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Abstract

Background: Emotion-related impulsivity (ERI) describes the trait-like tendency toward poor
self-control when experiencing strong emotions. ERI has been shown to be elevated across
psychiatric disorders and predictive of the onset and worsening of psychiatric syndromes.
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Recent work has correlated ERI scores with the region-level neuroanatomical properties of the
orbitofrontal cortex (OFC), but not posteromedial cortex (PMC). Informed by a growing body of
research indicating that examining the morphology of specific cortical folds (sulci) can produce
unique insights into behavioral outcomes, the present study modeled the association between
ERI and the morphology of sulci within OFC and PMC, which is a finer scale than previously
conducted.

Methods: Analyses were conducted in a transdiagnostic sample of 118 adult individuals with

a broad range of psychiatric syndromes. First, we manually defined over 4,000 sulci across 236
cerebral hemispheres. Second, we implemented a model-based LASSO regression to relate OFC
sulcal morphology to ERI. Third, we tested whether effects were specific to OFC sulci, sulcal
depth, and ERI (as compared to PMC sulci, sulcal gray matter thickness, and non-emotion-related
impulsivity).

Results: The LASSO regression revealed bilateral associations of ERI with the depths of eight
OFC sulci. These effects were strongest for OFC sulci, sulcal depth, and ERI in comparison

to PMC sulci, sulcal gray matter thickness, and non-emotion-related impulsivity. In addition,
we identified a new transverse component of the olfactory sulcus in every hemisphere that is
dissociable from the longitudinal component based on anatomical features and correlation with
behavior, which could serve as a new transdiagnostic biomarker.

Conclusions: The results of this data-driven investigation provide greater neuroanatomical
and neurodevelopmental specificity on how OFC is related to ERI. As such, findings link
neuroanatomical characteristics to a trait that is highly predictive of psychopathology.

Keywords

Emotion; MRI; Neuroanatomy; Orbitofrontal cortex; Psychopathology; Self-control;
Transdiagnostic

Introduction

Understanding the neuroanatomical basis of psychopathology is a major interest of cognitive
and clinical neuroscience. Determining the neural correlates underlying emotion-related
impulsivity (ERI; Carver & Johnson, 2018; Pearlstein, Johnson, Modavi, Peckham, &
Carver, 2019); is particularly important as ERI is increasingly recognized as a shared trait
across many psychological disorders (Pearlstein et al., 2019; Pearson, Combs, Zapolski,

& Smith, 2012; Riley, Combs, Jordan, & Smith, 2015) and is predictive of numerous
internalizing and externalizing syndromes (Berg, Latzman, Bliwise, & Lilienfeld, 2015;
Johnson, Carver, & Joormann, 2013, 2017). Despite the well-established predictive power of
ERI, neurobiological correlates of ERI are still largely unknown (Johnson, Elliott, & Carver,
2020).

In the present work, our main region of interest was the orbitofrontal cortex (OFC)

given that previous functional and structural imaging work has suggested a link between
ERI, psychopathology more broadly, and OFC morphology (Elliott, Esmail, Weiner, &
Johnson, 2023; Hiser & Koenigs, 2018; Nakamura, Nestor, & Shenton, 2020; Owens et al.,
2020). Specifically motivating the present study, previous work identified (i) a qualitative

Cortex. Author manuscript; available in PMC 2024 December 28.
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link between the pattern of cortical indentations, or sulci, in OFC and clinical outcomes
(Nakamura et al., 2020) and (ii) a quantitative link between the local gyrification of OFC
and ERI (Elliott et al., 2023). Here, we also considered the posteromedial cortex (PMC) as a
control region for three reasons. First, PMC is generally implicated in psychopathology and
impulsive behavior (Foster et al., 2023; Hazlett et al., 2005; Leech & Sharp, 2014; Miglin
et al., 2019; Zhao et al., 2017). Second, prior work on the neuroanatomy of ERI did not
identify a relationship between PMC and ERI using exploratory quantitative analyses on
local gyrification at the group level (Elliott et al., 2023). Third, our group recently clarified
the sulcal organization of PMC (Willbrand, Maboudian, et al., 2023; Willbrand, Parker,

et al., 2022), allowing for a more precise, individual-level exploration of the previously-
identified group-level null finding (Elliott et al., 2023). Altogether, while a growing body of
work has identified quantitative relationships between sulcal morphology in different parts
of the cerebral cortex with multiple behavioral and psychiatric outcomes (Brun et al., 2016;
Garrison et al., 2015; Maboudian et al., 2024; Parker et al., 2023; Ramos Benitez et al.,
2024; Voorhies, Miller, Yao, Bunge, & Weiner, 2021; Willbrand, Ferrer, Bunge, & Weiner,
2023; Willbrand, Tsai, Gagnant, & Weiner, 2023; Yao, Voorhies, Miller, Bunge, & Weiner,
2022), it is presently unknown if there is an anatomo-cognitive link between the morphology
of individual sulci and ERI in OFC and PMC.

To begin to fill this gap in knowledge, we examined the relationship between ERI and
OFC and PMC sulcal morphology in a transdiagnostic sample of 118 individuals with a
broad range of internalizing and externalizing syndromes following a “precision imaging”
approach (Gratton et al., 2020). To do so, we defined putative primary, secondary, and
tertiary sulci in each individual hemisphere, resulting in over 4,000 manually defined
sulci across the sample. We then implemented a model-based LASSO regression to relate
OFC and PMC sulcal morphology to ERI, and subsequently tested whether effects were
specific to ERI (as compared to non-emotion-related impulsivity) and OFC (as compared
to PMC). We focused on sulcal depth as it is one of the main morphological features
differentiating putative primary (deepest), secondary, and tertiary (shallowest) sulci from
one another and recent research identifies a link between sulcal depth and cognition (Brun
et al., 2016; Voorhies et al., 2021; Willbrand, Tsai, et al., 2023; Yao et al., 2022). To

our knowledge, this is the first study to examine the relationship between ERI and sulci
identified in each individual hemisphere that also includes putative tertiary sulci, which
have been largely overlooked and are considerably variable across hemispheres (Amiez et
al., 2019, 2023; Garrison et al., 2015; Lopez-Persem, Verhagen, Amiez, Petrides, & Sallet,
2019; Maboudian et al., 2024; Miller, D’Esposito, & Weiner, 2021; Voorhies et al., 2021;
Willbrand, Maboudian, et al., 2023; Willbrand, Parker, et al., 2022; Willbrand, Tsai, et al.,
2023; Willbrand, Voorhies, Yao, Weiner, & Bunge, 2022; Yao et al., 2022).

