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Behavioral inhibition (BI), an early-life temperament characterized by vigilant responses to novelty, is a risk factor
for anxiety disorders. In this study, we investigated whether differences in neonatal brain responses to infrequent
auditory stimuli relate to children’s BI at 1 year of age. Using functional magnetic resonance imaging (fMRI), we
collected blood-oxygen-level-dependent (BOLD) data from N= 45 full-term, sleeping neonates during an
adapted auditory oddball paradigm and measured BI from n= 27 of these children 1 year later using an observa-
tional assessment. Whole-brain analyses corrected for multiple comparisons identified 46 neonatal brain regions
producing novelty-evokedBOLD responses associatedwith children’s BI scores at 1 year of age.More than half of
these regions (n= 24, 52%) were in prefrontal cortex, falling primarily within regions of the default mode or fron-
toparietal networks or in ventromedial/orbitofrontal regions without network assignments. Hierarchical clustering
of the regions based on their patterns of association with BI resulted in two groups with distinct anatomical, net-
work, and response-timing profiles. The first group, located primarily in subcortical and temporal regions, tended
to produce larger early oddball responses among infants with lower subsequent BI. The second group, located pri-
marily in prefrontal cortex, produced larger early oddball responses among infants with higher subsequent BI.
These results provide preliminary insights into brain regions engaged by novelty in infants that may relate to
later BI. The findings may inform understanding of anxiety disorders and guide future research.
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Public Significance Statement
This study suggests that specific neural responses to novel sounds in the neonatal brain may be related to
children’s behavioral inhibition (BI), an early-life temperament characterized by increased vigilance to
novelty, 1 year later. Neonatal brain areas producing these responses include regions of prefrontal cortex,
temporal cortex, and subcortical structures including pons and amygdala. Given associations between
BI and later anxiety symptoms, these findings may inform the understanding of neural antecedents of
anxiety disorders.

Keywords: behavioral inhibition, neonate, anxiety, functional magnetic resonance imaging, auditory

Supplemental materials: https://doi.org/10.1037/dev0001654.supp

Anxiety disorders are the most common form of psychiatric ill-
ness, have widespread effects on human health, and often begin in
childhood (Kessler et al., 2005; Ramsawh et al., 2009). Forty
years ago, Jerome Kagan and colleagues characterized behavioral
inhibition (BI), an infant temperament marked by vigilant responses
to novelty (Coll et al., 1984; Kagan et al., 1984). Subsequent studies
have linked BI to risk for anxiety disorders.(Chronis-Tuscano et al.,
2009; Clauss & Blackford, 2012; Klein et al., 2010; Rosenbaum
et al., 1991; Sandstrom et al., 2020; Tang et al., 2020) Uncovering
the neural antecedents of BI can elucidate the biological bases of
specific trajectories to anxiety disorders and support early identifica-
tion and intervention.
In an attempt to understand the origins and correlates of BI, Kagan

and colleagues incorporated both psychological and physiological
measures (Kagan et al., 1987). Their pioneering work utilized mea-
sures such as heart rate, pupillary dilation, the brainstem auditory
evoked response, and electroencephalography (EEG) to elucidate
the physiological correlates of BI (Calkins et al., 1996; Kagan et al.,
1987; McManis et al., 2002; Woodward et al., 2013). Through this
work, they documented enhanced physiological arousal to novelty
in children with BI and generated interest in its neural antecedents
(Fox et al., 2022; Kagan et al., 1987; Reznick et al., 1986). Kagan
and colleagues proposed that reactivity to novelty in early infancy
gave rise to behaviors associated with BI through heightened subcort-
ical neural responses to novelty, specifically in the amygdala and peri-
aqueductal gray matter (Filippi et al., 2022; Fox et al., 2005; Kagan &
Snidman, 1991; Kagan et al., 1987). However, direct support for this
hypothesis remains limited, and to date no study has tested whether
stimulus-evoked activity within specific brain areas in the neonatal
period is related to later measures of children’s BI. Closing this gap
may uncover early correlates of BI, anxiety disorders, and other asso-
ciated disorders.
A good deal of work has used EEG to examine brain activity asso-

