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Abstract

The second year of life is a time when social communication skills typically develop, but this 

growth may be slower in toddlers with language delay. In the current study, we examined how 

brain functional connectivity is related to social communication abilities in a sample of 12–24 

month-old toddlers including those with typical development (TD) and those with language 

delays (LD). We used an a-priori, seed-based approach to identify regions forming a functional 

network with the left posterior superior temporal cortex (LpSTC), a region associated with 

language and social communication in older children and adults. Social communication and 

language abilities were assessed using the Communication and Symbolic Behavior Scales (CSBS) 

and Mullen Scales of Early Learning. We found a significant association between concurrent 

CSBS scores and functional connectivity between the LpSTC and the right posterior superior 

temporal cortex (RpSTC), with greater connectivity between these regions associated with better 
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social communication abilities. However, functional connectivity was not related to rate of 

change or language outcomes at 36 months of age. These data suggest an early marker of low 

communication abilities may be decreased connectivity between the left and right pSTC. Future 

longitudinal studies should test whether this neurobiological feature is predictive of later social or 

communication impairments.
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1. Introduction

Social communication abilities, such as gestures, eye contact, and joint attention, are 

important aspects of prelinguistic communication that facilitate language acquisition in the 

first years of life. Prior to the use of words, toddlers respond to and initiate bids for joint 

attention with caregivers to share interest about an object or event (Bakeman & Adamson, 

1984; Corkum & Moore, 1995; Tomasello, 1995). These behaviors are an important part 

of a toddler’s communicative repertoire, but also provide scaffolding for the emergence 

of spoken language (Mundy & Newell, 2007). Toddlers also use gestures before they use 

words, and then integrate and expand gesture use as their vocabulary increases in the second 

year of life (Blake, McConnell, Horton, & Benson, 1992; M. Carpenter, Nagell, Tomasello, 

Butterworth, & Moore, 1998; R. L. Carpenter, Mastergeorge, & Coggins, 1983).

Young children with language or other developmental delays may also exhibit delays or 

differences in prelinguistic social communication behaviors in the toddler years (Estes et 

al., 2015; Manwaring et al., 2019). For example, joint attention behaviors are reduced 

in toddlers later diagnosed with autism spectrum disorder (ASD) and predictive of both 

autism severity and delayed language development (Bottema-Beutel, 2016; Franchini et 

al., 2019; Mundy, Sullivan, & Mastergeorge, 2009). An important aspect of understanding 

the neurobiology of language impairments therefore involves identifying neural patterns 

associated with these early social communication behaviors during infancy and toddlerhood.

In adults, processes involved in social communication, including language, gesture, and 

joint attention, have neural bases that engage both shared and distinct regions and networks 

(Redcay & Saxe, 2013; Redcay, Velnoskey, & Rowe, 2016). Production and comprehension 

of spoken language rely on a distributed network including posterior temporal cortex 

and left inferior frontal gyrus (Basilakos, Smith, Fillmore, Fridriksson, & Fedorenko, 

2018; Fedorenko, Nieto-Castañón, & Kanwisher, 2012; Hickok & Poeppel, 2007; Poeppel, 

Emmorey, Hickok, & Pylkkänen, 2012). The posterior superior temporal cortex (pSTC, 

Redcay et al., 2016; Willems, Ozyürek, & Hagoort, 2007), which includes the posterior 

superior temporal gyrus (pSTG), posterior superior temporal sulcus (pSTS), and portions 

of the temporo-parietal junction (TPJ), is engaged during the perception of nonverbal 

social communication signals such as gaze, gesture, and joint attention. The left pSTS is 

specifically engaged when both initiating and responding to joint attention (Redcay, Kleiner, 

& Saxe, 2012). The pSTS is also a part of the neural mirroring network, which is thought 
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to be central to production and comprehension of gestures and encompasses ventral inferior 

frontal and posterior parietal regions with inputs to the region from bilateral pSTS (Mainieri, 

Heim, Straube, Binkofski, & Kircher, 2013; Schippers, Roebroeck, Renken, Nanetti, & 

Keysers, 2010). The pSTC has therefore been proposed to be a key integrative region 

between networks supporting language and social communication (Redcay, 2008; Yang, 

Rosenblau, Keifer, & Pelphrey, 2015).

Functional connectivity analyses of fMRI data investigate coherent fluctuations between 

regions of the brain and have been widely used to provide information on the role of a 

region from a network perspective (Lurie et al., 2020; van den Heuvel & Hulshoff Pol, 

2010). Thus far, functional connectivity studies during both rest and social tasks support the 

potential role of the pSTC as a nexus for integration among functional networks associated 

with action perception and production, social cognition, and language (Carter & Huettel, 

2013; Lahnakoski et al., 2012; Yang et al., 2015). For example, joint attention tasks increase 

functional connectivity between the pSTS and other social-cognitive regions (Redcay et al., 

2012). Structural connectivity between the pSTC and regions associated with language and 

social cognition is also seen. For example, anatomical white matter tracts between these 

regions are thought to support semantics, syntax, pragmatics, and communicative intentions, 

respectively. Further, functional connectivity between pSTC (specifically temporoparietal 

regions) and inferior frontal regions is associated with social cognition (Grosse Wiesmann, 

Schreiber, Singer, Steinbeis, & Friederici, 2017; Wang, Metoki, Alm, & Olson, 2018). Thus, 

in adults, the pSTC (and specifically, the pSTS) demonstrates an important functional and 

structural role in social communication abilities of language, gesture, and joint attention, 

through both activation during these behaviors and connectivity to associated brain regions 

and networks.

