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Abstract

Intergenerational effects are described as the genetic, epigenetic, as well as pre- and postnatal environmental influence
parents have on their offspring’s behavior, cognition, and brain. During fetal brain development, the primary cortical sulci
emerge with a distinctive folding pattern that are under strong genetic influence and show little change of this pattern
throughout postnatal brain development. We examined intergenerational transmission of cortical sulcal patterns by
comparing primary sulcal patterns between children (N =16, age 5.5+ 0.81 years, 8 males) and their biological mothers
(N=15, age 39.72 4+ 4.68 years) as well as between children and unrelated adult females. Our graph-based sulcal pattern
comparison method detected stronger sulcal pattern similarity for child-mother pairs than child-unrelated pairs, where
higher similarity between child-mother pairs was observed mostly for the right lobar regions. Our results also show that
child-mother versus child-unrelated pairs differ for daughters and sons with a trend toward significance, particularly for
the left hemisphere lobar regions. This is the first study to reveal significant intergenerational transmission of cortical
sulcal patterns, and our results have important implications for the study of the heritability of complex behaviors,
brain-based disorders, the identification of biomarkers, and targets for interventions.
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Introduction

Parents have a substantial genetic, epigenetic, as well as pre- and
postnatal environmental influence on their offspring’s behavior,
cognition, and brain development known as intergenerational
effects (Yamagata et al. 2016). The unique contribution from
mothers and fathers to the development of their offspring shows
differential influence, called parent-of-origin effects (Curley and
Mashoodh 2010). Intergenerational transmission of traits from
parent to child have been mostly studied for psychiatric dis-
orders such as depression (Thompson et al. 2014; Yamagata
et al. 2016), generalized anxiety disorder (Aktar et al. 2017),

conduct problems (D’Onofrio et al. 2007), posttraumatic stress
disorder (Yehuda et al. 2005), and maternal adverse experiences
during childhood (Yehuda et al. 2016; Moog et al. 2018). There
has been extensive work on identifying risk genes for complex
behaviors, such as depression and anxiety, in humans, which
show that such behaviors are in part heritable (Ho et al. 2016).
Effects of genetics and epigenetics occur at a molecular level
and are not easy to relate to complex behavior (Flint et al. 2014;
Ho et al. 2016). On the other hand, studying endophenotypes
at the level of brain structure bridges the gap between genet-
ics and clinical symptoms (Flint et al. 2014; Ho et al. 2016).
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Studying the intergenerational transmission of brain structure
and function between parents and their offspring helps us learn
more about the heritability of complex behaviors, brain-based
disorders, the identification of possible biomarkers, and targets
for interventions (Ho et al. 2016).

There is limited research on the neural basis of intergenera-
tional effects in humans. It has been observed that the regional
gray matter volume in the corticolimbic circuitry (i.e., amyg-
dala, hippocampus, and prefrontal cortex), which is involved
in mood regulation and depression, shows a matrilineal trans-
mission pattern, showing a strong association between mothers
and daughters (Yamagata et al. 2016). The association between
mothers and daughters were stronger compared to mother—son,
father-daughter, and father-son pairs (Yamagata et al. 2016).
Another study has shown that maternal childhood maltreat-
ment was associated with lower intracranial volume of the new-
born children of these mothers, suggesting that the childhood
maltreatment effects may be transmitted across generations
and that these effects may have originated during the intrauter-
ine life (Moog et al. 2018). Furthermore, thinner cortical gray mat-
ter has been reported in depressed mothers and their high-risk
daughters compared to nondepressed mothers and their low-
risk daughters, suggesting that some heritable disorders also
transmit neuroanatomical vulnerability factors from parents to
their high-risk children (Foland-Ross et al. 2016).