ciated with both BI and precursors of BI, namely, temperamental
reactivity. This includes findings that EEG responses to deviant
tones are related to temperamental distress (Marshall et al., 2009;
Reeb-Sutherland et al., 2009). For example, infants identified with
high negative reactivity at 4 months of age produced larger EEG
responses to deviant stimuli in an auditory oddball task administered
at 9 months of age, compared with those of infants with high positive
reactivity or control infants (Marshall et al., 2009). Additionally,
among children who were behaviorally inhibited as toddlers, those
who produced enhanced EEG responses to deviant stimuli in adoles-
cence were also more likely to have a lifetime history of anxiety dis-
orders (Reeb-Sutherland et al., 2009). While these studies suggest

that children with BI produce enhanced neural responses to infre-
quent or deviant stimuli, the relatively poor spatial resolution of
EEG does not permit more specific conclusions about the anatomical
locations and neural mechanisms underlying these differences.

In contrast, functional magnetic resonance imaging (fMRI) tech-
niques have sufficient spatial resolution to specify brain regions and
circuits in which neural activity is related to BI. Technical and practical
advances in recent years have paved the way for conducting fMRI
scanning of infants and informing our understanding of BI’s neural
correlates. For example, studies using functional connectivity (FC)
metrics derived from fMRI of infants during sleep have identified asso-
ciations between amygdala and prefrontal FC patterns and concurrent
temperamental reactivity or subsequent BI (Filippi et al., 2021;
Graham et al., 2016; Rogers et al., 2017; Sylvester et al., 2018). Yet,
FC measures provide limited insight into how, why, or where neural
responses to deviant stimuli may be related to BI. Since stimulus nov-
elty and predictability affect stimulus-evoked responses in many brain
areas (Kim, 2014), these insights require a technique like fMRI with
high spatial resolution, paired with a novelty-related paradigm such
as the auditory oddball paradigm, as well as measures of later BI.
Incorporating these neural and behavioral measures affords new oppor-
tunities for elucidating the neural underpinnings of BI.

To take the first step toward this goal and establish its feasibility,
we begin to characterize the developmental neurobiology of BI in
relation to blood-oxygen-level-dependent (BOLD) responses to a
modified auditory oddball paradigm in a small sample of sleeping
neonates. Oddball responses in this sample and their relation to
maternal trait anxiety were characterized in a prior publication
(Sylvester et al., 2021). The current study is a planned analysis of
these oddball fMRI data in relation to scores from a subset of the
same infants 1 year later when they participated in a gold-standard
observational assessment designed by Kagan and colleagues. To
the best of our knowledge, this is the first study to relate neonatal
stimulus-evoked fMRI data during an auditory oddball paradigm
to subsequent BI. Results of this pilot study suggest that neonatal
brain responses to novelty may be related to risk for BI, providing
preliminary insights into developmental origins of anxiety disorders
evident in the neonatal period.

Material and Method

Participants

Participant and recruitment information for this study have been
published with results from initial analyses of the sample (Sylvester
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et al., 2021). The current study comprises a follow-up of this work to
analyze the neonatal data in relation to subsequent measures of BI.
Participants with full-term deliveries (≥36 weeks gestational age at
birth; N= 45) were recruited from a larger study, the Early Life
Adversity, Biological Embedding, and Risk for Developmental
Precursors of Mental Disorders (eLABE) study, which collected
maternal assessments and neuroimaging data including structural
MRI from neonates. See the online supplemental materials for full
recruitment details and inclusion/exclusion criteria. The study and
analyses were not preregistered. Oddball scans were performed in a
separate visit soon after the structural scan (mean interim: 7.7 days,
range: 0–18 days). Families that participated in the neonatal oddball
scans were invited to return for the observational assessment of BI
1 year later. Of the original 45 participants, 27 completed the observa-
tional assessment when children were approximately 13 months of age
(Mage: 13 months, range: 11–17 months; 33%male). Families who did
not complete the observational assessment were lost because of trans-
portation difficulties, failure to respond to multiple calls and emails,
and COVID-related precautions that prevented in-person testing at
the appropriate age. See Table 1 for demographic information about
the full scan sample and the subset of participants with both scans
and BI scores. There were no significant differences in sex, birth
weight, gestational age at birth, area deprivation index (ADI), prenatal
stress, maternal trait anxiety, and number of scan frames retained
between infants who returned for the BI assessment and those who
did not (Table S1 in the online supplemental materials). This study
was approved by the Institutional Review Board at Washington
University. Informed consent was obtained from parents on behalf
of all infant participants.

