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Abstract

Infancy is marked by rapid neural and emotional development. The relation between brain 

function and emotion in infancy, however, is not well understood. Methods for measuring brain 

function predominantly rely on the BOLD signal; however, interpretation of the BOLD signal in 

infancy is challenging because the neuronal-hemodynamic relation is immature. Regional cerebral 

blood flow (rCBF) provides a context for the infant BOLD signal and can yield insight into the 

developmental maturity of brain regions that may support affective behaviors. This study aims to 

elucidate the relations among rCBF, age, and emotion in infancy. One hundred and seven mothers 

reported their infants’ (infant age M ± SD = 6.14 ± 0.51 months) temperament. A subsample 

of infants completed MRI scans, 38 of whom produced usable perfusion MRI during natural 

sleep to quantify rCBF. Mother-infant dyads completed the repeated Still-Face Paradigm, from 

which infant affect reactivity and recovery to stress were quantified. We tested associations of 

infant age at scan, temperament factor scores, and observed affect reactivity and recovery with 

voxel-wise rCBF. Infant age was positively associated with CBF in nearly all voxels, with peaks 

located in sensory cortices and the ventral prefrontal cortex, supporting the formulation that rCBF 

is an indicator of tissue maturity. Temperamental Negative Affect and recovery of positive affect 

following a stressor were positively associated with rCBF in several cortical and subcortical limbic 

regions, including the orbitofrontal cortex and inferior frontal gyrus. This finding yields insight 

into the nature of affective neurodevelopment during infancy. Specifically, infants with relatively 

increased prefrontal cortex maturity may evidence a disposition toward greater negative affect and 

negative reactivity in their daily lives yet show better recovery of positive affect following a social 

stressor.
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1 | INTRODUCTION

Infancy is marked by rapid neurodevelopment as well as by changes in affect reactivity, 
or emotional responses to stimuli, and affect regulation, or the modulation of these 

responses. Although affect arises from the dynamic coordination of brain function with 

the environment, the neural basis of infant affect has yet to be fully characterized. 

Individual differences in the dispositional tendency toward emotionality (i.e., temperamental 

emotionality) are apparent from birth (Gartstein & Rothbart, 2003; Putnam, Helbig, 

Gartstein, Rothbart, & Leerkes, 2014; Worobey & Blajda, 1989). The systems that regulate 

emotional functioning emerge later in infancy, however (Shiner et al., 2012). By age 6 

months, infants can discriminate among distinct emotions (i.e., they respond differently to 

different facial expressions or vocal intonations) (Caron, Caron, & MacLean, 1988; Fernald, 

1993) and engage in affect regulation including emotion regulation strategies such as 

gaze aversion (Mangelsdorf, Shapiro, & Marzolf, 1995). Measures of infant temperamental 

emotionality become more stable with increasing infant age (Shiner et al., 2012), suggesting 

the development of a stable profile of affect reactivity and regulation that is bi-directionally 

associated with ongoing brain maturation. Importantly, individual differences in affect 

reactivity and regulation during infancy predict later social and academic competence 

(Belsky, Friedman, & Hsieh, 2001) and symptoms of psychopathology (Crockenberg, 

Leerkes, & Barrig Jo, 2008; Miller, Degnan, Hane, Fox, & Chronis-Tuscano, 2018). 

Therefore, elucidating the associations between infant affect reactivity and regulation and 

infant brain function may reveal early biobehavioral signatures of risk for, or resilience to, 

future difficulties.

During the first year of life, the cortical surface expands by an average of 76% (Li et al., 

2013), cerebral gray matter doubles in volume (Knickmeyer et al., 2008), and components 

of adult-like higher level networks present at birth begin to integrate across hemispheres 

and lobes (Doria et al., 2010; Fransson et al., 2007; Gao, Alcauter, Elton, et al., 2015; Gao 

et al., 2011). The parietal and prefrontal cortices develop rapidly during the first year of 

life, with acceleration of prefrontal cortex (PFC) development that continues through the 

toddler years (Gao, Alcauter, Elton, et al., 2015; Wen et al., 2019) in concert with the 

development of basic attention systems and improved integration of multimodal information 

(Morales, Fu, & Pérez-Edgar, 2016; Posner, Rothbart, Sheese, & Voelker, 2014). Studies 

using methods that provide recordings of cortical surface activation, such as functional 

near-infrared spectroscopy (fNIRS) and electroencephalogram (EEG), indicate a shifting 

role of the cortex in discriminating and responding to the emotional facial expressions of 

others between the ages of 4 and 7 months. Specifically, whereas in 4-month-olds there is 

no difference in cortical activation in response to happy, angry, or neutral facial expressions 

(Striano, Kopp, Grossmann, & Reid, 2006), by 7 months of age there is evidence that 

dorsolateral PFC activation supports attention to emotional faces (Grossmann, Missana, 

& Krol, 2018) and that temporal cortex spatial activation distinguishes happy from angry 

faces and voices (Grossmann, Striano, & Friederici, 2005; Nakato, Otsuka, Kanazawa, 

Yamaguchi, & Kakigi, 2011).

Although findings of studies using fNIRS and EEG suggest that there is an important 

neurodevelopmental shift in emotion processing between ages 4 and 7 months, these 
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methods are limited to recordings of the superficial cortex (fNIRS) or across the brain 

that is then projected onto the cortical surface (EEG). Indeed, fNIRS and EEG cannot 

reveal the functional interactions among subcortical and cortical limbic, sensory integration, 

and prefrontal regions that are likely to be critical for affect reactivity and regulation in 

infancy (Damasio et al., 2000; Lindquist, Wager, Kober, Bliss-Moreau, & Barrett, 2012; 

Pessoa, 2017). Given that attentional deployment (e.g., gaze orientation) is a dominant 

form of affect regulation during infancy (Thomas, Letourneau, Campbell, Tomfohr-Madsen, 

& Giesbrecht, 2017), researchers have hypothesized that the salience network attentional 

systems largely support affect regulation during this period (Rothbart & Posner, 2015; 

Rothbart, Sheese, Rueda, & Posner, 2011). Findings from studies using blood oxygenation 

level dependent (BOLD) functional magnetic resonance imaging (fMRI) to examine infant 

cortical and subcortical brain function suggest that although adult-like primary sensory 

networks are present as young as one month of age, the default mode and salience networks 

do not evidence adult-like integration across hemispheres and major lobes (i.e., prefrontal to 

parietal) until age 6 months (Gao, Alcauter, Elton, et al., 2015). Seed-based analyses probing 

limbic subcortical to prefrontal circuitry indicate that functional connectivity between the 

amygdala and the PFC increases dramatically during the first year of life (Salzwedel et 

al., 2018). While there is evidence that the PFC supports cognitive function in infants 

(Grossmann & Johnson, 2010; Linke et al., 2018; Striano et al., 2006), there is little research 

examining whether variation in the maturity of sensory, limbic, and prefrontal circuitry is 

associated with differences in affect reactivity and regulation in infancy. In the only study to 

our knowledge to examine infant affect in this context, Graham, Pfeifer, Fisher, Carpenter, 

and Fair (2015) found that greater functional connectivity between default mode network 

regions at age 6–12 months was associated with parent-reported negative emotionality 

assessed at the same timepoint.