2. Materials and methods

2.1. Dataset

We report how we determined our sample size, all data exclusions (if any), all inclusion/
exclusion criteria, whether inclusion/exclusion criteria were established prior to data
analysis, all manipulations, and all measures in the study.

Cortex. Author manuscript; available in PMC 2024 December 28.
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2.1.1. Participants—This study aims to primarily assess the behavioral relevance of
orbitofrontal (OFC) and posteromedial (PMC) sulcal morphology across a transdiagnostic
sample of individuals with a wide range of internalizing and externalizing syndromes. The
sample consisted of 118 participants (ages 18-55 years old; 67% female, 28% male, and 5%
non-binary; participant demographic details are provided in Supplementary Table 1). This
sample and associated data (MRI scans, and behavioral data; detailed below) were also used
in our previous work assessing the relationship between local gyrification and ERI (Elliott
et al., 2023); however, it is worth noting that the neuroanatomical scales are completely
different [automatically defined anatomical large-scale regions in Elliott et al. (2023) versus
the level of fine-scale individual sulci in the present work). Further, the actual data extracted
and analyzed here are completely new (i.e., morphological features of individual sulci in
individual participants; detailed below). Therefore, the present work is distinguishable from
this prior work and, importantly, aims to build upon the previous work by evaluating the
relationship between OFC morphology and ERI at a far finer scale than previously assessed.

Most participants demonstrated substantial impairment due to mental health symptoms,

as indicated by receipt of disability, mental health services or by scores greater than 5

on the Sheehan Disability Scale (Leon, Olfson, Portera, Farber, & Sheehan, 1997); to
sample a fuller range of impairment, though, 17 individuals with Sheehan Disability scores
less than or equal to 5 were included. The UC Berkeley Committee for the Protection

of Human Subjects approved the parent study supported by the National Institutes of
Health (NIH; Grant No. RO1IMH110477 [to S.L.J.]. Researchers recruited participants
through flyers, online advertising, and referrals from clinicians and excluded individuals
with current alcohol or substance abuse disorders, a history of bipolar disorder or primary
psychosis (as assessed by the SCID for DSM-5; participant diagnosis details are included
in Supplementary Table 1), or daily use of marijuana or sedating medications (participant
medication use is detailed in Supplementary Table 2), as well as those with lifetime head
trauma resulting in loss of consciousness for five or more minutes, low cognitive abilities
(Orientation Memory Concentration Test (Katzman et al., 1983) score of less than 7),

MRI safety contraindications, neurological disorders, or inability to complete cognitive
measures due to intellectual or language impairment. After researchers gave informed
consent, participants completed diagnostic, behavioral, and neuroimaging sessions (Elliott
et al., 2023). Before the neuroimaging session, participants completed urine toxicology
screening.

2.1.2. Behavioral measures—The mental health-related impairment of the participants
was assessed using the Sheehan Disability Scale (Leon et al., 1997). The Orientation
Memory Concentration Test was used (Katzman et al., 1983) to further identify any potential
cognitive deficits. ERI was assessed using the well-validated Three Factor Impulsivity

Index, which contains three factor-analytically derived subscales with robust internal
consistency (Carver, Johnson, Joormann, Kim, & Nam, 2011; Johnson, Tharp, Peckham,
Carver, & Haase, 2017). The first factor, Feelings Trigger Action (FTA), covers the
propensity to act or speak rashly while experiencing high (positively or negatively valenced)
emotions. This factor is composed of three facets: the Negative Urgency Scale, Positive
Urgency Measure, and Reflexive Reaction to Feelings Scale (Carver et al., 2011; Whiteside

Cortex. Author manuscript; available in PMC 2024 December 28.
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& Lynam, 2001). The second factor, Pervasive Influence of Feelings (PIF), comprises three
facets that assess cognitive and motivational reactions, mostly towards negative emotions:
Generalization, Sadness Paralysis, and Emotions Color Worldview (Carver, Voie, Kuhl, &
Ganellen, 1988, 2011). The third factor, Lack of Follow Through (LFT), covers impulsivity
without reference to emotion, including Lack of Perseverance and Distractibility (Carver et
al., 2011; Whiteside & Lynam, 2001).

The response format for all items consists of ratings on a scale of 1 “I agree a lot” to 5

“| disagree a lot”; higher scores indicate higher severity. Across previous studies, PIF and
FTA, the two forms of ERI, exhibit a more substantial correlation with psychopathology
measures compared to LFT (Auerbach, Stewart, & Johnson, 2017; Johnson et al., 2013,
2017). Given this, we hypothesized that OFC sulcal morphology would be correlated with
these two factors, and we included analyses of LFT as a control measure. ERI measures
were unrelated to age, gender, and current medication status (Supplementary Table 3).

2.1.3. Magnetic resonance imaging data—Individuals participated in a brain
imaging scan using a 3 T Siemens TIM Trio magnetic resonance imaging (MRI) scanner
with a 32-channel receiver head coil. The scanner acquired sagittal T1-weighted structural
images with a standard 6.1 min magnetization-prepared rapid gradient-echo sequence
(MPRAGE) utilizing the following parameters: Repetition Time = 1900 msec, Echo Time
= 2.89 msec, Field of View = 256 mm, Voxel size = 1 mm isotropic voxels, PAT Mode

= GRAPPA, and PE = 2. Before the scan, researchers reminded participants to remain as
still as possible, and presented participants with a blank screen during the scan(Elliott et al.,
2023).