The in utero development of the human brain is influenced
by environment, genetics and epigenetics, which have a signif-
icant impact on life-long consequences (Kochunov et al. 2010).
Most of the cortical folding happens during fetal brain develop-
ment, particularly between gestational weeks 20 and 35 where
the brain transforms from a smooth to a convoluted surface
with gyri and sulci (Garel et al. 2003). During this process, the
primary cortical sulci emerge with a distinctive folding pattern
that are under strong genetic influence and there is little change
of this pattern throughout postnatal brain development (Garel
et al. 2001; Rakic 2004; Kostovic and Vasung 2009; Hill et al. 2010;
Meng et al. 2014; Rash and Rakic 2014; Sun and Hevner 2014;
de Juan Romero et al. 2015; Cachia et al. 2016; Le Guen, et al.
2018a). Furthermore, there are studies that show heritability for
the asymmetry of the superior temporal sulcus which could
be related to language lateralization (Le Guen, et al. 2018a; Le
Guen, et al. 2018b). In addition, heritable brain features with
respect to aging, cortical atrophy, and cognitive decline, have
also been shown (Le Guen et al. 2019). The global pattern of
the sulci, namely the positioning, arrangement, number, and
the size of sulcal pits and folds, as well as their intersulcal
relationships, is hypothesized to be related to the optimal orga-
nization of cortical functional areas and underlying white mat-
ter connectivity (Van Essen 1997; Klyachko and Stevens 2003;
Rakic 2004; Fischl et al. 2008; Im et al. 2010; Im, et al. 2011a;
Sun and Hevner 2014). Since the primary cortical sulcal patterns
are determined prenatally under strong genetic control and
are associated with cortical functions, studying sulcal patterns
across generations can give us a better understanding of inter-
generational transmission of brain structure and its associated
behavioral phenotype.

In our previous study, we developed a comprehensive and
quantitative sulcal pattern analysis technique using a graph
structure that completely characterizes the geometric and
topological pattern of the primary cortical folds (Im, et al.
2011b). This method has provided a quantification of atypical
sulcal folding patterns in patients with polymicrogyria (Im,
et al. 2013b), developmental dyslexia (Im et al. 2016), and

congenital heart disease (Morton et al. 2019). In addition to
these developmental disorders, we have studied sulcal patterns
in monozygotic twins where we showed that the similarity
of the sulcal patterns of both hemispheres and all lobar
regions in twin pairs was significantly higher compared to
the similarity between unrelated pairs, supporting a genetic
influence on sulcal patterning (Im, et al. 2011b). However, since
twin studies often do not collect parental brain data, they
cannot directly help with the assessment of intergenerational
effects.

The aim of the current study was to first examine intergen-
erational transmission of cortical sulcal patterns by comparing
primary sulcal patterns between children and their mothers
as well as between children and unrelated adult females. We
hypothesized that there would be a stronger similarity in sulcal
patterns between children and their biological mothers com-
pared to the similarity between children and unrelated female
adults. Because there have been studies showing different asso-
ciations between mothers and daughters compared to mothers
and sons (Yamagata et al. 2016), and that some disorders and
traits are more heritable in females than in males (Sandin et al.
2017), we also expected to see differences in the intergenera-
tional transmission of sulcal patterns between the daughter-
mother versus son-mother pairs.

Materials and Methods
Participants

Data from 31 individuals, specifically, 15 adult females (age
[mean =+ SD]: 39.72 4+ 4.68 years) and their 16 children (8 sons, 8
daughters) (age: 5.5 + 0.81 years) were analyzed in this study. The
mean age for daughters was 5.30 & 0.73 years and the mean age
for sons was 5.69 + 0.89 years. All mothers had one participating
child, except for one mother who had 2 daughters participating
in the study. Participant characteristics are reported in Table 1.
Participants were recruited from the greater Boston community.
All participants were administered the Kaufman Brief Intelli-
gence Test—Second Edition (KBIT-2) and had average or above
average nonverbal 1Q. Daughters and sons were matched on
age and nonverbal IQ measured at the age of 4 years. Partici-
pants were healthy individuals, without history of neurological
trauma, brain surgery, claustrophobia, any metallic implants,
or any other contraindications to magnetic resonance imaging
(MRI) scanning. This study was approved by the Institutional
Review Board of Boston Children’s Hospital and written con-
sent for participation in the study was provided by parents for
themselves and for their children.

MRI Acquisition

MRI data were collected at Boston Children’s Hospital with a
3 T Siemens scanner (32-channel head coil). Participants were
not sedated for the scan. The structural sequence was a T1-
weighted magnetization-prepared rapid-acquisition gradient-
echo with prospective motion correction (mocoMEMPRAGE)
acquisition with repetition time (TR)=2520 ms, echo time
(TE)=1.73-1.75 ms, inversion time (TI)=1450 ms, flip angle=
1-7°, and voxel size (mm)=1.0x1.0x1.0. Children were
scanned with field of view (FOV) =216 mm and 160 sagittal slices
and mothers were scanned with FOV =256 mm and 176 sagittal
slices.
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Participant Group Age (years) Nonverbal IQ score
child_01 Daughter 5.08 113
child_02 Daughter 5.08 124
child_03 Daughter 4.67 104
child_04 Son 5.08 110
child_05 Daughter 4.92 85
child_06 Daughter 6.83 94
child_07 Son 6.75 100
child_08 Son 6.75 99
child_09 Daughter 5.00 101
child_10 Son 5.75 121
child_11 Son 4.83 118
child_12 Daughter 4.83 107
child_13 Daughter 6.00 115
child_14 Son 5.25 110
child_15 Son 6.58 929
child_16 Son 4.58 105
mother 01 Mother 37.25 130
mother_02 Mother 46.58 128
mother_03 Mother 38.08 130
mother_04 Mother 38.92 130
mother_05 Mother 30.75 102
mother_06 Mother 32.42 109
mother_07 Mother 40.58 102
mother_08 Mother 43.33 132
mother_09 Mother 35.08 98
mother_10 Mother 42.17 130
mother_11 Mother 38.33 125
mother_12 Mother 44.33 115
mother_13 Mother 46.00 102
mother_14 Mother 38.92 120
mother_15 Mother 43.08 109

