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Abstract

We examine neural correlates of discrete expressions of negative emotionality in

infants to determine whether the microstructure of white matter tracts at 1 month

of age foreshadows the expression of specific negative emotions later in infancy.

Infants (n = 103) underwent neuroimaging at 1-month, and mothers reported on

infant fear, sadness, and anger at 6, 12, and 18 months using the Infant Behavior

Questionnaire-Revised. Levels and developmental change in fear, sadness, and anger

were estimated frommother reports. Relations betweenMRI and infant emotion indi-

cated that 1-month white matter microstructure was differentially associated with

level and change in infant fear, but not anger or sadness, in the left stria terminalis

(p < 0.05, corrected), a tract that connects frontal and tempo-parietal regions and has

been implicated in emerging psychopathology in adults. More relaxed constraints on

significance (p < 0.10, corrected) revealed that fear was associated with lower white

matter microstructure bilaterally in the inferior portion of the stria terminalis and

regions within the sagittal stratum. Results suggest the neurobehavioral uniqueness

of fear as early as 1 month of age in regions that are associated with potential longer-

term outcomes. This work highlights the early neural precursors of fearfulness, adding

to literature explaining the psychobiological accounts of affective development.
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Highlights

∙ Expressions of infant fear and anger, but not sadness, increase from 6 to 18 months

of age.

∙ Early neural architecture in the stria terminalis is related to higher initial levels and

increasing fear in infancy.

∙ After accounting for fear, anger and sadness do not appear to be associated with

differences in early white matter microstructure.

∙ Thiswork identifies early neural precursors of fearfulness as early as1-monthof age.
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1 INTRODUCTION

Emotion-related motivations can promote behaviors that enhance

safety and protection; however, negative emotional expressions are

not always adaptive and can lead to later behavioral problems (see

Beauchaine & Hinshaw, 2008). Negative emotion is often linked to

mood and behavior problems, with early emerging negativity being a

keydevelopmental risk factor for poor academic performance (Molfese

et al., 2010; Stright et al., 2008) and social behaviors in childhood

and adolescence (Sanson et al., 2004). A better understanding of

the neural biomarkers underlying discrete negative emotions will

allow for the improved identification of individuals at risk for neg-

ative emotional behaviors, dysregulation, and later psychopathology,

thereby aiding in the development of targeted interventions early

in life.

1.1 Negative emotion in infants

A central tenet in Darwin’s original thesis on human emotion, The

Expression of Emotion in Man and Animals (Darwin, 1872), is that emo-

tions serve evolutionary functions that promote survival. Fear serves

to protect us in the face of uncertainty or insecurity (Plutchik, 1980);

anger motivates us to work toward or protect a goal or overcome an

obstacle thwarting a goal (Frijda, 1986); sadness can elicit maternal

caregivingwhen the infant is unable tomeet his/her ownneeds (Buss&

Kiel, 2004). As such, emotional expressions are biological imperatives

and therefore distinct and similarly expressed across all humans. More

recently, proponents of Discrete or Basic Emotion Theories, build-

ing on Darwin’s original ideas, characterize the expression of specific

emotions (e.g., fear) by a set of relatively fixed and distinct expressed

and experienced components that might be evident early in infancy

(Ekman, 1999; Ekman & Cordaro, 2011; Goldsmith, 1993; Goldsmith

et al., 1987; Izard &Malatesta, 1987). Thus, discrete emotion theories

define specific emotions such as fear, anger, sadness, disgust, surprise,

interest, and pleasure as having characteristic expressions and elici-

tors. Yet historically, the infant literature has characterized emotion

more broadly, often examining an overall negativity component rather

than decomposing negative emotion into individual discrete emotions

(Derryberry & Rothbart, 1997; Rothbart & Derryberry, 2002). Such

characterization neglects the complex neurobehavioral processes that

may underlie different negative affective states (Belsky et al., 1998).

Yet, little empirical evidence on the neural bases of emotion exists

to differentiate a discrete versus general emotions view of negativ-

ity during infancy (Tracy & Randles, 2011). Indeed, only a few studies

using similar modalities to those proposed here examine neurobehav-

ioral origins of infant fear (Graham et al., 2016; Thomas et al., 2019),

with none delineating among fear, anger, and sadness. Here, we exam-

ine infants’ neural architecture and how it relates of expressions of

fear, sadness, and anger to better understand the emergence and dif-

ferentiation of negative emotional expression early in life and provide

evidence for discrete or more general negative affect approaches to

understanding infant emotionality.