Neonatal Imaging Acquisition

fMRI datawere acquired for each neonate during natural sleep. In this
adapted auditory oddball paradigm, the background noise of the scanner
served as the expected stimulus, whereas 400-ms white noise bursts
served as the oddball stimulus. To establish scanner noise as the expected

stimulus, the first auditory oddball of each run was not played until 56 s
after the run began. Unlike the regular repetition of scan acquisition
sounds, the 23 subsequent oddball stimuli were played at irregular inter-
vals (every 9–14 s) for the remainder of each run. We acquired between
2 and 10 same-day oddball runs for a total of 48–240 stimulus presen-
tations per participant, depending on how well each infant tolerated
the scan. See the online supplemental materials for full scan details.

Observational Assessment of BI at 13 Months

All participantswho completed neonatal oddball scans were invited
to return 1 year later to undergo an established observational assess-
ment of BI that has been used extensively in prior work (Calkins
et al., 1996; Coll et al., 1984; Fox et al., 2001). Twenty-seven partic-
ipants completed this assessment, which comprised three episodes,
each consisting of exposure to a different stimulus: a stranger, a
robotic toy, and a tunnel. Two trained coders independently time-
coded video footage of the assessments to produce continuous mea-
sures of percent time children spent close to the parent, their latency
to interact with novel stimuli, and latency to vocalize for each episode.
Intercoder reliability was high, as evidenced by high intraclass corre-
lations (ICC) for proximity to parent (ICC= .93) and latency to inter-
act or vocalize (ICC= .97). BI scores were computed from the
meantime codes across the two raters as follows. After converting
proximity to parent and latency measures for each episode to z-scores
across the full sample, each participant’s z-score measures were aver-
agedwith those from the same episode, generating stranger, robot, and
tunnel subscores. The mean of these subscores generated the total BI
measure used for our analyses. See the online supplemental materials
for additional details.

In the 27 infants with both neonatal oddball data and BI assessments,
observational BI scoreswere not significantly associatedwith any age or
timing variables (e.g., gestational age at birth and ages at scans or assess-
ment; see Table 2) or other relevant variables (i.e., birth weight, ADI,
number of scan frames retained, or mean framewise displacement of
retained frames; see Table S2 in the online supplemental materials).

Table 1
Information About Participants in the Full Sample (N= 45) and in the Subset (n= 27)
With Both Neonatal Scan Data and Observational BI Assessment 1 Year Later

Sample characteristic Full sample
n with

available data BI subset
n with

available data

Sex, % (n) 45 27
Female 60 (27) 67 (18)
Male 40 (18) 33 (9)

Race/ethnicity 45 % (n) 27
Black 64 (29) 67 (18)
White 36 (16) 33 (9)
Hispanic/Latino/Latina 0 0

Other characteristics, M (SD)
National ADI 72.0 (22.5) 45 74.6 (19.4) 27
Income to needs 2.0 (1.6) 39 1.9 (1.6) 26
Birth weight (grams) 3,115 (488) 45 3,125 (469) 27
Gestational age at birth (weeks) 38.2 (1.0) 45 38.2 (1.0) 27
Age at neonatal fMRI scan (days) 28.1 (9.8) 45 27.9 (9.8) 27
Age at BI assessment (months) 13.0 (1.5) 27

Scan details, M (SD)
Postcensored fMRI data (minutes) 30.8 (14.9) 45 32.5 (12.6) 27