Data Processing and Quantitative Similarity
Measurement of Sulcal Pattern

In order to perform sulcal pattern analysis for adult and child
data, structural T1-weighted images were processed and corti-
cal surfaces were reconstructed using the FreeSurfer software
(Fischl 2012). The quality of the Freesurfer segmentation was
evaluated with the Qoala-T software (Klapwijk et al. 2019) as
well as visually and the quality of white/gray matter boundary of
the surface (inner cortical surface) was evaluated visually. Then,
the inner cortical surfaces were automatically parcellated into
frontal, parietal, temporal, and occipital lobes (Fischl et al. 2004;
Desikan et al. 2006).

For quantitative sulcal pattern analysis, global patterning
of primary sulci was represented with a graph structure using
sulcal pits and their surrounding catchment basins (Im, et al.
2011b). Sulcal pits are the deepest local points in catchment
basins of primary sulci (Lohmann and von Cramon 2000; Im
et al. 2010) and their spatial distribution has been observed to
be temporally stable against dynamic brain growth and related
to brain functions under genetic control in our prior studies
(Im, et al. 2011a; Im and Grant 2019). We generated a sulcal
depth map on the inner cortical surface using Freesurfer and
smoothed the map using a surface-based heat kernel smoothing
with a full-width half-maximum of 10 mm (Chung et al. 2005;
Im et al. 2010). Sulcal pits and their basins were automatically

identified using a watershed-based image-processing algorithm
using the smoothed depth map of the inner cortical surface.
Sulcal pits were used as the nodes in the graph representation of
sulcal pattern and when sulcal catchment basins met, sulcal pits
in those basins were connected with an edge. The sulcal graph
structure includes geometric features of nodes (3D position [x,
y, z], area [s], and depth [d] of sulcal pits and basins); their inter-
sulcal geometric relationships; and graph topology (the number
of edges and the paths between nodes [c]) to characterize the
interrelated sulcal arrangement and patterning. These features
were weighted to give their relative importance, F=(wxx, wyy,
wyZ, Wss, Wyd, wee). We determined the optimal match of sulcal
pits having the minimum difference of the features between
2 sulcal graphs by using a spectral matching technique (Im,
et al. 2011b) (Fig. 1). We then computed their similarity using an
exponential function based on the difference of 2 sulcal feature
sets, which ranged from 0 to 1. All features were optimally
weighted for the sulcal pattern similarity to have mean and
standard deviation (SD) values of about ~0.75 and 0.01-0.03
respectively. After measuring the similarity with all combined
features (sulcal position, area, depth, and graph topology), we
further measured the similarity using each individual feature by
setting all of the weights of the other features to 0 to evaluate
their relative importance on the composite similarity. Using
this graph-based sulcal pattern comparison method, we exam-
ined intergenerational transmission of sulcal patterns by testing
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Figure 1. Sulcal pits (black spheres) and their corresponding sulcal basins (colored patches) are automatically extracted on the white matter surface using the watershed
segmentation applied to sulcal depth map. Each sulcal pit corresponds to a node in the graph structure. When sulcal basins meet, sulcal pits in those basins are
connected with an undirected edge. Two sulcal graphs are optimally matched and their similarity is measured by using the geometric features of nodes (3D position,
depth and area of sulcal basin) and their relationship between the nodes, and the graph topological features (the number of edges and the paths between nodes).
The sulcal basins paired by matching are marked with the same color. Sulcal pattern similarities were measured between children and their mothers and between

children and unrelated adult females.

whether the sulcal pattern similarities between all children
and their mothers were significantly different when compared
to the similarities between all children and unrelated adults.
We then compared the intergenerational transmission of sulcal
patterns between daughter-mother versus son-mother pairs.
For each child, the sulcal pattern similarity with his/her mother
(Schild—mother) @s well as the mean similarity with the other 14
adult females (Sgiid-unrelated) Were computed (Figs 1 and 2). Our
method for sulcal pit extraction and pattern analysis has been
validated, showing high reliability across different sites, scan-
ners, and magnet strengths (Im, et al. 2013a; Morton et al. 2019),
and applied to our many previous studies (Im, et al. 2013b; Im
et al. 2016; Im and Grant 2019; Morton et al. 2019).