1.2 Brain structure of negative emotion

Even though limbic areas of the brain often associated with emotional

behavior are early developing (Stiles & Jernigan, 2010), research exam-

ining the neural architecture underlying emotional expression in the

early postnatal period is limited. Previous research indicates that the

brain’s white matter microstructure underlying the connectivity of

limbic and prefrontal brain regions, such as the uncinate fasciculus,

temporoparietal regions (superior and inferior longitudinal fasciculi,

arcuate fasciculus), inferior fronto-occipital fasciculus, and corpus cal-

losum, play a critical role in the expression of negative emotion (Herbet

et al., 2018; Lai & Wu, 2014; Lai & Wu, 2016; Pisner et al., 2019; Von

Der Heide et al., 2013). However, much of our understanding of neu-

ral correlates of negative emotional expression stems fromnon-human

animal and adult human studies (Henderson et al., 2015; Pine, 2003;

Rifkin-Graboi et al., 2019).

Weknowvery little about neural precursors of or regions of interest

relating to infant sadness and anger expression. Limited adult research

identifies subcortical structures, including the thalamus and amygdala,

as well as frontoparietal structures, such as the precuneus and poste-

rior cingulate cortex, and white matter tracts connecting these brain

regions, such as the uncinate fasciculus, as relevant to the expression

of anger (see Alia-Klein et al., 2020 for a review on the neuroscience of

anger). In addition, adultswith extreme anger and impulsive aggression

showdecreasedwhitemattermicrostructure in the superior longitudi-

nal fasciculus, awhitematter region connecting the parietal and frontal

lobes that important for processing of emotion (Lee et al., 2016). The

expression of sadness has been associatedwith increased neural activ-

ity in numerous structures, including the inferior orbitofrontal cortex,

anterior insular cortex, middle and posterior temporal cortices, lateral

cerebellum, the midbrain, and the putamen and caudate (Lane et al.,

1997). In infancy, abnormalities in cerebellar structure, defined using

clinical cutoffs as described in Tamm and colleagues (2020), predicted

lower fear and sadness in term versus pre-term infants (Tamm et al.,

2020). However, abnormalities, as defined here, are nonspecific and

do not identify regions in the brain where emotional expressions and

development may bemost salient.

On the other hand, emerging research identifies neural precursors

to the development of infant fear expressions. For instance, amygdala

connectivity in neonates relates to fear at six months of age using func-

tional connectivity neuroimaging (Graham et al., 2016). Specifically,

higher six-month fear was related to stronger functional connectiv-

ity from the left amygdala to several regions connecting the amygdala

to temporal and prefrontal lobes: the bilateral anterior insula, right

inferior frontal gyrus, left parahippocampal gyrus, right putamen, right

temporoparietal junction, and right superior temporal gyrus. The left

amygdala also showed greater negative connectivity with the left

occipital cortex.

Notably, this work highlights functional connectivity. But the struc-

tural connectivity and underlying white matter microstructure, which

subserves and facilitates this functional connectivity, is less under-

stood. An examination of white matter microstructure in typically

developing neonates and later emotional behaviors suggested that
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infants who have higher internalizing scores (indexed by higher with-

drawal, general and separation anxious behaviors, inhibition and dis-

tress to novelty) at 12 months of age showed lower white matter

microstructure as neonates, measured using diffusion neuroimaging

techniques, than infants lower in internalizing (Rifkin-Graboi et al.,

2015). Results were localized to regions salient in emotional experi-

ence and response, namely the right insula, inferior frontal, middle

occipital, middle temporal, and parahippocampal gyrus. In this rela-

tively small sample (n = 25), significant relations did not remain so

after correcting for multiple comparisons. Importantly, this work did

not examine distinct emotional expressions, and to our knowledge, no

study has identified differential neural processes involved in the early

emergence of fear, sadness, and anger in infancy. Thus, here, we aim

to detect white matter microstructural differences that may presage

infants’ later variation in negative emotional expression.

1.3 Developmental changes in emotion and brain
development

Increasing researchhighlightsdifferencesbetween thedevelopmentof

specific negative emotions, including fear, sadness, and anger early in

life (Ekman & Cordaro, 2011; Izard, 2011; Levenson, 2011; Panksepp

& Watt, 2011). Although fewer studies include the examination of

developmental changes in infant sadness, consistent evidence indi-

cates that expressions of fear and anger increase throughout early

childhood (Denham et al., 1995). Infants exhibit normative develop-

mental changes in fear in infancy, with marked increases between 6

and 15 months of life (Braungart-Rieker et al., 2010; Brooker et al.,

2013; Goldsmith, 1993; Lewis, 2012; Scarr & Salapatek, 1970). Anger

also increases from infancy into toddlerhood with flattening trajecto-

ries in the school years (Brooker et al., 2014; Denham, 2006; Gagne &

Goldsmith, 2011; Liu et al., 2018; Liu et al., 2021; Saarni et al., 2006).