Note. BI= behavioral inhibition; fMRI= functional magnetic resonance imaging; ADI= area
deprivation index (national percentile).
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Therefore, these measures were not included as covariates in statistical
analyses. BI observational assessment scores were not significantly
associated with available parent-report measures of BI-like behavior at
12 months, Infant-Toddler Social and Emotional Assessment
(ITSEA) inhibition to novelty subscale, ρ(18)= .16, p= .25, (Carter
et al., 1999, 2003) or 8 months, Infant Behavior Questionnaire-
Revised (IBQ-R) fear subscale, r(17)= .22, p= .19, (Gartstein &
Rothbart, 2003) in the subsets of children with these scores; nor were
the ITSEA inhibition to novelty scores at 12 months and IBQ-R fear
scores at 8 months correlated with each other, ρ(13)= .03, p= .46.
See the online supplemental materials and Table S2 in the online sup-
plemental materials for additional information about parent-report mea-
sures and their relations with BI observational assessment scores.

Preprocessing and Statistical Analysis of fMRI Data

Preprocessing of fMRI data included correction of intensity differ-
ences due to interleaved acquisition, bias field correction, intensity
normalization for each run to a brain-widemode of 1,000, linear align-
ment within and across runs to compensate for rigid body motion, and
linear registration of BOLD data to the Talairach 3 mm adult atlas
using the T2-weighted images. An analysis of framewise displace-
ment for the initial published report of these data found no significant
difference in head motion at the onset of auditory stimuli than at other
times in the scan across all N= 45 infants (F= 1.12, df= 39, 1,716,
p= .28; Sylvester et al., 2021). Frames with displacement surpassing
0.9 mm were censored, based on evidence that this threshold is opti-
mal for task-based analyses (Siegel et al., 2014). Frames from runs
with fewer than 150 frames after censoring were additionally
excluded. We retained a median of 2,425 frames (SD= 9.43), or
32.3 min (SD= 12.6), of postcensoring scan data for each infant
with both neonatal scans and BI scores.
After preprocessing, BOLD data from auditory oddball runs were

analyzed in Talairach volume space with a general linear model
using in-house analysis software (code available upon request). The
response to auditory oddballs was modeled without assuming a spe-
cific hemodynamic response function due to dramatic age-dependent
changes in hemodynamic vascular coupling that take place over early
infancy (Arichi et al., 2012; Issard & Gervain, 2018; M. Kozberg &
Hillman, 2016; M. G. Kozberg et al., 2013; Zimmermann et al.,
2012). This was carried out in a voxel-wise fashion with separate finite
impulse response regressors for each of 40 frames (duration: 32 s) fol-
lowing onset of white noise bursts. Given that many anatomical and
developmental features of neonatal hemodynamic responses remain
undescribed, we followed the modeling approach of Sylvester et al.

(2021) and analyzed a 32-s window to ensure that estimates of
responses were not truncated (Sylvester et al., 2021). Censored frames
were omitted in a framewise fashion when estimating BOLD response
at each time point. To identify brain regions in which neonatal oddball
response was associated with subsequent BI, we conducted an omni-
bus whole-brain repeated-measures analysis of variance with the fol-
lowing factors: oddball time point (corresponding to Frames 1–40
of the modeled oddball response), subsequent BI score, and oddball
Time Point× BI interaction. BI score was handled as a continuous
variable (see Figure S1 in the online supplemental materials for distri-
bution). In thismodel, a Time Point× BI interaction indexes voxels in
which BOLD responses to oddball stimuli were associated with BI.
Regions producing oddball responses associated with later BI in this
sample were identified based on this oddball Time Point×BI interac-
tion. To correct the whole-brain error rate for multiple comparisons,
criteria were derived based on study-specific autocorrelation parame-
ters using 3dClustSim (Analysis of Functional NeuroImages [AFNI];
Cox, 1996; Cox & Hyde, 1994). With a voxel-wise significance
threshold of p, .0001 (z. 3.3), a minimum cluster size of 28 voxels
sharing at least one surface (i.e., nearest neighbor= 1) was needed to
achieve a whole-brain cluster-wise error rate of p, .01. Due to
COVID-related precautions, observational BI assessments were
obtained from only 27 of the original 45 neonates scanned.
Therefore, analyses to detect relationships between neonatal oddball
responses and subsequent BI scores are reasonably powered to detect
large effects ( f= 0.8, expected power= 0.81) but poorly powered to
detect moderate effects ( f= 0.5, expected power= 0.32), as com-
puted with a post hoc power analysis for an analysis of variance
(ANOVA) interaction effect using G*Power Version 3.1 (Faul et al.,
2007). Of 58 significant regions identified, 16 failed to pass additional
quality control criteria (see the online supplemental materials). The
remaining 42 regions were included in subsequent analyses.
Comparison of these results with those from Sylvester et al. (2021)
can be found in the online supplemental materials. Processed data
are available upon request. As a negative control to ensure our analysis
pipeline did not generate false positives, we used the same significance
and size criteria to identify regions significantly associated with BI
irrespective of stimulus timing (i.e., a main effect of BI in the omnibus
ANOVA). Since existing hypotheses do not propose baseline or
nontime-varying, differences in activity in neonates who go on to
develop high BI, this parallel analysis should not identify any signifi-
cant clusters.