2.2. Analysis pipeline

2.2.1. Manual definition of orbitofrontal sulci—The structural T1-weighted scans
underwent processing through FreeSurfer (version 6.0.0; https://surfer.nmr.mgh.harvard.edu
(Dale, Fischl, & Sereno, 1999; Fischl & Dale, 2000). We employed the built-in function
recon-all to transform 2D high-resolution anatomical images into 3D pial and inflated
cortical reconstructions. The curvature metric within FreeSurfer was used to differentiate
between sulcal and gyral components (Dale et al., 1999; Fischl & Dale, 2000; Wandell,
Chial, & Backus, 2000).

W.L.H. and E.H.W. manually identified OFC sulci in each hemisphere (A= 118; 236
hemispheres) using FreeSurfer’s tksurfer tools and guided by the latest definition of OFC
sulci (Petrides, 2019). Every label was then validated by a neuroanatomist with expertise
in OFC (K.S.W.) prior to any morphological analyses. The OFC sulci of interest in the
present study were the: (1) olfactory sulcus (olfs), (2) transverse olfactory sulcus (tolfs),
(3) transverse orbital sulcus (tos), (4) anterior section of the medial orbital sulcus (mos-
a), (5) posterior section of the medial orbital sulcus (mos-p), (6) anterior section of the
lateral orbital sulcus (los-a), (7) posterior section of the lateral orbital sulcus (los-p),

(8) intermediate orbital sulcus (ios), (9) posterior orbital sulcus (pos), and (10) sulcus
fragmentosis (sf). Prior research has shown that the olfs, tos, mos-a, mos-p, los-a, and
los-p are present in all individuals, whereas the ios, pos, and sf are more variably present

Cortex. Author manuscript; available in PMC 2024 December 28.
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(Chiavaras & Petrides, 2000). In the present work, we could identify the horizontal tolfs
as distinct from the longitudinal olfs in every hemisphere. Fig. 1a provides a visual
representation of left and right hemispheres for reference. OFC sulcal definitions in all
participants are provided in Supplementary Fig. 1.

2.2.2. ldentifying “Types” of OFC sulcogyral patterns—\We categorized each
hemisphere’s sulcogyral organization based on a classification system developed by
Chiavaras and Petrides (2000) and refined by Chakirova et al. (2010); Fig. 1b i-iv). Type

I, the most prevalent sulcal pattern across samples (Nakamura et al., 2020), displays a
discontinuity between the anterior and posterior components of the medial orbital sulci,
while the anterior and posterior components of the lateral orbital sulcus are continuous.
Type 11 demonstrates continuity between the anterior and posterior components in both

the medial and lateral orbital sulci. Type I11 shows discontinuity between the anterior and
posterior components of both the medial and lateral orbital sulci. Type 1V, the least common
and typically excluded from analysis, exhibits discontinuity in the anterior and posterior
components of the lateral orbital sulci, but not the medial orbital sulci. We also assessed

the number of variable putative tertiary sulci-sulci with an incidence rate that varies from
zero to up to four components across individuals—in each hemisphere. Similar to the labeling
process, each pattern underwent assessment and validation before any further analyses were
performed.

As it is becoming more commonly performed in the field (Borst et al., 2016; Cachia et al.,
2016; Eichert, Watkins, Mars, & Petrides, 2021; Roell et al., 2021), to define sulci in the
present study, we used each participant’s 3D native cortical surface mesh (inflated and pial
FreeSurfer cortical surface reconstructions) as this 1) preserves the participant’s native sulcal
morphology, 2) automatically parses the gyral versus sulcal portions of the cortex, and 3)
allows for the viewing of buried gyri/p/is de passage. Importantly, the OFC pattern types
were also originally documented on postmortem brains (Chiavaras & Petrides, 2000), and

in vivo sulcal patterning visualized via FreeSurfer cortical surface reconstructions accurately
reflects that of postmortem brains (Willbrand, Parker, et al., 2022; Willbrand, Tsali, et al.,
2023). Altogether, this facilitates the discernment of sulcal discontinuity that is not subject to
bias based on the number of 2D slides examined. There was strong inter-rater agreement in
OFC type classification (Cohen’s x [95% CI] = .94 [.91-.98]).

2.2.3. Manual definition of posteromedial sulci—In the present study, we also
considered 8-13 sulci within posteromedial cortex (PMC) that were recently identified

and comprehensively described in our prior work (Willbrand, Maboudian, et al., 2023;
Willbrand, Parker, et al., 2022). We considered three consistent sulci that bound PMC:
parietooccipital sulcus (POS), marginal ramus of the cingulate sulcus (MCGS), and splenial
sulcus (spls). We also considered the more variable border sulcus: premarginal branch of
the cingulate sulcus (pmcgs). We considered four consistent sulci within the precuneal
cortex (PrC; the superior subregion of PMC): dorsal precuneal limiting sulcus (prculs-d) and
three precuneal sulci (posterior: prcus-p, intermediate: prcus-i, anterior: prcus-a). There was
one variable PrC sulcus we also considered: ventral precuneal limiting sulcus (prculs-v).
Within the posterior cingulate cortex (PCC; the inferior subregion of PMC), we identified

Cortex. Author manuscript; available in PMC 2024 December 28.
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between one and four sulci. The inframarginal sulcus (ifrms) is consistently present in every
human hemisphere. Anterior to the ifrms, there is a variably present indentation termed

the posterior intracingulate sulcus (icgs-p). Posterior to the ifrms, we could identify up

to two variable sulci: the dorsal (sspls-d) and ventral (sspls-v) subsplenial sulci. W.L.H.

and S.T.W. manually identified PMC sulci in a subset of participants who had OFC sulci
identified (V= 102; 204 hemispheres) using FreeSurfer’s tksurfer tools. Every label was
then validated by four neuroanatomists with expertise in PMC prior to any morphological
analyses (E.H.W.,, J.P.K., S A.M., K.S.W.). The incidence rates of PMC sulci in this sample
are detailed in the Supplementary Results. The incidence rates of the five variable PMC sulci
are shown in Supplementary Table 4. PMC sulcal definitions in all participants are provided
in Supplementary Fig. 2.