In one neuroimaging study, stronger neonatal amygdala-insular

functional connectivity predicted fear development from 6 to 24

months of age (Thomas et al., 2019), yet we do not know how structural

connectivity might relate to such emotional development. Impor-

tantly,whitemattermicrostructuredevelopsexponentially throughout

infancy and early childhood (Dean et al., 2017; Knickmeyer et al., 2008;

Lebel et al., 2008; Stiles & Jernigan, 2010). Core structures involved in

emotion, such as the amygdala and hippocampus, undergo rapid and

robust growth during the first years of life (Uematsu et al., 2012) and

continue to develop into later childhood and adolescence (Giedd &

Rapoport, 2010; Lenroot & Giedd, 2006). Early emergence and devel-

opment of these brain areas may be tied to the developmental shifts

observed in emotional expressions and behaviors as well.

1.4 Diffusion tensor imaging: a non-invasive
technique to assess neurobiology in infants

Neuroimaging techniques, such as magnetic resonance imaging (MRI),

are used to characterize the rapid macro- andmicrostructural changes

occurring during infancy. Diffusion MRI is a non-invasive quantita-

tive MRI technique used to characterize the brain’s white matter

microstructure (Alexander et al., 2007, 2011; Pierpaoli et al., 1996).

Information gleaned using diffusion MRI has enhanced our under-

standing of white matter development and microstructural changes

that occur throughout early development (Dubois et al., 2014). For

example, we know that compared to full-term infants, pre-term infants

have lower white matter microstructure throughout early childhood

(Eaton-Rosen et al., 2015; Kelly et al., 2016) and infants with early

trauma or disease also show altered white matter development (Kline-

Fath et al., 2018; Taylor et al., 2015; Tortora et al., 2018). However, few

studies have examined individual differences in white matter in typi-

cally developing neonates (Dean et al., 2017; Dowe et al., 2020; Kim

et al., 2016; Lee et al., 2015), and none examinewhitematter in relation

to developmental patterns of emotion.

Until recently, technical and logistical limitations that have made

using MRI in neonates difficult (Dean et al., 2014). Advancements

in MRI protocols and strategies for imaging infants and young chil-

dren (Howell et al., 2019; Raschle et al., 2012; Torres et al., 2020) as

well as increasing interest in early brain development have allowed

researchers to use MRI to understand more about interrelations

among early brain and behavioral development (Dean et al., 2017;

Dowe et al., 2020; O’muircheartaigh et al., 2014). Here, we examine

whether white matter microstructure at one month of age foreshad-

ows the expression of negative emotions in infancy.

2 CURRENT STUDY

We examine mother reports of infant fear, sadness, and anger from

6 to 18 months of age in relation to early (1-month) brain architec-

ture. Our goal is to identify whether whitemattermicrostructure early

in life foreshadows the emergence of discrete negative emotionality

in infants. If we accept that discrete emotional expressions are early

emerging, then we might expect to see variation in the neural archi-

tecture underlying developing emotional expressions in early infancy

as well. In general, we expect that infants will increase in fear and

anger across infancy, with no a priori expectation relating to infant sad-

ness; littleworkhas examineddevelopmental shifts in sadness. Further,

we propose that expressions of fear, sadness, and anger will exhibit

potentially divergent early neural architecture in the brain. We expect

to find associations between emotion and white matter microstruc-

ture in brain regions connecting limbic and prefrontal brain regions,

specifically the uncinate fasciculus, temporoparietal regions, inferior

fronto-occipital fasciculus, and corpus callosum to be related to infant

emotional expression. As previously noted, these regions are all impli-

cated in expressions of fear, with the uncinate fasciculus additionally

being associatedwith anger.Wedonot have regional hypotheses relat-

ing to sadness, as no previous work has identified neurobiological

pathways of infant sadness. All but one previous study has examined

function and not structural connectivity, and the singular study found

lower white matter microstructure associated with higher fear. Thus,

our hypotheses all follow this direction aswell with lowerwhitematter
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predicting higher and increasing fear expressions. Findings from this

work will add to a growing literature on the neurobiology of emotional

development in childhood.

3 METHOD

3.1 Participants

Data were collected as part of a longitudinal study investigating how

early life experiences affect children’s brain and behavioral develop-

ment. Mothers (N = 149) were recruited during the second trimester

of pregnancy (<28 weeks’ gestation) using the following inclusion and

exclusion criteria: between 18 and 40 years of age, expecting singleton

births, no diagnosis of major psychiatric illnesses (i.e., schizophre-

nia, bipolar disorder, borderline personality disorder), no pre-existing

neurological conditions or major head trauma, no major autoimmune

disease or infections during pregnancy. Families were also excluded if

there was significant birth trauma or the infant was diagnosed with a

neurological disorder at birth. Criteria were identified through mater-

nal questionnaire and hospital birth record data for each infant. In

total, 149 typically developing infants (76 female)were enrolled. Forty-

eight infants had incomplete or poor diffusion imaging data quality

(described below). Thus, the final sample consisted of 103 infants (52

female) that had complete imaging and at least two instances of behav-

ioral data. Of note, there were no differences between infants who

were and were not included in analyses based on demographic vari-

ables (child sex, age at scan, gestational period, mother age, or mother

education) or variables of interest (fear, sadness, and anger across

time). Additional demographic information of the full sample is pro-

vided in Table 1. The local Institutional Review Board approved all

studyprocedures andparental consentwasobtainedat each timepoint

from each participating family.

