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Although the neural scaffolding for language is putatively present before birth, the maturation of functional connections among
the key nodes of the language network, Broca’s and Wernicke’s areas, is less known. We leveraged longitudinal and cross-sectional
data from three sites collected through six studies to track the development of functional circuits between Broca’s and Wernicke’s
areas from 30 weeks of gestation through 30 months of age in 127 unique participants. Using resting-state fMRI data, functional
connectivity was calculated as the correlation between fMRI time courses from pairs of regions, defined as Broca’s and Wernicke’s in
both hemispheres. The primary analysis evaluated 23 individuals longitudinally imaged from 30 weeks postmenstrual age (fetal)
through the first postnatal month (neonatal). A secondary analysis in 127 individuals extended these curves into older infants
and toddlers. These data demonstrated significant growth of interhemispheric connections including left Broca’s and its homolog
and left Wernicke’s and its homolog from 30 weeks of gestation through the first postnatal month. In contrast, intrahemispheric
connections did not show significant increases across this period. These data represent an important baseline for language systems
in the developing brain against which to compare those neurobehavioral disorders with the potential fetal onset of disease.
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Introduction
Language is critical to human development. In the brain,
the canonical language network is anchored in two key
regions: Broca's area, located in the left inferior frontal
gyrus, and Wernicke’s area in the left superior temporal
gyrus, and each of these have homologs in the right
hemisphere. Wernicke’s area subserves receptive lan-
guage, while expressive language is localized to Broca’s
area. Once developed, the language network is charac-
terized by strong functional connectivity between all
pairwise connections for these two regions and their right
hemisphere homologs (Tomasi and Volkow 2012), but the
earliest developmental trajectories of these connections
remains to be fully characterized.

The functional connectivity scaffolding for Broca’s
and Wernicke’'s begins developing prior to birth

(Jardri et al. 2012; Thomason et al. 2013). Cross-sectional
fetal functional connectivity data show that interhemi-
spheric connectivity, including the inferior frontal gyrus
and medial temporal gyrus, increases across the third
trimester of gestation (Thomason et al. 2013), and
intrahemispheric networks encompassing these regions
become more left-lateralized across the third trimester
(Thomason et al. 2014). Together, these data suggest
these key features of the fetal functional connectome for
language foreshadow that in older individuals but do not
characterize that critical interval from the intra-uterine
to extra-uterine environment (Turk et al. 2019).

After birth, the maturation of the functional con-
nections of Broca’'s and Wernicke's areas continues.
Neonates show strong interhemispheric connectivity
between both left Broca’s and Wernicke's areas and
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their right hemisphere homologs (Perani et al. 2011,
Kwon et al. 2015; Emerson et al. 2016). Notably, neonates
demonstrated an analogue of the adult network for
language, which showed no effect of age from 37.5-
44 weeks postmenstrual age (PMA) (Eyre et al. 2021).
In contrast, intrahemispheric connections between
Wernicke’s and Broca’s are only weakly present at birth
(Perani et al. 2011; Emerson et al. 2016) and may not fully
develop until toddlerhood (Emerson et al. 2016). Overall,
the functional connectivity patterns for Wernicke's
and Broca’s become more refined in parallel with the
refinement of receptive and expressive skills in postnatal
life (Bruchhage et al. 2020).

Nevertheless, the transition from a fetus to a neonate
is physiologically significant for the developing brain
(Morton and Brodsky 2016; Schwaberger et al. 2018).
Current studies have focused solely on prenatal or
postnatal development of Broca’'s and Wernicke's
connectivity, with critical longitudinal trajectories from
the third trimester of gestation through the perinatal
transition and the first postnatal month missing from
the literature. Using cross-sectional and longitudinal
data from multiple datasets, we addressed this gap
in knowledge and interrogated the development of
functional connectivity between Broca's and Wernicke'’s
areas and their homologs from 30 weeks of gestation
through 30 months of age in typically developing fetuses,
infants, and toddlers. Since prior fMRI and neuropatho-
logic studies demonstrated lateralization for language
(Dehaene-Lambertz et al. 2002; Dehaene-Lambertz et al.
2006) and differential development of interhemispheric
connectivity (Huttenlocher and Dabholkar 1997), sec-
ondary hypotheses compared the trajectories of both
intra- and interhemispheric language networks. The
primary analysis interrogated language connectivity of
23 individuals longitudinally imaged at 2-3 time points
from the third trimester through the first postnatal
month. A secondary analysis included 127 individuals
with cross-sectional and longitudinal data from third
trimester through 30 months of age.

To the best of our knowledge, our results sug-
gest for the first time that interhemispheric func-
tional connectivity of the language network devel-
ops rapidly across the third trimester of gestation
through the first postnatal month with significant
interhemispheric connectivity observable in the peri-
natal period. In contrast, we report weak intrahemi-
spheric connectivity through the 30th postnatal month.
These data provide important information about the
functional organization in the developing brain and
provide a baseline against which to compare disorders
characterized by fetal onset of diseases affecting the
connectome (Scheinost, Kwon, Lacadie, et al. 2016a;
Thomason et al. 2017; Peyvandi et al. 2021).

Methods

This work includes both longitudinal and cross-sectional
imaging data from four studies collected at the Yale

School of Medicine as well as two open-source datasets
obtained from the National Institute of Mental Health
Data Archive (NDA): 1) the Cincinnati MR Imaging of
Neurodevelopment study (C-MIND; dataset identifier:
NDARCOL0002329) and 2) the University of California
Los Angeles Autism Center of Excellence project (UCLA;
dataset identifier: NDARCOL0002026). Studies at the Yale
School of Medicine were approved by the Yale University
Institutional Review Board; all parent(s) provided written
consent. The C-MIND and UCLA studies were reviewed
and approved by the original investigators’ Institutional
Review Boards, and signed written informed parental
consent was obtained by the original study investigators.
The two Yale studies that consist of longitudinal fetal-
to-neonatal imaging (labeled Fetal-neonatal Cohort
#1 and Fetal-neonatal Cohort #2, respectively) were
used for the primary and secondary analyses. These
two cohorts were scanned on different scanners. The
C-MIND study, the UCLA study, and the two Yale studies
with only neonatal imaging (labeled Neonatal Cohort
#1 and Neonatal Cohort #2, respectively) were used for
secondary analyses only. An overview of composition of
the study cohorts is presented in Table 1.