2.2.4. Extracting morphological features—After sulci were defined, depth
(according to FreeSurfer values; Dale et al., 1999), cortical thickness (in millimeters; Fischl
& Dale, 2000), and surface area (in square millimeters; Fischl, Sereno, Tootell, & Dale,
1999) were calculated using an established analysis pipeline and the mris_anatomical_stats
function in FreeSurfer (Miller, Voorhies, Lurie, D’Esposito, & Weiner, 2021; Voorhies et al.,
2021). These metrics commonly discriminate sulcal types from one another. For example,
primary sulci are the deepest with the largest surface area, while putative tertiary sulci

are the shallowest with the smallest surface area (Armstrong, Schleicher, Omran, Curtis,

& Zilles, 1995; Chi, Dooling, & Gilles, 1977; Welker, 1990). The latter are particularly
intriguing when considering neurodevelopmental disorders as they emerge last in gestation
in association cortices and continue to develop after birth. Depth values, as computed by
FreeSurfer, depend on the distance of a vertex from the “mid-surface,” with the mean
displacements around this “mid-surface” being zero. This usually results in gyri having
negative values, while sulci have positive values. However, due to the shallowness and
variability in the depths of putative tertiary sulci, some mean depth values can be less

than zero. To account for variations in brain size among individuals and hemispheres, we
employed normalized sulcal depth, consistent with previous studies (Maboudian et al., 2024;
Voorhies et al., 2021; Willbrand, Ferrer, et al., 2023; Willbrand, Tsai, et al., 2023; Yao et al.,
2022). Cortical thickness and sulcal depth of all OFC sulci are shown in Supplementary Fig.
3.

2.3. Data analysis

2.3.1. Categorical measurements—We first considered the relationship between ERI
and two categorical measures describing OFC sulci. The first was the Type of OFC
sulcogyral pattern (incidence in Supplementary Fig. 4a). The second was the total number
of variable (putative tertiary) OFC sulci (incidence in Supplementary Fig. 4b—d). For these
two categorical measures, we conducted a Type 111 Analysis of Variance (ANOVA) to
compare incidence rates for each ERI factor. When relevant, post hoc #tests were applied
and P-values were corrected with the Tukey multiplicity adjustment (Schaarschmidt, Ritz, &
Hothorn, 2022; Searle, Speed, & Milliken, 1980).

2.3.2. Continuous measurements—Building upon our prior work (Maboudian et al.,
2024; Voorhies et al., 2021; Willbrand, Ferrer, et al., 2023; Willbrand, Tsai, et al., 2023;

Cortex. Author manuscript; available in PMC 2024 December 28.
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Yao et al., 2022), to analyze continuous morphological sulcal-behavior relationships, we
leveraged a pre-existing pipeline that tests for a relationship between sulcal morphology and
ERI via the following data-driven approach.

1. L1 regularization (least absolute shrinkage and selection operator, LASSO,
regression): A LASSO regression is well suited to this situation as it facilitates
model selection and increases the generalizability and preventing overfitting
(particularly in cases where there are 10 < x < 25 events per variable) of
a model by providing a sparse solution that reduces coefficient values and
decreases variance in the model without increasing bias (Heinze, Wallisch, &
Dunkler, 2018). Specifically, LASSO performs L1 regularization by applying
a penalty, or shrinking parameter (alpha value), to the absolute magnitude of
the coefficients such that low coefficients are set to zero and eliminated from
the model. Thus, LASSO facilitates data-driven variable selection, leading to a
parsimonious, yet comprehensive, model where only the sulci most associated
with the outcome measure remain as predictors in the model. As a result, this
data-driven method improves the interpretability and prediction accuracy of a
model, while simultaneously safeguarding against overfitting and maximizing
generalizability (Ghojogh & Crowley, 2019; Heinze et al., 2018).

2. Cross-validation: Our LASSO regression models were tuned and evaluated using
cross-validation, a within-sample method for improving the generalizability of
a model that is standard practice in machine learning (Ghojogh & Crowley,
2019; Poldrack, Huckins, & Varoquaux, 2020; Vabalas, Gowen, Poliakoff, &
Casson, 2019). Cross-validation creates a series of within-sample train/test splits
that allows for every data point to be used for both training and testing. In
the present study, we used leave-one-participant-out cross-validation (LOOCV),
in which the model is successively fit to every data point except one and
then tested on the left-out data point. We first conducted a grid search with
LOOCYV to select the value of the shrinking parameter (a) that minimized mean
squared error (MSE) of the model (Heinze et al., 2018). We then used a second
LOOCYV to calculate cross-validated £2 and MSE values and thereby evaluate
the model. In a supplementary analysis, we ran the same LASSO pipeline
again but with fully nested cross-validation, a procedure in which parameter
tuning and feature selection are performed separately for each cross-validation
fold. Fully nested cross-validation is the most rigorous, least biased method for
within-sample development of predictive models (Poldrack et al., 2020; Vabalas
et al., 2019). This supplementary analysis confirmed results from the original
analysis (Supplementary Materials).