In both the broader infant MRI literature and in investigations focused on infant neural 

circuitry involved in emotion, research has been hampered by two limitations of prevailing 

infant MRI methods. First, there is a “flip” in relative MRI-derived white and gray matter 

tissue contrast that occurs in humans at around 5–9 months (Paus et al., 2001; Wang 

et al., 2015) that is characterized by both a greater distinction in T1 and T2 white/gray 

matter contrast and a dramatic increase in white matter T1 and decrease in white matter 

T2. This sharp change in T1/T2 values likely results from the sharp increase in synaptic 

(Huttenlocher, 1990; Huttenlocher, de Courten, Garey, & Van der Loos, 1982) and capillary 

density in gray matter (Harb, Whiteus, Freitas, & Grutzendler, 2013; Norman & O’kusky, 

1986) as well as from increased myelination in white matter (Dean et al., 2016; Geng et al., 

2012) during this developmental period. Second, neuronal-hemodynamic coupling develops 

nonlinearly during infancy (Kozberg, Chen, DeLeo, Bouchard, & Hillman, 2013; Kozberg 

& Hillman, 2016). This second limitation is particularly important when considering fMRI 

measures of brain function that rely on the BOLD signal. BOLD fMRI quantifies brain 

activation using the paramagnetic signal from deoxygenated hemoglobin (Hb) in which 

a decrease in Hb corresponds to a positive BOLD response. The interpretation that the 

BOLD response indicates activation is based on studies that identify coupling between 

firing of a neuronal population and an initial increase in Hb followed by an increase in 

overall blood flow to the area, resulting in decreased concentration of deoxygenated Hb 
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relative to oxygenated Hb (Arthurs & Boniface, 2002; Hillman, 2014; Logothetis, Pauls, 

Augath, Trinath, & Oeltermann, 2001). It is unclear, however, at what age this stereotyped 

neuronal-hemodynamic response emerges in humans. Indeed, human infant task-based fMRI 

and fNIRS studies have identified a mixture of both positive and negative hemodynamic 

responses to environmental stimuli (Arichi et al., 2012, 2010; Born et al., 2000; Deen et al., 

2017; Issard & Gervain, 2018; Meek et al., 1998; Minagawa-Kawai et al., 2011; Yamada et 

al., 1997), suggesting that, unlike adults, brain activity in infants can be reflected as either 

increased or decreased BOLD. Recent work with rats indicates that neuronal-hemodynamic 

coupling is not well established until rats are past postnatal day 23 (Kozberg et al., 2013; 

Kozberg & Hillman, 2016), analogous to 5–12 months in humans (Sengupta, 2013). Thus, 

continued development of neuronal–hemodynamic coupling during infancy in combination 

with shifts in the tissue content – gray matter increasing in density and white matter 

increasing in fat content – that influence T2* signal contrast could explain the equivocal 

findings in the human infant literature.

To extend previous research and increase our understanding of the neural basis of infant 

affect, the current study aimed to identify regions of the healthy infant brain that are 

functionally related to affect reactivity and regulation at ages 5–8 months. To characterize 

infant affect, we assessed both temperamental emotionality (i.e., global) and situational 

(i.e., in response to laboratory stress) affect reactivity and regulation using parent-report 

and observational measures, respectively. Whereas parent-report measures may be biased 

by variations in both maternal characteristics and the caregiving environment, laboratory-

based observational measures may provide information about infants’ capacity to engage 

in certain behaviors rather than about their tendency to engage in these behaviors in daily 

life. Therefore, we think that examining both temperamental emotionality and situational 

affect reactivity and regulation in association with neural data provides complementary 

insight into infant affective neurodevelopment. To characterize infant brain function, we 

assessed regional cerebral blood flow (rCBF) using pseudocontinuous arterial spin labeling 

(ASL). We used rCBF because it is independent of the BOLD signal, can be measured non-

invasively, and is less susceptible than is BOLD fMRI to age-related changes in underlying 

T2 signal. ASL labels blood as it passes through the neck and images the signal from 

the labels after perfusion. Given that capillary perfusion in the brain is still developing in 

infancy (Harb et al., 2013; Norman & O’kusky, 1986), greater rCBF during this period may 

indicate greater tissue maturity. Therefore, indexing regional tissue maturity in relation to 

affective behavior may provide insight into the development of circuits that support affective 

function in early life. In this study, we tested the hypothesis that infant age is positively 

associated with rCBF across the brain. We then explored the associations between rCBF and 

temperamental and situational measures of infant affect reactivity and regulation. Because 

the brain does not develop at a uniform rate for all individuals, individual differences in 

infant rCBF above and beyond differences explained by chronological age may indicate 

relative tissue maturity.
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2 | METHODS

2.1 | Participants

One hundred and nine mother-infant dyads were recruited from Bay Area communities 

to take part in a study of caregiving and infant neural and behavioral development (see 

Humphreys, King, Choi, & Gotlib, 2018; King, Humphreys, & Gotlib, 2019). The current 

analyses include the 107 mothers (19.51–45.64 years old) and their infants (M ± SD 
age = 6.14 ± 0.51 months) who completed a parent-report assessment of their infants’ 

temperament. We present detailed characteristics of the sample in Table 1. All 107 infants 

were included in a factor analysis to derive dimensions of infant temperamental emotionality 

(see Section 5); of these infants, 97 completed the repeated Still-Face Paradigm (see Section 

6) and 38 (M ± SD age = 6.62 ± 0.61 months) provided usable MRI data for neuroimaging 

analyses. Compared to infants who did not provide usable MRI data, infants who provided 

usable data did not differ in age, race, ethnicity, sex, or breastfeeding status or in maternal 

race, ethnicity, education level, or annual household income (ps > 0.05).

2.2 | Study procedure

This study was approved by the Institutional Review Board at Stanford University and 

written consent was obtained from mothers. To participate, interested mothers were first 

interviewed over the phone to assess study eligibility. Inclusion criteria were having an 

infant between the ages of 5 and 8 months, being fluent in English, having no immediate 

plans to move away from the geographic area. Exclusion criteria included maternal bipolar 

disorder, maternal psychosis, maternal severe learning disabilities, severe complications 

during birth, infant head trauma, infant premature birth (prior to 36 weeks gestation), and 

infant MRI contraindication (such as an implant). Eligible dyads first completed a laboratory 

session in which mothers responded to questionnaires and dyads completed the repeated 

Still-Face Paradigm (described below). Following the laboratory session, dyads were invited 

to participate in an infant MRI scan. Of the 107 dyads, 80 agreed to participate in an MRI 

brain scan session, of whom 38 provided complete and usable data for the analysis of rCBF. 

The MRI scans were completed an average of 2.94 (SD = 1.97) weeks after the laboratory 

session.

2.3 | Infant temperamental affect

Mothers completed the short form of the Infant Behavioral Questionnaire-Revised (IBQ-

R-SF) (Putnam et al., 2014), a reliable and valid measure of infant temperament. The 

IBQ-R-SF is composed of 13 subscales that assess infants’ tendencies toward reactivity, 

emotionality, and regulation. The original IBQ-R found that these 13 subscales clustered 

into three factors including surgency (made up of the Approach, Vocal Reactivity, High 

Intensity Pleasure, Smiling and Laughter, Activity, and Perceptual Sensitivity Subscales), 

Negative Affect (the Sadness, Distress to Limitations, Fear, and negatively loaded Falling 

Reactivity and High Intensity Pleasure subscales), and self-regulation (Low Intensity 

Pleasure, Cuddliness, Soothability, Duration of Orienting, Smiling and Laughter, and 

negatively loaded Distress to Limitations subscales) (Gartstein & Rothbart, 2003; Putnam et 

al., 2014).
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To characterize dimensions of temperamental emotionality specific to the current sample, we 

conducted an exploratory factor analysis (EFA) using the psych library (Revelle, 2018) in R 

v3.3 and varimax rotation. We chose to conduct a sample-specific EFA given evidence that 

the factor structure of the IBQ-R differs in demographically diverse samples (the original 

IBQ-R was largely developed in relatively homogenous samples; Bosquet Enlow, White, 

Hails, Cabrera, & Wright, 2016). For comparison and potential meta-analytic purposes, 

however, we include in Appendix I an analysis using the original factor scores (Table A1). 

To determine the appropriate number of factors to model, we conducted a parallel analysis 

of simulated data (Ruscio & Roche, 2012) and inspected the resulting scree plot. We used 

the number of factors at the elbow of the curve in a subsequent EFA model. We determined 

model fit according to recommended guidelines in the field (Schreiber, Nora, Stage, Barlow, 

& King, 2006) with a Tucker-Lewis index (TLI) greater than or equal to 0.95, root mean 

square error of approximation (RMSEA) less than or equal to 0.08, and a standardized 

root mean square residual (SRMSR) less than or equal to 0.08 indicating an excellent 

fit. For each infant, we computed factor scores for each of the identified factors, that we 

used as the measures of temperamental affect in subsequent analyses. Based on published 

guidelines from EFA simulations (de Winter et al., 2009), we were well-powered to detect 

loadings that are at least 0.5 with our sample of 107 infants and three factors (note that the 

characteristics of this analysis fell between the 0.4 and 0.6 loading sizes provided in the 

published guidelines).