Participants

Fetal-neonatal Cohort #1: This cohort consists of longitudi-
nal data from the third trimester to the neonatal period
collected as part of the Yale Autism Center of Excellence
Program Project. Between 9 April 2018 and 11 March 2020,
16 pregnant women were recruited for scanning at 30-
33 weeks and 34-36 weeks PMA. Mothers who partici-
pated in the fetal scans were invited to have their infants
participate in the neonatal functional connectivity proto-
col. Usable longitudinal data were available for 13 of the
16 maternal-infant dyads with at least two scans per par-
ticipant. Inclusion criteria for fetuses included pregnant
women with no family history of autism spectrum disor-
der (ASD) who met the following criteria: 1) 26-28 weeks
gestational age; 2) estimated fetal weight, femur length
and bi-parietal diameter appropriate for gestational age;
3) no known chromosome or structural abnormalities; 4)
no brain injury on clinical ultrasound; 5) no congenital
infections; 6) no known ethanol exposure since confir-
mation of pregnancy; 7) no known tobacco/nicotine use
since confirmation of pregnancy; 8) no known illicit drug
use/abuse; 9) singleton pregnancy; 10) receiving regu-
lar prenatal care; 11) maternal age 21-35 years; 12) no
morbid obesity; and 13) mother able to give permission.
Exclusion criteria included 1) any contraindications for
MRI scanning; 2) too large to fit in the MRI machine
comfortably for 45 minutes; 3) a clinically ordered MRI
scheduled in the future; 4) difficulty lying down and
remaining still for 45-60 minutes; 5) current drug, alcohol
and/or tobacco/nicotine use; and 6) preterm birth (for
neonates). Drug screening (Integrated E-Z Split Key Cup
I1, Alere San Diego, Inc, San Diego, CA 92121) and alcohol
and tobacco screening tools were administered to all
mothers at the time of each fetal MRI study using the



Table 1. Composition of the study cohorts
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Cohort Unique individuals  Individuals with Ages scanned Number of usable Analyses
usable longitudinal scans
data®
Fetal-neonatal Cohort #1 16 13 30-33 wks PMA 34-36 141211 Primary+ Secondary
wks PMA <1 mo
Fetal-neonatal Cohort #2 11 10 30-33 wks PMA 34-36 1098 Primary+ Secondary
wks PMA <1 mo
Neonatal Cohort #1 25 0 <1mo 23 Secondary only
Neonatal Cohort #2 12 0 0.4-1.5 mo 12 Secondary only
UCLA 34 16 1-2 mo 9 mo 2527 Secondary only
C-MIND 31 1-35 months 36 Secondary only

aLongitudinal data are defined as usable data at more than 1 time point.

Fagerstrom Test for Nicotine Dependence and the Alco-
hol Timeline Followback assessments (Sobell and Sobell
1995; Weinberger et al. 2007). Participants included in
the present analysis had no familial history of autism
spectrum disorder (ASD) (Table 1).

Fetal-neonatal Cohort #2: This cohort consists of longi-
tudinal data from the third trimester to the neonatal
period. Eleven women and their infants participated in a
similar longitudinal protocol as above and were recruited
between May 2015 and September 2016. Inclusion and
exclusion criteria were as in Fetal-neonatal Cohort #1. Use-
able longitudinal data are available for 10 of the 11
mother-infant dyads. Mothers were screened for drug,
alcohol, and tobacco use according to standard protocol
at each prenatal clinical visit.

Neonatal Cohort #1: Twenty-three healthy term neonates,
born between 37 and 41 weeks PMA were included in this
study (Kwon et al. 2014). Scans were completed between
1 September 2010 and 31 October 2013. Inclusion criteria
for neonates included singleton pregnancy, term birth,
and appropriate for gestational age. Exclusion criteria
included evidence of congenital infections, congenital
malformations, chromosomal disorders, seizures, and/or
contraindications to MRI. Drug and alcohol screening
data are not available for this cohort.

Neonatal Cohort #2: Twelve healthy term infants born
between 37- and 41-weeks PMA were scanned within
the first 6 weeks of life as part of their participation in
the Yale Autism Center of Excellence Program Project.
The scans were completed between 11 April 2018 and
5 November 2020. As in the Neonatal Cohort #1, inclu-
sion criteria included singleton pregnancy, term birth,
and appropriate for gestational age. Similarly as with
the Neonatal Cohort #1, exclusion criteria included: 1)
congenital infections; 2) non-febrile seizure disorder; 3)
hearingloss; 4) visual impairment; 5) the presence of any
known chromosomal abnormality; 6) prenatal exposure
toillicit drugs; 7) major psychotic disorder in first degree
relatives; and 8) contraindications to MRI including non-
removable metal medical implants (i.e., patent ductus
arteriosus clip). Similar to Fetal Cohort #1, only low-risk
infants with no family history of autism or other neu-
rodevelopmental disorders are included in this analysis
n=12).

UCLA: Thirty-four infants were included from this
dataset. Inclusion criteria included 1) healthy full-
term infant with no perinatal complications; and 2)
>3000 g birth weight. Exclusionary criteria included
the following: 1) genetic syndromes or neurological
conditions; 2) chronic medical conditions or significant
perinatal insult impacting development; 3) severe
visual, hearing, or motor impairment; 4) non-English
speaking families; and 5) contraindication for MRI. As
the data were deidentified, specific scan dates were
not available. Drug, alcohol, and tobacco screening
data are not available for the UCLA cohort. As the
UCLA study included infants with both high- and low-
risk for developing ASD, only low-risk infants with no
family history or other neurodevelopmental disorders
are included in this analysis (n=34). Nineteen of the
infants scanned at 1-2 months underwent repeat studies
at 9 months of age.

C-MIND: The C-MIND study includes data from 31
typically developing children scanned between 1 month
and 3 years with 28 children being scanned at over
9 months. As the data were deidentified, specific scan
dates were not available. Exclusion criteria included 1)
PMA <37 weeks or>42 weeks; 2) birth weight <10%
for gestational age (i.e., small for gestational age); 3)
history of head trauma with loss of consciousness; 4)
special education; 5) orthodontic braces or other metallic
implants; and 6) standard MRI compatibility indications.
Drug, alcohol, and tobacco screening data are also not
available for the C-MIND cohort. Five of the individuals
scanned in the C-MIND study have longitudinal imaging.