3. Permutation Testing: In all analyses, we submitted statistical results (MSE,
Spearman’s rho) from the LASSO-selected models to random permutation
testing. Permutation testing is a robust non-parametric alternative to standard
parametric significance tests because it does not rely on distributional
assumptions such as normality, homogeneity of variance, or random sampling.
It is a powerful tool for evaluating test statistics from the modest sample sizes
characteristic of neuroimaging studies. Using 5,000 permutations of the dataset,

Cortex. Author manuscript; available in PMC 2024 December 28.
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in which behavioral scores were randomly shuffled, we generated empirical null
distributions of MSE and Spearman’s rho, which we compared with the observed
MSE and Spearman’s rho values from the selected model. Permutation testing
yields exact p-values (P*, = 5,000).

The LASSO approach requires that all sulci are present in each hemisphere. As such, to
balance the number of sulci and number of participants in the models, we excluded the pos
and ios as they were the most variable (Supplementary Fig. 4b and c), resulting in eight

sulci being submitted to the model: (1) olfs, (2) tolfs, (3) tos, (4) mos-a, (5) mos-p, (6)

los-a, (7) los-p, (8) sf. In total, morphological data from the 109 left hemispheres and 102
right hemispheres that contained these eight sulci were included in the models testing for a
relationship between OFC sulcal morphology with the two emotionally driven ERI factors
(PIF and FTA) in each hemisphere separately. Any LASSO-selected models (determined

via the three-fold approach described previously) were then compared to two alternative
models to assess specificity. The first model acted as a surface-based measurement control
(cortical thickness) and the second served as a behavioral control (Lack of Follow Through).
We assessed how our model performed relative to the control models by measuring the
difference of their Akaike Information Criterion [AIC (Akaike, 1998);]. We also assessed the
regional specificity of any ERI factor that was significantly related to OFC sulcal depth by
re-implementing the LASSO approach with the depths of PMC sulci instead (Supplementary
Materials). Given the null relationship between ERI and age (Supplementary Table 3) and
the inconsistent relationship between sulcal morphology and age (OFC: Supplementary
Table 5; PMC: Supplementary Table 6), age was not included in any of the models. No

part of the study procedures or analyses were pre-registered prior to the research being
conducted.

3. Results

3.1. Overview of orbitofrontal sulcal incidence and sulcogyral patterning

We were able to identify nine sulci that have been previously identified and explored, six

of which were identifiable within the orbitofrontal cortex (OFC) in every hemisphere: 1-2)
the posterior and anterior portions of the lateral orbital sulcus (los-a, los-p), 3-4) the anterior
and posterior portions of the medial orbital sulcus (mos-a, mos-p), 5) the transverse orbital
sulcus (tos), and 6) the olfactory sulcus (olfs). Three additional sulci could be defined in
some, but not all, hemispheres across participants: (1) the intermediate orbital sulcus (ios),
(2) the posterior orbital sulcus (pos), and (3) sulcus fragmentosis (sf). Additionally, these
sulci varied in the number of observed components, ranging from zero to as many as four
components (Fig. 1a; Supplementary Fig. 4b—d).

3.2. The transverse olfactory sulcus is morphologically distinct from the olfactory sulcus

For the first time (to our knowledge), we were also able to identify the transverse olfactory
sulcus (tolfs) in every hemisphere examined (Fig. 1a; Supplementary Fig. 1). Though many
neuroanatomists throughout history have acknowledged a “hook” at the posterior extent of
the olfactory sulcus (additional details are provided in the Supplementary Materials and
Supplementary Figs. 5-6), the present study is the first (to our knowledge) to define and
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label this component separately. Comparing cortical thickness and depth between the olfs
and tolfs revealed that the latter is significantly deeper and thicker (Tukey’s £<.0001 for
all comparisons) than the former (Fig. 2), providing empirical evidence that the tolfs is
morphologically distinct from the olfs.

3.3. OFC sulcogyral types in the present study are consistent with a previous meta-

analysis

OFC sulcogyral patterns varied (Fig. 1b; Supplementary Fig. 4a) with comparable incidence
rates reported first by Chiavaras and Petrides (2000) and by subsequent studies (reviewed
by Nakamura et al., 2020). To directly compare our incidence rates to those previously
reported, we performed a meta-analysis comparing the incidence rates in the present study
to studies reporting OFC sulcogyral patterns in neurotypical controls (12 studies, 710

total participants; Fig. 3a), and clinical samples (13 studies, 869 total participants; Fig.

3b). The clinical samples comprised individuals with first episode psychosis, ultra-high
risk of psychosis, schizophrenia, schizotypal, and autism spectrum disorder, all of which
have reported sulcogyral incidence rates (Bartholomeusz et al., 2013; Chakirova et al.,
2010; Chiavaras & Petrides, 2000; Lavoie et al., 2014; Li, Sescousse, Amiez, & Dreher,
2015; Nakamura et al., 2007, 2008, 2020; Nishikawa et al., 2016; Rodrigues et al., 2015;
Uehara-Aoyama et al., 2011; Watanabe et al., 2014; Whittle et al., 2014). The results of
this meta-analysis showed that the OFC sulcogyral types in the present study are consistent
with these previous studies (Fig. 3; Supplementary Table 1). Indeed, ANOVAS examining
the effect of sulcogyral type on each factor of ERI revealed no significant effects across all
comparisons (g5 > .05).

We also assessed the relationship between the incidence of the variable OFC sulci (pos,
ios, and sf; Fig. 1a; Supplementary Fig. 4b—d) and ERI given (i) the relationship between
sulcal incidence, behavior, and psychopathology more generally (Cachia et al., 2021) and
(i) the incidence of the variable OFC sulci and psychopathology specifically (Nakamura et
al., 2020). ANOVAs examining the effect of the number of variable sulci on each factor of
ERI revealed no significant effects across all comparisons (s > .05).