2.4 | Infant situational affect

During the laboratory session, infants and their mothers completed the repeated Still-Face 

Paradigm (SFP-R) (Haley & Stansbury, 2003; Tronick, Als, Adamson, Wise, & Brazelton, 

1978). The SFP-R consists of five two-minute face-to-face interaction episodes between 

mother and child: (a) a baseline normal play episode; (b) the still-face episode in which 

mothers become unresponsive and maintain a neutral expression without touching their 

infant; (c) a reunion episode in which mothers resume normal interaction; (d) a second 

still-face episode; and (e) a final reunion episode. The repeated and non-repeated versions 

of the SFP-R consistently produce a pattern of increased negative affect during the still-

face episodes relative to the play and reunion episodes, which is interpreted as Negative 

Affect Reactivity to the “stressor” of maternal disengagement, as well as decreased positive 

affect during the reunion episodes relative to the play episode, which is interpreted as an 

individual difference variable reflecting the degree of recovery of positive affect following 

the stressor (hereafter termed “Positive Affect Recovery;” Mesman, van IJzendoorn, & 

Bakermans-Kranenburg, 2009).

In the current study, separate cameras recorded mother and infant for the SFP-R. Recordings 

were then time-locked in Datavyu (Datavyu Team, 2014) and coded for infant affect on a 

second-by-second basis from infant facial expressions, vocalizations, and body movement 

(Bosquet Enlow et al., 2012) by one of two trained raters (ICC = 0.91; see Appendix II 

for further details) masked to mother-reported temperament and the neuroimaging analysis. 

We followed previously published methods (Bosquet Enlow et al., 2012) to quantify infant 

negative and positive affect during each episode of the SFP-R. Specifically, to quantify 

negative affect we first computed the proportion of time the infant was fussing, crying, 
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and hard crying (i.e., number of seconds in each state/duration of the episode) and then 

calculated a weighted sum of negative affect as follows:

Negative affect = p(fussing) + 2 ∗ P(crying) + 3 ∗ P(hard crying)

Similarly, to quantify positive affect, we computed the proportion of time that the infant 

exhibited positive and very positive affect and calculated a sum where the proportion of very 

positive affect was weighted by a factor of 2.

Positive affect=P(Positive affect) + 2 ∗ P(very positive affect)

In order to capture affect dynamics across the SFP-R, we calculated indices of 

Negative Affect Reactivity and Positive Affect Recovery. Negative Affect Reactivity was 

operationalized as infant negative affect during each still face (SF) episode subtracted from 

the preceding non-SF (i.e., play [P]; reunion 1 [R1]; reunion 2 [R2]) episode and averaged:

Reactivity = (SF1 neg. affect‐P neg. affect+SF2 neg. affect‐R1 neg. affect)
2

Higher scores of Negative Affect Reactivity indicate greater increases in negative affect from 

non-still-face to still-face episodes. Positive Affect Recovery was operationalized as infant 

positive affect during each reunion (i.e., “recovery”) episode subtracted from positive affect 

during the preceding still-face episode and averaged:

Recovery=(R1 pos. affect‐SF1 pos. affect+R2 pos. affect‐SF1 pos. affect)
2

Higher scores of Positive Affect Recovery indicate relatively larger levels of positive affect 

in the reunion relative to SF episodes. We focused on recovery of positive affect primarily 

for methodological reasons. Positive Affect Recovery and Negative Affect Reactivity 

captured distinct variation in infant affect regulation and reactivity (r = .18). In contrast, 

Negative Affect Recovery was strongly correlated with Negative Affective Reactivity (full 

sample: r = .60, p < .001; neuroimaging sample: r = .54, p = .001).

Of the 107 mother-infant dyads who participated in this study, ten did not complete the 

SFP-R, four were not coded for infant affect, and ten completed only one each of the still-

face and reunion episodes. For the dyads that partially completed the SFP-R, affect ratings 

from the play, first reunion, and first still-face episodes were used to quantify Negative 

Affect Reactivity and Positive Affect Recovery. All 38 infants included in the CBF analysis 

completed the SFP-R (32 completed the full paradigm, six completed only one still-face 

and one reunion episodes). An examination of the association between each of the infant 

affect measures and caregiving behaviors coded from the SFP-R interactions is included in 

Appendix III (Table A2; Figures A1 and A2).
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2.5 | MR imaging acquisition

Mothers who chose to participate in the MRI session were given an MRI prep kit to prepare 

their infants for the MRI session during the week preceding the scheduled scan date. This 

kit included two sets of earplugs and a small portable speaker pre-loaded with MRI sounds. 

Mothers were encouraged to put the ear plugs in their infant’s ears and play the MRI sounds 

during play and naptime to acclimate the infant. If the mothers did not swaddle their infants, 

they were encouraged to start swaddling their infant for sleep. On the day of the scan, 

dyads arrived at the scanner approximately 30 min before the infant’s normal bed time. 

Infants were undressed and changed into a disposable diaper, swaddled in a muslin cloth, 

and placed in a MedVac Immobilizer designed for infants. After the infant was buckled in, 

but before the air was removed from the immobilizer, earplugs were placed in the infant’s 

ears and held in place with skin-safe medical tape. Infants who tolerated headphones or 

slept with white noise were given active noise cancelling headphones playing white noise 

as additional hearing protection. Infants who did not tolerate headphones were instead given 

Natus Medical neonatal noise attenuators (miniMuffs) with additional skin-safe tape to keep 

them in place. Next, the air was removed from the immobilizer and the infant was soothed 

and fed per his/her usual bedtime routine. Once the infant had been sleeping for 10 min, the 

infant was transferred to the MRI scanner bed. If the infant remained asleep during transition 

and for the next 5 min, MRI acquisition was initiated. Acquisition was stopped if the infant 

woke up and was restarted after the infant had once again been sleeping soundly for 10 min. 

This process continued until all sequences were collected, or the infant’s parent wanted to 

stop scanning for the night, or the infant refused to soothe or sleep in the scanner room. A 

staff member remained with the infant at all times, including in the scanner room, watching 

for distress and to soothe the infant if he/she started to stir or wake up.

MR images were collected using a 3 Tesla GE MR750 Discovery scanner equipped with a 

32-channel NovaMedical head coil. In order to estimate rCBF, pseudocontinuous ASL data 

were collected using GE’s 3DASL pulse sequence diagram (3.0 mm × 2.0 mm × 2.0 mm 

voxel, 44 axial slices, 10 spiral arms, 512 points, TR = 4,674 ms, TE = 11 ms, flip angle 

= 111 degrees, FOV = 240 mm), which is comprised of a perfusion acquisition (NEX = 

3, Post-Label Delay = 1525 ms, Labeling Time = 1,450 ms, 4 acquisitions) followed by a 

complementary proton density-weighted volume (PD). The sequence was collected at the 

end of a longer MRI acquisition session. To ensure standardized placement of the labeling 

plane, the inferior edge of the imaging volume’s sagittal prescription window was aligned 

with the inferior aspect of each infant’s cerebellum. This ensured that the labeling plane 

consistently captured the right and left internal carotid arteries and the basilar artery at a 

standardized distance from the brain. As part of the sequence, the label-control perfusion 

images were time-averaged across all acquisitions to produce a single perfusion-weighted 

volume (PW). High-resolution T2-weighted (T2w) images were collected within the same 

session using a 3D fast spin echo sequence (1 mm × 1 mm × 0.8 mm voxel, 204 sagittal 

slices, 256 × 256 acquisition matrix, flip angle = 90 degrees, FOV = 256 mm, TR = 2,502 

ms, TE = 91.4 ms). Data were visually inspected for artifacts prior to data processing. Of the 

80 infants who attempted the MRI scan, 30 failed to sleep on the scanner bed and, therefore, 

did not enter the scanner at all. Of the 50 infants who successfully entered the scanner and 

slept through at least one sequence, 43 remained asleep until the ASL sequence at the end of 
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the protocol. Of these 43 infants, two woke up during ASL acquisition without returning to 

sleep, one did not provide a complete acquisition (the superior cortex was cut off), and two 

were excluded due excessive motion. Therefore, the final analysis included 38 infants.