Imaging Parameters

Fetal-neonatal Cohort #1: All MRIs were performed in
the natural, unmedicated state. Fetuses were studied
using repeat MRI protocols completed in <60 minutes
using a 3 Tesla Siemens (Erlangen, Germany) Prisma
MR system and a flexible, lightweight (~1 1b), car-
diac 32-channel body coil. Five functional runs were
acquired (TR=2000 ms, TE=30 ms, FoV =352 x 400 mm,
flip angle 90°, matrix size 88 x 100, SAR <0.4, slice
thickness 3 mm, Bandwidth =2940 Hz/pixel, 32 slices).
Each of the 5 functional runs were comprised of 150
volumes (5 minutes). All participants had at least
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5 minutes of usable data. Follow-up neonatal MRI in
this cohort occurred as part of a natural-sleep “feed
and wrap” protocol (Kwon et al. 2014). Infants were
fed, bundled with multiple levels of ear protection, and
immobilized in an MRI-safe vacuum swaddler. Heart
rate and O, saturation were continuously monitored
during all scans. The same 3 Tesla Siemens (Erlangen,
Germany) Skyra MR system that was employed for
fetal imaging was also used for the neonatal data.
Functional images were collected using an echo-planar
image gradient echo pulse sequence (TR=1000 ms,
TE=31 ms, FoV=184 mm, matrix size=92 x 92, slice
thickness =2 mm, flip angle =62°, bandwidth =1810 Hz/
pixel, 60 slices). Functional runs consisted of 360 volumes
(6 minutes).

Fetal-neonatal Cohort #2: All MRIs were performed in
the natural, unmedicated state. Fetuses were studied
using repeat MRI protocols completed in <60 minutes
using a 3 Tesla Siemens (Erlangen, Germany) Skyra MR
system and a flexible, lightweight (~1 1b), cardiac 32-
channel body coil. Five functional runs were acquired
(TR=1950 ms, TE=21 ms, FoV=320 mm, flip angle
90°, matrix size 94 x 94, SAR<0.4, slice thickness
3 mm, bandwidth=2215 Hz/pixel, 32 slices). Each of
the 5 functional runs were comprised of 180 volumes
(5.85 minutes). On average, 291 frames (range: 176-
390 frames) were retained for analysis, or greater than
9 minutes data per participant. As in fetal-neonatal
Cohort #1, follow-up neonatal MRI in this cohort occurred
as part of a natural-sleep “feed and wrap” protocol (Kwon
et al. 2014). Infants were fed, bundled with multiple
levels of ear protection, and immobilized in an MRI-
safe vacuum swaddler. Heart rate and O, saturation
were continuously monitored during all scans. The
same 3 Tesla Siemens (Erlangen, Germany) Skyra MR
system that was employed for fetal imaging was also
used for the neonatal data. Functional images were
collected using an echo-planar image gradient echo
pulse sequence (TR=2120 ms, TE=22 ms, FoV =260 mm,
matrix size=102 x 102, slice thickness=3 mm, flip
angle=90°, bandwidth =2335 Hz/pixel, 32 slices). Func-
tional runs consisted of 175 volumes (6.18 minutes).

Neonatal Cohort #1: Participants were scanned without
sedation using the same feed-and-wrap protocol as
above in a 3 Tesla Siemens (Erlangen, Germany) TIM Trio
MR system with a 32-channel parallel receiver head coil.
Functional images were collected using an echo-planar
image gradient echo pulse sequence (TR=1500 ms,
TE=27 ms, FoV=220 mm, matrix size=64 x 64, slice
thickness =4 mm, flip angle =60°, bandwidth = 2520 Hz/
pixel, 25 slices). Functional runs consisted of 186 volumes
(approximately 5 min scan length) after the first 6
volumes were removed to allow the magnetization to
reach the steady state. All neonates had on average
10.7 min (SD =3) of usable functional data.

Neonatal Cohort #2: Imaging was performed on a 3
Tesla Siemens (Erlangen, Germany) Prisma MR system
using a 32-channel parallel receiver head coil and the

same “feed and wrap” protocol as above. Functional
runs were acquired using a multiband T2x-sensitive
gradient-recalled, single-shot echo-planar imaging pulse
sequence (TR=1s, TE=31 ms, FoV =185 mm, flip angle
62°, multiband =4, matrix size 92 x 92). Each volume
consisted of 60 slices parallel to the bi-commissural
plane (slice thickness 2 mm, no gap). We collected 5
functional runs, each comprised of 360 volumes. Each
neonate had on average 11.6 min (SD=1.4) of usable
functional data.

UCLA: Imaging data were collected at ages 1-2 and
9-10 months on a 3 Tesla Siemens (Erlangen, Germany)
Tim Trio scanner using a 12-channel head coil during
natural sleep. Acquisition parameters were as follows,
TR/TE=2000, 28 ms, flip angle=90 d, FOV 192 mm,
56 x 56 matrix, 34 axial 4 mm slices, 240 volumes; scan
time 8 minutes. Each infant had on average 7.6 min
(SD=0.9) of usable functional data.

C-MIND: Participants, whose data are included in this
analysis, were scanned during natural sleep on either
a Philips 3 T Achieva system or a 3 T Siemens Magne-
tom Tim Trio scanner and a 32-channel head coil. Echo-
planar fMRI scan parameters between the two scan-
ners were homogenized to minimize systematic varia-
tion in the data. TR/TE=2000/35 ms, FOV=24 x 24 cm,
matrix =80 x 80, and slice thickness=4 mm, yielding a
spatial resolution of 3 x 3 x 4 mm. Thirty-six slices were
acquired to cover the entire brain, and 140 whole-brain
volumes were acquired. The scan executed a “dummy
scan” interval consisting of 2 TR periods for which scans
were not recorded prior to acquisition of the functional
imaging data. Further, the first acquired image was also
discarded during post-processing to insure image con-
trast at relaxation equilibrium. Total scan time for the
acquisition was 5 min 8 s; each individual had on average
4.6 min (SD=0.7) of usable functional data.