Relatively less is known about how these neurobiological substrates of social 

communication develop, especially during the toddler years (Ilyka, Johnson, & Lloyd-Fox, 

2021). From infant studies, we know that perception of communicative gestures engages 

a similar neurobiologic response in infants and adults. For example, similar to adults, 8- 

and 13-month-old infants who viewed others’ pointing that was incongruent compared to 

congruent with a target, demonstrated a P400 component over posterior superior temporal 

regions (Melinder, Konijnenberg, Hermansen, Daum, & Gredebäck, 2015). Infants, like 

adults also engage a dorsal medial prefrontal region when viewing bids for joint attention 

(Grossmann & Johnson, 2010; Grossmann, Lloyd-Fox, & Johnson, 2013; Schilbach et al., 

2010). Posterior temporal regions and medial prefrontal regions also respond to other social 

communication stimuli such as communicative facial gestures in infants (Grossmann et al., 

2008).

These posterior temporal regions also play a role in speech perception in toddlers. 

For example, a magnetoencephalography (MEG) study of 12- to 18-month-old infants 

demonstrated adult-like N400 responses to words that were incongruous with a picture 

compared to congruous, and these N400 responses were localized to temporal and frontal 

regions, similar to adults (Travis et al., 2011). Neuroimaging studies of speech processing 

during natural sleep have identified patterns of distributed activation at one year to more 

focal activation within superior temporal cortex between one and 3 years of age (Redcay, 
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Haist, & Courchesne, 2008). Although limited, these data suggest similar regions are 

engaged in processing social and communicative stimuli in toddlers and adults, and these 

networks may undergo significant development in the toddler years. However, these studies 

did not examine how connectivity within social communication networks change with age 

and are related to social communication abilities beyond auditory speech processing.

One reason for these limited data is the difficulty in acquiring fMRI data with minimal 

motion artifact in toddlers. Resting-state functional connectivity MRI (rs-fcmri) provides 

a tool to examine functional network connectivity in infants and toddlers with relatively 

good spatial resolution (Cusack, Ball, Smyser, & Dehaene-Lambertz, 2016; Graham, Pfeifer, 

Fisher, Lin, et al., 2015; Redcay, Kennedy, & Courchesne, 2007). Functional networks at 

rest are thought to reflect the intrinsic functional organization of the brain. These intrinsic 

networks show striking overlap with co-activations and correspond to networks engaged 

by functional tasks (Smith et al., 2009). Although this large-scale network organization is 

present at birth or earlier (Cusack et al., 2016; Doria et al., 2010; Fransson et al., 2007) 

and persists during sleep or sedation (Fukunaga et al., 2006), individual differences in the 

strength of these connections and in network properties reflect individual differences in 

behavior (e.g., Finn et al., 2016; Vatansever et al., 2017; Xiao, Geng, Riggins, Chen, & 

Redcay, 2019). Between birth and 2 years of age, functional connectivity increases for 

long-range connections within functional networks and decreases elsewhere. These changes 

are most dramatic in the first year of life and become more stable in the second (Gao, Lin, 

Grewen, & Gilmore, 2017; Gao et al., 2004, 2009; Huang et al., 2013).

Many rs-fcmri studies of infants and toddlers have been limited to questions of age-related 

change in network organization, but the rs-fcmri method has also been used in combination 

with behavioral measures to examine the relation between networks and behavioral and 

cognitive outcomes in infants and toddlers (Alcauter et al., 2014; Ball et al., 2015; 

Bruchhage, Ngo, Schneider, D’Sa, & Deoni, 2020; Chen et al., 2021; Eggebrecht et al., 

2017; Graham, Pfeifer, Fisher, Carpenter, & Fair, 2015; Graham, Pfeifer, Fisher, Lin, et 

al., 2015; Marrus et al., 2018). Of these, one study investigates the relation between 

functional connectivity and social communication behaviors and two studies investigate 

relations with language; Eggebrecht and colleagues used a data-driven approach to examine 

relations between large-scale brain networks and initiating joint attention (IJA) behaviors 

in a mix of infants at 12 or 24 months of age at high or low likelihood for developing 

ASD. They showed a differential relation between functional connectivity and joint attention 

abilities by age, such that different networks were correlated with joint attention at 12 

months than at 24 months. In addition, they showed that the relation between connectivity 

and outcome depends on the network used. Specifically, greater connectivity between the 

visual network and posterior cingulate portion of the default mode network was associated 

with better joint attention, whereas greater connectivity between the visual network and 

dorsal attention network was associated with fewer instances of joint attention. Chen and 

colleagues investigated network homogeneity, which captures degree of local specialization 

of networks, and showed that in the toddler years, increased local specialization of the 

language network was associated with better language scores on the Mullen Scales (Chen 

et al., 2021). Bruchlage and colleagues showed that receptive and expressive language 

ability show overlapping but also independent associations with use of specific networks, 
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and that the number of networks associated with language measures increased with age. 

These studies emphasize the important role of functional connectivity in the emergence 

of social communication and language skills in the toddler years. However, they do not 

investigate whether features of an individual child’s functional connectivity relate to later 

outcomes. Whether connectivity predicts outcomes is an essential next question, especially 

given the scaffolding effects of early social communication skills on spoken language 

outcomes in infants and toddlers (Doi, 2020). Understanding the relation between brain 

regions associated with social communication abilities and later language abilities is an 

important next step in the quest to understand mechanisms of language delay as well as 

biomarkers for specific outcomes.

