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Cognitive insights from tertiary sulci in prefrontal
cortex

Willa I. Voorhies® '™, Jacob A. Miller® 2, Jewelia K. Yao3, Silvia A. Bunge 12 & Kevin S. Weiner® 12

The lateral prefrontal cortex (LPFC) is disproportionately expanded in humans compared to
non-human primates, although the relationship between LPFC brain structures and uniquely
human cognitive skills is largely unknown. Here, we test the relationship between variability
in LPFC tertiary sulcal morphology and reasoning scores in a cohort of children and ado-
lescents. Using a data-driven approach in independent discovery and replication samples, we
show that the depth of specific LPFC tertiary sulci is associated with individual differences in
reasoning scores beyond age. To expedite discoveries in future neuroanatomical-behavioral
studies, we share tertiary sulcal definitions with the field. These findings support a classic but
largely untested theory linking the protracted development of tertiary sulci to late-developing

cognitive processes.

TDepartment of Psychology, University of California, Berkeley, CA, USA. 2 Helen Wills Neuroscience Institute, University of California, Berkeley, CA, USA.
3 Princeton Neuroscience Institute, Princeton University, Princeton, NJ, USA. ®email: wvoorhies@berkeley.edu
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fundamental question in cognitive neuroscience is how

the structure of the brain supports complex cognition.

While much progress has been made in answering this
question, especially in animal models, human brains differ in
both their micro- and macrostructural properties from widely
used animals in neuroscience research such as mice, marmosets,
and macaques!. These cross-species differences are especially
pronounced in association cortices such as lateral prefrontal
cortex (LPFC). LPFC is a late-developing cortical expanse that is
enlarged in humans compared to non-human primates? and is
critical for cognitive control, executive function, reasoning, and
goal-directed behavior3-0. Yet there is still much progress to be
made in understanding how the development of evolutionarily
new brain structures in the expanded human LPFC supports the
development of complex, largely human, cognitive skills achieved
by neural circuits within LPFC.

Of all the cognitive skills and anatomical features to focus on, we
investigate the relationship between relational reasoning and mac-
roanatomical structures in human cortex known as tertiary sulci.
Sulci are commonly classified as primary, secondary, or tertiary based
on their time of emergence in gestation’~28. Tertiary sulci are the last
to emerge in utero, and subsequently are often the shallowest and
smallest class of cortical folds”~1%1922-28 They are largely overlooked
due to methodological difficulties in their identification (which we
expand on further below)!1252%, Due to these difficulties, very little is
known regarding the role of tertiary sulci in human cognition, despite
the fact that many tertiary sulci are evolutionarily new structures. We
refer to tertiary sulci as evolutionarily new because they are identi-
fiable in humans and non-human hominoids (great apes), but not in
other non-human primates®!1:16-18.20.2123.28,30 (gee Supplementary
Information for further details regarding dimples and lack of tertiary
sulci in non-human primates).

Here, we tested whether tertiary sulci in LPFC are behaviorally
significant: that is, whether they relate to higher cognitive func-
tioning. We focus on relational reasoning, which is the ability to
extract common features across objects and conceptualize them
in terms of their relation to each other®3!. Humans consistently
outperform other species in tests of relational reasoning®32,
which relies on a distributed network involving LPFC that has
expanded through primate evolution and that develops slowly
over childhood and adolescence®33-38. LPFC is considered cri-
tical to reasoning®37-39-43 and developmental improvements in
reasoning are associated with structural and functional con-
nectivity between LPFC and lateral parietal cortex32-37:3%44,

As both reasoning and the LPFC exhibit protracted developmental
trajectories in childhood, they serve as ideal targets to test a classic,
yet largely unconsidered theory. Specifically, Sanides® proposed that
morphological changes in tertiary sulci would likely be associated
with the slow development of higher-order thinking and cognitive
skills>28. Fitting these criteria, relational reasoning continues to
develop throughout childhood, while tertiary sulci emerge late in
gestation and continue to develop after birth for a still undetermined
period of time»!1141819264546 " A relationship between relational
reasoning and tertiary sulcal morphology would build on previous
findings relating the development of relational reasoning to changes
in LPFC cortical thickness and structural connectivity**3. Further-
more, relational reasoning supports complex problem solving and
scaffolds the acquisition of additional cognitive skills in children4-0,
Thus, exploring if or how tertiary sulci contribute to the development
of this cognitive skill may not only provide insight into a classic
theory, but also advance understanding of the anatomical features
underlying variability in the development of a wide range of other
cognitive skills.

While recent studies suggest a link between the morphology
of tertiary sulci in association cortices and cognitive
functions,!1:20:21,25,46,51 ' o study to date (to our knowledge) has

tested the role of tertiary LPFC sulci in cognitive development.
This gap likely persists for three key reasons. First, previous
studies examining individual differences in the development of
reasoning and anatomical variability in human LPFC? imple-
mented analyses that were averaged across individuals on stan-
dard neuroanatomical templates, which obscure tertiary sulci in
LPFC?> (Supplementary Figs. 1 and 2). Therefore, to precisely
characterize the relationship between tertiary sulcal morphology
in LPFC and reasoning performance, it is necessary to consider
cortical anatomy at the level of the individual. Second, the shal-
lowness of tertiary sulci makes them hard to reliably identify in
post-mortem tissue—typically considered the gold standard for
neuroanatomical analyses—because they are easily confused with
shallow indentations produced by veins and arteries on the outer
surface of the cerebrum!!-2%. Researchers interested in the func-
tion and structure of tertiary sulci have overcome this latter issue
by (1) using T1 magnetic resonance images (MRI) and cortical
surface reconstructions—either in vivo or post-mortem—to
visualize tertiary sulci, and (2) manually tracing/defining tertiary
sulci on either T1 MRI images or cortical surface reconstructions
(“Methods”)11:12:20,21,25,26,29,46,52-56 Thjrd, as detailed below, the
patterning of LPFC tertiary sulci has classically remained con-
tentious until recent studies?6>6->7,

Indeed, earlier studies of LPFC sulcal patterning?2427,58-62
left tertiary LPFC sulci undefined or conflated with surrounding
structures?! (“Methods”). For example, sulci consistent with the
location of the modern definition of the posterior middle frontal
sulcus (pmfs) were often considered the posterior end of the
intermediate frontal sulcus (imfs)®0. Functional and anatomical
work by Petrides and colleagues®®3 has resolved these conten-
tions by considering three components of the pmfs that are dis-
tinct from the imfs—a definition that additional recent work also
supports?°. The contention in classical definitions of tertiary sulci
means that neuroanatomical atlases and neuroimaging software
packages largely exclude tertiary sulci. In turn, tertiary sulci in
LPFC have been excluded from most developmental cognitive
neuroscience studies until the present study!l,20:21,25:46,51
Nevertheless, there is increasing evidence that some tertiary sulci
are functionally relevant in association cortices such as ventral
temporal cortex!! (VTC), medial PEC4-64, and LPFC?° in adults,
as well as behaviorally and clinically meaningful in medial
PFC16:20,55.65 Trrespective of this mounting evidence that tertiary
sulci are functionally and behaviorally relevant in association
cortices within adults, it is largely unknown whether morpholo-
gical features of tertiary sulci are linked to individual differences
in behavior and cognition in a developmental cohort.

To address this gap in knowledge, we characterized LPFC
tertiary sulci in a developmental sample. We studied a broad age
range—children and adolescents between 6 and 18 years old—as
we sought to leverage the neuroanatomical and cognitive varia-
bility intrinsically present in the sample in order to explore
whether variability in tertiary sulcal morphology explains indi-
vidual and developmental variability in relational reasoning. As
sulcal depth is a characteristic feature of tertiary sulci, which are
shallower than primary and secondary sulcil:-11,1416,18,19,2645
we hypothesized a relationship between the depth of tertiary sulci
and reasoning performance.