3.2 Procedures

At approximately 1 month (±2 weeks) of age, infants underwent

magnetic resonance imaging (MRI) during natural, non-sedated sleep.

At infant age 6, 12, and 18 months, mothers completed a series of

demographic questionnaires as well as a measure of infant emotional

disposition online.

3.2.1 MRI data acquisition and preprocessing

MRI was performed using a 3 Tesla General Electric MR750 Discovery

scanner using a 32 channel receive-only head RF array coil (NovaMed-

ical,Wakefield,MA). Infants were scanned during natural, non-sedated

sleep (Dean et al., 2014, 2017, 2018), with sessions scheduled around

the infant’s daily nap schedule. Mothers fed and swaddled their infant

and rocked the infant to sleep before moving into the darkened MRI

scanner suite. Several procedures were performed to enhance neu-

roimaging data collection from the sleeping infant; first, we optimized

imaging protocols to limit peak gradient slew-rates, slowing down the

scan and reducing the scanner noise, creating a more soothing envi-

ronment inwhich the infant could sleep. In addition, scanner acoustical

noise was reduced by inserting a noise-attenuating foam insert inside

the bore of the MRI scanner and the infant wore ear plugs and Min-

iMuff® (Natus Medical Incorporated) ear covers. Finally, we used a

MedVac vacuum immobilization unit (CFI Medical Solutions, USA) and

foamaround the infant’s head topreventmovement. Infantsweremon-

itored throughout the scan by a trained research staff member, and

mothers remained in the scanner room throughout the scan if they

chose to do so.

Diffusion weighted (DW) MRI were acquired with a single shot

spin-echo echo-planar imaging pulse sequence and parallel imaging

(factor 2) to reduce acquisition time and distortions from magnetic

field inhomogeneities. A total of 69 volumes were acquired, sampling

diffusion encoding directions with b-values of 350 s/mm2 [nine direc-

tions], 800 s/mm2 [18 directions], and 1500 s/mm2 [36 directions];

the remaining six volumes were acquired with no diffusion weighting

(i.e., b-value = 0 s/mm2). Additional imaging parameters consisted of

repetition time [TR] = 8400 ms, echo time [TE] = 94 ms, and band-

width = 3906 Hz/pixel. Imaging field of view [FOV] was 25.6 cm ×

25.6 cm with an acquisition matrix of 128 × 128, providing a 2 mm

× 2 mm in-plane resolution. Coverage across the whole brain was

achievedbyacquiring60 sagittal-oriented contiguous sliceswith a slice

thickness of 2.0mm. Total acquisition timewas approximately 10min.

DW-MRI data underwent standard pre-processing procedures

using in-house processing pipelines (Dean et al., 2017). Briefly, images

were visually examined for motion artifacts to correct for eddy

current-induced distortions and subject movement (Jenkinson et al.,

2002), diffusion encoding directions were rotated as necessary (Lee-

mans & Jones, 2009), and non-brain signal removed. Ameasure of total

head motion was calculated from the average displacement of each

DW image relative to the first image slice and used as a covariate in

subsequent analyses (Yendiki et al., 2014).

3.3 Measures

3.3.1 Infant fear, sadness, and anger

Mothers completed the 191-item Infant Behavior Questionnaire-

Revised (IBQ-R; Gartstein & Rothbart, 2003) at 6, 12, and 18 months

of age. The IBQ-R asks mothers to respond to questions about

their infant’s behavior on a 1 (never) to 7 (always) point Likert

scale. The measure consists of 14 scales, though here we only use

the Fear/Distress to Novelty (16 items), Sadness (14 items), and

Anger/Distress to Limitations (16 items) scales. IBQ-R questions were

designed to assess an infant’s style of responding in specific situa-

tional contexts. For example, in the Fear scale, mothers report on the

frequency with which the infant cries or shows distress when in the

presence of a stranger or unfamiliar adult, or when a loud noise occurs.

In the Sadness scale, mothers report on the extent to which infants

display sadnesswhen the caregiver leaves for a longperiodof time, how
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TABLE 1 Participant demographic characteristics

Sample characteristics (N= 103) Mean Std. Dev.