To further characterize how neonatal oddball responses in these
regions related to later BI scores, we used agglomerative hierarchical
clustering to examine whether they exhibited shared patterns in their

Table 2
Information About Age and Timing Variables in Relation to BI Scores

Age variable Range M (SD) Correlation with BI (p)

Birth/neonatal timing
Gestational age at birth (weeks) 36–40 38.2 (1.0) ρ= .04 (.85)
Age at oddball scan (days) 11–49 27.9 (9.8) r= .28 (.15)
Postmenstrual age at oddball scan (weeks) 39–44 42.2 (1.2) r= .25 (.21)
Time between T2 and oddball scan (days) 0–18 7.7 (4.5 r=−.17 (.40)

Timing of BI assessment
Age at BI assessment (months) 11–17 13.0 (1.5) ρ= .02 (.94)
Time between oddball scan and BI assessment (months) 10–16 12.2 (1.5) ρ=−.10 (.62)

Note. BI= behavioral inhibition.
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associations with subsequent BI. To ensure that time courses could be
averaged across regions within clusters for visualization and interpre-
tation, we limited the analysis to regions that produced mean responses
to oddball stimuli resembling a canonical positive BOLD response
(i.e., regions with nonnegative maxima between 4 and 12 s poststimu-
lus). These criteria excluded seven regions; the remaining 35 regions
were submitted to the clustering analysis. Pearson correlations between
BI and BOLD response were computed for each of the 40 modeled
frames in each of the remaining 35 regions in which neonatal oddball
response was associated with subsequent BI. These framewise correla-
tions were then submitted to agglomerative hierarchical clustering
using SPSS (IBM Corporation, 2020). Although BI was handled as
a continuous variable in our analysis, the time courses in these regions
were visualized separately for children with subsequent high or low BI
based on a median split (Figure 2 and Figure S7 in the online supple-
mental materials) and restricted to the top and bottom quartile
(Figure S7 in the online supplemental materials).

Results

Neonatal Brain Responses to Oddball Stimuli Associated
With BI at 13 Months

We identified 42 brain regions (Figure 1; Table S3 in the online
supplemental materials) in which activity near birth in response to
oddball auditory stimuli was associated with BI scores 1 year later.
More than half of these regions were in the prefrontal cortex
(PFC; n= 23, 55%) and fell primarily within brain areas assigned
to the default mode network (DMN; n= 9, 21%), frontoparietal net-
work (FPN; n= 4, 10%), or within medial/orbitofrontal PFC regions
without network assignment (n= 9, 21%) as defined by adult par-
cellation (Gordon et al., 2016). Other identified regions included
parietal regions of the DMN or FPN (n= 2, 5%) and unassigned
regions of temporal cortex (n= 7, 17%). Subcortical regions were
in bilateral pons (n= 2, 5%), right amygdala (n= 1, 2%), right mid-
brain (n= 1, 2%), and right cerebellum (n= 2, 5%). A parallel anal-
ysis of main effects of BI at 1 year, conducted to serve as a negative
control, identified no regions significantly associated with subse-
quent BI score.