In this work, we developed a pipeline (Fig. 1) that combines the
most recent anatomical definition of LPFC tertiary sulci2® with
data-driven analyses to model sulcal morphological features and
reasoning performance. We report three main findings. First, in
our developmental sample, LPFC tertiary sulci can be reliably
identified and are smaller, shallower, and more variable compared
to primary LPFC sulci as in adults®>20. Second, there is a
relationship between LPFC tertiary sulcal depth and reasoning
performance across individuals such that a predictive model
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Fig. 1 A data-driven analysis pipeline with Discovery and Replication samples that models the relationship between lateral prefrontal sulcal

morphological features and reasoning performance. a An inflated cortical surface reconstruction of a right hemisphere from one example participant.
Dotted white outlines show manually labeled sulci. Asterisks indicate the frequently omitted or misclassified tertiary sulci (Supplementary Fig. 1 for all
participants). b Top: Example from the standardized test (modified from the original for display purposes) used to assess relational reasoning in this study
(WISC-IV, Matrix reasoning task). In this task, participants are instructed to complete the matrix so that the relation between the two bottom shapes
mirrors the relation between the two top shapes. In this example, option 4 completes the pattern. Bottom: Example from the processing speed task (WJ-R,
Cross Out test), which serves as a behavioral control. In this task, participants are instructed to cross out all objects that match the object on the left as
quickly as possible. ¢ Feature selection—Discovery sample. A LASSO regression was performed in the Discovery sample to determine which sulci, if any,
were associated with Matrix reasoning performance. The model parameters were fit iteratively using a leave-one-out cross-validation procedure
("Methods"). d Model evaluation—Replication sample. The sulci selected from the LASSO regression (orange; pmfs-igy, pmfs-agy, and pimfsgy) were
included along with age in a model to predict task performance in the Replication sample. In order to assess the unique contribution of the selected sulci to
task performance, this model (orange) was compared to two nested alternate models: (1) age alone (green) and (2) age in addition to all 12 labeled sulci
(blue). All models were fit with a leave-one-out cross-validation procedure. pmfs-a: posterior middle frontal sulcus, anterior component; pmfs-i: posterior

middle frontal sulcus, intermediate component; pmfs-p: posterior middle frontal sulcus, posterior component.

accurately captures the relationship between an individual’s LPFC
tertiary sulcal depth and reasoning score above and beyond age in
an independent sample. Third, this neuroanatomical-behavioral
model does not generalize to other sulcal features or cognitive
tasks. These findings quantitatively link LPFC tertiary sulcal
morphology and reasoning performance, as well as provide cog-
nitive insights from evolutionary new brain structures in LPFC.

Results

Tertiary sulci are consistently identifiable in the LPFC of
6-18 year-olds. Our sample consisted of 61 typically developing
children and adolescents ages 6-18 years old. Participants were
randomly assigned to Discovery (N = 33) and Replication (N =
28) samples with comparable age distributions (Discovery:
mean(sd) = 12.0 (3.70); Replication: mean(sd) =12.32 (3.53);
p=0.81). For each participant, we generated cortical surface
reconstructions in FreeSurfer®®®” from high-resolution T1-
weighted anatomical scans. As current automated methods do
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not define LPFC tertiary sulci and often include gyral compo-
nents in sulcal definitions (Supplementary Fig. 2), all sulci were
manually defined on the native cortical surface for each parti-
cipant according to the most recent and comprehensive atlas of
LPFC sulcal definitions?® (Fig. 2; Supplementary Fig. 1). LPFC
sulci were classified as primary, secondary, or tertiary based on
previous studies documenting the temporal emergence of sulci
in gestation!®19:21-25.27  While the most modern sulcal par-
cellation was not included in these classic studies!%-19:22-25.27 it
is generally accepted that anterior middle frontal LPFC sulci
emerge within the gestational window for primary sulci.
Meanwhile, posterior LPFC middle frontal sulci emerge late in
gestation!®1922, Consequently, we designate posterior middle
frontal sulci as tertiary, and all surrounding sulci as primary
(see Fig. 2a for all classifications). We describe the criteria for
classification and the correspondence between historical and
contemporary sulcal definitions in more detail in the “Methods”
and Supplementary Information.
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Fig. 2 Lateral prefrontal tertiary sulci are identifiable and show comparable patterning across hemispheres and samples in children and adolescents.
a Lateral prefrontal (LPFC) sulcal definitions on inflated cortical surface reconstructions from six example participants (P1, P3, etc.) in the Discovery sample
(top) and the Replication sample (bottom). Sulci were identified based on the most recent neuroanatomical atlas to consider a comprehensive definition of
tertiary sulci2. Primary sulci (1-8) are in blue, while tertiary sulci (9-12) are in orange. The three tertiary sulci (pmfs-igy (10), pmfs-agy (11), and pimfsgy
(12)) identified by our model-based approach with cross-validation (Fig. 4) are filled in. The distinction among primary, secondary, and tertiary sulci is
based on classic and recent studies examining the timepoints when sulci emerge in gestation (“Methods” and Supplementary Information). Based on these
studies, the sulci considered in the present work are either primary or tertiary (Supplementary Information). b Rates of intersection with surrounding sulci
were quantified for each tertiary sulcus in the left (LH) and right (RH) hemispheres in order to identify common sulcal patterns. For each tertiary sulcus
(pmfs-p (9), pmfs-i (10), pmfs-a (11), and pimfs (12)), we report the proportion of intersection (frequency of occurrence/total number of observations)
with each LPFC sulcus (see color bar for reference; empty gray cells in the matrix reflect the fact that a sulcus cannot intersect with itself). Calculating the
correlation between matrices shows that sulcal patterning is comparable (all rs > 0.70; all ps < 0.0001) between hemispheres and samples. Source data are
provided as a Source data file.

We focused our analyses on the region commonly referred to as  two components of the para-intermediate frontal sulcus (ventral:
dorsal LPFC, which is bounded posteriorly by the central sulcus (cs), — pimfs-v; dorsal: pimfs-d). We defined sulci on the inflated and pial
anteriorly by the horizontal (imfs-h), and ventral (imfs-v) compo-  cortical surfaces of each hemisphere for each participant (“Methods”).
nents of the intermediate frontal sulcus, superiorly by the two We emphasize that 1320 manual labels were created in total to
components of the superior frontal sulcus (sfs-p and sfs-a), and  examine the relationship between LPFC sulcal depth and reasoning
inferiorly by the inferior frontal sulcus (ifs). Throughout the paper, performance (Supplementary Fig. 1 for sulcal definitions in all 122
we refer to this region as the LPFC (Fig. 2a). Studies in adults report  hemispheres included in both samples). Sulcal definitions and all
as many as five tertiary sulci within these anatomical boundaries?®:  subsequent analyses are conducted separately for the Discovery and
the three components of the posterior middle frontal sulcus Replication samples, in order to assess the reliability and general-
(posterior: pmfs-p; intermediate: pmfs-i; anterior: pmfs-a) and the izability of our findings.
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Fig. 3 Lateral prefrontal tertiary sulci in 6-18 year-olds are more shallow and more variable than primary sulci. a Box-and-whisker plots showing

Normalized sulcal depth for each of the 12 LPFC sulci in the Discovery sample for the left (LH) and right (RH) hemispheres. b Same as in (a), but for the
Replication sample. Repeated-measures ANOVAs revealed that tertiary sulci (orange) were shallower and more variable than primary sulci (blue) in both
samples (ps < 0.001). Horizontal lines represent median values and whisker lines represent the 1st and 3rd quartiles. Values falling outside of this range are

represented as black dots. Source data are provided as a Source data file.

Discovery sample. All primary sulci—the central sulcus (cs), the
superior (sprs) and inferior (iprs) portions of the precentral
sulcus, as well as the sfs-p, sfs-a, ifs, imfs-h, and imfs-v—were
identifiable in both hemispheres of each individual participant.
We demonstrate that tertiary sulci in LPFC are consistently
identifiable within the hemispheres of participants as young as 6
years old (Fig. 2a). The three components of the posterior middle
frontal sulcus (pmfs-p; pmfs-i; pmfs-a) were identifiable in all
participants in every hemisphere. However, the most anterior
LPFC tertiary sulcus, the para-intermediate frontal sulcus (pimfs),
was consistently variable across individuals (Supplementary
Table 1). Specifically, while almost all participants had at least one
identifiable component of the pimfs (right hemisphere: 30/33; left
hemisphere: 31/33), we were only able to identify both dorsal and
ventral pimfs components in 42.42% of all participants (right
hemisphere: 12/33; left hemisphere: 16/33). We further quantify
this variability in tertiary sulci by examining the prevalence of
sulcal types, based on their rate of intersection with neighboring
sulci (“Methods”; Fig. 2b). We find that sulcal patterning is very
similar across hemispheres, with comparable rates of intersecting
and independent sulci (r = 0.84, p <0.0001).