In the current study, we investigated network connectivity in toddlers with language delay, 

including its relation with later language abilities, by analyzing rs-fcmri data from a 

combined sample of toddlers with typical development and language delay. As part of a 

larger study, toddlers participated in an MRI scan between 12 and 25 months of age and 

completed measures of social communication and language at 3–4 timepoints through 36 

months of age. This longitudinal approach allowed us to examine how brain connectivity 

in the second year of life (Time 1) is related to both 1) concurrent measures of social 

communication as well as 2) language outcomes at 36 months of age. Measurement of these 

two different constructs allowed us to query the longitudinal relation between early social 

communication and later language abilities. Groups were combined to leverage maximum 

variability in language abilities and outcomes. We hypothesized that a) an a-priori selected 

seed region in the left pSTC would show connectivity to brain regions supporting language 

and social communication, and b) that this network would be related to concurrent social 

communication functioning. This hypothesis was based on the principle that resting-state 

networks reflect a history of co-activation and emergence of specialization (Johnson, 2011; 

Smith et al., 2009). Finally, given the role of social communication in scaffolding language 

development, we c) predicted that integrity of those network connections would predict 

better language outcomes.

2. Method

2.1 Participants

The data presented here were collected as part of a larger longitudinal study on language 

development in typically developing children and children with early language delays. The 

Institutional Review Board at the National Institutes of Health approved this study. Toddlers 

were initially evaluated at 12 or 18 months of age (+/− 3 months); follow-up visits to collect 

behavioral data were conducted at 18, 24, and 36 months. Toddlers were excluded if they 

were born preterm (<36 weeks), lived in households where English was not the primary 

language, or had a known genetic disorder or significant medical or motor impairment. 

Children were recruited to the Language Delay (LD) group if they had receptive and 

expressive language scores in the Very Low range (T scores ≤ 30) based on the Mullen 

Scales of Early Learning (MSEL, Mullen, 1995) at the time of initial evaluation (Time 1, 

12–18 months). Typically developing (TD) toddlers had MSEL scores on all domains within 

normal limits (no more than 1.5 SDs below the mean).
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An MRI scan was collected as part of the Time 1 (12–18 months) and was also attempted 

at the 24-month visit. A total of 62 toddlers were enrolled in the study in total, with 55 

participating in an MRI visit. Of those 33 completed both a resting-state and a requisite 

structural scan at either Time 1 or the 24 months visit; therefore, all scans between 12–24 

months were compiled in order to increase the sample size. Whereas a small subset of 

toddlers (n=9) completed a resting-state fMRI scan at 36 months, this study is focused on 

longitudinal prediction of language at 36 months and thus that data is excluded here. Of the 

33 toddlers with MRI data between 12–24 months of age, one was excluded due to high 

levels of motion (see threshold for head motion in fMRI preprocessing section). The final 

sample consisted of 32 toddlers (12 recruited to the LD group and 20 recruited to the TD 

group) between 12–25 months of age at scan time. All of the LD toddlers in the current 

sample began the study at the 18-month visit. Of the 12 LD toddlers, 4 received a diagnosis 

of ASD at 36 months. See Table 1 for participant details. Each toddler had behavioral 

measures collected within 3 months (mean 1.7 (.85) months, range .27–3.5 months) of the 

MRI scan. The behavioral assessment closest to the time of the scan was chosen for the 

Time 1 analyses.

2.2 Behavioral assessments

The Communication and Symbolic Behavior Scales Developmental Profile – Behavior 

Sample (CSBS) is an observational assessment of early social communication, in which 

the child is presented with a series of temptations designed to elicit communication. The 

CSBS (Wetherby & Prizant, 2002) is comprised of three domains: Social, Speech, and 

Symbolic. The Social domain includes emotion and eye gaze, gestures, and communication 

(e.g., communicative rate, joint attention). The Speech domain includes the use of words and 

sounds with communicative intent. The Symbolic domain captures understanding of words 

and use of objects in a play context. Here, we evaluated only the Total as well as Social and 

Speech domains given that these best capture social communication acts, specifically the use 

of gestures, gaze, and words in a social communication context. CSBS data were collected 

at 6 month intervals through the 24 month visit (i.e., 12, 18, and 24 month timepoints). The 

CSBS is designed to evaluate social communication of children whose developmental level 

of functioning is ≤24 months and is normed through 24 months. Weighted raw scores, which 

were developed to adjust for differences in the ranges of possible scores across items on the 

CSBS, were used to best capitalize on variability across the sample. For the time 1 analyses, 

the CSBS collected closest to the date of scan was used.

The MSEL, collected at 12-, 18-, 24-, and 36-month visits, measures fine motor, visual 

reception, receptive language, and expressive language, and is used in the community 

for determining eligibility for early intervention, as well as for research. The fine motor 

scale evaluates the use of hands and fingers and manual dexterity. The visual reception 

domain assesses visual perceptual abilities. The receptive language scale assesses response 

to verbal directions, memory for general information and commands, and auditory concepts. 

The expressive language scale assesses verbal responses to tasks and vocalizations and 

utterances. Developmental Quotients (DQs), including Nonverbal (NVDQ) and Verbal 

(VDQ), are used to describe the sample (Henry, Farmer, Manwaring, Swineford, & Thurm, 
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2018). We used the Age Equivalent scores for both the Receptive and Expressive language 

scales at 36 months as an outcome measure, to reduce floor effects.