Mother Age at Infant Birth (years) 32.84 3.94

Mother Education at Infant Birth (years) 16.81 4.62

Infant Age at 1-month Scan (days) 33.03 5.99

Gestation (weeks) 39.52 1.38

Birth weight (lbs) 7.64 1.15

Birth Length (in) 20.20 1.18

Head Circumference (in) 13.67 0.58

APGAR Score (1Min/5Min) 7.87/8.80 1.84/.70

Infant Sex n= 52 female

Family Income at Infant Birth Median= $80,001–$100,000

Mothers’ Marital Status at Infant Birth n= 90married to father; n= 3 single; n= 1 divorced; n= 1 separated; n= 5

missing

Infant Racial Background

African American/Black 2

Asian 6

Caucasian/White 89 (12Hispanic)

Native Hawaiian or Other Pacific Islander 2

Mixed Race 1

often the infant became sad when the mother was busy, and how tear-

ful the infant getswhen tired or at bedtime. In theAnger scale,mothers

report on how often the infant had tantrums or got upset when s/he

wanted something and how often the infant fusses or cries when being

put to bed,when left in their crib, andwhenbeing bathed. Reliability for

each scale across time points was strong (Table 2). Maternal report on

the IBQ-R is widely used to assess infant emotions in infancy and has

strong internal consistency in our work and others’ (Braungart-Rieker

et al., 2010; Planalp & Braungart-Rieker, 2013).

3.3.2 Imaging parameters

Microstructural characteristics of white matter were probed using

metrics derived from the measurement of water diffusion in the brain

using diffusion tensor imaging (DTI) and neurite orientation disper-

sion and diffusion imaging (NODDI; Zhang et al., 2012). NODDI is a

biophysical model proposed to model three types of water diffusion

(e.g. restricted vs. free diffusion) within brain tissue, estimates the

microstructural complexity with more specificity than DTI (Dean et al.,

2016; Zhang et al., 2012) and provides metrics sensitive to underlying

neurite density (ND) and orientation dispersion index (ODI).

DTI

Diffusion tensors were estimated at each voxel using the robust esti-

mation of tensors by an outlier rejection (RESTORE; Chang et al., 2005)

algorithm as part of the Diffusion Imaging in Python open source soft-

ware package (DIPY; (Garyfallidis et al., 2014). Quantitative maps of

FA, MD, AD, and RD (Basser & Pierpaoli, 2011) were derived. FA is

a normalized standard deviation of the diffusion tensor eigenvalues

that describes the degree of anisotropy of the diffusion tensor; FA is

a widely used index of white matter microstructure (Alexander et al.,

2007). MD corresponds to the average diffusion across all directions

and is sensitive to cellularity and the brain’s water content (Alexander

et al., 2007). AD is the rate of diffusion along the principal direction of

diffusionand is responsive toaxonal changeswhereasRDdescribes the

rate of diffusion perpendicular to the principal diffusion direction and

is sensitive to alterations in myelin structure (Winklewski et al., 2018).

FA andAD are inversely related toMDand RD, with higher levels of FA

and AD and lower MD and RD typically considered indicative of more

mature white matter microstructure (Alexander et al., 2007, 2011).

NODDI

DW-MRI data were also fit to the three-compartment NODDI tissue

model, andwe computedmeasures of ND andODI (Zhang et al., 2012),

which reflect the microstructural complexity of axons and dendrites

(‘neurites’) and provide additional information about the brain tissue

microstructure beyondDTI parameters.

Following calculation of DTI and NODDI parameter maps, we used

DTI-TK (Zhang et al., 2007) to construct a population specific template.

Individual FA maps for each infant were nonlinearly registered to the

template using diffeomorphic registration algorithms as part of the

Advanced Normalization Tools (ANTs) software (Avants et al., 2008,

2011) and resulting transformations were applied to the DTI (FA, MD,

AD, RD) and NODDI (ND, ODI) measures to bring these maps in align-

ment with the template. The study-specific FA template threshold was

set at FA > 0.15 (determined through visual inspection) to create an

overall white matter mask.
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3.4 Analytic plan

First, we examined descriptive statistics for fear, sadness, and anger

across time and infant sex. Substantive research questions pertain

to neural precursors of emotional development across infancy. Thus,

rather than examine each score separately or a composite across time

that would preclude examining developmental change in emotion, we

used estimated Fear, Sadness, and Anger intercept and slope parame-

ters for further analyses. All infants contributed data for at least two

time points. We constructed a series of multilevel models using proc

mixed in SAS 9.4, which imposed a random intercept and slope, pro-

viding individual linear regression lines for fear, sadness, and anger

for each infant as well as estimates of overall variation. Each emotion

at each time point was grand mean centered so that developmental

change was represented as deviations from the mean. The intercept

represents the infants’ estimated (hypothetical) level of emotional

expression at the initial measurement of 6 months, and the slope rep-

resents the average rate of change across the three measured time

points.