Image Processing

Fetal connectivity preprocessing: Functional data were
processed using validated fetal fMRI pipelines (Scheinost
et al. 2018; Rutherford et al. 2021). Functional data
were corrected for motion using a two-pass registration
approach optimized for fetuses to correct for large and
small head movements (Scheinost et al. 2018). Outlying
frames were censored for data quality based on signal-
to-noise ratio within the fetal brain, the final weighted
correlation value from optimization, and the frame-to-
frame motion between adjacent frames. These frames
were defined as frame with SNR, registration quality,
or motion greater/less than one standard deviation
above/below the mean values over all runs.

As outlined in Thomason et al. (Thomason et al.
2017), several covariates of no interest were regressed
from the data including linear and quadratic drifts, 6
motion parameters, mean cerebral-spinal-fluid (CSF)
signal, mean white-matter signal, and mean gray matter
signal. The data were temporally smoothed with a zero
mean unit variance Gaussian filter (approximate cutoff



frequency=0.12Hz). A gray-matter mask defined in
template space was applied to the data, so only gray
matter voxels were used in further calculations.

Next, to warp the language seeds from MNI space
to fMRI space, a series of non-linear registrations were
calculated independently and combined into a single
transform. This single transformation allows the seeds to
be transformed to single participant space with only one
transformation, reducing interpolation error. First, the
mean functional image from the motion corrected fMRI
data was registered to an age-appropriate template (i.e.,
31 weeks or 34 weeks gestation) (Gholipour et al. 2017)
using a low-resolution non-linear registration. The fetal
template was non-linearly registered to a custom infant
template and this infant template was non-linearly reg-
istered to MNI space (see below for details).

Infant and toddler connectivity preprocessing: Func-
tional data for infants and toddlers from the Yale,
UCLA, and C-MIND samples were processed using an
identical previously validated pipeline (Kwon et al.
2014). Functional images were slice-time and motion
corrected using SPM8. Next, images were iteratively
smoothed until the smoothness of any image had a
full-width half-maximum of approximately 6 mm using
AFNTI’s 3dBlurToFWHM. This iterative smoothing reduces
motion-related confounds (Scheinost et al. 2014). All
further analyses were performed using Biolmage Suite
(Joshi et al. 2011) unless otherwise specified. Several
covariates of no interest were regressed from the data
including linear and quadratic drifts, mean cerebral-
spinal-fluid (CSF) signal, mean white-matter signal,
and mean gray matter signal. For additional control
of possible motion-related confounds, a 24-parameter
motion model (including six rigid-body motion parame-
ters, six temporal derivatives, and these terms squared)
was regressed from the data. The data were temporally
smoothed with a Gaussian filter (approximate cutoff
frequency=0.12 Hz). A canonical gray matter mask
defined in common space was applied to the data, so
only voxels in the gray matter were used in further
calculations.

Next, to warp the language seeds from MNI space
to fMRI space, a series of non-linear registrations were
calculated independently and combined into a single
transformation. First, the mean functional image from
the motion corrected fMRI data was registered to a cus-
tom infant template (as in (Scheinost, Kwon, Shen, et al.
2016b)) using a previously validated algorithm (Scheinost
et al. 2017). Similarly, the infant template was registered
to the MNI brain using the same algorithm.

Seed connectivity: After the four canonical language
seeds (L Broca’s and Wernicke’'s and their right hemi-
sphere homologs; see Table S1 for network node coor-
dinates) were warped into single participant space, the
time course for each of these regions was then computed
as the average time course across all voxels in the refer-
ence region. The time courses were correlated between
Broca’s and Wernicke's areas and their homologs. Each
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correlation was transformed to z-values using Fisher’s
transform, resulting in four functional connections per
individual. Connectivity strength for the overall language
network was defined as the average of these four connec-
tions.

Head Motion: Since head motion can potentially
confound functional connectivity, we included several
steps to ensure adequate control of motion confounds.
For fetuses, we strictly censored all data for motion and
data quality. There were no group differences in motion
between the two fetal timepoints (Table S2). For infants
and toddlers, the mean frame-to-frame displacement
was calculated for each run for every individual. Runs
with a mean frame-to-frame displacement greater
than 0.2 mm were removed from further analysis.
Additionally, iterative smoothing and regression of 24
motion parameters (6 rigid-body parameters, 6 temporal
derivatives of these parameters, and these 12 parameters
squared) were used in the infant and toddler data.

Statistical Analyses

We fit five separate longitudinal mixed effects models,
one model for the functional connectivity between each
of the four pairs of nodes and one more model for the
functional connectivity of the overall language network,
defined to be the average of the functional connectiv-
ity values for the 4 pairs of nodes. To allow for flexi-
ble estimation of connectivity that could include rapid
changes, for example, between the fetal and neonatal
period, each model employed a piecewise linear growth
curve, where different age groups were allowed to have
different growth patterns as opposed to assuming con-
stant slope or some functional form across all ages. The
growth curves were taken to be continuous piecewise-
linear splines that include changes in slope at specified
ages referred to as knots. In addition to the growth curves,
each model included sex as a fixed effect (Wheelock
et al. 2019; Vasung, Rollins, Yun et al. 2020b), random
effects for individuals having repeated measurements to
account for the longitudinal data, and fixed effects for
each cohort to allow for systematic differences across
cohorts. We chose to model each cohort instead of mod-
eling each site as to better capture the variance within
the different Yale cohorts (which despite being from the
same site used different sequences). For the primary
analysis, results are reported for the following postmen-
strual ages: 31.3 weeks (PMA31), 35.7 weeks (PMA36),
40.0 weeks (PMA40), and 44.3 weeks (PMA44).

Changes in slope of the splines were allowed at the
intermediate ages PMA36 and PMA40. Linear contrasts
were used to estimate and conduct hypothesis tests for
mean connectivity values at those four ages and for
differences in connectivity across all pairs of ages to
estimate changes over time. The secondary analysis was
performed in the same way with ages of interest taken to
be -2 (i.e.,, 31.3 weeks PMA), 1, 9, 18, and 30 months.