2.6 | MR data processing and CBF quantification

T2w anatomical images (hereafter referred to as T2w) were processed using iBEAT v1 (Dai, 

Shi, Wang, Wu, & Shen, 2013). T2w images were corrected for nonuniformity in intensities, 

skull-stripped, and resampled to 2 mm isotropic voxels. CBF quantification and analysis 

was carried out using the NiPype framework (Gorgolewski et al., 2011) in Python v3.4. The 

full code can be found at https://github.com/catcamacho/infant_pcasl. Each raw PW and PD 

volume were registered to the T2w, resliced to 2 mm isotropic voxels, and skull-stripped. 

The resulting PW and PD images were used to quantify CBF in ml 100 g−1 min−1 (Alsop 

et al., 2015). The kinetic modeling equation is reproduced below with the specifics for this 

study:

CBF= 6000 ∗ λ ∗ PW ∗ e
PLD

T1blood

Tsaturation ∗ α ∗ NEX ∗ T1blood ∗ PD ∗ 1 − e− LT
T1blood

,

where λ is the blood-brain partition coefficient (whole brain average 0.9 ml/g), α is the 

labeling efficiency (0.6; obtained from GE and defined as the inversion efficiency multiplied 

by the background suppression efficiency at the scanner), Tsaturation is the estimated time it 

takes for tissue to saturate (2 s), and T1blood is the estimated T1 of blood at a 3T scanner 

(1.6 s). To account for the acquisition parameters specific to the scanner, the PD volume 

was scaled by the following factors per GE’s recommendations before being included in the 

above equation:

PD= 1

1 − e− TR
T1tissue

∗ 32 ∗ PDraw,

where T1tissue is a voxel-wise estimated T1 signal. To ensure accuracy of the T1tissue 

volume to this specific sample of infants, a template was created from a subset of infants 

who additionally had quantitative T1 MRI data (see Appendix IV for detailed procedures 

including sample demographics in Table A3 and images of the template in Figure A3). 

Next, the T2w image was registered to a sample-specific template T2w brain and the 

resulting transformation was applied to the CBF volume. Due to the poor signal quality in 

white matter collected using ASL (Alsop et al., 2015), all subsequent analyses were limited 

to gray matter only. A generous gray matter mask was created from the T2w template 

brain by thresholding to exclude intensity values that are 100% likely to be white matter, 

dilating the resulting mask by 1 and eroding by 1 to fill any gaps, and finally manually 

editing the edges to exclude voxels in the ventricles and outside the brain. This resulted 

in a generous gray matter mask to restrict further analyses, which is also included in the 

online supplement. Finally, CBF maps were spatially smoothed using a 4 mm full-width 

half-maximum gaussian kernel.
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2.7 | Whole brain voxel-wise group analyses

Using a general linear model (GLM), we conducted voxel-wise multiple linear regression 

across gray matter for the independent variables of infant age at scan, infant sex, Negative 

Affect Reactivity, and Positive Affect Recovery during the SFP-R, and each factor extracted 

from the temperament EFA. Resulting statistical maps for each independent variable were 

then clustered and regional CBF values from each infant were extracted. Clusters were 

considered significant at FWE corrected p < .05, voxel-wise p < .001. We used AFNI’s 

3dFWHMx and 3dClustSim to estimate spatial autocorrelation function (ACF) parameters 

for the CBF data and an appropriate cluster size to minimize the false-positive rate 

(Cox, Chen, Glen, Reynolds, & Taylor, 2017). This method was developed specifically 

to minimize false-positives in clustering based on recent work demonstrating that BOLD 

fMRI noise does not fit a Gaussian distribution (Eklund, Nichols, & Knutsson, 2016). These 

ACF parameters were used to generate 10,000 Monte Carlo simulations in order to produce 

an estimate of cluster size that is conservative, minimizing the false-positive rate. The 

simulations returned a conservative cluster size of 98.6 voxels for a cluster-wise threshold 

of p < .05 and voxel-wise threshold of p < .001. However, due to the small size of infant 

brains, the unclear comparability of BOLD and ASL signal noise, and the exploratory nature 

of this analysis, clusters meeting an exploratory minimum threshold of 25 voxels were also 

reported.

3 | RESULTS

3.1 | Temperamental affect analysis

There was a significant difference in temperamental falling reactivity between infants who 

did and who did not produce usable CBF data such that infants who were included in the 

MRI analysis had higher falling reactivity scores (p = .038). Distributions of scores for the 

IBQ-R-SF subscales are presented in Appendix V (Figure A4).

The parallel analysis scree plot (Appendix V, Figure A5) indicated that a two-factor 

model best fit the sample data. The two-factor EFA, however, was a poor fit to the data. 

Because the original IBQ-R analysis found a three-factor model to best fit the data, we 

also tested a three-factor model, which proved to be both a better fit to the data and 

more interpretable than the two-factor model. The three-factor EFA model had a TLI 

of 0.86, SRMSR of 0.07 and RMSEA of 0.08 (95% confidence interval = [0.04, 0.1]) 

indicating a reasonable to excellent fit to the data. We present the factor loadings in Figure 

1. The first factor (eigenvalue = 2.43, 17% proportional variance explained) had high 

positive loadings (greater than 0.5) of Distress to Limitations and Sadness and negative 

loading of Falling Reactivity. Given that this factor captured an inverse relation between 

negative affectivity and affect regulation, it was labeled Negative Affect. The second factor 

(eigenvalue = 1.29, 9% proportional variance explained) had a positive loading greater than 

0.5 for Soothability alone. The third factor (eigenvalue = 2.20, 16% proportional variance 

explained) had high positive loadings for Smiling and Laughter, High Intensity Pleasure, and 

Vocal Reactivity, largely replicating the Surgency factor found by Gartstein and Rothbart 

(2003). For comparative purposes, a confirmatory factor analysis is included in (Appendix 

VI and visualized in Figure A8).
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3.2 | Infant affect during the repeated Still-Face Paradigm

Replicating previous research, infants exhibited the “still-face” effect (i.e., increases in 

negative affect during still-face episodes and recovery of positive affect in reunion episodes) 

(Mesman et al., 2009) (Appendix V, Figure A6). Mean scores for Negative Affect Reactivity 

and Positive Affect Recovery during the SFP-R are presented in Table 1. There was no 

difference between infants who did and did not produce usable CBF data on either of these 

measures (ps > 0.05). The distributions for these two measures are presented in Appendix V 

(Figure A4).

Spearman’s correlation tables for all five predictors in the general linear model (N = 38) as 

well as correlations for the 93 infants who completed the SFP-R are included in Table 2.

3.3 | Whole brain voxel-wise group analyses

3.3.1 | Associations of infant age with rCBF—After accounting for the other 

predictors in the model, infant age at scan was positively associated with almost every 

voxel in the analysis brain mask (peak t(37) = 36.04, p < .001). Re-analyzing the CBF 

data with only age and sex in the model yielded virtually identical results, with a higher 

statistical peak of t(37) = 50.36 for the age term in the model. To gain a better understanding 

of the nature of this relation, the age term t-statistic map from the age and sex only 

model was further thresholded at the 95th percentile (t(37) = 37.2) in order to isolate 

regions with the strongest linear relation with age. Clusters that survived this threshold 

are listed in Table 3. Both the original results and the thresholded analysis are projected 

onto cortical surface renderings in Figure 2. Twenty-nine cluster peaks were identified 

spanning primary and secondary sensory regions, including the cuneus, somatosensory, 

parietal, premotor, and supplementary motor cortices, as well as limbic subcortical and 

cortical regions including the orbitofrontal cortex (OFC) and hippocampus, and integrative 

regions such as the temporoparietal junction and cerebellum.