3.4. The depths of a subset of OFC sulci are related to ERI

We implemented data-driven LASSO regression models using the sulcal depths of the eight
most consistent OFC sulci (tos, tolfs, sf, olfs, mosp, mosa, losp, losa) in the left and

right hemispheres separately to predict each emotionally related ERI factor: (i) Feelings
Trigger Action (FTA) and (ii) Pervasive Influence of Feelings (PIF; Materials and Methods).
From these models, the OFC sulcal depth in the left and right hemispheres independently
predicted FTA, but not PIF. More specifically, between the two hemispheres, the LASSO
regression selected the depths of eight OFC sulci that were associated with FTA at the
optimum alpha threshold of the model (right hemisphere: a = .043, MSE = .496; left
hemisphere: a =.032, MSE = .500; Fig.4). In the right hemisphere, the depth of the
olfactory sulcus (8= -.07), as well as the posterior component of both the lateral (8=

.16) and medial (8= —.08) orbital sulci were associated with, FTA (R2cy = .06, MSEcy

= 487, P*, = 5,000 = .019; Fig. 4a). In the left hemisphere, the depth of the sulcus
fragmentosis (5 = —.12), olfactory sulcus (8 = —.13), anterior (8= .12) and posterior (3
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=.05) components of the medial orbital sulcus, as well as the anterior component of the
lateral orbital sulcus (8= —.06) were associated with FTA (R2cy = .07, MSEcy = .490,
P*n = 5000 = -006; Fig. 4b). In both hemispheres, Spearman correlations between predicted
and measured FTA scores showed that the LASSO-selected models significantly predicted
individual differences in FTA scores (right hemisphere: Spearman’s rho = .27, P, = 5 g0
=.002; left hemisphere: Spearman’s rho = .24, P*, = 5 goo = .005). We also implemented

a maximally rigorous model-selection process using fully nested cross-validation to further
ensure the generalizability of our results (Materials and Methods), which confirmed results
from the original model (Supplementary Results; Supplementary Fig. 7). Conversely, using
the same approach to predict PIF scores, we found no relationship between OFC sulcal
depth and PIF. No sulci were selected by the LASSO regression in either hemisphere (right
hemisphere: a =.126,MSE = .566;lefthemisphere: a =.141, MSE = .603), which resulted in
intercept-only models (/2s = .0).

Next, we assessed the specificity of the LASSO-selected models associating OFC sulcal
depth to FTA in both hemispheres (right hemisphere: FTA ~ olfs + mos-p + los-p; left
hemisphere: FTA ~ sf + olfs + mos-a + mos-p + los-a) by leveraging the Akaike Information
Criterion (AIC; Akaike, 1998) to compare them to control models for both behavior and
morphology (Materials and Methods). When comparing two models, a AAIC greater than

2 indicates an interpretable difference between models, while a AAIC greater than 10
indicates a substantial difference, with the lower AIC value indicating the preferred model
(Burnham & Anderson, 2004; Wagenmakers & Farrell, 2004). With regards to behavior,

we compared the AIC of LASSO-selected models associating OFC sulcal depth to FTA

to models associating the sulcal depth of these same OFC sulci in each hemisphere to a
non-emotional impulsivity metric: Lack of Follow Through (LFT; Materials and Methods).
The difference in AIC between the LASSO-selected models for sulcal depth and FTA and
LFT indicates that the predictive value of OFC sulcal depth is substantially stronger for FTA
than it is for the non-emational counterpart (right hemisphere: AA/C, e1-g1a = 27.6; left
hemisphere: AA/C Fr.Fra = 29.0). With regards to morphology, we compared the AIC of
the LASSO-selected models associating OFC sulcal depth to FTA to models associating the
cortical thickness of these same sulci in each hemisphere to FTA (Materials and Methods).
The sulcal depth model was preferred over the cortical thickness model in both hemispheres
(right hemisphere: AA/Crhickness-Depth = 6.7; left hemisphere: AA/Crhickness-Depth = 16.2).
We also tested for regional specificity of the relationship between sulcal depth and FTA

by implementing the same data-driven LASSO regression approach on the depths of sulci
within posteromedial cortex (PMC), which identified that the depths of PMC sulci were
less associated and predictive of FTA than the depths of OFC sulci (Supplementary Results;
Supplementary Fig. 8).

Finally, we tested the impact of defining the tolfs separately from the olfs on our models. To
do so, we generated a separate model which did not differentiate the transverse portion from
the main branch of the olfs. This “olfactory complex” had decreased S-values compared to
the olfs in the original model (Supplementary Fig. 9). This provides additional empirical
evidence that the tolfs should be defined separately from the olfs.
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4. Discussion

In the present study, we examined the relationship between OFC sulcal morphology and
ERI in a transdiagnostic clinical sample. To do so, we manually defined over 4,000 sulci in
individual participants and implemented a model-based approach, which revealed bilateral
associations of ERI with the depths of eight OFC sulci. These effects were strongest for
ERI, sulcal depth, and OFC sulci as compared to non-emotion-related impulsivity, sulcal
cortical thickness, and PMC sulci. In addition, we identified a new transverse component of
the olfactory sulcus in every hemisphere that is dissociable from the longitudinal component
based on anatomical features and correlation with behavior. The results of this data-driven
investigation provide greater neuroanatomical and neurodevelopmental specificity on how
OFC is related to ERI than previous studies, as well as link neuroanatomical characteristics
to a trait that is highly predictive of psychopathology. Together, our findings provide an
important step in clarifying the neuroanatomical correlates of ERI, a foundation that can be
built upon in future studies. In the sections below, we discuss these results in the context of
previous findings, as well as consider goals for future work.