We also investigated differences between two pairs
of growth curves, specifically, the left Broca-right Broca
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Table 2. Demographics for the individuals included in primary longitudinal analysis

Yale fetal-neonatal Cohort #1 Yale fetal-neonatal Cohort #2 Total
Number 13 10 23
Number males 8 (62%) 2 (20%) 10 (44%)
Birth weight (g) 3750 +/— 670 3080 +/— 420 3460 +/— 660
PMA at birth (wks) 39.7 +/- 1.1 39.7 +/- 15 39.7 +/- 1.3
Number SGA (%) 1(8%) 1 (10%) 2 (9%)
Race
Asian 0(0) 1 (10%) 1 (4%)
Black-African American 2 (15%) 4 (40%) 6 (26%)
Native American 0 (0%) 0 (0%) 0 (0%)
White 10 (77%) 4 (40%) 14 (61%)
More than 1 race/unknown 1(8%) 1(10%) 2 (9%)
Ethnicity
Hispanic-Latinx 2 (15%) 1(10%) 3 (13%)
PMA at scan (wks)
Scan 1 31.4+4/-0.7 31.1+4/-1.2 31.3+4/-1.0
Scan 2 351+/-038 35.04/-0.7 35.04/-0.8
Scan 3 434 +/-1.3 40.6 +/— 2.4 42.5+/-1.8

PMA = Postmenstrual age Values are +/— SD.

connectivity compared to left Wernicke-right Wernicke
connectivity, and the left Broca-left Wernicke connec-
tivity compared to right Broca-right Wernicke connec-
tivity. For each pair of growth curves, we subtracted
for each individual and each session the corresponding
functional connectivity values and fit the growth curve
model described above to these differences.

Data and Code Availability

The UCLA and C-MIND datasets are available from
https://nda.nih.gov/ using dataset identifiers: NDAR-
COL0002026 and NDARCOL0002329, respectively. The
fetal-neonatal Cohort #1 and Neonatal Cohort #2 datasets
will be released on https://nda.nih.gov/ following an
embargo period. Neonatal Cohort #1 dataset is not publicly
available as consent to share the data was not obtained
and the cohort is lost to follow-up. Fetal-neonatal Cohort #2
is available upon request. The image analysis software
(Biolmage Suite) can be found at https://medicine.yale.
edu/bioimaging/suite/ and https://bioimagesuiteweb.
github.io/webapp/index.html.

Results

Primary Longitudinal Analysis of Language
Network Functional Connectivity During

30-45 Weeks PMA

Demographic Information

Demographics for the 23 individuals with longitudinal
fetal-to-neonatal imaging are shown in Table 2. Ten (44%)
were males, the mean birth weight was 3460 +/— 660 g
and the mean PMA at birth was 39.7 +/— 1.3 weeks.
Twenty-six percent were Black-African American, and
13% were of Hispanic-Latinx ethnicity.

Resting State Functional Connectivity

As shown in Table 3, the overall language network
strength exceeded O at 45 weeks PMA. Data for the

individual connections demonstrated that both inter-
hemispheric connections (i.e., left Broca’s-right Broca’s
and left Wernicke’s-right Wernicke’s) exceeded 0 after
birth. In contrast, the intrahemispheric connections for
both left Broca’s-left Wernicke’s and right Broca’s-right
Wernicke’s remained negligible during the time interval
between 31- and 45-weeks PMA.

Longitudinal contrasts for the overall language net-
work (Table 4, Fig. 1) revealed significant increases in
connectivity strength across the third trimester and the
perinatal transition, suggesting increases in connectivity
beginning during the prenatal period and further extend-
ing into the first postnatal month.

Regarding the specific left Broca’s-right Broca’s
connection, there was no significant increase over
the third trimester, but significant increases were
observed postnatally (Figs 2A and B and 3). For the
left Wernicke’s-right Wernicke’s connection, we noted
significant increases in functional connectivity for all
time points compared to the beginning of the third
trimester.

In contrast, no changes in connectivity strength were
found in the ipsilateral Broca and Wernicke nodes either
hemisphere (Fig. 2C and D). Thus, the growth pattern
observed in the overall language network between
31- and 44-weeks PMA appears to be driven largely by
expanding connectivity between Broca’s and Wernicke’s
area and their right hemisphere homologs.

There was no difference in the growth trajectories
for the two intrahemispheric connections between
31- and 44-weeks PMA (e.g., left Broca’s-left Wernicke’s
connectivity compared to right Broca’s-right Wernicke’s
connectivity; Table S3). Similarly, there was no differ-
ence when comparing the growth curves for the two
interhemispheric connections during the same time
interval (e.g., left Broca’s-right Broca’s connectivity com-
pared to left Wernicke's-right Wernicke’s connectivity;
Table S3).


https://nda.nih.gov/
https://nda.nih.gov/
https://medicine.yale.edu/bioimaging/suite/
https://medicine.yale.edu/bioimaging/suite/
https://bioimagesuiteweb.github.io/webapp/index.html
https://bioimagesuiteweb.github.io/webapp/index.html
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Table 3. Language network connectivity in the fetal-to-neonatal cohort at PMA 31, 35, 40, and 45 weeks

Connections Estimate connectivity for each age

PMA31 PMA35 PMA40 PMA45
Overall language network —0.12 (P =0.001) —0.16 (P =0.70) 0.11 (P =0.06) 0.26 (P <0.001)
L Broca’s-R Broca’s ~0.17 (P =0.82) 0.062 (P =0.48) 0.34 (P =0.006) 0.48 (P =0.008)
L Wernicke's-R Wernicke’s ~ —0.23 (P =0.003) —0.018 (P =0.83) 0.42 (P <0.001) 0.46 (P <0.001)
L Broca’s-L Wernicke’s —0.17 (P =0.03) —0.079 (P =0.38) —0.24 (P =0.06) 0.078 (P =0.58)
R Broca’s-R Wernicke's —0.073 (P =0.36) —0.023 (P =0.80) —0.11 (P =0.38) 0.012 (P =0.93)

PMA = Weeks postmenstrual age; P-values reflect t-test comparison of the observed connectivity strength with the value of 0.