Patterns of Neonatal Brain Responses Related to BI at 13
Months

Hierarchical clustering was applied to framewise correlations
between BOLD response and subsequent BI for the 35 regions asso-
ciated with subsequent BI and submitted to clustering analysis. The
clustering algorithm produced two clusters with distinct anatomical,
network, and response profiles (Figure 2; Figures S3 and S4 and
Table S3 in the online supplemental materials). One of these clusters
comprised 14 regions, including subcortical regions (n= 5, 36%),
unassigned regions of the temporal cortex (n= 7, 50%), and regions
in the left parietal cortex (n= 2, 14%). Mean framewise correlation
values between BI and oddball response in these regions revealed
negative associations between BI and oddball BOLD response for
time points early in the modeled response and positive associations
for time points later in the modeled response. We call this cluster of
regions the early-negative association group, reflecting the negative
association between BOLD and BI in early frames of the modeled
oddball response in these regions.

The other cluster comprised 21 regions primarily located in bilat-
eral, medial, and superior regions of PFC. Most (n= 14; 67%) of
these regions fell within the DMN and FPN networks, according
to adult-derived network parcellations (Gordon et al., 2016).
Others were in medial/orbitofrontal PFC lacking network assign-
ment (n= 6, 29%) or near striate occipital cortex assigned to the
visual network (n= 1, 5%). We call this cluster the early-positive
association group because BI was positively associated with BOLD
signal in early frames of the modeled oddball response in these
regions.

Discussion

Results from this study suggest that newborns’ subcortical and
cortical responses to novel stimuli may relate to their subsequent lev-
els of BI at 13 months of age, particularly in regions of PFC and sub-
cortical structures. Overall, these findings are consistent with the
hypothesis that individual differences in neural responses to novelty
during infancymay relate to BI, a risk factor for anxiety disorders. At
the same time, they specify anatomical and temporal features of

Figure 1
Regions in Which Neonatal Response to Oddballs Relates to BI at 1
Year

Left Hemisphere Right Hemisphere

y = -24 01-=z6=x

Note. Locations of regions in which oddball-related activity during the
neonatal period is related to BI at 1 year are shown in yellow on the lateral,
medial, and ventral cortical surfaces, as well as in slices (bottom row).
Circles show locations of identified regions in the pons (left), midbrain
(middle), and amygdala (right). BI= behavioral inhibition. See the online
article for the color version of this figure.
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these individual differences that can inform predictions for larger
studies and, if replicated, refine hypotheses about the neural anteced-
ents of BI and anxiety disorders.

Among the regions identified by relations of neonatal oddball
response to subsequent BI in this study are brain regions that featured
heavily in the hypothesized neural origins of BI described by Kagan

Figure 2
Distinct Response and Network Profiles in Two Sets of Brain Regions Associated with 1-Year BI by Group
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based on a median split for visualization purposes only. All statistical analyses treated BI as a continuous variable. Panels C and D: Mean framewise corre-
lations between oddball BOLD response and subsequent BI scores are shown by group. Panels E and F: Distributions of identified regions are shown by net-
work and group. BI= behavioral inhibition; BOLD= blood-oxygen-level-dependent; ROIs= regions of interest.
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and colleagues (i.e., amygdala; Kagan & Snidman, 1991; Kagan
et al., 1987) and that prior studies have implicated in BI (i.e., PFC
and amygdala; Filippi et al., 2021; Graham et al., 2016; Rogers et
al., 2017). The current study found BI-associated differences in
oddball-evoked responses in prefrontal areas, as well as in the
right lateral amygdala. The prefrontal areas fell largely within adult-
defined DMN and FPN, as well as unassigned regions of the ventro-
medial/orbitofrontal cortex. These regions are often implicated in
tasks involving cognitive control, emotion regulation, prediction,
and valuation (Delgado et al., 2008; Dosenbach et al., 2008;
Klein-Flügge et al., 2022; Ochsner & Gross, 2005). Prior work
has also linked neonatal FC of a medial prefrontal region of the
DMN to parent-reported BI at 2 years of age (Sylvester et al., 2018).
In the context of these prior findings and the neurobiological