In previous work, Elliott et al. (2023) established a neuroanatomical link between OFC

and ERI. Using a continuous global surface-based morphological measurement, the authors
identified a link between ERI and the local gyrification of OFC. Building on that work
which used an automated algorithm to define the perimeter of a large OFC region of
interest (ROI), here, we improved the spatial scale of our measurements from one large
OFC ROI to manually defined OFC sulci in each individual hemisphere (in line with what
has been referred to as a “precision imaging” approach (Gratton et al., 2020). As such,

the present findings identify precise neuroanatomical sulcal landmarks that are related to
ERI and complement the previous findings. For example, Elliott et al. (2023) identified a
stronger relationship between FTA and the OFC in the left hemisphere. Our model-based
approach also identified a hemispheric difference in which the depths of five sulci in the
left hemisphere and only three in the right hemisphere were related to ERI that provide

two key insights. First, the model identified only two sulci (olfs and mos-p) in both the
right and left hemispheres, indicating bilateral sulcal landmarks related to ERI for the first
time. To remind the reader, it is important to note that this olfs definition does not include
the tolfs; when including the tolfs in the definition of an “olfs complex,” the model fit
decreased (Supplementary Fig. 9). As prior findings show that the depth of the olfs is
typically decreased in patients with or at risk of developing schizophrenia (Takahashi et

al., 2013, 2014, 2019; Turetsky, Crutchley, Walker, Gur, & Moberg, 2009), our findings
indicate that the olfs, but not the tolfs, could be driving those effects. This dissociation can
be examined in future research. Second, the model identifies both large, primary sulci and
small, putative tertiary sulci such as the sf (Fig. 4). Thus, it is not just primary, secondary, or
tertiary sulci that are driving the effects previously identified; instead, it is a sulcal landscape
of eight OFC sulci between the two hemispheres that are related to ERI.

There are also differences between the present and previous findings (Elliott et al., 2023)
indicating that the neuroanatomical correlates of FTA and PIF may operate on different
spatial scales. For example, there was no significant relationship of PIF with sulcal depth,
whereas Elliott et al. (2023) found that PIF correlated bilaterally to the local gyrification
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of OFC. As such, PIF may function at a coarser level in OFC (broad, non-sulcal-specific
folding) while FTA appears to be localized to specific structures. In a similar vein, and
more broadly, our present findings also indicate that ERI as a construct relates more

to fine-grained, continuous features of the cortex that coarser, categorical measures like
sulcal incidence cannot properly capture. For example, the incidence rate of variable sulci
was not significantly related to impulsivity levels, despite prior work indicating that the
number of variable sulci present in clinical populations relates to psychopathology severity
(Nakamura et al., 2020). Taken together, the combination of the present and previous
findings underscores how psychopathology manifests in the OFC on multiple scales, some
of which appear to overlap with impulsivity—as observed in global and local continuous
measurement scales with respect to ERI-while others do not.

By focusing on sulci within OFC, we have improved the spatial scale of the neuroanatomical
underpinnings of ERI. Nevertheless, it may be tempting to also conclude that these
structures are the most important neuroanatomical link to ERI (i.e., a more localized
“modular” view). We emphasize that the neuroanatomical underpinnings of ERI likely
include many more neuroanatomical structures across spatial scales and that our present
findings are the next step in uncovering the infrastructure of a complex neural network
underlying ERI that is presently unknown (Zachlod, Palomero-Gallagher, Dickscheid, &
Amunts, 2023). Indeed, previous findings relating sulcal morphology to cognition in
different populations discuss the relationship between sulcal morphology and network
connectivity with an emphasis on white matter architecture (Fornito et al., 2006; Garrison et
al., 2015; Le Provost et al., 2003; Miller, Voorhies, et al., 2021; Voorhies et al., 2021; Yao
et al., 2022; Yicel et al., 2002). Further, although empirical investigation on the functional
importance of OFC sulci is still in early stages (e.g., Li et al., 2015; Troiani, Dougherty,
Michael, & Olson, 2016, 2020), to begin exploring how the functional neuroanatomy of
these sulci may relate to ERI, we leveraged the Neurosynth meta-analysis software (Yarkoni,
Poldrack, Nichols, Van Essen, & Wager, 2011) to compare the location of OFC sulci to

the location of activation across dozens of fMRI studies for different search terms relating
to both OFC (Rolls, 2004; Rolls, Cheng, & Feng, 2020) and FTA (Carver & Johnson,

2018; Pearlstein et al., 2019). This procedure revealed multiple putative correspondences
(Supplementary Fig. 10). These relationships can be used in future research to explore

the functional cortical infrastructure that could underlie why these sulci relate to ERI.
Altogether, the present work identifies a local sulcal network in OFC bilaterally related to
ERI that will serve as the foundation for identifying additional neuroanatomical, functional,
and cognitive components of the complex multimodal network underlying ERI for decades
to come.

Zooming out, the present results appear to further bridge parallel transdiagnostic literatures
in psychiatry and neuroscience. For example, while ERI has been well-explored and
accepted as a transdiagnostic phenotype in clinical literature (Carver, Johnson, & Timpano,
2017; Caspi & Moffitt, 2018; Smith, Atkinson, Davis, Riley, & Oltmanns, 2020),
explorations of OFC anatomy and psychopathology appears to be less explored, with

few studies testing for similarities across diagnostic boundaries (Cardenas et al., 2011,
Drevets, 2007; Eckart et al., 2011; Patti & Troiani, 2018; Rogers & De Brito, 2016). To
bridge between these parallel tracks, we recently proposed that ERI could serve as an
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intermediate psychological phenotype that emerges from the development of OFC and leads
to psychopathology (Elliott et al., 2023). Here, we extend this proposal to also include the
emergence of neuroanatomical structures. That is, sulci emerge at different time points in
gestation and a classic theory proposes that in a given cortical expanse, sulci that emerge
later will be related to aspects of cognition that have a protracted development (Sanides,
1962, 1964). Consistent with this idea, Chi et al. (1977) observed that the posterior extent
of the olfs—consistent with the location of the tolfs in the present study—emerged first
(around 16 gestational weeks), while the more anterior longitudinal component emerged
significantly later (around 25 gestational weeks; additional details are provided in the
Supplementary Materials). The fact that our model identified the olfs, but not the tolfs,
bilaterally suggests the intriguing possibility that the later emergence and development of
the olfs, not the tolfs, could be related to ERI. Longitudinal research will be needed to test
this hypothesis.