Table 4. Change in language network connectivity in the Fetal-to-Neonatal cohort between 31, 35, 40, and 45 weeks PMA

Connections

Estimate change in connectivity between ages

PMA35-PMA31

PMA40-PMA35

PMA45-PMA40

PMA40-PMA31

PMA45-PMA35

PMA45-PMA31

Overall language network ~ 0.10 (P =0.01) 0.12 (P =0.07) 0.15 (P =0.12) 0.23 (P < 0.001) 0.28 (P =0.004) 0.38 (P < 0.001)
L Broca’s-R Broca’s 0.080 (P =0.35) 0.28 (P =0.06) 0.14 (P =0.49) 0.36 (P =0.01) 0.42 (P =0.04) 0.50 (P =0.01)
L Wernicke’s-R Wernicke's 0.21 (P =0.007) 0.43 (P =0.002) 0.039 (P =0.84) 0.65 (P < 0.001) 0.47 (P =0.01) 0.68 (P =0.01)
L Broca’s-L Wernicke’s 0.092 (P =0.30) 026 (P=029) 032 (P=0.15) —0.066 (P=0.62)  0.16 (P =0.44) 0.25 (P =0.21)
R Broca’s-R Wernicke’s 0.050 (P =0.58) —0.087 (P=057)  0.12 (P=0.58) —0.038 (P=0.79)  0.035 (P =0.87) 0.084 (P =0.67)

PMA = Weeks postmenstrual age.
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Fig. 1. Maturation of the overall language network over the third trimester and first postnatal month. A) Seeds and connections averaged together create
the overall language network connectivity. As the Broca’s and Wernicke’s area seeds are on different axial slices, the white line in the brain indicates
that two different slices are being shown in a single visualization. B) Estimates of connectivity strength at the anchors for the piecewise linear growth
curve (31.3 weeks (PMA31), 35.7 weeks (PMA36), 40.0 weeks (PMA40), and 44.3 weeks (PMA44) PMA). Error bars represent 95% confident intervals. Lines
indicate longitudinal data from the same participant scanned at multiple time points.

Secondary Mixed Cross-Sectional and
Longitudinal Analysis of Language Network
Functional Connectivity

Demographic Information

For the secondary analyses, three individuals from fetal-
neonatal Cohort #1 studied at a single fetal time point
at 30-32 weeks PMA (2 males) and one individual from
fetal-neonatal Cohort #2 studied only at the neonatal
timepoint (1 male) were included in addition to the indi-
viduals described above from these cohorts. Additionally,
data from neonatal Cohort #1 (N =23; 14 males), neonatal

Cohort #2 (N=12; 5 males), the C-MIND study (N=31,
14 males) and the UCLA NDAR data (N=34; 20 males)
were included. Overall, 66 of the 127 individuals were
males (52%). Neonatal cohorts #1 and 2 were scanned at
mean PMA of 42.9 +£1.9 weeks (range 39-50 weeks PMA),
and the racial and ethnic composition of these cohorts
were like that of the infants with longitudinal scans.
Individuals in the C-MIND cohort were scanned between
1 and 35 months: 8 were scanned at age<1 year, 11
were scanned at 1-2 years, and 17 were scanned between
ages 2 and 3 years. Five of the C-MIND participants
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Fig. 2. Maturation of the interhemispheric and intrahemispheric language connections over the third trimester and first postnatal month. Seeds and
connection used to calculate connectivity between and estimates of connectivity strength at the anchors for the piecewise linear growth curve for
A) Broca’s area and its right hemisphere homolog, B) Wernicke’s area and its right hemisphere homolog, C) Broca’s and Wernicke’s area, and D) the
right hemisphere homologs of Broca’s and Wernicke's area. For all plots, anchors are 31.3 weeks (PMA31), 35.7 weeks (PMA36), 40.0 weeks (PMA40), and
44 .3 weeks (PMA44) PMA. Error bars represent 95% confident intervals. Lines indicate longitudinal data from the same participant scanned at multiple
time points. As the Broca’s and Wernicke’s area seeds are on different axial slices, the white line in the brain indicates that two different slices are being

shown in a single visualization.

underwent longitudinal scans. For the UCLA dataset, 19
of the infants scanned at 1-2 months underwent repeat
studies at 9 months of age.

Resting State Functional Connectivity

Except for the fetal period, the strength of connectivity
in the overall language network was greater than zero
for all ages (Table 5). Contrasts assessing longitudinal
trends indicated a rapid increase in connectivity between
week 31 of gestation and the first month of life. After the
first month of life, language network connectivity did not
significantly increase over time (Fig. 3, Table 6).

When breaking down the overall language network
into its component connections, similar patterns of
development were observed for interhemispheric con-
nectivity of left Broca's area to its right hemisphere
homolog and left Wernicke's area to its right hemisphere
homolog. Connections between the homolog regions

were greater than O starting at M1 onwards (Table 5).
Longitudinal analysis (Figure S1A-B) indicates increase
in connectivity between the fetal period and 30 months
for both homologous regions, which is driven by a
rapid increase in connectivity between the fetal and
neonatal periods (i.e., M1-PMA31). Changes thereafter
demonstrated progressive flattening for both connec-
tions (Table 6).

In contrast to the interhemispheric connectivity,
the curve for intrahemispheric connectivity between
left Broca’s area and left Wernicke’s area (Figure S2A)
demonstrated little growth across the third trimester to
30 months. No changes in nodes connectivity between
31 weeks PMA and 30 months were found. The growth
curve for connectivity between right Broca’s area and
right Wernicke’s area was similar (Figure S2B; Tables 5
and 6). Figure S3 suggests that intrahemispheric connec-
tivity between left Broca’s area and left Wernicke’s area
emerges between 2 and 3 years of postnatal life.
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Table 5. Language network connectivity—secondary mixed cross-sectional and longitudinal analysis from 31 PMA to 30 months

postnatal
Connections Estimate connectivity for each age

PMA31 M1 M9 M18 M30
Overall language network —0.084 (P =0.72) 0.25 (P <0.001) 0.28 (P <0.001) 0.40 (P <0.001) 0.34 (P <0.001)
L Broca's-R Broca’s —0.0020 (P =0.98) 0.45 (P <0.001) 0.37 (P <0.001) 0.67 (P <0.001) 0.45 (P <0.001)
L Wernicke’s-R Wernicke's —0.27 (P =0.004) 0.45 (P <0.001) 0.63 (P <0.001) 0.63 (P <0.001) 0.56 (P <0.001)
L Broca’s-L Wernicke’s —0.083 (P =0.32) 0.031 (P =0.46) 0.076 (P =0.28) 0.12 (P =0.30) 0.16 (P =0.19)
R Broca’s-R Wernicke’s 0.0080 (P =0.93) 0.058 (P =0.19) 0.051 (P =0.44) 0.17 (P =0.18) 0.21 (P =0.04)

PMA = Week postmenstrual age; M = month postnatal age; P-values reflect comparison of strength of the observed connectivity with the value of 0.