Toddlers with LD and TD differed significantly in their VDQ, NVDQ, and age at time 

of scan completion (See Table 1). Groups also differed significantly on their CSBS Total, 

Social, and Speech composite scores (Total: t(30)=−4.6, p<.001; Social: t(30)=−4.3, p<.001; 

Speech t(30)=−4.01, p<.001, see Figure 1s in Supplemental Materials ). Groups did not 

differ on overall motion during the scan.

2.3 MRI data acquisition

MRI data were collected with a 32-channel coil on a GE 3.0-T scanner. All data were 

collected during natural sleep without sedation at the National Institute of Mental Health 

functional MRI facility. Whole-brain resting-state fMRI data were collected using a T2*-

weighted gradient-echo echo-planner imaging sequence (TR 2 s, TE 30 ms, slice thickness 3 

mm with 3 mm gap, voxel size 1.5 mm × 1.5 mm × 3.0 mm, voxel matrix 128 × 128 mm, 

flip angle 65°, field of view 192 mm, 36 slices, 240 volumes). As these data were considered 

a pilot study some adjustments to the functional MRI protocol were made as the study was 

ongoing. Specifically, for five scans, an additional 5 volumes (245 volumes) were collected. 

For another six, only 180 volumes were collected. The number of volumes collected did 

not vary by group (χ2 (2, 32) = .68, p>.05). For one participant, the TR was adjusted to 

2.4 to provide greater whole-brain coverage (no. volumes = 240, duration = 9.6 minutes). 

Resting-state images were collected between 32 to 160 minutes after the toddler fell asleep 

(mean=98.2 minutes, SD=39 minutes). The following high-resolution structural images were 

acquired with a T1-weighted magnetization prepared rapid gradient echo sequence: TR 2 s; 

TE 30 ms; voxel size 1×0.75×0.75 mm; matrix 256×256 mm; flip angle 65°; field of view 

230 mm.

2.4 fMRI preprocessing

Prior to preprocessing, the first 4 volumes were discarded for signal equilibration. The 

remaining images were preprocessed using DPABI (a toolbox for Data Processing & 

Analysis for Brain Imaging, version 2.3, Yan, Wang, Zuo, & Zang, 2016), which is based 

on Statistical Parametric Mapping (SPM12) (http://www.fil.ion.ucl.ac.uk/spm) and Resting-

State fMRI Data Analysis Toolkit (REST) (Song et al., 2011, http://www.restfmri.net ). 

Slice timing was conducted by shifting slices from the rest of the signal time points to 

match the slice at the midpoint of each TR. The functional images obtained from the same 

participant were then realigned using a least squares approach and a 6 parameter (rigid 

body) spatial transformation. Both functional and T1 images were manually reoriented to 

adjust the position when needed for a better co-registration, and then the T1 image was 

realigned to the mean functional image of each participant. Spatial normalization were 

performed via the uniformed segmentation approach (Ashburner & Friston, 2005): 1) T1 

images were segmented into white matter (WM), grey matter (GM), and cerebral spinal 

fluid (CSF) based on the age-specific atlas for the age range of 17–21 months (Fonov et 

al., 2011; http://www.bic.mni.mcgill.ca/ServicesAtlases/NIHPD-obj2); 2) T1 images were 

nonlinearly warped to the given atlas space. This atlas was selected because it was the 

one with an age range that included the largest number of participants in the sample. The 
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resulting warp parameters were applied to functional images, and the functional images 

were resampled into 3*3*3 mm3. All functional images were smoothed with a 5-mm full-

width-at-half-maximum Gaussian kernel. Nuisance covariates, including Friston 24-motion 

parameters (6 head motion parameters, 6 head motions one time point before, and the 12 

corresponding squared items) (Friston, Williams, Howard, Frackowiak, & Turner, 1996) and 

the first 5 principal components extracted from subject-specific WM and CSF tissues using 

a component based noise correction method (CompCor) (Behzadi, Restom, Liau, & Liu, 

2007), were regressed out. Finally, bandpass filtering (0.01–0.1 Hz) was applied to the data.

We calculated the framewise displacement (FD) following Jenkinson et al. (2002) to 

quantify the head motion of each volume. We used a threshold of mean FD ≤ 0.2 mm, 

with one participant excluded for excessive head motion (mean FD = 0.31 mm). The average 

mean FD for the remaining 32 participants was 0.06 ± 0.03 mm. There were no correlations 

between age and mean FD (r(30) = −.12, p = .52). Nevertheless, mean FD was included in 

the regression analyses to control for its potential effect.

2.5 Functional connectivity MRI analysis

LpSTC region of interest (ROI).—In order to maximize power in this small but valuable 

sample, we used an a-priori seed-based functional connectivity analysis approach, which 

was implemented using the functions in DPABI version 2.3 (Yan et al., 2016, described 

below). Given the support in the literature for the role of left superior temporal cortex in 

social communication abilities (Redcay, 2008), we thus selected a seed a-priori from which 

functional connectivity analyses were conducted. The specific seed (MNI coordinates: −50 

−66 14) was chosen from a study of joint attention in adults (Redcay et al., 2012). Joint 

attention was chosen as it is a core social communication ability and related to language 

development. Although there are limitations to using a seed identified in an adult sample, 

there are not available functionally defined ROIs within the age group of the current sample. 

We also chose a functionally defined seed due to concerns with anatomically-defined seeds 

(i.e., the STS anatomical ROI is large and has multiple functional sub-divisions).