Statistical Analysis

For the child-mother (or son-mother and daughter-mother)
pairs, the similarity value between 1 child and his/her mother
is calculated. For the child-unrelated (or son-unrelated and
daughter-unrelated) pairs, each child is paired with each adult
who is not his/her mother and an average similarity value is
calculated to be included in the analyses.

First, we measured the difference in the sulcal pattern sim-
ilarity between child-mother and child-unrelated pairs (Fig. 2).
For this, we have defined the following index indicating inter-
generational transmission of sulcal patterns (Siterc)-

SinterG = Schild—mother — Schild—unrelated

Then, we statistically tested if the mean of Sperg distribution
was different from 0 using a one-sample t-test for different

feature sets (sulcal position, area, depth, graph topology, and
the combined features) in the left and right frontal, parietal,
temporal, and occipital lobes.

Second, the difference in sulcal pattern similarity between
son-mother and son-unrelated pairs (Smtercs) Was statistically
compared with the difference in sulcal pattern similarity
between daughter-mother and daughter-unrelated pairs
(Stnterc.4) using an independent two samples t-test in the left
and right frontal, parietal, temporal, and occipital lobes.

SinterG.s = Sson—mother — Sson—unrelated

StnterG.d = Sdaughter—mother - Sdaughter—unrelated

False discovery rate (FDR) control method at a g-value (FDR
adjusted/corrected P value) of 0.05 was used to adjust for multi-
ple group comparisons within each hemisphere (Benjamini and
Hochberg 1995; Genovese et al. 2002).

Results

Sulcal Pattern Similarity between Child-Mother and
Child-Unrelated Pairs:

Statistical comparisons of the sulcal pattern similarity between
the child-mother (N=16) and between child-unrelated (N =16)
groups for different feature sets are reported in Table 2. After
FDR correction for multiple comparisons, in the right hemi-
sphere, right frontal lobe depth (P=0.0001) and area (P=0.004),
and right parietal lobe graph (P=0.006) sulcal pattern features
remained significantly higher in the child-mother pairs com-
pared to child-unrelated pairs (Supplementary Fig. S1). These
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Sinterc (€) = Schitg-mother (Ci) = Schitg-unreiated (C)

Schitg-motner (C1) = S(c; my) (i = j, child-mother pair)

_ Xjeqiej S(cimy)

Schild-unrelated (Ci) - n—1

Figure 2. Sulcal pattern similarity matrix depicting child-mother (gray squares) and child-unrelated (white squares) pairs. Sirg is defined as the difference in the sulcal
pattern similarity between child-mother and child-unrelated pairs. Sgiig-mother is defined as the sulcal pattern similarity between child-mother pairs and Sgig-unrelated
is defined as the mean sulcal pattern similarity between child-unrelated pairs. ¢; is a child participant, m; is a mother participant, S is the sulcal pattern similarity

between a child and a mother participant, and n is the number of mothers.

results remained significant once we redid the analysis after
removing one of the child-mother pairs from the analysis, where
the mother is identical. After FDR correction for multiple com-
parisons, there were no significant results for the left hemi-
sphere for the sulcal pattern similarity between child-mother
and child-unrelated pairs.

When FDR correction was not applied, in the left hemisphere,
the results showed that sulcal pattern similarity was signif-
icantly higher in child-mother pairs, compared to the child-
unrelated pairs, in the left temporal lobe for the total sulcal
pattern feature (P =0.032). There were no other significant differ-
ences between the child-mother pairs and the child-unrelated
pairs in the other left hemisphere lobes or their associated
sulcal pattern features (p > 0.05). Without FDR correction, in the
right hemisphere, sulcal pattern similarity was higher for child-
mother pairs than child-unrelated pairs in the right frontal lobe
for total (P=0.031), position (P=0.021), depth (P=0.0001), and
area (P=0.004) sulcal pattern features; in the right parietal lobe
for total (P=0.027), and graph (P =0.006) sulcal pattern features;
and in the right occipital lobe for the total sulcal pattern feature
(P=0.015). There were no significant differences for any of the
sulcal pattern features in the right temporal lobe.