To examine whether early white matter microstructure foreshad-

ows emerging negativity in infants, we examined voxel-wise associa-

tions of 1-month DTI and NODDI parameters with the 6-month levels

and developmental changes in fear, sadness, and anger using a joint

inference model with Permutation Analysis of Linear Models (PALM)

(Winkler et al., 2014). Separate voxel-wise models were performed for

each 6-month level and developmental change score, while controlling

for 6-month levels and developmental changes of the other two emo-

tions. Each model incorporated all six DTI and NODDI parameters (FA,

MD,AD, RD,ND,ODI) into non-parametric combination analysis (NPC;

Winkler, Webster et al., 2016), creating an overall voxel-wise statistic

of the association between white matter microstructure and emotion,

while additionally allowing examination of the separate contribution

of each individual parameter (Bergsland et al., 2018). Voxel-wise NPC

analyses were restricted to the previously described white matter

mask and performed with 500 permutations using tail acceleration

(Winkler, Ridgway et al., 2016). For all analyses, infant chronological

age (corrected to a 40-week gestation), sex, and head motion were

included as covariates. Significance was defined as p < 0.05, corrected

for multiple comparisons by controlling family-wise error (FWE) rate

after Threshold-FreeCluster Enhancement (Smith&Nichols, 2009).Of

note, all analyses were run with maternal education as a proxy for SES

and included sex as an interaction term predicting emotion, but results

did not differ by SES or sex of the child and therefore these covariates

were removed.

4 RESULTS

4.1 Descriptive statistics and individual variation

Means, standard deviations, and zero-order correlations for infant

negative emotion at each age are presented in Table 2, along with

scale internal consistency reliability estimates. Within emotions, mea-

sureswere intercorrelated across ages,with stronger intercorrelations

across adjacent ages and higher correlations from 12 to 18 months

than from 6 to 12months. Correlations of fear with anger and sadness

werepositivebutweakandoften insignificant. Anger and sadnesswere

more strongly intercorrelated. No significant sex differences emerged

for any of the negative emotion scales at any age.

Estimated individual infant fear, sadness, and anger trajectories are

depicted in Figure 1, panels 1–3, with means highlighted in each indi-

vidual panel. Figure 1, panel 4 shows infant emotion mean slopes on

the same scaling compared with one another. Intercept and slope esti-

mates indicate that infant fear and anger changed over time, whereas

sadness remained relatively stable. These differences encourage the

following analyses of earlier brain white matter microstructure.

4.2 Infant 1-month white matter microstructure
foreshadows negative emotion

Six-month levels of sadness and anger were not significantly associ-

ated with 1-month white matter microstructure. There were signifi-

cant regions of interest predicting 6-month level and developmental

increases in infant fear, indicated by significant associations with

lower 1-month white matter microstructure of the left inferior stria

terminalis (p < 0.05, FWE corrected; Figure 2). Specifically, examin-

ing the contribution of the individual DTI and NODDI parameters

derived from the omnibus NPC indicated that this association was

largely driven by 1-month fractional anisotropy (FA, p < 0.05, FWE

corrected). This region was significantly negatively associated with 6-

month fear levels (range of t-statistics from cluster: 4.30–4.56) and

developmental changes in infant fear (range of t-statistics from clus-

ter: 4.37–4.65), such that lower FA in the left stria terminalis at

1-month is associatedwith higher levels and steeper increases in infant

fear across the first 18 months of life. Additional associations were

observed between infant fear measures (6-month level and develop-

mental change) andwhitematter regions including the inferior portion

of the stria terminalis and regions of the inferior longitudinal fascicu-

lus (ILF), inferior frontal occipital fasciculus (IFOF), uncinate fasciculus

(UF), and posterior thalamic radiations. However, these associations

failed to maintain significance after multiple comparison correction

(Supplementary Figure 1).

5 DISCUSSION

The only neurobehavioral associations elucidated here involved infant

fear. Because fear is an adaptive emotional response in the face of nov-

elty and uncertainty, it is also ubiquitous in infancy when encounters

with novel stimuli and uncertain contexts are common. Results offer

evidence that various white matter tracts involved in emotion show

early differentiation, specifically in terms of fear.