3.3.2 | Associations of infant affect and temperamental emotionality with 
rCBF—The full list of clusters associated with each affect measure, statistically controlling 

for age at scan and infant sex, at both the exploratory and conservative cluster size 

thresholds are included in Table 4. Negative Affect Reactivity during the SFP-R was 

not associated with any rCBF clusters; however, Positive Affect Recovery was positively 

associated with widespread rCBF. Regions that met or exceeded the conservative cluster 

size (shown in Figure 3) included the left inferior frontal gyrus (IFG), right medial 

OFC, right medial dorsal cingulate, right IFG, bilateral precuneus, the left lingual gyrus, 

and the left inferior temporal gyrus, with the latter two clusters extending into the 

cerebellum. With respect to dimensions of temperamental affect, only Negative Affect and 

Surgency were associated with clusters that exceeded the conservative cluster size threshold. 

Temperamental Negative Affect was positively associated with right medial OFC rCBF; 

Surgency was negatively associated with left posterior operculum and right intraparietal 

sulcus rCBF.

A follow-up voxel-wise analysis was conducted on residualized rCBF data to test the extent 

to which these findings were explained by global CBF (the overall CBF of each infant). 
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Specifically, CBF was averaged across the voxels included in the gray matter mask for each 

infant and this mean CBF value was regressed from each voxel. The voxel-wise analysis 

procedure was repeated on these residualized data and the results are reported in Table 5. For 

context, the results of a general linear model testing the association among mean CBF and 

each variable included in the voxel-wise GLM is included in Appendix VII.

4 | DISCUSSION

The goal of this study was to identify the associations of age and affect with CBF 

in infants at a dynamic point in their brain development. The current findings increase 

our understanding of neural correlates of infant affect during the critical 5- to 8-months 

age range in infancy. We used multiple methods to measure infant affect reactivity and 

regulation, including both temperamental (i.e., global) and situational (i.e., in response to 

stress) affect reactivity and regulation. Using a data-driven approach (factor analysis), we 

identified sample-specific dimensions of parent-reported infant temperamental emotionality. 

In addition, we objectively rated changes in infant affect during the SFP-R, a parent-child 

laboratory stressor. We then examined, for the first time, the associations of metrics of 

infant affect reactivity and regulation with infant rCBF, a measure of brain function that is 

not encumbered by the shifting relations among neuronal firing, oxygen consumption, and 

compensatory blood flow that adds non-uniform noise to the BOLD fMRI signal during 

infancy. Our findings suggest that greater rCBF is an indicator of greater tissue maturity 

and, further, that greater rCBF in several sensory, limbic, and prefrontal regions is associated 

greater Positive Affect Recovery following a stressor (main results and Appendix I). After 

correcting for global CBF, increased rCBF in nearly identical regions was associated with 

greater Temperamental Negative Affect. Together, these findings suggest an association 

between rCBF in affective regulatory regions (the orbitofrontal cortex and the inferior 

frontal gyrus) and specific infant experiences – expressing negative affect and experiencing 

affect regulation – that may indicate increased relative maturity of these brain regions as a 

result of having more of these experiences. Although we cannot draw causal conclusions 

from these data given the observational design of this study, these results provide important 

insight into which brain regions may underlie individual differences in affect reactivity and 

regulation in infants, complementing current models of affective development in infants and 

identifying targets for further study.

4.1 | Cerebral blood flow as a marker of tissue maturity in infancy

We identified a positive association between infant age (ranging from 5 to 8 months) and 

rCBF in almost every voxel we examined. This positive association between age and rCBF 

is consistent with previous research showing that capillary-level perfusion in the cortex 

increases across this age range (Harb et al., 2013; Kozberg & Hillman, 2016; Norman & 

O’kusky, 1986). Thus, our findings support the formulation that higher rCBF is an indicator 

of relatively more mature tissue. Indeed, we found that regions most strongly associated 

with age included the primary and secondary visual cortex, somatosensory cortex, parietal 

cortex, inferior frontal gyri, and the superior temporal sulcus. These areas support skills that 

develop rapidly in infants, including visual (Kamitani & Tong, 2005), linguistic (Hickok 
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& Poeppel, 2007), and self-regulatory (Fitzgerald et al., 2011; Quirk, Garcia, & González-

Lima, 2006) processing.

4.2 | The orbitofrontal cortex and infant emotion

Both parent-assessed Temperamental Negative Affect and Positive Affect Recovery from 

a stressor predicted rCBF in large regions of the ventral medial OFC. The OFC was also 

a peak region most strongly associated with infant age. The OFC is the limbic cortex of 

the PFC with direct innervation to and from the amygdala, insula, striatum, and visceral 

regions of the brainstem (Kalin, Shelton, & Davidson, 2007; Ongur & Price, 2000; Price, 

2006). Data from lesion studies suggest that the OFC is an important mediator of anxious 

temperament and threat-response behavior in childhood and adolescence (Kalin et al., 2007). 

Furthermore, animal studies show that the OFC directly mediates amygdala response by 

adjusting emotional reactivity based on past learning (Pattwell et al., 2012; Quirk et al., 

2006; Sotres-Bayon & Quirk, 2010). In humans, the OFC is among the first regions of 

the PFC to reach peak growth in early childhood (Shaw et al., 2008) and, therefore, may 

also be among the first prefrontal regions to develop in terms of both neurovasculature and 

neuronal-hemodynamic coupling. Indeed, some functional connectivity of the OFC with the 

amygdala is evident in children as young as 1 month of age, with dramatic refinement across 

the first year (Salzwedel et al., 2018) and increases in connectivity strength across childhood 

and adolescence (Gabard-Durnam et al., 2014; Jalbrzikowski et al., 2017). In contrast, other 

prefrontal regions such as the dorsolateral PFC do not appear to show stable functional 

connections until 1 year of age (Gao, Alcauter, Elton, et al., 2015; Gao, Alcauter, Smith, 

Gilmore, & Lin, 2015). Based on an understanding that greater CBF in the OFC in infancy 

may indicate greater tissue maturity and that the OFC is involved in emotion regulation, it 

is possible that infants who were rated as high in Temperamental Negative Affect and/or 

who were observed to recover well following a stressor are relatively more advanced in the 

development of limbic circuitry. In other words, the individual differences in rCBF of the 

OFC associated with infant affect may reflect individual differences in tissue maturity above 

and beyond those explained by chronological age.

4.3 | The inferior frontal gyrus in emotion regulation

Increased Positive Affect Recovery after the stressor was associated with increased rCBF 

in a large area of the IFG. There is evidence that the IFG plays two important roles in 

affect cognition: emotion identification and explicit emotion regulation. Lesion studies of 

the IFG suggest that the IFG is essential for participating in emotional empathy (Shamay-

Tsoory, Aharon-Peretz, & Perry, 2009), specifically for processing prosody, the emotional 

component of speech (Frühholz & Grandjean, 2013; Rota, Handjaras, Sitaram, Birbaumer, 

& Dogil, 2011), and both identifying and creating emotional expressions (Hennenlotter et 

al., 2005). Furthermore, the IFG is consistently found to activate under directed emotion 

regulation conditions (Dörfel et al., 2014; Goldin, McRae, Ramel, & Gross, 2008; Grecucci, 

Giorgetta, Bonini, & Sanfey, 2013; Sarkheil, Klasen, Schneider, Goebel, & Mathiak, 2018) 

likely through connections to the insula and amygdala (Shiba et al., 2017). Like much of the 

PFC, the IFG has a protracted functional and structural development across childhood and 

adolescence (Ahmed, Bittencourt-Hewitt, & Sebastian, 2015; Camacho, Karim, & Perlman, 

2019; Casey, Tottenham, Liston, & Durston, 2005; Shaw et al., 2008; Tsujimoto, 2008). 
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Given that both emotion identification and regulation dramatically improve between ages 

3 and 10 months (Balaban, 1995; Caron et al., 1988; Feldman, Greenbaum, & Yirmiya, 

1999; Kreutzer & Charlesworth, 1973), the observed positive association between Positive 

Affect Recovery and rCBF in the IFG may indicate relatively advanced local functional 

development of the IFG in infants who show greater recovery of positive affect following 

a stressor. Supporting this interpretation, we observed a strong positive association between 

age and IFG rCBF. This striking development is further supported by evidence from studies 

using resting state fMRI demonstrating that the frontoparietal functional network, which 

is thought to represent the communication of the prefrontal regulatory and the parietal 

integration regions, is still maturing at 1 year of age (Gao, Alcauter, Elton, et al., 2015; Gao, 

Lin, Grewen, & Gilmore, 2017). Further there is evidence implicating IFG function during 

social referencing in 15-month-old infants (Grossmann & Johnson, 2010). Increasing local 

blood flow is likely part of this important cognitive development.