Sulcal Pattern Similarity between Son-Mother and
Son-Unrelated as well as Daughter-Mother and
Daughter-Unrelated Pairs

Statistical comparisons of the sulcal pattern similarity between
son-mother and son-unrelated pairs (Smtercs) as well as the
difference in sulcal pattern similarity between daughter-mother
and daughter-unrelated pairs (Syerg q) for different feature sets
are reported in Table 3. There were no significant results after
FDR correction for multiple comparisons.

The following results were obtained without FDR correction.
Sinterc.s Was greater than Spyec4 in the left frontal lobe for area
sulcal pattern feature (P =0.031). In the left temporal lobe, Sinterc s
was greater than Spyegq for total (P=0.026) and Sperc.qa Was
greater than Syerg.s for graph (P=0.025) sulcal pattern features.
Sinterg.a Was greater than Siergs in the left parietal lobe for
depth sulcal pattern feature (P =0.029). In the left occipital lobe,
Sinterc.d Was greater than Spergs for both position (P=0.021) and
area (P=0.009) sulcal pattern features. In the right frontal lobe
Sinterc.s Was greater than Sy, 4 for area sulcal pattern feature
(P=0.025). Sinter.s Was greater than Sy 4 in the right parietal
lobe for position sulcal pattern feature (P=0.044). There were
no other significant differences in the other lobes of the right
hemisphere.

Discussion

This is the first study to examine the intergenerational
transmission of cortical sulcal patterns. As hypothesized, we
have shown stronger sulcal pattern similarity for child-mother
pairs than child-unrelated pairs. Our graph-based sulcal pattern
comparison method detected higher similarity between child-
mother pairs mostly for the right lobar regions. We have also
shown that child-mother versus child-unrelated pairs differed
for daughters and sons; however, none of these differences
survived multiple comparison corrections.

Intergenerational transmission of neuronal structure has
been shown in previous studies. For example, the regional gray
matter volume in corticolimbic circuitry (Yamagata et al. 2016)
and cortical gray matter thickness (Foland-Ross et al. 2016)
showed a stronger matrilineal transmission pattern. Volumetric
measurements such as gray matter volume and cortical
thickness are affected largely by the developmental changes
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Table 2 Statistical comparisons of the sulcal pattern similarity between the child-mother (N = 16) and between child-unrelated (N = 16) groups
for different feature sets. Data are presented as mean (SD), xP < 0.05, #xFDR q < 0.05

Location Sulcal pattern feature Child-mother Mean (std) Child-unrelated Mean (std) P value
LH Total 0.7527 (0.0104) 0.7495 (0.0083) 0.1678
Position 0.7993 (0.0132) 0.7943 (0.0086) 0.0789
Depth 0.8185 (0.0169) 0.8153 (0.0086) 0.4242
Area 0.8900 (0.0086) 0.8897 (0.0044) 0.8696
Graph 0.8844 (0.0147) 0.8855 (0.0105) 0.7809
LF Total 0.7596 (0.0124) 0.7614 (0.0078) 0.5478
Position 0.8008 (0.0167) 0.8038 (0.0076) 0.4766
Depth 0.8144 (0.0225) 0.8201 (0.0083) 0.2242
Area 0.8945 (0.0201) 0.8957 (0.0065) 0.7634
Graph 0.9013 (0.0125) 0.8977 (0.0105) 0.3656
LT Total 0.7670 (0.0294) 0.7507 (0.0213) 0.032x
Position 0.8084 (0.0402) 0.7968 (0.0194) 0.2901
Depth 0.8205 (0.0227) 0.8092 (0.0175) 0.1273
Area 0.8856 (0.0272) 0.8741 (0.0179) 0.1046
Graph 0.9099 (0.0199) 0.9033 (0.0143) 0.1857
LP Total 0.7354 (0.0212) 0.7288 (0.0175) 0.2624
Position 0.8145 (0.0289) 0.8049 (0.0091) 0.2095
Depth 0.7982 (0.0354) 0.7911 (0.0141) 0.4251
Area 0.8593 (0.0250) 0.8570 (0.0162) 0.7158
Graph 0.8691 (0.0327) 0.8729 (0.0266) 0.6453
LO Total 0.7301 (0.0375) 0.7305 (0.0161) 0.971
Position 0.8000 (0.0281) 0.8032 (0.0167) 0.7381
Depth 0.8005 (0.0379) 0.7960 (0.0174) 0.699
Area 0.8752 (0.0339) 0.8764 (0.0206) 0.8467
Graph 0.8701 (0.0511) 0.8688 (0.0219) 0.917
RH Total 0.7588 (0.0165) 0.7494 (0.0071) 0.0185x%
Position 0.8017 (0.0152) 0.7945 (0.0064) 0.0345x
Depth 0.8220 (0.0160) 0.8178 (0.0085) 0.2959
Area 0.8928 (0.0122) 0.8878 (0.0059) 0.1036
Graph 0.8895 (0.0173) 0.8845 (0.0134) 0.0799
RF Total 0.7744 (0.0176) 0.7648 (0.0096) 0.031x%
Position 0.8097 (0.0179) 0.7983 (0.0093) 0.0205x
Depth 0.8329 (0.0110) 0.8228 (0.0094) 0.0001
Area 0.9061 (0.0150) 0.8977 (0.0087) 0.0044:
Graph 0.9036 (0.0175) 0.9067 (0.0084) 0.4621
RT Total 0.7570 (0.0339) 0.7518 (0.0162) 0.5498
Position 0.8218 (0.0313) 0.8089 (0.0146) 0.1248
Depth 0.8243 (0.0303) 0.8249 (0.0152) 0.9462
Area 0.8700 (0.0334) 0.8693 (0.0132) 0.9455
Graph 0.8855 (0.0358) 0.8897 (0.0274) 0.601
RP Total 0.7298 (0.0300) 0.7183 (0.0217) 0.0265x%
Position 0.8041 (0.0220) 0.8011 (0.0107) 0.5587
Depth 0.7857 (0.0305) 0.7866 (0.0182) 0.8628
Area 0.8533 (0.0333) 0.8465 (0.0273) 0.2452
Graph 0.8826 (0.0294) 0.8670 (0.0184) 0.0064x
RO Total 0.7488 (0.0235) 0.7344 (0.0127) 0.0152x
Position 0.8063 (0.0351) 0.7985 (0.0096) 0.4002
Depth 0.8102 (0.0392) 0.8000 (0.0143) 0.3273
Area 0.8816 (0.0245) 0.8751 (0.0128) 0.3434
Graph 0.8853 (0.0439) 0.8757 (0.0238) 0.4518