As the pediatric template used in the current study is smaller than the standard MNI-152 

template, the MNI coordinates were scaled down: 0.8197528 in x direction, 0.809651 

in y direction, and 0.7772786 in z direction (http://www.bic.mni.mcgill.ca/ServicesAtlases/

NIHPD-obj2). The mean time series of the LpSTC were computed across subjects within 

a 6-mm-radius sphere centered around the LpSTC (pediatric coordinates: −41, −53, 11), 

and then connectivity between the time series of the seed region and those of the whole 

brain was calculated to generate the individual resting state functional connectivity map 

(r-map). Subsequently, we used Fisher’s r-to-z transformation to convert r-maps into z-

maps to obtain normally distributed values of the connectivity values. The coordinates 

were then transformed back to MNI space by using the following scaling: 1.21988 in x 

direction, 1.23510 in y direction and 1.28654 in z direction (http://www.bic.mni.mcgill.ca/

ServicesAtlases/NIHPD-obj2). We also conducted an exploratory analysis with the RpSTC 

seed (MNI coordinate: 50, −56, 10) identified in Redcay et al., (2012) following the same 

procedures as the LpSTC seed. No significant relations with RpSTC connectivity and 

concurrent CSBS scores were found.
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2.6 Statistical analyses

We divided the analyses into Time 1 analyses (concurrent) and longitudinal analyses 

(predictive). Time 1 analyses involved first identifying the LpSTC network using the LpSTC 

region as a seed in a whole-brain analysis. This network was then used as a mask in the 

individual difference analysis so we could identify whether connectivity between regions of 

the LpSTC network was related to concurrent CSBS scores. We also used a whole-brain 

(unmasked) approach to allow for identification of regions beyond the LpSTC network 

where LpSTC connectivity was related to individual differences in CSBS scores. The 

longitudinal analyses determined the relation between the voxel-wise connectivity values 

(i.e., z values) with the LpSTC region that were related to CSBS at Time 1 as a predictor 

of both language trajectory (i.e., rate of change, (Age Equivalent1-Age Equivalent2)/(age1-

age2)) and outcome (36 months) on the MSEL.

2.6.1 Time 1: MRI & associations with CSBS

2.6.1.1 Whole-brain analyses.: We conducted a whole-brain t-test using AFNI’s 3dttest+

+ to identify the LpSTC network (i.e., regions correlated with activity in the seed region), 

while controlling for age at scan, sex, and motion (mean FD). The resulting map was 

subsequently used as a mask to identify correlations within the “LpSTC network” (i.e., the 

mean LpSTC connectivity map in the combined sample). To examine individual differences 

in social communication abilities in this sample enriched for language variability, we 

conducted whole-brain regressions to examine the relation between LpSTC connectivity 

and CSBS scores (Total, and Social) in this combined sample of TD and LD toddlers. Note 

that the CSBS Total and Social scores showed a normal distribution across the combined 

sample whereas CSBS Speech did not (Shapiro-Wilk test for Total: W(32) =.961, p=.23; for 

Social: W(32)= .956, p=.202). Therefore, we removed the CSBS speech scores from Time 1 

analyses. We did this both for whole-brain connectivity (unmasked) and within the LpSTC 

network (masked). Here, we controlled for age at scan, motion, sex, and number of MRI 

volumes collected (i.e., square root of TR). We did not include group as a covariate given 

that group was highly collinear with CSBS scores and age.

2.6.1.2 Multiple comparison corrections.: All whole-brain correlation maps were 

transformed into Z maps and corrected for family-wise error (FWE) rate through 

Monte Carlo simulations using 3dClustSim program in AFNI (Cox, 1996). This spatial 

cluster correction takes into account spatial autocorrelation by using the ‘–acf’ option in 

3dClustSim (Cox et al., 2017). To identify the LpSTS network we used a liberal voxel-wise 

threshold of p = .005 which revealed a minimum cluster size of 135 for an overall alpha 

of p < .05. For the individual difference analyses we used a standard threshold of p=.001, 

resulting in a minimum cluster size of 41 voxels for the whole-brain (unmasked) analysis 

and 20 voxels for analyses constrained to the LpSTC network (i.e., masked).

2.6.2 Longitudinal analyses: MRI measures predicting MSEL—Longitudinal 

statistical analyses were conducted with R and SAS/STAT Version 9.3. In the exploratory 

data analysis stage, we used a Shapiro-Wilks test for normality to examine the distribution of 

potential language outcome measures (i.e., MSEL Expressive and Receptive Language Age 

Equivalents) across the full sample. Due to non-normality (right-skew) within the Expressive 
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Language measures and given the high correlation between Expressive and Receptive 

domains we chose to focus only on the MSEL Receptive Language Age Equivalent.

Regions for which connectivity with LpSTC was related to CSBS scores (including CSBS 

Total and Social scores) at the time of scan were selected for the secondary analysis to 

determine whether connectivity in these regions was related to the rate of change over time 

or endpoint score (36 months) in the MSEL Receptive Language Age Equivalent. Note 

that we did not examine regions in which pSTC connectivity was related to CSBS Social 

scores because no region was significant after correction for multiple comparisons in the 

T1 analysis. Relations of CSBS Total and Social scores with pSTC connectivity identified 

the same RpSTC region and thus a single ROI was created at that peak coordinate (5 mm 

radius). This smaller radius was chosen over 6 mm due to the region’s proximity to white 

matter and wanting to minimize inclusion of non-neuronal noise within the estimate.