The most pervasive finding here was that infants who showed both

higher initial levels of fear and an increase in fear at a steeper rate

had lower white matter microstructure, indexed by lower fractional
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F IGURE 1 Infant Emotion Trajectories: data are grandmean centered to show deviations from the average in each behavior and all behaviors
are on the same scaling. Note: The axis labels for the individual trajectories and themeans plots differ

F IGURE 2 Infant fear significantly associated with white matter microstructure in the stria terminalis (p< 0.05, corrected)

anisotropy, in the stria terminalis. The stria terminalis is a white mat-

ter track that starts at the bed nucleus and loops around toward the

amygdala (Theiss et al., 2017). The stria terminalis follows an early

developmental pattern that starts early prenatally and during early

brain development, potentially earlier than other white matter tracts

(i.e., the uncinate fasciculus). However, it shows a protracted devel-

opmental trajectory, peaking later than other regions (Dubois et al.,

2014). The stria terminalis is implicated in hypervigilant threat moni-

toring, including sustained, ambiguous, or distant threat cues (Lebow

&Chen, 2016; Somerville et al., 2010). In addition, recent research has

suggested that increased resting state connectivity between the bed

nucleus of the stria terminalis and the central nucleus of the amyg-

dala is associated with increased physiological reactivity to negative

stimuli (Pedersen et al., 2020). Due to its relevance in threat process-

ing, the stria terminalis plays an important role in fearful behaviors

and related anxiety disorders (Lebow & Chen, 2016). Extant research

in both adult and children have focused on the implications associ-

ated with early fear, our work included. Indeed, early fear is a salient

risk factor of generalized and social anxiety during childhood and ado-

lescence (Buss, 2011; Copeland et al., 2014; Van Hulle et al., 2017).

Yet developmental increases in infant fear, here associated with lower

white matter microstructure in the stria terminalis, are also indicative

of typical development, during which infants’ learn to navigate their

environment in conjunction with their ability to more independently

explore their surroundings (Leppänen & Nelson, 2012). Thus, multi-

ple potential interpretations are possible: first, lower white matter

microstructure in the stria terminalis may allow us to identify infants

predisposed to fearful responses as early as 1 month of age. Or alter-

natively, infants with lower white matter microstructure in this region

may only be beginning to explore their environments successfully, indi-

cated by higher fear (i.e., distress to novelty) and lower microstructure

if this white matter pathways has not yet developed with repeated

exposures to their environment. How this observation of lower white

matter microstructure in the stria terminalis is related to measures
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of resting state functional connectivity requires additional research.

In addition, longitudinal work may be better able to build upon such

findings.

5.1 Temporoparietal regions of emotional
significance

Because of the limited research on the neurobiology of infant emotion

and the fact that our sample is relatively small and homogenous with

many exclusionary factors, it is possible that regions in addition to the

stria terminalis may be of import in the development of infant emo-

tional expression. Here, we briefly note several potential regions that

future research may include to better understand the neurobiology of

neonatal emotion. Lesion studies suggest that the inferior longitudinal

fasciculus (ILF) is important for the integration of visual and emotional

information (Fischeret al., 2016), and the inferior frontal occipital fasci-

culus (IFOF) is believed to play a role in attention and visual processing

(Doricchi et al., 2008). In infancy, fear is often thought of as distress

or unease when confronted with something novel or unusual. People,

and in this case infants as young as 1-month of age, with lower white

matter integrity or less developed white matter in the ILF and IFOF

may have difficult with contextualizing emotional input (Fischer et al.,

2016). Much of the previous work linking white matter microstructure

to fear, anger, or mental health problems highlights the uncinate fasci-

culus’ (UF) import to emotional expression and regulation (Bhatia et al.,

2018; Kim et al., 2019; Koch et al., 2017; Phan et al., 2009). The UF fol-

lows a fairly protracted developmental course that lasts into adulthood

(Olson et al., 2015). Thus, perhaps stronger, robust individual differ-

ences in UF white matter microstructure and emotional expression

occur later than could be assessed here. In sum, multiple temporopari-

etal regions could impact infant fear expressions and though we only

found relations thatwithstoodmultiple comparisons corrections in the

stria terminalis, future work should build and expand upon this work

to regions implicated in behaviors such as attentional control, memory,

threat monitoring, and later anxiety disorders.

5.2 Clinical implications of negative emotions

Repeated instances of extreme fear or anger, associated with

decreased regulatory abilities, may foretell later internalizing and

externalizing disorders, respectively (Kerr & Schneider, 2008; Van

Hulle et al., 2017). Consequently, the literature has systemically

focused on negativity throughout the lifespan (De Pauw & Mervielde,

2010; Nigg, 2006). We acknowledge that we, too, focused solely

on negative emotions and neglect positive emotions and regulatory

behaviors, other broad components often conceptualized alongside

negativity in the infant emotion literature (Derryberry & Rothbart,

1997; Goldsmith et al., 1987). Indeed, frequent expression of negative

affect may inhibit normal exploratory behaviors, hindering an infant’s

normative development of emotion regulation strategies (Coffey,

2019; Thomas et al., 2017). Future work should incorporate early

developing positive emotions and regulatory behaviors more broadly

to better understand the early microstructure underlying emotional

development and disorder. Nonetheless, a better understanding of the

neural biomarkers underlying discrete negative emotions will allow for

the improved identification of individuals at risk for negative emotional

behaviors, dysregulation, and later psychopathology, thereby aiding in

the development of targeted interventions early in life.