that occur postnatally over the years through adulthood (Shaw
et al. 2008). The primary cortical sulcal pattern characterized in
the present and previous studies, namely the global patterns
of arrangement, number, and size of sulcal folds, is noticeable
in the fetal brain before the third trimester, during the radial
growth stage of the cerebral cortex (Foland-Ross et al. 2016),
and are fully determined before birth (Im and Grant 2019).
Early cortical folds are thought to develop into the deepest

points of the primary sulci (Im et al. 2010), they are strongly
under genetic control and go through little change postnatally
(Garel et al. 2001; Rakic 2004; Kostovic and Vasung 2009; Hill
et al. 2010; Meng et al. 2014; Rash and Rakic 2014; Sun and
Hevner 2014; de Juan Romero et al. 2015; Cachia et al. 2016; Le
Guen, et al. 2018a). Heritability of cortical folding has also been
shown for specific brain regions related to certain cognitive
functions such as language (Le Guen, et al. 2018b), and for

120z Ateniga4 g0 uo Jasn Aseiqi [00yoS meT piealeH Ag 9088665/8ZSBRYG/I00180/€60 1 "0 /I0P/a|0NIB-80UBAPE/I0D182/W00 dNo"oIWapeoe.//:sdny WoJj papeojumoq



Intergenerational Sulcal Patterns Ahtametal. | 7

Table 3 Statistical comparisons of the sulcal pattern similarity between son-mother and son-unrelated pairs (Siterg.s) With the difference in
sulcal pattern similarity between daughter-mother and daughter-unrelated pairs (Sperc.q) for different feature sets. Data are presented as

