 

Willbrand, E. H., Ferrer, E., Bunge, S. A., & Weiner, K. S. (2023). Development of human lateral 1115 

prefrontal sulcal morphology and its relation to reasoning performance. The Journal of 1116 

Neuroscience: The Official Journal of the Society for Neuroscience. 1117 

https://doi.org/10.1523/JNEUROSCI.1745-22.2023 1118 

Willbrand, E. H., Jackson, S., Chen, S., Hathaway, C. B., Voorhies, W. I., Bunge, S. A., & 1119 

Weiner, K. S. (2023). Cognitive relevance of an evolutionarily new and variable prefrontal 1120 

structure. In bioRxiv (p. 2023.02.10.528061). https://doi.org/10.1101/2023.02.10.528061 1121 

Willbrand, E. H., Parker, B. J., Voorhies, W. I., Miller, J. A., Lyu, I., Hallock, T., Aponik-1122 

Gremillion, L., Koslov, S. R., Null, N., Bunge, S. A., Foster, B. L., & Weiner, K. S. (2022). 1123 

Uncovering a tripartite landmark in posterior cingulate cortex. Science Advances, 8(36), 1124 

eabn9516. https://doi.org/10.1126/sciadv.abn9516 1125 

Willbrand, E. H., Voorhies, W. I., Yao, J. K., Weiner, K. S., & Bunge, S. A. (2022). Presence or 1126 

absence of a prefrontal sulcus is linked to reasoning performance during child 1127 

development. Brain Structure & Function, 227(7), 2543–2551. 1128 

https://doi.org/10.1007/s00429-022-02539-1 1129 

Wojtasik, M., Bludau, S., Eickhoff, S. B., Mohlberg, H., Gerboga, F., Caspers, S., & Amunts, K. 1130 

(2020). Cytoarchitectonic Characterization and Functional Decoding of Four New Areas in 1131 

the Human Lateral Orbitofrontal Cortex. Frontiers in Neuroanatomy, 14, 2. 1132 

https://doi.org/10.3389/fnana.2020.00002 1133 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/


       50 

 

Yao, J. K., Voorhies, W. I., Miller, J. A., Bunge, S. A., & Weiner, K. S. (2022). Sulcal depth in 1134 

prefrontal cortex: a novel predictor of working memory performance. Cerebral Cortex , 1135 

bhac173. https://doi.org/10.1093/cercor/bhac173 1136 

Yeo, B. T. T., Krienen, F. M., Eickhoff, S. B., Yaakub, S. N., Fox, P. T., Buckner, R. L., Asplund, 1137 

C. L., & Chee, M. W. L. (2015). Functional Specialization and Flexibility in Human 1138 

Association Cortex. Cerebral Cortex , 25(10), 3654–3672. 1139 

https://doi.org/10.1093/cercor/bhu217 1140 

Zilles, K. (2018). Brodmann: a pioneer of human brain mapping-his impact on concepts of 1141 

cortical organization. Brain: A Journal of Neurology, 141(11), 3262–3278. 1142 

https://doi.org/10.1093/brain/awy273 1143 

Zlatkina, V., Amiez, C., & Petrides, M. (2016). The postcentral sulcal complex and the 1144 

transverse postcentral sulcus and their relation to sensorimotor functional organization. The 1145 

European Journal of Neuroscience, 43(10), 1268–1283. https://doi.org/10.1111/ejn.13049 1146 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2023. ; https://doi.org/10.1101/2023.05.25.542301doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.25.542301
http://creativecommons.org/licenses/by-nc/4.0/