Replication sample. Consistent with the Discovery sample, all
primary sulci (numbered 1-8 in Fig. 2a) could be identified in
both hemispheres of each individual participant. In terms of
tertiary sulci, the pmfs-p, pmfs-i, and pmfs-a (numbered 9-11
in Fig. 2a) were also identifiable in each hemisphere of every
individual. Once again, the pimfs was the most variable across
individuals (Supplementary Fig. 1b; Supplementary Table 1). We
were able to identify at least one pimfs component in almost
every participant (right hemisphere: 28/28; left hemisphere: 27/
28). Both the dorsal and ventral pimfs components were identi-
fiable in 76.8% of hemispheres (right hemisphere: 19/28 partici-
pants; left hemisphere: 24/28; Supplementary Table 1). In each
hemisphere, the rates and types of intersecting sulci were highly
similar to those observed in the Discovery sample (right hemi-
sphere: r=0.70, left hemisphere: r=10.79, all ps<0.0001) and
these were also consistent between hemispheres in this sample (r
=0.77, p <0.0001; Fig. 2b).

In sum, we could identify LPFC tertiary sulci in both Discovery
and Replication samples and found that the sulcal patterning was
comparable—and highly correlated—between each sample.
However, we could not identify both dorsal and ventral pimfs
components in each hemisphere. Thus, our inclusion criterion for
all subsequent analyses was to include participants who had at

least one pimfs component in each hemisphere (Discovery: 28/33,
Replication: 27/28), which assures that all repeated-measures
statistics are balanced for effects of sulcus and hemisphere.

LPFEC tertiary sulci are shallower and more variable than
primary sulci in children and adolescents. Classic anatomical
studies report a high correspondence between sulcal classifi-
cation and depth®14:18,1945 and recent in vivo studies in adults
show that LPFC tertiary sulci are in fact significantly shallower
and more variable than primary sulci in adults?®>. However, this
correspondence has not been established for LPFC sulci in
children and adolescents. Thus, we next sought to compare the
depth and variability of LPFC tertiary and primary sulci in
6-18 year-olds. Sulcal depth was normalized to the maximum
depth value within each individual hemisphere in order to
account for differences in brain size across individuals and
hemispheres (“Methods”). From these normalized measures, we
conducted a two-way repeated-measures analysis of variance
(rm-ANOVA) to statistically test for differences between sulcal
type (primary, tertiary) and hemisphere (left, right) in both
Discovery and Replication samples.

Discovery sample. Consistent with findings in adults>, we observed
a main effect of sulcal type (F(1,27) = 95.63, p < 1073, #2G = 0.35)
in which tertiary sulci were significantly more shallow than primary
sulci  (Mean(sd)Tertiary = 0.04(0.17); Mean(sd)Primary = 0.23
(0.07)). We also observed an interaction between sulcal type and
hemisphere (F(1,27) = 5.67, p < 0.02, #>G = 0.01) in which tertiary
sulci were significantly deeper in the right hemisphere than in the
left hemisphere (Mean(sd)ryg =0.06(0.17); Mean(sd);y = 0.02
(0.1)). In contrast, the depth of primary sulci did not differ between
hemispheres (Mean(sd)ry = 0.21(0.07); Mean(sd)ry = 0.23(0.07));
Fig. 3a). To explore the morphological variability between sulcal
types, we repeated the same analysis replacing mean sulcal depth
with the standard deviation of sulcal depth. This analysis quanti-
tatively supports that tertiary sulci are more variable than primary
sulci (F(1,27) =1624, p<1073, #*G=0.43), with no differences
between hemispheres (p = 0.3).

Replication sample. We observed the same main effect of sulcal
type in the Replication sample. Tertiary sulci were more shallow
than primary sulci (F(1,26) = 136.5, p < 1073, #?G = 0.46; Mean
(sd)Tertiary = 0.02(0.16); Mean(sd)Primary = 0.23(0.07)). We
did not observe an interaction with hemisphere in this sample (F
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Fig. 4 Data-driven model selection reveals that the depth of a subset
of tertiary sulci is associated with reasoning. a Results from the LASSO
regression predicting Matrix reasoning score from sulcal depth in the
Discovery sample (n =28 participants). Top: Beta-coefficients for each
right hemisphere sulcus at a range of shrinking parameter (alpha) values.
Highlighted box indicates coefficients at the chosen alpha-level. Bottom:
Cross-validated mean-squared error (MSEcy) at each alpha-level. By
convention®, we selected the a that minimized the MSE¢y, (dotted line).
b Inflated cortical surface from an example participant highlighting the three
tertiary sulci (pmfs-iry (10), pmfs-ary (11), and pimfsgy (12)) implicated in
reasoning performance. Source data are provided as a Source Data file.

(1,26) = 0.26, p = 0.62); Fig. 3b). Once again, an rm-ANOVA of
the standard deviation of sulcal depth revealed that tertiary sulci
were more variable than primary sulci across hemispheres (F
(1,26) = 170.4, p < 1073, #>G = 0.47).

In addition, while age was correlated with reasoning performance
in both Discovery (r = 0.58, p < 10~3) and Replication samples (r =
0.73, p<1073), there was an inconsistent relationship between
sulcal depth and age in either sample (Supplementary Fig. 3). Thus,
we next implemented a two-pronged, model-based approach to test
if including sulcal depth predicted reasoning score above and
beyond age.

A model-based approach with nested cross-validation reveals
that including the depth of three LPFC tertiary sulci explains
individual variability in reasoning above and beyond age alone.
To examine the relationship between LPFC sulcal depth and
reasoning scores, we implemented a data-driven pipeline with an
emphasis on producing reliable and generalizable results. Based
on current gold-standard recommendations®®, we implemented a
four-pronged analytic approach to assess and improve the gen-
eralizability of our results and each stage of analysis (“Methods”).
First, we implemented a feature selection technique in the Dis-
covery sample (Fig. 1c) to determine if the depths of any LPFC
sulci are associated with reasoning performance (to remind the
reader, we use depth in the model because this is the main
morphological feature differentiating tertiary from primary sulci).
To do so, we submitted sulcal depth values for all 12 LPFC sulci
in the Discovery sample to a LASSO regression model, which
provides an automated method for feature selection by shrinking
model coefficients and removing sulci with very low coefficients
from the model (Fig. 1¢c; “Methods”). This approach allowed us to
determine, in a data-driven manner, which sulci are the strongest
predictors of reasoning performance. In addition, this technique
guards against overfitting and increases the likelihood that a
model will generalize to other datasets, by providing a sparse
solution that reduces coefficient values and decreases variance in
the model without increasing bias®®%%. Also, although we observe
a gender imbalance in our samples, gender was not associated
with sulcal depth (p=0.27) or Matrix reasoning (p=0.51);
therefore, we do not consider gender further in our models.

To determine the value of the shrinking parameter («)%%, we
iteratively fit the model with a range of a-values using cross-
validation. By convention®, we selected the & that minimized the
cross-validated mean-squared error (MSECV; Fig. 4a). Although
both tertiary and primary sulci were initially included as predictors,
after implementing the LASSO regression, only three tertiary sulci
(pmfs-i, pmfs-a, and pimfs) in the right hemisphere were found to
be associated with reasoning performance (MSECV =21.84, a =
0.1; Spmfs-i = 4.50, fpmfs-a = 1.78, Bpimfs = 11.88; Fig. 4).

To evaluate the generalizability of the sulcal-behavioral
relationship identified in the Discovery sample, we constructed
a linear model to predict reasoning score from sulcal depth and
age in our Replication sample. The mean depths of the pmfs-igy,
pmfs-agy, and pimfsgy, as well as age, were included as
predictors in the model, as they were the only three sulci
identified in the sulcal-behavioral model in the Discovery sample.
As age was (as expected), highly associated with reasoning
(Fig. 5a), including age in this model allowed us to compare
performance of this tertiary sulci 4 age model to a model with age
alone in order to determine the unique contribution of LPFC
tertiary sulcal depth to reasoning performance above and beyond
age. This model (and all subsequent models) were fit using a
leave-one-out cross-validation (looCV) procedure. While looCV
assesses the generalizability of the model within a sample and is
appropriate for smaller sample sizes, it can result in models with
high variance compared to other cross-validation techniques. To
address this concern, we also estimated empirical MSE confidence
intervals using a bootstrapping procedure (“Methods”). High
variance in MSE across the bootstrapped iterations would suggest
that the model is likely overfit to the original data.