4.4 | Emphasis on infant experience in the dyadic context

In this study, we found associations between CBF in regions associated with automatic 

regulation and parent-report and observational measures that index, in part, infant affect 

regulation (Positive Affect Recovery and Temperamental Negative Affect). Although 

these measures were largely unrelated to observed parenting behaviors in our sample 

(see Appendix III), they are contextualized in the infant-caregiver relationship through 

either caregiver perceptions (parent-reported temperament) or standardized parent–infant 

interaction (the Still-Face Procedure). Thus, our results may indicate that individual 

differences in affect expressed – and regulated – within the infant-caregiver context are 

linked to the relative functional maturity of self-regulatory and perceptual brain systems. 

The interpretation that our results reflect correlates of the infant’s experience within the 

context of the dyad is consistent with what is known about the brain regions that were 

associated with Positive Affect Recovery and Temperamental Negative Affect. As we noted 

above, both the OFC and the IFG are implicated in affect regulation across social and 

non-social situations. In addition to these regions, rCBF in the lingual gyrus, a region of 

the primary visual cortex, was also associated with Positive Affect Recovery. The lingual 

gyrus forms a continuous structure with the parahippocampal gyrus, closely connecting 

it to the limbic system; there is evidence to suggest that this region is critical for both 

forming emotional memories and recognizing previously encountered emotional stimuli 

(Erk et al., 2003; Taylor et al., 1998). It is possible, therefore, that our findings reflect 

the neurobiological consequences of caregiver emotional responsivity to infant negative 

affect; that is, children who express higher levels of negative affect observed by the parent 

may receive greater regulation from parents in response. In turn, children who express 

greater negative affect in their daily lives may have more frequent opportunities to exercise 

these self-regulatory circuits, reinforcing existing connections and spurring further growth. 

Importantly, this model emphasizes the mutual contributions of the caregiving and the 

infant to affective neurodevelopment. Infants who do not respond to caregiver efforts are 

unlikely to benefit from them, and, therefore, would not demonstrate relative maturation of 

self-regulatory circuitry. Longitudinal studies – preferably research that also incorporates 

measures of dyadic interaction across a typical day – are needed to test this model more 

explicitly and systematically.
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4.5 | Limitations and strengths

We should note four limitations of this study. First, in order to minimize total scan time 

for each infant, we captured only one snapshot of CBF. Therefore, we could not examine 

the temporal dynamics of regional CBF in this sample. Future studies should use ASL 

techniques that allow for a full timeseries to be collected and analyzed. Such data could 

inform our understanding of the network development across infancy found using BOLD 

fMRI. Second, this study was cross-sectional in design. Additional longitudinal research is 

necessary to draw strong conclusions about the temporal relation between brain development 

and emotional development in infancy. Third, while we believe we are justified in our 

formulation that increased rCBF is associated with cortical functional maturity, until such 

an association is empirically determined through longitudinal work this interpretation should 

be treated with caution. Furthermore, although it is likely that the association between rCBF 

during sleep and wake in 5- to 8-month-olds is generally comparable to the decreases in 

global CBF found in adults during sleep versus wakefulness (Hofle et al., 1997; Ktonas, 

Fagioli, & Salzarulo, 1995; Lenard, 1970; Madsen et al., 1991; Meyer, Ishikawa, Hata, 

& Karacan, 1987), equivalence between adults and infants in rCBF during sleep versus 

wake is only an assumption at this point. We could not compare infant rCBF during sleep 

versus wake in the current study given the challenges of scanning awake infants. Finally, 

as is the case with any neuroimaging analysis, there is a question of the specificity of our 

results. It is possible that the association between rCBF and infant affect is also related 

to other individual differences (e.g., in cognitive or motor development) that were not 

examined in this study. Despite these limitations, there are notable strengths of this study. 

For example, this is one of the first studies of infant CBF collected during natural sleep 

in healthy, at-term infants, and the first study to relate CBF to infant affect. Thus, this 

study adds to a small but growing body of literature indicating that CBF is a promising 

measure for elucidating normative early brain development (see Bouyssi-Kobar et al., 2018; 

Kim et al., 2018; Liu et al., 2019). We also used two common measures of infant affect, 

increasing the generalizability of our findings to studies of the neural correlates of infant 

affect. Importantly, we identified a three-factor structure of the IBQ-R in the current sample 

similar to the original three-factor structure (Gartstein & Rothbart, 2003; Putnam et al., 

2014) with a few key differences. Finally, we used cutting edge methods to quantify CBF in 

infants by creating a sample-specific analysis space and by quantifying T1 in a subset of the 

infant sample to use in kinetic modeling of rCBF. Mean whole brain rCBF for this sample is 

visualized in Appendix V (Figure A7).

5 | CONCLUSIONS

This is the first study to examine infant affect in relation to CBF during the critical 5- to 8-

month period for emotional development, and represents an important step in understanding 

how early emotional experience shapes brain development. This study advances our 

understanding of affective neurodevelopment during a critical point in infant brain and 

emotional development. Specifically, existing BOLD fMRI work can now be interpreted 

with the added knowledge that it is likely that perfusion in the infant cortex increases across 

the 5- to 8-month age range in a non-uniform manner as we found here. Addressing gaps 

our knowledge related to the neural basis of infant emotion is critical given that maladaptive 
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emotional tendencies in infancy can portend increased risk for the subsequent development 

of mood and disruptive disorders (Goldsmith & Alansky, 1987; Nigg, 2006; Rothbart & 

Ahadi, 1994; Winsper & Wolke, 2014; Zeanah, Boris, & Scheeringa, 1997). Future research 

focused on the early development of regions implicated in infant emotion in the current 

analysis, including the IFG and the OFC, could help to elucidate etiological processes in 

psychopathology and to identify targets for parent-child interventions.
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APPENDIX I

VOXEL-WISE rCBF ANALYSIS USING THE STANDARD IBQ-R-SF FACTORS

As we described in the main text, the original IBQ-R-SF factor analysis yielded three 

factors (referred to as the “original” factors): Surgency, Negative Affect, and Self-Regulation 

(Putnam et al., 2014). To examine associations between these original factors and rCBF 

in these infants, we estimated factor scores from a confirmatory factor analysis with the 

original factor loadings. We used factor scores to aid in comparability with the main 

text analysis. We then entered these factor scores (Surgency, Negative Affect, and Self-

Regulation) into a voxel-wise linear model as described in the Whole Brain Voxel-Wise 

Group Analyses section of the main text, with the situational affect measures (Positive 

Affect Recovery and Negative Affect Reactivity) as well as age and sex. Results are listed in 

Table A1 below.

The specific regions identified as associated with Positive Affect Recovery are the same; 

no clusters survived either clustering threshold for the other affect measures in the 

model. These results are nearly identical to the results in the main text and suggest that 

individual differences in orbitofrontal cortex and inferior frontal gyrus maturation are critical 

in understanding affective development in infants, and in particular, recovery of affect 

following a stressor.