mean (SD), %P < 0.05, *+FDR q < 0.05

Location  Sulcal pattern feature Son (pair-unrelated) Mean (std) ~ Daughter (pair-unrelated) Mean (std) P value
LH Total 0.0032 (0.0101) 0.0030 (0.0076) 0.9645
Position 0.0083 (0.0131) 0.0018 (0.0072) 0.242
Depth 0.0022 (0.0143) 0.0044 (0.0184) 0.7949
Area 0.0004 (0.0098) 0.0002 (0.0066) 0.9661
Graph —0.0035 (0.0158) 0.0014 (0.0143) 0.5241
LF Total —0.0020 (0.0166) —0.0016 (0.0050) 0.9509
Position —0.0038 (0.0213) —0.0022 (0.0110) 0.8572
Depth —0.0031 (0.0127) —0.0084 (0.0229) 0.5771
Area 0.0069 (0.0106) —0.0093 (0.0159) 0.0308x
Graph —0.0007 (0.0118) 0.0080 (0.0185) 0.2761
LT Total 0.0015 (0.0157) 0.0310 (0.0295) 0.0257+
Position —0.0030 (0.0291) 0.0262 (0.0499) 0.1743
Depth 0.0055 (0.0225) 0.0170 (0.0330) 0.4297
Area 0.0075 (0.0247) 0.0155 (0.0295) 0.5629
Graph —0.0036 (0.0189) 0.0168 (0.0132) 0.025%
LP Total —0.0008 (0.0239) 0.0139 (0.0197) 0.2034
Position 0.0009 (0.0271) 0.0183 (0.0305) 0.246
Depth —0.0112 (0.0365) 0.0254 (0.0217) 0.0289+
Area —0.0090 (0.0238) 0.0136 (0.0208) 0.0632
Graph 0.0059 (0.0319) —0.0135 (0.0318) 0.2413
LO Total —0.0041 (0.0267) 0.0035 (0.0395) 0.6589
Position —0.0238 (0.0356) 0.0174 (0.0272) 0.0209+
Depth —0.0069 (0.0242) 0.0159 (0.0599) 0.3361
Area —0.0172 (0.0179) 0.0146 (0.0234) 0.0087:
Graph 0.0246 (0.0409) —0.0220 (0.0466) 0.0513
RH Total 0.0116 (0.0161) 0.0072 (0.0128) 0.5487
Position 0.0074 (0.0113) 0.0068 (0.0139) 0.9219
Depth 0.0037 (0.0176) 0.0047 (0.0140) 0.9018
Area 0.0095 (0.0114) 0.0005 (0.0105) 0.1265
Graph 0.0068 (0.0123) 0.0031 (0.0087) 0.4947
RF Total 0.0094 (0.0198) 0.0097 (0.0127) 0.9724
Position 0.0097 (0.0221) 0.0131 (0.0130) 0.7112
Depth 0.0076 (0.0061) 0.0125 (0.0092) 0.2308
Area 0.0138 (0.0098) 0.0030 (0.0072) 0.0245%
Graph —0.0021 (0.0185) —0.0041 (0.0151) 0.821
RT Total 0.0020 (0.0305) 0.0084 (0.0391) 0.7222
Position 0.0137 (0.0198) 0.0121 (0.0419) 0.9233
Depth 0.0029 (0.0395) —0.0041 (0.0322) 0.6996
Area —0.0018 (0.0399) 0.0030 (0.0344) 0.8005
Graph —0.0105 (0.0309) 0.0020 (0.0336) 0.4509
RP Total 0.0141 (0.0223) 0.0089 (0.0155) 0.5947
Position 0.0129 (0.0184) —0.0069 (0.0174) 0.0437+x
Depth —0.0003 (0.0180) —0.0014 (0.0228) 0.9139
Area 0.0054 (0.0254) 0.0083 (0.0210) 0.8048
Graph 0.0120 (0.0244) 0.0193 (0.0146) 0.4796
RO Total 0.0078 (0.0249) 0.0210 (0.0150) 0.2217
Position 0.0022 (0.0379) 0.0133 (0.0353) 0.5569
Depth —0.0003 (0.0368) 0.0207 (0.0435) 0.3133
Area 0.0086 (0.0344) 0.0043 (0.0173) 0.7606
Graph 0.0080 (0.0550) 0.0113 (0.0477) 0.8992

aging and cognitive decline (Le Guen et al. 2019); therefore,
they may be a more reliable measure for intergenerational
transmission of neuronal structure, starting even in the prenatal
period. Our finding of significant similarity between children
and their mothers compared to the similarity between children
and unrelated female adults supports the genetic influence
on sulcal patterning. Our results are consistent with the

findings of previous twin studies that reported significant
genetic effects on the sulcal patterns and pits (Im, et al. 2011b;
Le Guen, et al. 2018a).