Table 6. Change in language network connectivity between ages-secondary mixed cross-sectional and longitudinal analysis

Connections Estimate change in connectivity between ages
M1-PMA31 M9-M1 M18-M9 M30-M18 M30-M1 M30-PMA31
Overall language network ~ 0.33 (P <0.001)  0.031 (P=0.37) 0.12 (P =0.08) —0.057 (P=0.25)  0.094 (P =0.11) 0.42 (P <0.001)
L Broca’s-R Broca’s 0.45 (P =0.001) ~0.079P=0.28)  0.30 (P =0.04) —0.21(P=0.05)  0.0040 (P=0.97)  0.46 (P=0.01)
L Wernicke’s-R Wernicke's ~ 0.71 (P <0.001)  0.12 (P=0.01) 0.0070 (P=0.95)  —0.072 (P=0.49)  0.11 (P =0.35) 0.83 (P <0.001)
L Broca’s-L Wernicke's 0.11 (P =0.32) 0.036 (P =0.55) 0.055 (P =0.65) 0.0020 (P=0.98)  0.094 (P =0.37) 0.21 (P =0.18)
R Broca's-R Wernicke’s 0.051 (P =0.67) —0.0070 (P=0.91) 0.12 (P=0.36) 0.037 (P=0.70) 0.15 (P =0.18) 0.20 (P =0.22)
PMA = Week gestational age; M=month postnatal age.
30-33 Weeks 34-36 Weeks 1 Month Discussion
Employing longitudinal data, we demonstrate the
” emergence of the canonical language network from
o 30 weeks of gestation through 1-month postnatal age.
e During this critical time period, we report a significant
@ increase in language network connectivity between the
31st and 35th weeks of gestation and an almost fourfold
A larger overall increase in connectivity between 31- and
2 45-weeks PMA. This increase is driven primarily by
E marked development of functional connectivity between
o the left and right homologs of Broca’s and Wernicke's
S areas with the most significant changes occurring from
30 weeks of gestation through the first postnatal month.
r=0.25 r=1 In contrast, intrahemispheric functional connectivity

Fig. 3. Maturation of the interhemispheric connectivity for Broca’s and
Wernicke's area over the third trimester and first postnatal month. Seed-
to-whole brain, using Broca’s and Wernicke’s areas as seeds, shows that
interhemispheric connections between homologs were only observed for
the postnatal scan.

Finally, there was no difference in the growth curves
for the two intrahemispheric connections between
31 weeks of gestation through 30 months of age (e.g.,
left Broca’s-left Wernicke’s connectivity compared with
right Broca's-right Wernicke's connectivity; Table S4).
From 1-month to 9-months, the growth of left and
right Wernicke’s connectivity was significantly greater
than the growth of left and right Broca’s connectivity.
Otherwise, there was no significance difference when
comparing the growth curves for the two interhemi-
spheric connections across the same time interval
(Table S4).

between left Broca’s and left Wernicke’'s and between
right Broca’s and right Wernicke’s showed little change
during this critical time. Overall, our results show that
the neural scaffolding for language begins to develop
prior to birth, and functional connectivity of the language
network matures rapidly in that critical period between
the 31st week of gestation and the first postnatal month.

Additional data from the secondary, mixed cross-
sectional and longitudinal analyses extended these
growth curves into toddlerhood. Functional connectivity
between the left and right homologs of Broca’s and
Wernicke’s areas was observed for all postnatal ages with
the most significant changes occurring from 31 weeks of
gestation through the first postnatal month. In contrast,
intrahemispheric functional connectivity between left
Broca’s and left Wernicke’s developed slowly across this
time interval with weak connectivity being detected in
toddlerhood (Figure S2-S3).
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Fig. 4. Maturation of the overall language network from 30 weeks gestation to 30 months. A) Seeds and connections averaged together create the
overall language network connectivity. As the Broca’s and Wernicke’s area seeds are on different axial slices, the white line in the brain indicates that
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participant scanned at multiple time points.

Broadly, our results—that interhemispheric connec-
tivity develops across the third trimester and intra-
hemispheric connectivity develops later—are consistent
with previous studies of the development of Broca’s
and Wernicke's area functional connectivity (Perani
et al. 2011; Thomason et al. 2013; Thomason et al.
2014; Kwon et al. 2015; Emerson et al. 2016; Eyre et al.
2021). Critically, these previous studies focused solely
on prenatal development or postnatal development
of Broca’s and Wernicke’s connectivity—thus missing
critical information from the perinatal transition. Yet,
by including longitudinal scanning from the third
trimester through the first postnatal month combined
with additional data through toddlerhood, we uniquely
show that these interhemispheric connections exhibit
connection strengths similar to older toddlers by birth
during this period. We found that rate of increase
of interhemispheric connectivity of the Wernicke's
homologs was significantly greater than that of the
Broca’s homologs from 1 month to 9 months of age. This
result can be broadly view in alignment with neuropatho-
logic data and microstructural imaging data as well
as studies suggesting that receptive language precedes
expressive language (Huttenlocher and Dabholkar 1997;
Lebenberg et al. 2019) (Fig. 4).

Function parallels structure. As neural connections on
a microstructural level are formed, functional connec-
tivity is detected in developing brain (Vasung et al. 2019).
Emerging fetal diffusion tensor imaging studies suggest
the possibility of tracking microstructural connectivity
across the third trimester of gestation (Lockwood Estrin
et al. 2019; Hunt et al. 2020; Jaimes et al. 2020). Although
none of the recent publications specifically target the
language system, work by Jaimes et al. demonstrates
significant increases in both volume and fractional
anisotropy of the uncinate fasciculus across the third

trimester of gestation (Jaimes et al. 2020). Additionally,
studies document the presence of structural connectivity
between Broca’s and Wernicke’s areas in neonates at 1-
3 days of age (Brauer et al. 2013). Finally, anatomical MRI
studies highlight structural asymmetries present in the
developing language system in preterm infants prior to
their due dates (Dubois et al. 2010). Together with our
results, these suggest that structural changes for Broca’s
and Wernicke’s areas may precede observed functional
connectivity changes. Nevertheless, given that language
itself emerges only in later infancy and toddlerhood, it
is possible that the earlier structural development is not
sufficient for language and merely lays the foundation
for later functional changes.