To account for clustering of observations within subject, a generalized (hierarchical) linear 

model with random subject-level intercept and time effects was used. The fixed effect of 

time (beginning at time 1 and continuing through outcome) was entered as continuous age 

in months, centered at 36 months, which was the relative endpoint. The model also included 

a three-way interaction between time, the fixed effects for group, and LpSTC-to-RpSTC 

connectivity (centered at the grand mean). We added group as a fixed effect in order to 

control for any effects of group membership on slopes. After adding these between-subject 

effects, the random slope of time was zero and was subsequently excluded from the model. 

The denominator degrees of freedom were adjusted using the Satterthwaite correction. 

Model assumptions were assessed via visual inspection of the conditional residuals. The 

three-way-interaction of group, time, and connectivity was decomposed to obtain the effects 

of interest, which were: the main effect of connectivity, which represents the correlation 

of early connectivity with Receptive Language age equivalent at 36 months, and the 

connectivity-by-time interaction within each group, which represents the correlation of 

early connectivity with the rate of change in Receptive Language age equivalent over 

the observation period. In alignment with the current recommendations of the American 

Statistical Association, we report uncorrected p-values alongside 95% confidence intervals 

for the parameters of interest (Wasserstein, Schirm, & Lazar, 2019).

3. Results

3.1 Time 1 network and correlations with CSBS

3.1.1 Mean LpSTS connectivity.—To identify the LpSTC network, we tested for 

mean effects of LpSTC connectivity in the combined sample by identifying mean effects 

while controlling for age at scan, sex, and head motion. We found LpSTC connectivity 

with the right hemisphere homologues (i.e., RpSTC) extending into anterior temporal lobe, 

precuneus, and posterior cingulate cortex (Figure 1).

3.1.2 CSBS relation to LpSTC connectivity.—When examining connectivity within 

the LpSTC network (i.e., masked by the mean LpSTC connectivity), LpSTC connectivity to 

RpSTC, encompassing regions of STS and superior temporal gyrus, was significantly related 

to CSBS Total scores (Figure 2, Table 2) (p<.05 corrected within LpSTC network map). 
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Specifically, greater connectivity between the LpSTC and RpSTC was associated with more 

advanced social communication abilities. No other regions reached significance for any of 

the CSBS measures. No relations between LpSTC connectivity and CSBS scores (Total or 

Social) were significant at the whole-brain level (p<.05, FWE corrected).

3.2 Longitudinal analyses.

The 95% CI confidence intervals surrounding the parameters of interest in this exploratory 

analysis were very wide and contained zero. LpSTC-to-RpSTC connectivity was positively 

but not significantly related to rate of change in MSEL Receptive Language age equivalent 

in the LD group (B = 0.69 [−0.64, 2.01]), whereas the relationship within the TD group was 

evenly distributed around zero (B = 0.05 [−0.63, 0.73]) (Type III test of the difference, for 

the three-way interaction of group, time, and connectivity: F(28) = 0.80, p = −.38). LpSTC-

to-RpSTC connectivity was positively but not significantly related to MSEL Receptive 

Language age equivalent at 36 months among the LD participants (B = 12.93 [−5.44, 

31.41]), and negatively related among TD participants (B = −5.82 [−17.53, 5.88]) (Type III 

test of the difference, for the group-by-connectivity interaction: F(55) = – 3.05, p = .086) 

(Figure 3, Table 3).

3.3 Supplemental Analysis.

Given the limitations of an a-priori seed-based approach, we also conducted a supplemental 

analysis in which we used a data-driven ICA method to locate the LpSTC within the 

toddler data. Details on this method and results are provided in Supplementary Materials. In 

short, we found the same pattern, with increased LpSTS to RpSTS connectivity associated 

with higher CSBS Total scores. However, after correction for multiple comparisons, these 

correlations were not significant.

4. Discussion

In the present study, we examined how social communication abilities of toddlers related to 

functional connectivity with the posterior superior temporal sulcus, a region associated with 

social communication behaviors in adults, and whether these measures predicted language 

outcomes. To maximize variability in communicative abilities and outcome, we investigated 

these variables in a combined sample of toddlers with typical development and those with 

language delays. We first replicated existence of a functional network between the LpSTC 

and other important language regions in toddlers, then showed that functional connectivity 

in a specific part of this network was correlated with social communication abilities in 

toddlers. Finally, we showed that connectivity in this target region was not associated with 

later receptive language across the combined sample.

4.1 LpSTC network in toddlers

We show that in toddlers the LpSTC is functionally connected to anterior and posterior 

regions of the STS bilaterally, including left mid-STS. Additionally, LpSTC showed 

connectivity with the fusiform gyrus, precuneus, and posterior cingulate cortex. Regions 

of this LpSTC network are broadly associated with social perception (e.g., fusiform 

gyrus, bilateral superior temporal sulcus, Lahnakoski et al., 2012) and social cognition 
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(e.g., precuneus and posterior cingulate, bilateral superior temporal sulcus, Schurz, Radua, 

Aichhorn, Richlan, & Perner, 2014) in adults. More specific to social communication, 

the STC is involved in perceiving communicative gestures and words and demonstrates 

functional connectivity with posterior temporal, prefrontal, and parietal regions during a 

joint attention task in adults (Redcay et al., 2012, 2016). Together, these data suggest 

continuity in the networks associated with social communication behaviors between toddlers 

and adults.