We found that this model (pmfs-igyy + pmfs-agy + pimfsgy
+age) was highly associated with reasoning score in the
Replication sample (RZcy = 0.52, MSEcy = 9.66; Bootstrapped
95% Clyse: 3.12-13.69, medianygg = 8.14). In addition, we
observed a high correspondence (Spearman’s rho=0.70)
between predicted and actual measured reasoning scores
(Supplementary Fig. 5). Furthermore, if we consider just the
two LPFC tertiary sulci that are the strongest predictors of
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Fig. 5 A model-based approach with nested cross-validation reveals that the depth of a subset of lateral prefrontal tertiary sulci explains individual
variability in reasoning above and beyond age. a Left: Spearman'’s correlation between measured and predicted Matrix reasoning scores in the Replication
sample (n = 27 participants) for the best tertiary sulci + age model, which includes the depths of the two most relevant sulci (pmfs-iry 4+ pimfsgy) from the
Discovery sample, as well as age (Supplementary Fig. 5 for a model with all three tertiary sulci selected from the Discovery sample). Gray shading
represents the 95% confidence interval for the linear model. Right: Density plot of model fit. The predicted scores from the chosen model (pmfs-igy +
pimfsgy + age) are shown in orange and overlaid on the distribution of measured Matrix reasoning scores (gray). b Distribution of predicted scores for the
cross-validated nested model comparisons. Green: age only. Blue: all right hemisphere (RH) LPFC sulci + age. Each of the model fits is overlaid on the
distribution of measured Matrix reasoning scores (gray). The pmfs-igy + pimfsgy + age model (a) produced a better fit than both comparison models.
Cross-validated mean-squared error (MSEcy) and model fit (R2\) are reported for each of the three models. € Empirical MSE for each of the three models
estimated with a bootstrapping procedure (Njerations = 10,000) to address the potential for leave-one-out cross-validation to result in high variance and

overfitting. The model including all LPFC RH sulci + age (blue) exhibited notably high variance in error estimation. The red vertical line indicates the

estimated median MSE. Source data are provided as a Source data file.

reasoning performance as identified in the Discovery sample
(pmfs-igy: Bpmes-i = 4.50; pimfsgp: Bpimss = 11.88), the predic-
tions of reasoning performance and model fits improved even
further in the Replication sample (R2cy = 0.58; MSEcy = 8.52;
Bootstrapped 95% Clysg = 3.21-12.37, medianysg = 7.47;
Spearman’s rho = 0.73; Fig. 5).

Once we had determined that the sulci relevant for reasoning in
the Discovery sample were also associated with reasoning in the
Replication sample, we used cross-validation to evaluate the fit of
the replication model relative to two alternative models considering
either (1) age alone or (2) sulcal depth from all right hemisphere
LPFC sulci and age together in the Replication sample (Fig. 1d).
This nested model comparison allowed us to determine the unique
contribution of the depths of sulci identified by the model while still
accounting for the effects of age and the depths of all LPFC sulci
considered in the present study on reasoning performance.
Removing the pmfs-iry, pmfs-agy, and pimfsgy from the model
decreased prediction accuracy and increased the MSEcy (R2cy =
048, MSEcy =10.50; Bootstrapped 95% Clyisg = 4.69-15.67,
medianygg = 9.66), indicating that the depths of these right
hemisphere tertiary sulci identified by our model-based approach
explained a unique amount of variance in reasoning scores above
and beyond age (Fig. 5b). In addition, considering age and the
depths of all RH LPFC sulci also weakened the model prediction
and increased MSEcy (R%cy = 0.14, MSEy = 17.47, Bootstrapped
95% Clysg = 2.79-306.25, medianysg = 19.70). The bootstrapped

ClIysg showed that this model also suffered from very high variance
(Fig. 5c). Taken together, our cross-validated, nested model
comparison empirically supports that the depth of only a subset
of LPFC tertiary sulci reliably explains unique variance in reasoning
performance that is not accounted for by age or the depths of all
LPFC sulci considered in the present study.

Finally, while our data demonstrate support for our hypothesis,
we wondered whether our findings extended to other neuroana-
tomical features or related measures of cognitive development.
We repeated our procedure with (1) a model in which we
replaced sulcal depth with cortical thickness”%-73 and (2) a model
in which we replaced reasoning performance with performance
on a behavioral measure that reflects a general cognitive ability:
processing speed’4. We used the Akaike Information Criterion
(AIC) to quantitatively compare models. If the AAIC is >2, it
suggests an interpretable difference between models. If the AAIC
is >10, it suggests a strong difference between models, with the
lower AIC value indicating the preferred model”>7¢ (“Methods”).

With respect to extension of these findings to another
anatomical feature, this approach revealed that a model
with cortical thickness and age was associated with reasoning
(R%cy = 0.33; MSEcy = 13.54), but much less than the model
with age alone (R%cy = 0.48; MSEcy = 10.50). The AIC for the
thickness 4+ age model (AICThickness = 78.58) was much higher
than the AIC for the tertiary sulci + age model (AICgyicaipepth =
63.85; AAICthickness-Depth = 14.73). This indicates that sulcal
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depth is strongly preferred as a predictor over cortical thickness
(Supplementary Fig. 6a).

To test whether sulcal depth was associated with another cognitive
measure aside from reasoning, we used a test of processing speed
(Cross Out3; Fig, 1b). Processing speed is a general cognitive ability
that is correlated with—and theorized to support—reasoning®>387477,
As expected based on the prior literature, processing speed was
correlated with reasoning performance in our sample (rho = 0.54,
Supplementary Fig. 6¢). Sulcal depth of the three critical LPFC tertiary
sulci (pmfs-iry, pmfs-apy, and pimfspyy) and age was associated with
processing speed (R%cy = 0.45; MSEcy = 20.53), but not much more
than age alone (R%cy=042; MSEcy =21.82). The AIC for the
processing speed + age model (AIC;o5s0ut = 89.59) was much higher
than the AIC for the tertiary sulci 4- age model (AICsycapepth = 63.85;
AAIC(r0550ut - MatrixReasoning = 25.74), which indicates that reasoning is
strongly preferred over processing speed (Supplementary Fig. 6b).

To further probe the relationship between these sulci and
reasoning, we performed a follow-up analysis with a measure of
phonological working memory (Digit Span Forwards) as another
point of comparison. Like processing speed, working memory is a
general cognitive ability that is correlated with—and theorized to
support—reasoning3>75. As predicted based on the literature, our
measures of reasoning and working memory were correlated (rho
= 0.58; Supplementary Fig. 6¢). However, the tertiary sulcal model
(Model 1 detailed in the “Methods”) was not associated with
phonological working memory (R2cy = 0.10, MSEcy = 2.75).

Probability maps of LPFC sulci in children and adolescents. As
this is the first developmental dataset of tertiary sulci in LPFC (to
our knowledge), we sought to generate spatial probability maps
that can be shared with the field. The benefit of such maps is that
they capture both the stable and variable features of LPFC sulci
across participants. We calculated probability maps2> across all
participants with at least one identifiable pimfs component in
each hemisphere (N =58). We provide examples of the unthre-
sholded probability maps, which capture the spatial variability
across participants, as well as maps thresholded at 20 and 33%
overlap across participants (Fig. 6a). Thresholding captures the
shared features across participants and can be applied to increase
the interpretability and reduce spatial overlap between sulci®
(Methods). These probability maps can be projected to cortical
surfaces in individual participants across ages (Fig. 6b) and can
guide future research that aims to shed light on how LPFC ter-
tiary sulcal morphology affects the functional organization in
LPFC, as well as cognition.

Discussion

Recent studies examining sulcal morphology in humans and
other species continue to improve our understanding of the
development and evolution of association cortices. They also
provide anatomical insights into cognitive skills that set humans
apart from other species’162579, A consistent finding from these
previous studies is that developmentally and evolutionarily
meaningful changes in sulcal morphology are not homogeneous
within association cortices; instead, such changes are focal and
related to different aspects of neuroanatomical and functional
networks that are behaviorally meaningful!%:2>:46:51,52,80-83 A fier
manually defining 1320 sulci in individual participants and
implementing a data-driven approach with nested cross-
validation in both Discovery and Replication samples, our
results are consistent with and extend these previous findings by
showing that the sulcal depth of particular LPFC tertiary sulci are
linked to behavioral performance on a reasoning task in a
developmental cohort, above and beyond age. In the sections
below, we discuss (1) the identification of tertiary sulci in future

studies, (2) potential underlying mechanisms that likely con-
tribute to the relationship between tertiary sulcal depth and
cognitive performance, (3) how the present findings provide a
foundation for future studies attempting to link the morphology
of brain structures to behavior and functional brain representa-
tions, and (4) how our model-based approach can be applied to
study other association cortices across the lifespan.