We are hopeful that the neuroanatomical and model-based approach implemented in the
present study can support future work on ERI and generalize to other research domains
that seek to integrate the transdiagnostic study of psychopathology at two crucial levels

of analysis: psychiatry and neuroscience. To expedite this goal, tools are actively being
developed to leverage deep learning algorithms as a guide to semi-automate the definition
of neuroanatomical structures such as the small and variable putative tertiary sulci explored
here (Borne, Riviére, Mancip, & Mangin, 2020; Lee, Willbrand, Parker, Bunge, & Weiner,
2024; Hao et al., 2020). Such tools will be sure to increase the sample size, which is a
main limitation of the present study, as well as shed further light on the relationship between
putative tertiary sulci and psychopathology. That is, despite Sanides’ classic hypothesis
(1962, 1964), tertiary sulci have been widely overlooked for methodological reasons
(Miller, D’Esposito, & Weiner, 2021) and the broad fields of psychiatry and neuroscience
know very little about their development, morphological changes across the lifespan, and
if/how the development and changes across the lifespan relate to psychiatric outcomes. An
important next step will be to include tertiary sulci in neuroanatomical investigations in
different clinical populations, which could have implications for mental health treatment.
For example, the depth of one of the smallest and shallowest sulci in OFC, the sf (Fig. 1a;
Supplementary Fig. 3b), explained the most variance of all left hemisphere sulci identified
by our model (Fig. 4). Lastly, considering that the structure and function of the prefrontal
cortex (PFC) is related to impulsivity in patients with schizophrenia (Hoptman, Antonius,
Mauro, Parker, & Javitt, 2014) and contains numerous tertiary sulci (Amiez et al., 2023;
Miller, Voorhies, et al., 2021; Petrides, 2019; Voorhies et al., 2021; Willbrand et al., 2024;
Willbrand, Ferrer, et al., 2023; Willbrand, Voorhies, et al., 2022; Yao et al., 2022), future
work should also assess the relationship between PFC sulcal morphology and ERI.

5. Conclusion

The present study sought to directly extend recent work showing a relationship between
the regional gyrification of OFC and ERI (Elliott et al., 2023) by providing greater
neuroanatomical specificity through investigating if the morphology of specific sulci within
OFC is related to ERI. A data-driven approach leveraging thousands of manually-defined
sulci in over a hundred transdiagnostic adult participants identified a morphologically-,
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cognitively-, and regionally-specific robust relationship between the depths of multiple OFC
sulci and a distinct dimension of ERI: Feelings Trigger Action. To conclude, as OFC and
ERI have both been responsive to existing treatments spanning cognitive behavioral therapy
(Jensen et al., 2012; Johnson et al., 2020), cognitive training (Engvig et al., 2010; Miotto

et al., 2006; Peckham & Johnson, 2018), and mindfulness (Deplus, Billieux, Scharff, &
Philippot, 2016; Fox et al., 2014; Zeidan et al., 2015), the present findings suggest that
future intervention studies targeting the sulci identified here may be promising for treating
psychopathology transdiagnostically.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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.Olfactory sulcus (olfs)
.Transverse olfactory sulcus (olfs-t)
-Transverse orbital sulcus (tos)
Anterior medial orbital sulcus (mos-a)
-Posterior medial orbital sulcus (mos-p)

(iii) () Anterior lateral orbital sulcus (los-a)
.Posterior lateral orbital sulcus (los-p)
.Intermediate orbital sulcus (ios)
-Posterior orbital sulcus (pos)
-Sulcus fragmentosis (sf)

Fig. 1—.

Suglci and sulcogyral types in orbitofrontal cortex. (a) OFC sulcogyral organization labeled
on pial (middle surfaces) and inflated (outer surfaces) surfaces in the left (right surfaces)
and right (left surfaces) hemispheres. On these cortical reconstructions, sulci are dark
gray and gyri are light gray. Sulci are outlined according to the key beside b. Sulci are
labeled according to a revised version of Petrides’ (2019) atlas. Example hemispheres
shown have all variable sulci, which is not always the case with participants in this study.
See Supplementary Fig. 1 for OFC sulcal definitions in all hemispheres. (b) Examples of
the different OFC patterns as defined by Chiavaras and Petrides (2000) and refined by
Chakirova et al. (2010).
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Tr?e transverse olfactory sulcus is cortically thicker and deeper than the olfactory sulcus.
Distributions are represented by box plots. Outliers are represented as points. Significant
differences are denoted by bars above the graph. Cortical thickness is measured in
millimeters (mm) and sulcal depth is measured in FreeSurfer Units (FSU; Materials and
Methods). Sulcal abbreviations correspond to those used in Fig. 1. The cortical thickness and
sulcal depth of all OFC sulci are shown in Supplementary Fig. 3. ***P < .0001.
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Fig. 3.

OEC sulcogyral types in the present study are consistent with a meta-analysis of the
previous OFC literature. Red points represent the incidence rate observed in this sample

in comparison to boxplots of incidence rates observed across several studies in both
hemispheres as well as left and right hemispheres individually in (a) healthy (12 studies,
710 total participants), and (b) clinical samples (13 studies, 869 total participants). Type IV
was excluded due to inconsistent inclusion across the literature.
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Data-driven model selection reveals a relationship between OFC sulcal depth and emotion-
related impulsivity. Inflated cortical surfaces including LASSO selected sulci (top) colored
according to the beta values (bottom) in the right (a) and left (b) hemispheres. Line
graphs depict MSE at each corresponding alpha (middle). The dotted line represents the
alpha which minimizes MSE. Matrices reflect the beta values of the predictors at each

corresponding alpha value (bottom). Beta values used in the model which minimize MSE

are outlined in red. Sulcal abbreviations correspond to those used in Fig. 1a.
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