Among sulcal pattern features examined, our results showed
that depth, area, and graph topological sulcal pattern features
were significantly higher in the child-mother pairs. Based on
the protomap hypothesis, cortical neurons originated in the
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proliferative zones (ventricular zone [VZ] and subventricular
zone [SVZ]) carry intrinsic programs for cortical functional are-
alization and migrate to their proper laminar and areal positions
during fetal development (Rakic 1988, 2009). Optimal organi-
zation and arrangement of cortical functional areas predeter-
mined from the genetic protomap of VZ may give rise to specific
topological and areal pattern of sulcal folds in the human brain
(Klyachko and Stevens 2003; Rakic 2004; O’Leary et al. 2007;
Fischl et al. 2008; Im et al. 2010; Im, et al. 2011a; Sun and
Hevner 2014). Moreover, cortical surface expansion and deep
sulcal folding occur through the proliferation and expansion of
neural stem cells and progenitors in the VZ and SVZ (Chenn
and Walsh 2002; Rakic 2009; Lui et al. 2011; Sun and Hevner
2014). Thus, we hypothesize that the genetic protomap of VZ
and the amount and spatial pattern of neural proliferation in
the proliferative zones may be highly heritable, and this may
result in high similarity of depth, area, and graph topological
sulcal patterns in the child-mother pairs but not in unrelated
pairs.

The significant similarity between children and their moth-
ers was more pronounced in the right hemisphere, which is con-
sistent with the existing findings that right hemisphere showed
heritability for sulcal width (Pizzagalli et al. 2020) and that the
right hemisphere is more affected by genetic factors than the left
hemisphere (Geschwind et al. 2002; Dubois et al. 2008). Frontal
regions of the brain encompass a functional network responsi-
ble for executive function (DeRight 2019), emotional expression
(Dixon et al. 2017), problem solving (Luria and Tsvetkova 1990),
attention (Bahmani et al. 2019), and working memory (Bahmani
et al. 2019). High similarity between child-mother pairs for the
right frontal lobar regions might indicate that such functions
can have heritable characteristics. Atypical frontal lobe function
such as executive function and working memory impairments
and atypical emotional expressions are seen in disorders such
as attention deficit hyperactivity disorder and autism spec-
trum disorders (Pugliese et al. 2015; Kofler et al. 2018; Rabiee
et al. 2018; Grabowski et al. 2019; Otterman et al. 2019; Sanchez
et al. 2019). It is possible that our results can shed light into
the intergenerational transmission of brain structure in these
and other highly hereditary disorders. Parietal lobes have been
shown to be associated with a functional network responsible
for episodic (Berryhill et al. 2010) and working (Cabeza et al.
2008) memory, conceptual processing of numbers (Cappelletti
et al. 2010), judgment of temporal order of events (Battelli et al.
2007), and distinguishing one’s own actions from those of others
that have been shown to be functioning abnormally in patients
with schizophrenia (Kato et al. 2011). High similarity for child-
mother pairs for the right parietal lobe might suggest increased
heritability for these brain functions and associated disorders.
Previous studies that examined genetic influence of sulcal pat-
terns and pits in twins found more similarity in twin pairs com-
pared to unrelated pairs in the sulcal patterns in many regions
in the brain, of both hemispheres and all lobar regions (Im, et al.
2011b), and in the central, cingulate, collateral, occipitotemporal,
parieto-occipital, and superior temporal sulci (Le Guen, et al.
2018a). Whereas in our study, the significant results pointed
to fewer regions than those reported in twin studies. These
differences could be explained by the fewer common genes
being shared between a mother and her child compared to the
common genes shared between twin pairs.

One major limitation of this study is that we did not examine
data from fathers or adult unrelated males. To understand
the full picture of intergenerational transmission of sulcal

patterns, and how sulcal patterns in different regions of the
brain are selectively transmitted from mothers and fathers to
their daughters and sons, a future study that also includes data
from fathers as well as unrelated males would be necessary. This
would also help understand how much of the intergenerational
transmission is due to pure genetics versus being exposed to
certain factors in utero such as stressors or nutrients during
pregnancy. Furthermore, we did not assess mothers for factors
that have been shown to affect prenatal brain development, such
as childhood maltreatment exposure (Moog et al. 2018). We were
also not able to assess the genetic and environmental effects
separately since we did not have children who were adopted
by the same mothers and raised in the same environment as
the biological children of these mothers. We also did not have
biological children who lived with other mothers in different
environments. We also did not have any household environment
information on the participants in our study. Another limitation
of our study was the sample size, especially in the son-mother
and daughter-mother pairs. A larger sample size could have
helped detect smaller effects and help delineate better the
difference between sons and daughters.

Conclusion

This is the first study to analyze intergenerational transmission
of brain sulcal patterns. We have observed increased sulcal pat-
tern similarity between children and their mothers compared
to children and unrelated female adults. Future studies with
larger sample sizes that include fathers and unrelated male
adults would be helpful to further understand the selective role
of mothers versus fathers in the intergenerational transmission
of sulcal patterns as well as the role of genetic influences
versus other factors the fetus is exposed to in the intrauterine
environment during the prenatal period.
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Supplementary material can be found at Cerebral Cortex online.
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