While it may seem surprising that we were able to identify each
pmfs component in every hemisphere, our findings are consistent
with previous work showing that some tertiary sulci are identi-
fiable in every hemisphere and others are not. For example, the
mid-fusiform sulcus in ventral temporal cortex (VTC) is identi-
fiable in every hemisphere in humans and non-human
hominoids! 11230, while the paracingulate sulcus is only identi-
fiable in ~70% of hemispheres with a left hemisphere bias in
medial prefrontal cortex in humans2%4° and only ~30% of the
time in chimpanzees with no left hemisphere bias!®20. Consistent
with recent findings in adult LPFC?1:2%, we could identify all three
pmfs sulcal components in each hemisphere across participants
in our developmental cohort. On the other hand, we could
identify the pimfs components in a majority of participants, but
not all. Thus, our findings are consistent with the previous lit-
erature regarding the definitions of tertiary sulci in different lobes.
For instance, beyond LPFC and VTC, Lopez-Persem and
colleagues*® found that some ventromedial PFC tertiary sulci are
consistently identifiable, while other tertiary sulci are more vari-
able. This is in line with our findings in LPFC—that the pmfs-p,
pmfs-i, and pmfs-a are present in all participants, whereas the
pimfs is variable in its presence and number of components.

An immediate question generated from our finding is Why
might sulcal depth help to explain children and adolescents’
performance on a cognitive task, above and beyond age? We offer
one potential explanation that integrates recent anatomical
findings2>84 with a classic theory’ and propose a hypothesis
linking sulcal depth to short-range anatomical connections, and
in turn, to cortical networks and cognitive performance. Specifi-
cally, in the 1960s, Sanides®?® proposed that morphological
changes in tertiary sulci would likely be associated with the
development of higher-order processing and cognitive skills. The
logic of Sanides’ hypothesis extends from the fact that tertiary
sulci emerge last in gestation and have a protracted development
after birth, while complex cognitive skills such as reasoning ability
also have a protracted development in childhood. Our findings
support this classic hypothesis. However, while the LPFC is
considered critical to reasoning®37-39-41, reasoning performance
cannot be localized to a single structure®37-3%8> and thus, the
mechanism behind this relationship still needs to be investigated.

As a starting point toward understanding the underlying
mechanism, two recent empirical findings provide underlying
anatomical mechanisms that could support this relationship
between tertiary sulci and cognition. First, there is a relationship
between human LPFC tertiary sulcal morphology and
myelination®2>28, which is critical for short- and long-range
connectivity, as well as the efficiency of communicating neural
signals among regions within cortical networks3¢. Second, ana-
tomical work in non-human primates has shown that long-range
white matter fiber tracts have a bias for terminating in gyri, while
additional short-range white matter fibers commonly project
from the deepest points (fundi) of sulci®4, which we refer to as
fundal fibers. These previous and present findings serve as the
foundation for the following mechanistic hypothesis linking ter-
tiary sulcal depth to anatomical connections and neural efficiency:
deeper tertiary sulci likely reflect shorter fundal fibers, which in
turn, reduce the length of short-range anatomical connections
between cortical regions, and thus, increase neural efficiency.
While speculative, this hypothesis is similar in logic to the
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Fig. 6 Probability maps of lateral prefrontal tertiary sulci. a Maximum probability maps were generated across all participants with at least one
identifiable pimfs component in both hemispheres (N =58). To generate the maps, each label was transformed from each individual to the common
fsaverage space. For each vertex, we calculated the proportion of participants for whom that vertex is labeled as the given sulcus (the warmer the color, the
higher the overlap in each image). In the case of multiple labels for one vertex, the sulcus with the highest overlap across participants was assigned to a
given vertex. To reduce spatial overlap, these maps can be thresholded to only include vertices with a minimum percent overlap across participants (e.g.,
33% (left) or 20% (middle) overlap). The maps of tertiary sulci within the middle frontal gyrus (MFG) in the present study (right, unthresholded) can be
used in future studies to guide the definition of tertiary sulci within the MFG. b Maps can be projected to individual participants to guide the definition of
tertiary sulci in lateral prefrontal cortex (LPFC). Here, the thresholded maps (20%) for the tertiary sulci are projected back to example (randomly chosen)
hemispheres from a 17 year-old (left) and a 6 year-old (right). Outlines of the spatial probability maps (black) are overlaid on the manual sulcal definitions
(orange) for visualization purposes. 9: pmfs-p; 10: pmfs-i; 11: pmfs-a; 12: pimfs. While there is not a perfect correspondence between the maps and the
tertiary sulci, the maps can guide manual definitions performed by researchers interested in examining LPFC tertiary sulci in future studies. These maps can

be applied to other samples and are available for download!0°.

tension-based theory of cortical folding8” and also feasible given
the fact that short-range structural connectivity increases and
sulci deepen during development3®8%. This increase in neural
efficiency could underlie variability in cognitive performance,
which can be tested in future studies incorporating anatomical,
functional, and behavioral measures, as well as computational
modeling.

In addition to this mechanistic hypothesis, our present findings
improve the spatial scale of previous studies attempting to link
cortical morphology to behavior associated with LPFC. For
example, previous studies identified an association between cog-
nitive skills and cortical thickness of LPFC in its entirety’0-73,
While we find an association between reasoning and cortical
thickness, when considering individual tertiary sulci, our analyses
indicate that the depths of tertiary sulci and age together are
much stronger predictors of reasoning than the cortical thickness
of these sulci and age together. In fact, when including the cortical
thickness of sulci in the model, performance was not better than
age alone (Supplementary Fig. 6a). The combination of these
findings across studies suggests that neuroanatomical-behavioral
relationships can exist at multiple spatial scales in the same
macroanatomical expanse such as LPFC: cortical thickness at the
macroanatomical scale and tertiary sulcal depth at the meso-scale.

We also emphasize that, though our model-driven approach
identified that the depth of a subset of LPFC tertiary sulci
explained a significant amount of variance in individual reasoning
scores above and beyond age, it is highly probable that these
LPFC tertiary sulci are implicated in other tasks beyond reasoning
—and, conversely, that other sulci are also implicated in rea-
soning. Although we did not observe a relationship between the
depths of the identified sulci and two other cognitive measures,
this should not be taken as evidence that these sulci show spe-
cificity to reasoning; rather, they indicate that these tertiary sulci
are relevant for the task at hand.

We also clarify that the present approach of precise anatomical
mapping of tertiary sulci does not imply that reasoning can be
localized to a single sulcus, or even a single cortical region. In fact,
our previous work, including previous studies on this dataset, has
focused extensively on the distributed nature of reasoning,
highlighting patterns of functional and structural connectivity
between prefrontal and parietal regions that support this
process®37>39. In addition, focusing on tertiary sulci in PFC forms
a foundation for understanding how these largely overlooked
neuroanatomical structures contribute to typical brain function
and cognition, especially at the network level?!. Indeed, modern
multi-modal neuroimaging research from two recent parallel lines
of work show that meticulously labeling tertiary sulci within
individuals uncovers structural-functional relationships within
PFC at the network level'®2>, For example, Miller and colleagues
showed that each component of the pmfs participated in more
than one network, indicating that these tertiary sulci also have
flexible roles as members of different cognitive networks (e.g.,
ventral attention and cognitive control networks for the pmfs-a,
for example). Thus, future studies exploring the relationship
between sulcal morphology and behavioral performance in
additional cognitive tasks at the level of individual participants
will begin to generate a more comprehensive sulcal-behavioral
map in LPFC with additional insights into cortical networks.

In addition to this sulcal-behavioral map in LPFC, two recent
lines of work show feasibility for future studies attempting to link
tertiary sulcal morphology to brain function, especially for func-
tional activity related to reasoning: one related to tertiary sulci as a
meso-scale link between microstructural and functional properties
of LPFC and the other identifying functional representations related
to reasoning. In terms of the former, a series of recent studies have
shown that tertiary sulci are critical functional landmarks in dif-
ferent association cortices!®1346.65 and variability in sulcal mor-
phology in the medial prefrontal cortex has been associated with
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changes in cortical morphometry linked to individual differences in
cognitive performance and clinical symptom presentation in
patients with schizophrenia?’. In addition, in LPFC, Miller and
colleagues?> showed that the different pmfs components explored
here were functionally distinct in adults with respect to resting-state
connectivity profiles. In terms of the latter, numerous functional
neuroimaging studies show that LPFC is central for reasoning
performance?®0, More explicitly, several studies also indicate that
the middle frontal gyrus, the gyrus in which the three sulci (pmfs-i,
pmfs-a, and pimfs) identified by our model are located, plays an
important role in cognitive processes that are integral for reasoning,
such as maintaining representations and forming associations>?,
Thus, future investigations of functional connectivity, as well as
functional representations, relative to tertiary sulci in future studies
in children and adults will likely bring us closer to understanding
the complex relationship between the development of LPFC ana-
tomical organization, functional organization, and behavior.