Task-based fMRIstudies in infants reveal both bilateral
and left-lateralized patterns of activation in Broca’s
and Wernicke's regions (Dehaene-Lambertz et al. 2002;
Perani et al. 2011; Shultz et al. 2014). Broca's and
Wernicke'’s regions activate to language-based stimuli,
show expected lateralization patterns in the left hemi-
sphere, and demonstrate activation patterns resembling
those in older children and even adults during the
first weeks of life (Dehaene-Lambertz et al. 2002;
Dehaene-Lambertz et al. 2006; Perani et al. 2011).
Thus, although speech activates language regions
and homologs are connected in infancy, Broca’s and
Wernicke’s areas in the same hemisphere remain
poorly functionally connected in infancy. Overall, the
functional systems for language in infants appear be
more bilaterally organized than those in school-age
children, adolescents, and adults.

Emerging data suggest the impact of genetic and
environmental factors on the development of language
systems. Resting state functional connectivity in a
left hemisphere pre-language region is decreased in
fetuses three weeks before they are born preterm



(Thomason et al. 2017), neural networks for language are
altered at birth prior to the hypoxemia that may accom-
pany major surgery in infants with complex congenital
heart disease (De Asis-Cruz et al. 2018), and infants later
diagnosed with ASD show altered functional connectivity
long before they develop symptoms of this disorder
(Emerson et al. 2017; Rolison et al. 2021). In addition,
antenatal maternal anxiety exposure decreases fetal
functional connectivity (De Asis-Cruz et al. 2020). Infants
who receive breast milk show greater microstructural
connectivity (Deoni et al. 2013; Blesa et al. 2019). The
neural correlates of human fetal learning of speech-
like auditory stimuli have been demonstrated (Partanen
et al. 2013). As language is critical for later cognition
(Goldin-Meadow et al. 2014), the trajectory of the neural
systems for language—similar to the ones observed
here—must be defined first. These systems provide a
platform to study developmental disorders associated
with aberrant language abilities in fetuses, infants, and
toddlers and may provide insight into circuits to be
targeted for early interventions.

The strengths of our study include longitudinal imag-
ing across the pre- and postnatal periods. By includ-
ing fetal-to-neonatal scanning along with imaging in
later infancy and toddlerhood, we uniquely demonstrate
that the strength of interhemispheric connectivity of
the language network mainly develops during the third
trimester. Other strengths of this work include the high
number of participants, many with longitudinal imag-
ing, and the statistical analysis strategies. In addition,
to the best of our knowledge, this is the first study to
provide longitudinal functional connectivity for fetuses-
to-neonates across the third trimester of gestation, peri-
natal transition and during the first postnatal month. We
used an open-science approach to pool multiple smaller
samples together to increase both the number of data
points and the age range of participants following the
neonatal period (Costafreda 2009). While an ideal case is
to have longitudinal data from the fetal period through
toddlerhood, these studies are often prohibitive for a
single study, and merging independent data from diverse
samples is a powerful and needed alternative. Finally,
the relative size of cortical regions has been reported
to be conserved and determined early during develop-
ment, although there are more subtle growth differences
between regions during periods of peak thalamocortical
growth (Vasung, Rollins, Velasco-Annis et al. 2020a), and
we employed age-appropriate fetal templates. To address
this issue, we used piecewise linear growth curves, where
age groups are allowed to have different growth patterns,
to map development trajectories. As opposed to making
the hard assumption of a single growth function across
all ages, this approach allows the data to “speak for itself”
and naturally captures periods of rapid change.

The limitations of fetal functional imaging have been
well described (Thomason et al. 2017; Thomason 2020)
and range from variations in fetal brain orientation,
motion, the influence of placental, maternal and fetal
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physiological signals and the very small head size to
changes in fetal cerebral metabolism and the limited
understanding of the physiologic basis of the BOLD fMRI
signals in fetal brain. As reviewed by Thomason, these
are persisting concerns for MRI studies in neonates and
young children, and we have used many of the previ-
ously published strategies to address these concerns
(Glover et al. 2000; Power et al. 2012; Avants et al. 2014;
Scheinost et al. 2018; Rutherford et al. 2021). In addition,
as noted above, we used gestational age-appropriate fetal
templates to address the significant growth in fetal brain
across the third trimester of gestation.

Cerebral metabolism increases across the third
trimester of gestation, but the characterization of the
neurovascular coupling, or the “neural activation support
mechanism involving synergistic interactions between
the metabolic and vascular systems” (Govindan et al.
2016), has not yet been reported in the fetal brain.
Although, preclinical and human studies suggest the
presence of neurovascular coupling across the third
trimester of gestation (Logothetis et al. 2001; Chalak
et al. 2017; Chalak and Zhang 2017; Mahmoudzadeh
et al. 2018; Das et al. 2020; Hendrikx et al. 2020).
Finally, our data are consistent with neuroanatomic and
both functional and structural fetal data suggesting
the emergence of long-range functional connections
followed by intrahemispheric ones (Dubois et al. 2009;
Huang et al. 2009; Leroy et al. 2011; Dubois et al. 2014;
Cohen et al. 2016; Wang et al. 2017; Wilkinson et al. 2017,
Lebenberg et al. 2019; Jaimes et al. 2020).

Employing longitudinal data, we show the develop-
mental trajectories of functional connectivity within the
language network from 30 weeks of gestation through
1-month postnatal age. Together, these results suggest
that the functional connectivity for language begins to
develop prior to birth. Future studies should continue to
map these trajectories with increased sampling in the
late third trimester, investigate the impact of genetic and
environmental factors on these data, and develop early
interventions aimed at targeting the abnormal circuits
these trajectories identify.

Supplementary Material

Supplementary material can be found at Cerebral Cortex
online.
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