TABLE A1

Whole brain results using the original IBQ-R-SF factors

Region
Peak Extent Coordinates rCBF

t-statistic Voxels X Y Z Mean ± SD

Positive Affect Recovery

 Left inferior frontal gyrus   7.29  390 38 67 57 107.8 ± 8.6

 Right precuneus/superior parietal lobule   5.42  276 72 48 68 101.7 ± 11.5
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Region
Peak Extent Coordinates rCBF

t-statistic Voxels X Y Z Mean ± SD

 Bilateral orbitofrontal cortex   5.33  366 67 77 38   97.6 ± 13.3

 Right inferior and middle frontal gyri   4.76  113 80 69 58 112.8 ± 12.1

 Left precentral gyrus   4.70    31 51 56 73   95.0 ± 12.8

 Left precentral gyrus   4.63    83 48 62 65 102.1 ± 13.3

 Right dorsal cingulate   4.63  782 72 61 63 111.5 ± 11.1

 Bilateral precuneus   4.59  134 64 40 57 120.6 ± 9.8

 Left thalamus, hippocampus, lingual gyrus, and 
cerebellum

  4.58   1,323 60 63 55 100.2 ± 9.7

 Left cuneus   4.36  100 58 32 57 110.7 ± 10.8

 Left middle frontal gyrus   4.22    33 53 66 67 100.4 ± 12

 Left cuneus   4.10    43 62 29 48 100.8 ± 7.5

 Right insula   4.07    228 82 64 50 114.0 ± 9.9

 Left middle temporal gyrus   3.87    44 41 66 35   99.2 ± 13.6

 Right cuneus   3.73    25 70 31 56 114.8 ± 10.7

Note: Consistent with the analyses in the main text, clusters surviving the a priori cluster size threshold of 25 are included 
in plain text while clusters that exceeded the conservative voxel threshold of 98.6 are in bold. Only clusters for Positive 
Affect Recovery survived either threshold

APPENDIX II

INFANT OBSERVED AFFECT RELIABILITY CODING

Ten videos were randomly selected to be coded by a second rater. We estimated reliability 

by calculating the ICC for ratings assessing affect, ranging from hard crying (1) to very 

positive (6). These ratings were on an ordinal scale and were those we used to quantify 

affective reactivity and recovery. We did not include ratings for mixed affect, unobservable 

segments, unclassifiable segments, or autonomic indicators when calculating reliability.

APPENDIX III

ANALYSIS OF CAREGIVING BEHAVIOR

As part of the broader study, we observationally coded maternal caregiving behavior during 

the SFP-R. As we have described previously (Humphreys et al., 2018; King et al., 2019), 

videos of the SFP-R were time-locked and bookmarked in Datavyu (Datavyu Team, 2014). 

Using the infant adaptation of the Parent – Child Interaction Rating Scales (Bosquet Enlow, 

Carter, Hails, King, & Cabrera, 2014; Sosinsky, Marakovitz, & Carter, 2004; https://osf.io/

gwpcj/), trained independent coders rated maternal sensitivity, intrusiveness, and positive 
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regard (i.e., warmth) during each interval of the SFP-R, with possible scores ranging from 

1 (not at all characteristic) to 7 (very characteristic), increasing in half-point increments 

(Humphreys et al., 2018). We computed the mean ratings of sensitivity, intrusiveness, and 

positive regard across all 30-s intervals in the two reunion episodes of the SFP-R. To ensure 

reliability, a subset of the SFP-R (16%) videos were selected to be rated by two coders. 

Reliability at the level of mean ratings was good (sensitivity ICC = 0.86; intrusiveness ICC = 

0.87, warmth ICC = 0.84).

TABLE A2

Pearson’s bivariate correlations among maternal caregiving ratings and each measure of 

infant affect

2 3 4 5 6 7 8

1. Maternal Sensitivity −0.87 0.40 0.14 −0.10 0.04 0.06 −0.23

2. Maternal Intrusiveness 1.00 −0.17 −0.13 0.11 −0.03 −0.03 0.19

3. Maternal Warmth 1.00 0.01 0.22 −0.09 −0.01 −0.03

4. Negative Affect Reactivity 1.00 −0.10 −0.07 −0.07 −0.04

5. Positive Affect Recovery 1.00 −0.06 −0.06 0.11

6. Temperamental Negative Affect 1.00 0.00 0.00

7. Temperamental Soothability 1.00 0.04

8. Temperamental Surgency 1.00

Note: Significant correlations (p < .05) are bolded.

FIGURE A1. 
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Associations between maternal caregiving ratings and Positive Affect Recovery

FIGURE A2. 
Associations between maternal caregiving ratings and Negative Affect Reactivity

TABLE A3

Demographic information for the subsample of infants included in the qT1 template creation

Demographic variable Statistic

Infant age at scan, mean ± SD weeks 6.76 ± 0.68

Infant race, number (percent)

 White/Caucasian American 19 (65.5)

 Asian American 6 (20.7)

 Black/African American 3 (10.3)

 Native Hawaiian/Pacific Islander 0 (0.0)

 American Indian or Alaska Native 0 (0.0)

 Other/biracial 1 (3.4)

Infant ethnicity, number (percent)

 Hispanic or Latinx 7 (24.1)

 Not Hispanic or Latinx 21 (72.4)

 Not provided 1 (3.4)

Annual household income, number (percent)

 Less than $5,000 0 (0.0)
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Demographic variable Statistic

 $5,001–15,000 0 (0.0)

 $15,001–30,000 2 (6.9)

 $30,001–60,000 4 (13.8)

 $60,001–90,000 2 (6.9)

 $90,001–150,000 11 (37.9)

 More than $150,000 10 (34.5)

 Decline to state 0 (0.0)

Infant sex, N male (percent) 17 (58.6)

Breastfed, number (percent)

 Yes 25 (86.2)

 No 3 (10.3)

 Not provided 1 (3.4)

Mother age, mean ± SD years 32.96 ± 4.92

Maternal race, number (percent)

 White/Caucasian American 18 (62.1)

 Asian American 7 (24.1)

 Black/African American 1 (3.4)

 Native Hawaiian/Pacific Islander 0 (0.0)

 American Indian or Alaska Native 0 (0.0)

 Other/biracial 3 (10.3)

Maternal ethnicity, number (percent)

 Hispanic or Latinx 6 (20.7)

 Not Hispanic or Latinx 23 (79.3)

 Not provided 0 (0.0)

Maternal education, number (percent)

 Some high school 0 (0.0)

 High school diploma/GED 0 (0.0)

 Some college 0 (0.0)

 Associate’s degree 2 (6.9)

 Trade/technical school 2 (6.9)

 Bachelor’s degree 11 (37.9)

 Graduate degree 14 (48.3)

Using Pearson’s bivariate correlations, we tested the association between each of the 

caregiving ratings and each of the infant affect measures (Negative Affect Reactivity, 

Positive Affect Recovery, Temperamental Surgency, Temperamental Negative Affect, 

Temperamental Soothability). We found no significant associations between sensitivity and 

intrusiveness and either Negative Affect Reactivity or Positive Affect Recovery (see Table 

A2 and Figures A1 and A2). Warmth was weakly positively associated with Positive Affect 

Recovery (p = .034) but was not associated with Negative Affect Reactivity. Temperamental 

Surgency was modestly associated with Sensitivity (p = .026).
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APPENDIX IV

QUANTITATIVE T1 (qT1) TEMPLATE CREATION

Participants

The subset of infants included in the creation of the qT1 template were 29 5- to 8-month-

olds. Their demographic information is presented below.

MR acquisition

Quantitative T1w images were collected using a simultaneous multi-slice IR-EPI with slice 

shuffling and a thin slice spiral spectral pulse (Wu, Dougherty, Kerr, Zhu, & Middione, 

2015) with the following parameters (pe0): TR = 3.5 s, TE = 44 ms, matrix = 120 × 

120, resolution = 2 × 2 mm2, in-plane acceleration factor = 2, through-plane acceleration 

factor = 3, slice thickness = 2 mm, number of prescribed slices = 19, number of phases 

= 30. To correct for warping resulting from the quick acquisition, a shorter acquisition 

was collected in the opposite phase encoding direction (pe1), resulting in pair images with 

opposite distortions. Total acquisition time was 3 min, 50 s.