While we limit our focus to the LPFC in the present study, both
because of its relevance for reasoning, but also because of the
immense manual labor involved in this type of study, the data-
driven pipeline introduced here can be applied to any cortical
expanse. For example, lateral parietal cortex is also critical for
relational reasoning, is expanded in humans compared to non-
human primates>’!, and also contains tertiary sulci’®. In addition,
structural connectivity between frontal and parietal regions
increases across development3%9293, Thus, future studies can
explore how morphological features of tertiary sulci in (a) LPFC
and lateral parietal cortex contribute to reasoning performance and
(b) different association cortices contribute to performance on
cognitive tasks, as well as functional representations in each cortical
expanse. It will also be important to explore the relationship among
tertiary sulci across cortical regions. For example, developmental
studies are well suited to explore how the variability in sulcal
morphology in one cortical region, such as LPFC, might affect
morphology of tertiary sulci in other cortical regions, such as medial
frontal or parietal regions. Our modeling approach can also be
applied to data across the lifespan—either cross-sectionally or
longitudinally. While it is known that tertiary sulci are shallow
indentations in cortex that emerge last in gestation (relative to
primary and secondary sulci), and have a protracted development
after birth1:%111416,18,19.2645 the history of LPFC sulcal definitions,
especially within the MFG, has been contentious’~141921-28 Thus,
while we used these classic studies to guide the labeling of each
sulcus, the distinctions among primary, secondary, and tertiary sulci
should be confirmed by modern studies of cortical folding in
gestation. Crucially, our findings are not dependent on this classi-
fication. Our data-driven, model-based approach identified that a
subset of shallow sulci in LPFC explains the most variance in rea-
soning scores across participants above and beyond age in both
Discovery and Replication samples. In addition, the developmental
timeline of tertiary sulci relative to the development of functional
representations and cognitive skills is unknown. Future studies
implementing and improving our model-based approach can begin
to fill in these gaps in the developmental timeline of tertiary sulci
anatomically, behaviorally, and functionally.

Despite the many positive applications of our model-based
approach and the many future studies that will likely build on the
foundation of the present findings, there are also limitations. The
main drawback of the precise approach in individual participants
implemented here is that it relies on manual sulcal definitions,
which are time-consuming and require anatomical expertise. This
limits sample sizes and the expanse of cortex that can be feasibly
explored in a given study. In addition, while there is “no one-size-
fits-all sample size for neuroimaging studies”* and we had a large
N (>1000) in terms of sulci explored in the present study, new
methods and tools will need to be developed to increase the number

of participants in futures studies. Increasing the number of parti-
cipants will improve the diversity of our sample and reduce
imbalances in gender or other demographic features (“Methods™;
Supplementary Table 2). Ongoing work is already underway to
develop deep learning algorithms to accurately define tertiary sulci
automatically in individual participants, and initial results are
promising®>. In the interim, our probabilistic sulcal maps can
guide manual definitions performed by researchers interested in
examining LPFC tertiary sulci in future studies (Fig. 6).

In summary, using a data-driven, model-based approach, we
provide cognitive insights from evolutionarily new brain structures
in human LPFC. After manually defining 1320 LPFC sulci, our
approach revealed that the depths of a subset of tertiary sulci reli-
ably explained unique variance in reasoning scores above and
beyond age. Methodologically, our study opens the door for future
studies examining tertiary sulci in other association cortices, as well
as improves the spatial scale of understanding for future studies
interested in linking cortical morphology to behavior. Theoretically,
the present results support a largely unconsidered anatomical the-
ory proposed over 55 years ago’. Mechanistically, we outline a
hypothesis linking tertiary sulcal depth to short-range white matter
fibers, neural efficiency, and cognitive performance. Together, the
methodological, theoretical, and mechanistic insights regarding
whether, or how, tertiary sulci contribute to the development of
higher-level cognition in the present study serve as a foundation for
future studies examining the relationship between the development
of cognitive skills and the morphology of tertiary sulci in association
cortices more broadly.

Methods

Participants. The present study consisted of Discovery (N = 33; 16 males and 17
females) and Replication (N = 28; 20 males and 8 females) samples. For the Dis-
covery sample, 33 typically developing individuals between the ages of 6-18 were
randomly selected from the Neurodevelopment of Reasoning Ability (NORA)
dataset3”-3844, Demographic and socioeconomic data are summarized in Supple-
mentary Table 2. Following the definition of sulci in this sample, we selected an
additional 28 age-matched participants for the Replication sample. No features
other than age were considered in the selection of the Replication sample. The
terms male and female are used to denote parent-reported gender identity. All
participants were screened for neurological impairments, psychiatric illness, history
of learning disability, and developmental delay. All participants and their parents
gave their informed assent and/or consent to participate in the study, which was
approved by the Committee for the Protection of Human Participants at the
University of California, Berkeley.

Data acquisition

Imaging data. Brain imaging data were collected on a Siemens 3T Trio system at
the University of California Berkeley Brain Imaging Center. High-resolution T1-
weighted MPRAGE anatomical scans (TR = 2300 ms, TE =2.98 ms, 1 x 1 x I mm
voxels) were acquired for cortical morphometric analyses.

Behavioral data. Behavioral metrics are only reported for the participants included
in the morphology-behavior analyses (Discovery: n = 28, Replication: n = 27).
Reasoning performance was measured as a total raw score from the WISC-IV
Matrix reasoning task?6 (Fig. 1b; Discovery: mean(sd) = 24.28 (4.86); Replication:
mean(sd) = 27.64 (4.52)). Matrix reasoning is an untimed subtest of the WISC-IV
in which participants are shown colored matrices with one missing quadrant. The
participant is asked to “complete” the matrix by selecting the appropriate quadrant
from an array of options (Fig. 1b). Matrix reasoning score was selected as it is a
widely used measure of non-verbal reasoning3”-38 and it was the most consistently
available reasoning measure for the participants in this study. Matrix reasoning has
previously been examined in relation to white matter and functional connectivity
in a large dataset that included these participants®” and a previous factor analysis in
this dataset showed that the Matrix reasoning score loaded strongly onto a rea-
soning factor that included three other standard reasoning assessments>S.

Processing speed was computed from raw scores on the Cross Out task from the
Woodcock-Johnson Psychoeducational Battery-Revised”” (WJ-R; Fig. 1b). In this
task, the participant is presented with a geometric figure on the left followed by
19 similar figures. The participant places a line through each figure that is identical
to the figure on the left of the row (Fig. 1b). Performance is indexed by the number
of rows (out of 30 total rows) completed in 3 minutes (Replication: Mean(sd) =
22.19 (6.26)). Cross Out scores are frequently used to estimate processing speed in
developmental populations?®9°.
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As an additional measure, working memory (WM) was assessed from raw Digit
Span Forward scores (Replication: Mean(sd) = 9.03(1.77)). Digit Span Forward scores
measure WM maintenance and attention. For each forward trial, participants were
presented with a string of numbers by the experimenter and were asked to
immediately repeat the numbers in the same order. The task consisted of eight
questions with two trials per level (16 total trials). Each question (set of two trials)
consisted of a longer string of numbers than the question before. Both processing
speed and working memory were selected as they are considered related, but
separable, measures from reasoning. We report the Spearman correlation coefficient
(rho) among each of the three behavioral measures in Supplementary Fig. 6.