hypothesis proposed by Kagan and colleagues, it is striking that the
present analysis using different methods implicated many of the
same brain regions in neural antecedents of BI. However, the oddball
responses in these regions did not relate to BI in the straightforward
fashion that Kagan and colleagues predicted (i.e., larger subcortical
and specifically amygdala responses to oddball stimuli in children
who go on to exhibit BI; Kagan & Snidman, 1991; Kagan et al.,
1987). Rather, in subcortical regions including bilateral pons, mid-
brain, and right lateral amygdala, neonates who scored higher on BI
at 13 months tended to produce diminished BOLD signal at early
time points and enhanced signal at later time points, compared with
low-BI children. Interpretation of these BOLD differences in relation
to neural activity is complicated by the dramatic development of
hemodynamic vascular coupling in the perinatal period, which
includes changes in the directionality and timing of the BOLD
response (Arichi et al., 2012; Issard & Gervain, 2018; M. Kozberg
& Hillman, 2016; M. G. Kozberg et al., 2013; Zimmermann et al.,
2012). Therefore, understanding the specific neural significance of
BOLD magnitude and timing differences observed in the current
study will require further research into the time course and regional
specificity of hemodynamic maturation in neonates. Despite these
challenges, the current findings broadly support Kagan and col-
leagues’ hypothesis that BI is related to neurobiological differences
present in the earliest days and weeks of life (Kagan & Snidman,
1991).
Several points should be considered when interpreting the current

results. First, infants were sleeping during fMRI scanning and presen-
tation of the auditory stimuli in this study. Although prior work demon-
strates that considerable automatic subcortical and cortical processing
of auditory stimuli takes place during sleep (Portas et al., 2000;
Sylvester et al., 2021; Taga et al., 2018), some features of infants’
responses to auditory oddballs may differ between sleep and wakeful-
ness or across sleep stages. The current study did not collect data on
sleep stage during scanning and so cannot determine whether the odd-
ball response differed across sleep stages. This study also employed a
modified version of the auditory oddball task that used ongoing scanner
noise as the standard, in place of a standard tone. Futurework is needed
to assess whether the current results generalize to scan data collected
with standard auditory oddball paradigms.
Strengths of the current study include a longitudinal design that per-

mits BI assessment in the same children scanned as neonates, the use
of fMRI to provide anatomic specificity for stimulus-evoked neonatal
responses, and the use of an observational assessment tomeasure sub-
sequent BI. Another strength is the demographic characteristics of the
sample, which includes greater racial and socioeconomic diversity

than most studies. Finally, relative to studies that limit analyses to a
priori regions of interest, the current brain-wide analysis permitted
the discovery of unexpected results while adjusting significance crite-
ria to keep the false discovery rate low.

An important limitation of the study is its small sample size,
which limits statistical power for finding modest effects and
increases the likelihood of spurious findings due to sampling vari-
ability (Button et al., 2013). These concerns can be partially
assuaged by the fact that a parallel analysis carried out as a negative
control produced no significant results, indicating that our signifi-
cance criteria and quality control measures are effectively reducing
spurious findings. Nonetheless, future studies are needed to deter-
mine whether the current results replicate in larger samples. It is
also important to note that the neonatal brain undergoes rapid matu-
rational change. Although participant age at functional scan had a
limited range (11–49 days) and age at scan was not significantly
associated with later BI scores, age at scan is an important additional
variable that may influence results. Future studies with larger sample
sizes and smaller age ranges at scan are needed to clarify the impact
of age on neonatal oddball response.

Finally, BI is typically conceptualized as a temperamental profile
that applies to a minority of children (Kagan et al., 1989), whereas
the current study analyzed BI as a dimensional trait subject to individ-
ual differences across participants in our sample. Although this
dimensional approach is widely used to identify candidate brain–
behavior relationships, including in studies investigating neural effects
in relation to BI and negative reactivity (Filippi et al., 2021; Rogers et
al., 2017; Sylvester et al., 2018), future work will be needed to deter-
mine whether the same brain–behavior associations are observed in
studies specifically designed to sample children with an extreme tem-
peramental profile of BI.

Taken together, the current study provides preliminary evidence
that individual differences in specific neonatal responses to novelty
present in the earliest weeks of life are related to children’s subse-
quent development of BI. These findings provide new insights that
can guide ongoing work into the neurobiological origins of BI and
the development of anxiety disorders.
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