T1 quantification and template creation

T1 was quantified on a voxel-wise basis using a processing pipeline designed at the 

Center for Cognitive and Neurobiological Imaging at Stanford University for this specific 

acquisition, a multi-inversion-recovery (TI) EPI sequence (Wu et al., 2015). First, the pe1 

volume and one volume from the pe0 acquisitions were used to estimate the susceptibility-

induced off-resonance field (Andersson, Skare, & Ashburner, 2003) as implemented in FSL. 

This field was then applied to the full pe0 acquisition to effectively unwarp it. The resulting 

unwarped volume was then unshuffled and T1 was quantified per previously published 

methods (Barral et al., 2010). All quantified participant volumes were visually inspected 

for motion artifacts before inclusion in the template creation procedure. Finally, all usable 

quantified T1 (qT1) images were used to make the sample-specific template using the ANTs 

multivariate template creation pipeline. This pipeline consists of iterative diffeomorphic 

registrations between each infant and eventual averaging to create a sample-specific template 

(Avants et al., 2011). Images of the template are included below.
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FIGURE A3. 
Average T1 created from a quantitative T1 sequence obtained from a subset of infants
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APPENDIX V

ADDITIONAL FIGURES

FIGURE A4. 
Histogram distributions for the affective codes from the Still-Face Paradigm (SF Negative 

Reactivity and SF Positive Recovery) and for each scale of the Infant Behavior 

Questionnaire-Revised, Short Form. Bin widths are plotted to fit 30 bins
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FIGURE A5. 
Scree plots of actual and simulated factor analyses generated using the psych library in R. 

From this graphic, a 2-factor model was recommended for these data

Camacho et al. Page 24

Dev Sci. Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE A6. 
Infant positive and negative affect across the SFP-R in the full sample (N = 93). Notes: 

P = play, SF1 = first still-face, R1 = first reunion, SF2 = second still-face, R2 = second 

reunion. Replicating previous research, infants exhibited increased negative affect in still-

face relative to non-still-face episodes and increased positive affect in reunion relative to 

still-face episodes
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FIGURE A7. 
Whole brain rCBF projected onto the cortical surface and in slices. Cortical projections are 

colorbar centered at 80–136, thus regions that are black indicate an rCBF of 80 ml 100 

g−1 min−1 or below. Slices of the insula and subcortical structures are included below the 

cortical surface projections with the Z-direction slice number indicated in the upper left 

corner of each image. The slice images are thresholded at 80 ml 100 g−1 min−1 for ease of 

reading, thus clear voxels on the overlay indicate either signal below 80 ml 100 g−1 min−1 or 

excluded voxels (such as in the case of white matter)

APPENDIX VI

CONFIRMATORY FACTOR ANALYSIS

Loadings from the 3-factor EFA with an absolute value greater than or equal to 0.3 were 

included in a confirmatory factor analyses (CFA) to determine final model fit using the 

lavaan library (Rosseel, 2012) resulting in Duration of Orienting being removed from the 

model. The final 3-factor CFA results are depicted in below. The CFA model fit was a more 

modest fit than the EFA (TLI = 0.72, SRMSR = 0.10, RMSEA [90% CI] = 0.11 [0.09, 
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0.14]). All scales covaried significantly with their designated factors (ps < 0.001). Further, 

surgency and soothability positively covaried (standardized loading = 0.24, p < .01) and 

negative affect and soothability negatively covaried (standardized loading = −0.47, p < .001).

FIGURE A8. 
Final CFA for the 3-factor model. Standardized loading values are shown. Duration of 

Orienting was excluded from this model for not meeting the 0.3 threshold in the EFA. ✦p < 

.05; *p < .01; **p < .005; ***p < .001

APPENDIX VII

FOLLOW UP EXAMINATION OF GLOBAL CBF AND AFFECT MEASURES

Voxels within the generous gray matter mask were averaged for each individual infant. 

These mean CBF values were then entered as the Y variable in a general linear model 

with the formula: CBF ~ age at scan + sex + Positive Affect Recovery + Negative Affect 

Reactivity + Surgency +Negative Affect + Soothability. The Positive Affect Recovery term 

was weakly positively associated with mean CBF (p = .048) when all other terms were held 

constant. It is important to note that the mean CBF values include regions with only modest 

signal in its calculation that did not appear in the voxel-wise analysis.
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Research Highlights

• An exploratory factor analysis of infant temperament yielded three factors: 

negative affect, surgency, and soothability.

• Infant age is positively associated with regional cerebral blood flow 

throughout the brain with peak regions in primary sensory cortices.

• Infant recovery of positive affect post-stressor is associated with increased 

blood flow in regions supporting automatic regulation: the inferior frontal gyri 

and orbitofrontal cortex.

• Temperamental Negative Affect is associated with increased blood flow in the 

medial orbitofrontal cortex even after correcting for global blood flow.
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FIGURE 1. 
Factor structure for the Infant Behavior Questionnaire-Revised Short Form (IBQ-R-SF) 

derived from an exploratory three-factor analysis. Low loadings between −0.25 and 0.25 are 

omitted for clarity. Based on guidelines provided in de Winter, Dodou, and Wieringa (2009), 

this analysis is well-powered to detect loadings that are approximately 0.5 or higher
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FIGURE 2. 
Almost every investigated voxel of gray matter cerebral blood flow (CBF) was positively 

associated with age after accounting for other predictors in the general linear model (GLM) 

(peak t(37) = 41.2, p < .001) and in a stand-alone re-analysis with only age and sex terms 

in the model (peak t(37) = 50.4, p < .001). 3a: The full statistical map thresholded at 

voxel-wise p < .001. 3b: the statistical map thresholded at the 95th percentile (t(37) = 37.2), 

highlighting cortical regions most significantly predicted by age at scan
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FIGURE 3. 
Cerebral blood flow (CBF) clusters associated with each affect measure that met the 

conservative 98.6 minimum cluster size. Clusters are FWE corrected p < .05, voxel-wise 

threshold p < .001. The scatterplot illustrates the positive linear association between the 

mean regional (rCBF) in these clusters and average increases in positive affect (Positive 

Affect Recovery) from the stressor to the reunion periods of the Still-Face Paradigm (SFP-

R). The plotted cluster is indicated for each plot with a black arrow. dACC, dorsal anterior 

cingulate; dCC, medial dorsal cingulate; IFG, inferior frontal gyrus; ITG, inferior temporal 

gyrus; LG, lingual gyrus; mOFC, medial orbitofrontal cortex
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TABLE 5

Results of the whole-brain voxel-wise analysis performed on the residuals (mean CBF regressed out)

Region Peak t-statistic Extent voxels

Coordinates

X Y Z

Negative Affect Reactivity

 Left inferior parietal lobule   5.29 99 48 50 65

 Left inferior frontal gyrus −4.66 60 37 65 55

Positive Affect Recovery

 Left cerebellum   4.14 27 61 49 40

 Left temporal pole −4.88 38 49 73 35

Temperamental Negative Affect

 Bilateral medial orbitofrontal cortex   4.99 188 68 77 39

 Left lingual gyrus and cerebellum   4.34 54 59 49 42

 Bilateral precuneus   4.00 63 64 49 62

 Left precuneus   3.83 47 63 40 57

 Left inferior frontal gyrus −4.88 37 45 79 45

 Left medial precentral gyrus −4.29 25 60 55 69

 Left occipital pole −4.10 33 55 32 34

Temperamental Soothability

 Left precuneus/posterior cingulate   3.90 44 61 45 55

Temperamental Surgency

 Left cuneus   5.26 34 59 32 55

 Right anterior operculum   4.36 86 78 80 48

 Left posterior operculum −5.53 182 48 51 57

 Right intraparietal sulcus −4.35 82 80 48 59

Note: As with the previously reported analysis, infant sex and age were included as covariates in the model. Consistent with Table 4, significant 
clusters are voxel-wise p < .001, cluster FWE corrected p < .05. Clusters surviving the exploratory cluster size threshold of 25 are in plain text; 
clusters surviving the conservative 98.6-voxel threshold are in bold. Coordinates are given in the sample-specific template space, which is included 
in the online supplement.

Abbreviation: CBF, cerebral blood flow.
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