Morphological analyses

Cortical surface reconstruction. All T1-weighted images were visually inspected for
scanner artifacts. FreeSurfer’s automated segmentation tools®6:67 (FreeSurfer 6.0.0)
were used to generate cortical surface reconstructions. Each anatomical T1-
weighted image was segmented to separate gray from white matter, and the
resulting boundary was used to reconstruct the cortical surface for each
participant®®100. Each reconstruction was visually inspected for segmentation
errors, and these were manually corrected when necessary. Tertiary sulci are easier
to identify on T1 images and cortical surface reconstructions compared to post-
mortem tissue (see the “Introduction”) for two main reasons. First, T1 MRI pro-
tocols are not ideal for imaging vasculature; thus, the vessels that typically obscure
the tertiary sulcal patterning in post-mortem brains are not imaged on standard
resolution T1 MRI scans. Indeed, indentations produced by these smaller vessels
that obscure the tertiary sulcal patterning are visible in freely available datasets
acquired at high field (7T) and micron resolution (100-250 um)!0L:102, Thus, the
present resolution of our T1s (1 mm isotropic) is sufficient to detect the shallow
indentations of tertiary sulci, but is not confounded by smaller indentations pro-
duced by vasculature. Second, cortical surface reconstructions are made from the
boundary between gray and white matter; unlike the outer surface, this inner
surface is not obstructed by veins and arteries! -2,

Manual labeling of LPFC sulci. Sulci were manually defined separately in the
Discovery and Replication samples according to the most recent atlas proposed by
Petrides2®. This atlas offers a comprehensive schematization of sulcal patterns in
the cerebral cortex. The LPFC definitions have recently been validated in adults?>,
but to our knowledge, these sulci have never been defined in a developmental
sample. 12 LPFC sulci were manually defined within each individual hemisphere in
tksurfer2® (Fig. 2; Supplementary Fig. 1 for all manually defined sulci in 122
hemispheres). Sulcal depth values are a feature of FreeSurfer’s scale, which can be
explored further on their website (https://surfer.nmr.mgh.harvard.edu). Briefly,
depth values are calculated based on how far removed a vertex is from what is
referred to as a “mid-surface,” which is determined computationally so that the
mean of the displacements around this “mid-surface” is zero. Thus, generally, gyri
have negative values, while sulci have positive values. Given the shallowness and
variability in the depth of LPFC tertiary sulci, some mean depth values extend
below zero. We emphasize that this just reflects the metric implemented in Free-
Surfer. For example, max depth values are above zero for all sulci (Supplementary
Fig. 4b). Manual lines were drawn on the inflated cortical surface to define sulci
based on the proposal by Petrides2® as well as guided by the pial and smoothwm
surfaces of each individual?®. In some cases, the precise start or end point of a
sulcus can be difficult to determine on one surface®3. Thus, using the inflated, pial,
and smoothwm surfaces of each individual to inform our labeling allowed us to
form a consensus across surfaces and clearly determine each sulcal boundary. Our
cortical expanse of interest was bounded by the following sulci: (1) the anterior and
posterior components of the superior frontal sulcus (sfs) served as the superior
boundary, (2) the inferior frontal sulcus (ifs) served as the inferior boundary, (3)
the central sulcus served as the posterior boundary, and (4) the vertical and hor-
izontal components of the intermediate frontomarginal sulcus (imfs) served as the
anterior boundary. We also considered the following tertiary sulci: anterior (pmfs-
a), intermediate (pmfs-i), and posterior (pmfs-p) components of the posterior
middle frontal sulcus (pmfs), and the para-intermediate frontal sulcus (pimfs)25-26,
Please refer to Fig. 2a for the location of each of these sulci on example hemi-
spheres and Supplementary Fig. 1 for the location of all 1320 sulci in all 122
hemispheres. For each hemisphere, the location of each sulcus was confirmed by
two trained independent raters (W.V. and J.Y.) and finalized by a neuroanatomist
(K.S.W.). The surface vertices for each sulcus were then manually selected using
tools in tksurfer and saved as surface labels for vertex-level analyses of morpho-
logical statistics. All anatomical labels for a given hemisphere were fully defined
before any morphological or behavioral analyses were performed.

While we could not identify the dorsal and ventral components of the pimfs in
every hemisphere (see the “Results” section; Supplementary Table 1), we could
identify at least one component of the pimfs in each hemisphere in nearly all
participants in the Discovery (28/33) and Replication (27/28) samples. Thus, our
inclusion criterion for all subsequent analyses was to include participants who had
at least one pimfs component in each hemisphere, which assures that all repeated-
measures statistics are balanced for effects of sulcus and hemisphere. For those
participants who had identifiable dorsal and ventral pimfs components, we merged
the components into one label, using the FreeSurfer function mris_mergelabels and
all findings are reported for the merged label®.

Characterization of tertiary sulcal patterning. For each tertiary sulcus, we char-
acterized sulcal patterns, or types, based on intersections with surrounding sulci.
We report the number of intersections for a given sulcus with every other sulcal
pair (except the central sulcus as no tertiary sulcus intersected with the central
sulcus), relative to the total frequency of occurrence of that sulcus in the hemi-
sphere (Fig. 2b). We report correlations between left and right hemispheres in each
sample, as well as the correlation between samples.

Sulcal probability maps. Sulcal probability maps were calculated to describe the
vertices with the highest and lowest correspondence across participants?°. These
maps were generated across all participants with at least one pimfs component in
each hemisphere. To generate the maps, each label was transformed from each
individual to the common fsaverage space. We chose to use the standard
fsaverage template to increase accessibility for future studies. Then, for each
vertex, we calculated the proportion of participants for whom that vertex is
labeled as the given sulcus. In the case of multiple labels, labels were assigned to
each vertex with a “winner-take-all” approach. That is, the sulcus with the
highest overlap across participants was assigned to a given vertex. Consistent
with Miller et al.2%, in addition to providing unthresholded maps, we also
constrained these maps to be maximum probability maps (MPM:s), which helps
avoid overlapping sulci and can increase interpretability (Fig. 6a)2°. We provide
thresholded maps at 33 and 20% spatial overlap for each label. This allows the
user to assess both the spatial variability between participants as well as the
stable features shared across participants. Finally, since this is the first devel-
opmental dataset of tertiary sulci in the frontal lobe, we make these maps
publicly available for download at the following link: https://github.com/cnl-
berkeley/stable_projects/tree/main/CognitiveInsights_SulcalMorphology.

Characterization of sulcal morphology. As the most salient morphological feature of
tertiary sulci is their shallowness compared to primary and secondary
sulci®11,1418,19.26.29.46  we focused morphological analyses on measures of sulcal
depth. Raw depth metrics (standard FreeSurfer units) were computed in native
space from the .sulc file generated in FreeSurfer 6.0.0. We normalized sulcal
depth to the maximum depth value within each individual hemisphere in order to
account for differences in brain size across individuals and hemispheres. All depth
analyses were conducted for normalized mean sulcal depth. As cortical thickness is
a commonly used metric in developmental studies, we also considered the mean
cortical thickness (mm) for each sulcus. Mean cortical thickness for each sulcal
label was extracted using the mris_anatomical_stats function that is included in
FreeSurfer®”.

Distinction among primary, secondary, and tertiary sulci. Tertiary sulci are defined
as the last sulci to emerge in gestation after the larger and deeper primary and
secondary sulci’~1419:21-27 (Fig. 2a). Specifically, previous studies specify that (a)
primary sulci emerge prior to 32 weeks in gestation, (b) secondary sulci emerge
between 32-36 weeks in gestation, and (c) tertiary sulci emerge during and after
36 weeks!03 (see Supplementary Information for direct quotations describing the
developmental timeline for primary, secondary, and tertiary sulci). Previous
research identifies the cs, prs, sfs, and ifs as primary sulci. As such, we apply these
definitions to the subcomponents of the sfs (sfs-a and sfs-p) and prs (sprs and iprs)
considered here.

Apart from these sulci, the question of whether or not other LPFC sulci should
be considered secondary or tertiary is still unresolved. For example, the imfs-v and
imfs-h are contemporary labels for classic definitions of sulci commonly labeled as
either the frontomarginal and/or middle frontal sulci?!>>26. When considering
classic papers and atlases!%-222427 both the imfs-h and imfs-v appear to be
prevalent prior to 32 weeks, which would define them as primary sulci. Yet,
additional studies define sulci in this cortical expanse as secondary!®. For the
present study, we consider the imfs-h and imfs-v as primary sulci, but it is possible
that future studies will establish them as secondary sulci. Critically, our data-driven
approach—and in turn, our findings—are agnostic to these distinctions. That is, the
model-based approach adopted here quantitatively determines which sulci are
most strongly associated with reasoning scores, regardless of their classification.
Finally, while historical analyses have not considered modern definitions of pmfs
and pimfs sulcal components, more recent studies from Petrides and colleagues do.
Moreover, these studies show a correspondence between LPFC tertiary sulcal
definitions and brain activation profiles. For example, Amiez and Petrides®®
showed that the pimfs and pmfs-a co-localize with clusters of fMRI activation with
distinct functional profiles on a serial order memory task. Consistent with this
work, Champod and Petrides!** also show a direct relationship between activation
profiles and tertiary sulcal patterning within LPFC. Considering these data, we refer
to pmfs and pimfs sulcal components as tertiary sulci—for two main reasons. First,
from our historical analyses, sulci within the middle frontal gyrus emerge during
late stages in gestation, consistent with definitions of tertiary sulci?l. Second, from
our previous analyses in adults?®, pmfs sulcal components are small and shallow
relative to other primary and secondary LPFC sulci, which is consistent with
morphological features of tertiary sulci. Taken together, our distinction among
primary and tertiary sulci is based on classic and modern data. Future studies with
larger sample sizes using non-invasive fetal imaging will re-visit the timestamps for
the documented sulci, as well as provide new timestamps for those sulci that were
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not included in these classic studies. For example, based on these classic definitions
of sulcal types, the present study did not include any secondary sulci in LPFC.
Nevertheless, we also highlight that our data-driven approach is blind to these
definitions and identifies sulci that are small in surface area and shallow in depth,
which is consistent with the definition of tertiary sulci.