5.3 Empirical evidence to support theories of
emotion

We use temporal precedence to infer that early neural architecture

predisposes infants to exhibit or express negative emotions, in essence

suggesting a biological basis for emerging emotional expression. How-

ever, it is also possible that experiencing the emotion itself refines the

brain regions of interest. In other words, infants who experience fear

earlier than the 1-month time point examined here may have had fear-

ful experiences that already altered their neural architecture. Analyses

used the whole brain and did not pre-select specific tracts, allowing us

to explore where white matter may be related to emotion in the whole

brain agnostically, though we did have hypotheses relating to specific

regions.

We offer initial evidence that fear is biologically motivated, but we

did not find the same patterns for sadness or anger. The white matter

is still rapidly developing and sensitive to the child’s experiences during

this time – so perhaps, as children develop these other emotions more

– we would expect to observe stronger associations with sadness and

anger in white matter. Constructivist theories of emotion propose that

emotions result from multiple underlying psychological experiences

which can include social and cultural events (Feldman Barrett, 2011).

Expressions of sadness and anger convey the infant’s needs anddesires

to a caregiver, with both being typical responses to goal blockage that

serve as tools for effective communicationwith caregivers (Lewis et al.,

2006).

Meta-analyses on the functional neuroanatomy of emotion suggest

that prominent areas of emotional activation during anger are rooted

in the prefrontal cortex (Murphy et al., 2003; Phan et al., 2009), which

is only beginning to develop in infancy. In addition, because sadness

may develop as a tool to communicate needs to caregivers (Buss &Kiel,

2004), individual differences in sadness, along with associated neural

correlates, likely develop later in infancy and were not observed here.

Thus, alternative causal interpretations are plausible.

6 LIMITATIONS AND CONCLUSIONS

Neurodevelopmental trajectories of infant emotion may be altered

in high-risk or stressful family environments, which were not con-

sidered here. Previous work from our lab and others indicates that

developmental trajectories of fear and anger expression increase in

the presence of higher levels of parent and family stressors and lower

parenting quality (Braungart-Rieker et al., 2010; Brooker et al., 2013).
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Our sample was not high risk, perhaps not experiencing extreme lev-

els of stress and parenting; thus, we probably did not capture the

most extreme forms of negativity in infancy. Further, this work uses

mother reports of infants’ emotional expressions but does not include

direct observations of infants’ responses to specific stimuli. Mother

reports may be influenced by her own characteristics (Gagne et al.,

2015; Stifter et al., 2008), whichwould presumably attenuate emotion-

DTI associations. Nevertheless, the early architecture of emotional

neurobiology likely exists in the absence of emotion eliciting stimuli

(Davidson & Irwin, 1999) and should be important for the emergence

of later emotional expression. In addition, we found that FA was sensi-

tive to variation in fear expression as hypothesized, but other DTI and

NODDI metrics were not. Non-significant associations (particularly

with ND and RD) suggest that perhaps it is not the neurite microstruc-

ture that is associated with emotional expression, but rather maybe

alternative neurobiological change that is not captured using standard

DTI metrics. Studies using more myelin specific techniques (e.g. relax-

ometry, myelin water fraction imaging, magnetization transfer) may be

better able to explore this in the future. Nonetheless, the field of infant

behavioral neuroscience is relatively new; thus, our findings linking

1-month FA to 6-, 12-, and 18-month behavioral outcomes, particu-

larly those that were marginal, provides a basis of knowledge that

requires replication beforewe have a thorough understanding of these

brain-behavior relations.Our findingsmayproveuseful for futurework

that can address such questions in samples with greater statistical

power, or test generalization with different measurement modalities

and different infant ages.

In infancy, negative emotion is not necessarily maladaptive, but can

motivate needed caregiver responses. Infant emotional expression is

an effective way to communicate with a caregiver whenmore sophisti-

cated means of communication (e.g., verbalizing) are not yet available.

For example, an infant who fusses or cries when she does not have

access to a favored toy is essentially asking the caregiver to bring the

toy to her. Therefore, we do not assume that alterations in white mat-

ter microstructure relating to infant emotion indicate development of

later mental health or behavior problems. In addition, it remains to

be seen whether alterations in function may be due to the underlying

microstructure or a bidirectional feedback loop amongst microstruc-

ture and function, which we were not able to examine. Yet, we offer

novel evidence that neural substrates of fear exist early in life, and

are potentially indicative of the earliest developmental trajectories of

emotion.
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