4.2 LpSTS to RpSTC connectivity related to social communication.

We found that variability in LpSTS to RpSTC connectivity was related to the CSBS Total 

scores in this sample. Given that the two groups varied on the CSBS at baseline, it is 

possible that bilateral posterior temporal connectivity within the LpSTC network may be 

picking up group differences between TD and LD rather than a neural correlate of a 

dimension of social communication per se. In fact, in a study of older children and adults, 

LpSTC connectivity at rest maximally discriminated ASD and TD groups compared to other 

regions (Plitt, Anne, & Martin, 2015). Although no relation was found with the CSBS 

social scores, we caution against interpreting differences in relations between the composites 

given the high correlations among these measures and the reduced variance within the social 

scores in TD toddlers which may have contributed to a lack of effect.

Analyzing data across groups with defined delays and those with typical development is 

consistent with previous studies investigating brain and behavior correlations in infants 

and toddlers by combining samples who are at a high or low likelihood of developing 

ASD (Eggebrecht et al., 2017; Marrus et al., 2018). This dimensional approach is argued 

to provide a better means to identify underlying mechanisms of atypical development in 

comparison to a categorical diagnostic approach (Insel & Cuthbert, 2010). One important 

distinction in this sample is that LD toddlers were recruited specifically based on language 

delay whereas TD toddlers were recruited for no evidence of developmental delay. This is 

in contrast to a standard dimensional approach (e.g., Research Domain Criteria or RDoC) 

in which participants are sampled broadly from the community and no exclusions are made 

based on diagnostic information, leading to a more continuous distribution.

Although posterior superior temporal interhemispheric connectivity has not previously 

been associated specifically with social communication development, previous work has 

demonstrated a role for temporal interhemispheric connectivity in typical and atypical 

language development. At birth, bilateral temporal connectivity is present when listening 

to speech (Perani et al., 2011). From work with older children and adults, bilateral 

temporal activation and connectivity is thought to support semantic and lexical processing 

(Bozic, Tyler, Ives, Randall, & Marslen-wilson, 2010) or integrating syntactic and prosodic 

computations during sentence processing (Friederici, 2011; Skeide & Friederici, 2016). 

This interhemispheric connectivity may play a particularly important role in language 

development (Friederici, 2011) and contribute to language impairments when disrupted 

(Northam et al., 2012). In one of the few studies to examine functional connectivity with 

fMRI in toddlers with ASD, Dinstein et al. (2011) demonstrated reduced interhemispheric 

connectivity between superior temporal and inferior frontal regions in toddlers with ASD 
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compared to toddlers without ASD (Dinstein et al., 2011). Future work should first 

examine the role that this bilateral temporal connectivity plays in concurrent processing 

of social communication stimuli and then investigate how this pattern changes with age. 

One possibility is that interhemispheric connectivity may integrate linguistic or semantic 

information with social intentions, processes of which both rely on posterior temporal 

regions but may show hemispheric biases (Redcay, 2008).

4.3 Linking functional connectivity to early social communication

More broadly, these findings add to a small but growing body of literature relating 

functional connectivity measures in infants and toddlers to concurrent behavioral measures 

including motor development, cognitive development, working memory, emotionality, and 

joint attention (Alcauter et al., 2014; Ball et al., 2015; Bruchhage et al., 2020; Chen 

et al., 2021; Eggebrecht et al., 2017; Graham, Pfeifer, Fisher, Carpenter, et al., 2015; 

Graham, Pfeifer, Fisher, Lin, et al., 2015; Marrus et al., 2018). Most relevant to the current 

study is work examining how joint attention is related to network organization in toddlers 

(Eggebrecht et al., 2017). Eggebrecht et al. (2017) took a data-driven approach to examine 

how connectivity between large-scale brain networks related to joint attention abilities at 

12 and 24 months in infants at high and low likelihood of developing ASD. They found 

broadly positive associations between anterior prefrontal networks at 24 months related to 

joint attention whereas a combination of positive and negative associations between visual 

and higher-order networks as well as somatomotor networks related to joint attention at 

12 months. Most relevant to the current study is that a positive relation between visual 

processing regions and posterior regions of the default mode network (DMN) (encompassing 

the pSTS and precuneus regions in the current study) was associated with joint attention 

at 12 months. Interestingly, however, this relationship was specific to 12-month-olds. 

Eggebrecht et al.’s (2017) data-driven exploratory approach differs from our a priori 

hypothesis-driven approach that focuses on just a single network and can be a powerful 

tool to examine whole-brain organization. Data-driven approaches are better-suited to larger 

samples. Moving forward with both data-driven and hypothesis-driven approaches will be 

important in characterizing how functional network development is related to developmental 

changes.

4.4 Network correlates of social cognitive abilities do not predict language outcomes.

Given the role of social communication in preceding and scaffolding language development 

in the infant and toddler years, we predicted that the functional connectivity patterns 

associated with social communicative abilities would be predictive of language outcomes at 

36 months. We did not find support for this hypothesis, and instead found that receptive and 

expressive language scores were not correlated with the strength of connections in regions 

associated with social communication between 12–24 months. We did see a trend supporting 

potentially different relations between network strength and later language outcomes by 

group (e.g., TD vs LD, F(55) = − 3.05, p = .086). Given our small sample size, it will 

be important for future studies to determine if strength of networks associated with social 

cognition predict language outcomes, possibly with that relationship varying by group.
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4.5 Limitations

This first study to relate social communication abilities to posterior superior temporal 

functional connectivity in toddlers provides novel insights into functional brain development 

and its relation to social development. However, this study should be viewed as preliminary 

due to several limitations. First and foremost, the practical challenges in collecting 

functional connectivity MRI data from sleeping toddlers resulted in a relatively small 

sample to address questions of individual differences and prediction of change over time. 