Comparison between tertiary and primary sulci. We compared sulcal depth of
tertiary and primary sulci with a two-way (hemisphere, sulcal type) repeated-
measures analysis of variance (rm-ANOVA; Fig. 3). To assess the variability in
depth between hemispheres and groups, we conducted the same rm-ANOVA, but
replaced mean sulcal depth with the standard deviation. We conducted the same
repeated-measures analyses with cortical thickness between tertiary and primary
sulci in both samples (Supplementary Fig. 4; see Supplementary Information). All
ANOVAs were computed in R with the aov function, imported in python via rpy2.
Effect sizes are reported with the generalized eta-squared (#2) metric.

Assessing the relationship between sulcal depth and reasoning performance
Four-pronged analytic approach. Based on current recommendations®®, we
implement a four-pronged approach to assess and improve the generalizability of
our findings at each stage of analysis.

1. Regularization: In the Discovery sample, we use L1 regularization (LASSO
regression) as part of our model-selection approach. Not only does this
provide a data-driven method for model selection, but regularization
techniques are recommended to improve the generalizability of a model®8:69,
Unlike many techniques that only assess generalizability, L1 regularization
increases the generalizability of a model by providing a sparse solution that
reduces coefficient values and decreases variance in the model without
increasing bias. This technique guards against overfitting and increases the
likelihood that a model will generalize to other datasets.

2. Cross-validation: In addition to using regularization techniques to improve
generalizability, all models were fit with cross-validation. The purpose of
cross-validation is to test the generalizability of a model within a sample. We
report a very strong fit for our cross-validated models.

3. Replication in an additional sample: We demonstrate the generalizability of
our findings by showing that the depths of sulci that are associated with
reasoning in the Discovery sample generalize to the Replication sample. Our
regularized regression reveals that the depths of a subset of RH tertiary sulci
are relevant for reasoning performance in the Discovery sample (Fig. 4). We
then show that these same sulci can be used to predict reasoning score with
high accuracy in the Replication sample (Fig. 5).

4. Bootstrapped error estimates: We used bootstrapping as a diagnostic tool to
assess the generalizability of our models to out-of-sample data. Using 10,000
iterations, we show our chosen models have low variance in estimated error
(Fig. 5¢), suggesting that they are not overfit to the data, and the findings
will likely generalize to other samples.

Model selection—Discovery sample. We applied a least absolute shrinkage and
selection operator (LASSO) regression model to determine which sulci, if any, were
associated with Matrix reasoning. The depth of all 12 LPFC sulci was included as
predictors in the regression model. LASSO performs L1 regularization by applying
a penalty, or shrinking parameter («), to the absolute magnitude of the coefficients
such that:

(Ily = xBII3 + allBll)

In a LASSO regression, low coefficients are set to zero and eliminated from the
model. In this way, LASSO can facilitate variable selection, leading to simplified
models with increased interpretability and prediction accuracy®. In our case, the
LASSO regression algorithm shrinks the coefficients of each of the sulci until only
the sulci most strongly associated with reasoning remain in the model. The LASSO
regression model was conducted separately for the left and right hemispheres. By
convention, we used cross-validation to select the shrinking parameter («). We
used the SciKit-learn GridSearchCV package!0° to perform an exhaustive search
across a range of a-values (0.01-10.0), and selected the value that minimized cross-
validated mean-squared error (MSEcy).

Model evaluation—Replication sample. To further characterize the relationship
between sulcal depth and reasoning performance, we used the predictors
identified by the LASSO regression in the Discovery sample to predict Matrix
reasoning score in the Replication Sample. As age is correlated with Matrix
reasoning score, we included age as an additional covariate in the model (1).
We fit this model as well as alternate nested models with leave-one-out cross-
validation (looCV). We used nested model comparison to assess the unique
variance explained by sulcal depth, while accounting for age-related effects on
reasoning:

y; =Py + B, Age + B,pmfs_i + f,pmfs_a + B, pimfs+ € 1 1

In addition, we conducted this analysis with only the two most strongly
associated sulci (pmfs-i, pimfs) from the Discovery sample:

¥: = By + B Age + B,pmfs_i + B,pimfs+ € I )
To assess the unique variance explained by tertiary sulcal depth, we compared

the MSEcy of this model to the MSEcy of a model with age as the sole predictor
(3):

yi =By + PAge+ €1 3)
As these models are nested (all predictors in the smaller model (3) are also
included in the larger models (1), (2)), we are able to directly compare the
prediction error in these two models. Finally, to assess the specificity of the
relationship to tertiary sulci in our Replication sample, we assessed the fit of model
(1) to a full model that included all identified LPFC sulci within a hemisphere (4).
The full model is as follows:

Yi=Po+PiAge+Brir- + P €1 4

where x,...x;, represent the sulcal depth of each identified sulcus within a
hemisphere.

Empirical MSE confidence intervals. The size (n=27) of the Replication sample
makes 1ooCV suitable. However, models that are fit with looCV can have high
variance. Thus, to assess the potential variance in our estimations, we performed a
bootstrapping procedure to empirically estimate the distribution of possible MSEcv
predictions for models 1, 2, 3, and 4. For each model, data were randomly selected
with replacement 10,000 times and MSEcv was computed for each iteration. From
this process, we estimate Median MSE and 95% confidence intervals for each
model (shown in Fig. 5¢). All analyses were conducted with SciKit-Learn package
in Python!0>.

Assessing morphological and behavioral preference of the model

Cortical thickness. To assess whether our findings generalized to other anatomical
features, we considered cortical thickness, which is an anatomical feature com-
monly explored in developmental cognitive neuroscience studies’>7:106:107 To do
s0, we replaced sulcal depth with cortical thickness as the predictive metric in our
best-performing model in the Replication sample [Model 2]. As with depth, the
model was fit to the data with 100CV. To compare the thickness model to the depth
model, we used the Akaike Information Criterion (AIC), which provides an esti-
mate of in-sample prediction error and is suitable for non-nested model com-
parison. AIC is given by:

AIC; = —2logL; + 2K;

where L; is the likelihood for the model (i) and K; is the number of parameters. By
comparing AIC scores, we are able to assess the relative performance of the two
models. If the AAIC is >2, it suggests an interpretable difference between models. If
the AAIC is >10, it suggests a strong difference between models, with the lower AIC
value indicating the preferred model’>7°.

Processing speed and working memory. To ascertain whether the relationship
between sulcal depth and cognition is specific to reasoning performance, or trans-
ferable to other general measures of cognitive processing”®, we investigated the
generalizability of the sulcal-behavior relationship to two other widely used measures
of cognitive functioning: Processing speed and working memory. Specifically, we used
1ooCV to predict processing speed (as indexed by Cross Out score) and working
memory (as indexed by Digit Span Forwards score)!98 instead of Matrix Reasoning
score. In the cases in which the model showed a strong association, we used AIC to
compare the model predictions to Matrix reasoning predictions.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The morphological metrics, behavioral data, and demographics have been made freely
available under accession code https://doi.org/10.5281/zenodo.50212321%%. The processed
data required to perform all statistical analyses and to reproduce all figures are freely
available at the above link. Probabilistic maps of all sulci aligned to the FreeSurfer average
cortical surface (fsaverage) are also available for download. Visualizations of all sulcal
definitions generated for each subject are provided in the Supplementary Information.
Requests for further information or raw data should be directed to the Corresponding
Author, Willa Voorhies (wvoorhies@berkeley.edu). Source data are provided with

this paper.

Code availability

We provide all of the custom code to perform statistical analyses and to generate all
figures on GitHub in an implementable binder notebook. We also provide the custom
code used to generate sulcal probability maps in the same repository (https://github.com/
cnl-berkeley/stable_projects/tree/main/Cognitivelnsights_SulcalMorphology).
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