Specifically, a larger group of LD toddlers would allow for a group comparison between 

LD and TD toddlers. This, in combination with our dimensional approach would have given 

a more thorough understanding of how variability in social communication and language 

outcomes are related to underlying brain differences. The limited sample also led us to 

include usable scans completed between 12–24 months, a time within which the infant brain 

changes significantly. Although we controlled for linear age at scan within our models, 

the cross sectional nature of the scans makes it difficult to account for developmental 

differences. Future studies can address this through multiple scans per toddler at more 

carefully specified timepoints, which will make it easier to relate brain structure to behavior 

and will also make it possible to account for nonlinear effects of age on the brain and 

behavior.

Second, these data were collected during natural sleep without monitoring for sleep stage. 

This limitation is pervasive in the field of infant imaging due to the challenges in using 

physiological monitoring to accurately infer sleep stage in a sleeping infant or toddler. Work 

in adults that has combined fMRI and EEG suggests that general patterns of functional 

connectivity within higher-order brain networks, including the DMN, are consistent between 

sleep and wake states but differences in connectivity strength may emerge with some 

evidence for reduced connectivity within regions of the DMN with increasingly deep sleep 

(Fukunaga et al., 2006; Graham, Pfeifer, Fisher, Lin, et al., 2015; Horovitz et al., 2009; 

Larson-prior et al., 2009). To mitigate this limitation, toddlers were always awake before the 

scan started so that resting-state data collection could occur at a relatively consistent interval 

across participants. Nonetheless, variability in sleep stage is likely present between toddlers 

and these differences in sleep stage may contribute to differences in functional connectivity. 

An important direction for future infant and toddler imaging research will be to develop 

novel methods to characterize sleep stage that do not require combining EEG with fMRI 

(e.g., Altmann et al., 2016).

Third, the LpSTS seed region was identified a-priori from a study of joint attention in adults. 

Although use of adult seed regions is common within fMRI studies of infants and toddlers 

(e.g., Alcauter et al., 2014; Fransson et al., 2007; Graham, Pfeifer, Fisher, Carpenter, et 

al., 2015; Graham, Pfeifer, Fisher, Lin, et al., 2015), it raises questions as to whether this 

seed would show similar functional properties as in the adult brain. Although this age 

range restricted our ability to measure the functional response of this region during a social 

communication task, we did see that regions functionally connected to this LpSTC seed 

region are consistent with activated during social and communicative processing in adults. 

Thus, these data provide some validity for the use of an adult seed. In addition, the LpSTC is 

but one of many regions in the brain shown to be related to social communication processes 
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(Redcay & Saxe, 2013; Redcay et al., 2016), and as such future studies should investigate 

network properties of those regions and their relation with early development of social 

communication abilities.

4.6 Conclusion

Interhemispheric posterior superior temporal connectivity between the LpSTC and RpSTC is 

significantly related to social communication abilities in toddlers. Although this connectivity 

was related to concurrent social communication abilities, it did not predict receptive 

language outcome. Findings from this preliminary study provide an important stepping 

stone for future research incorporating longitudinal behavioral data on social and language 

development with resting-state functional connectivity measures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Functional connectivity identifies putative social communication network in 

toddlers

• Bilateral temporal connectivity may be an early marker of communication 

abilities

• Bilateral posterior temporal connectivity did not predict later language scores
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Figure 1. The LpSTC network
Note: Regions demonstrating significant connectivity with the LpSTC seed are displayed on 

a pediatric template brain in MNI space (p <.05, corrected).
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Figure 2. Regions showing significant correlations between LpSTC connectivity and social 
communication abilities on the CSBS
Note: p<.05, corrected
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Figure 3. No relation between LpSTC connectivity at Time 1 and longitudinal outcome measures.
LpSTS-RpSTC connectivity values are plotted against MSEL Receptive Age Equivalents. 

Fit lines are shown by group; note that the fit line for the combined groups is also not 

significant (see Table 3).
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Table 1.

Participant Descriptives

Combined Sample Typically Developing Language Delay Statistic p-value

n 32 20 12

Scan age (months) 18.70 (3.2) 17.75 (3.5) 20.25 (2.2) t(30)=−2.5 .019

Sex M:F 22:10 13:7 9:3 Χ2(1,N=32)=.06 .8

Race White:Nonwhite 22:10 16:4 6:6 Χ2(1,N=32)=3.14 .08

Ethnicity Hispanic: Non 4:28 2:18 2:10 Χ2(1,N=32)=.30 .58

Motion (mean FD) .06 (.03) .06 (.04) .06 (.03) t(30)=.27 .78

Nonverbal DQ 105.56 (19.9) 115.64 (15) 88.77 (15.3) t(30)=4.9 <.001

Verbal DQ 80.35 (28.6) 100.7 (10.7) 46.44 (9.9) t(30)=14.3 <.001

Note: Both Nonverbal and Verbal DQ calculated per Henry et al. (2018).
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Table 2.

Regions where LpSTC connectivity related to CSBS scores

Measure Region MNI Coordinates z-score k

X Y Z

CSBS Total RpSTC 36 −33 12 3.9 22

CSBS Social n.s. n/a n/a n/a n/a n/a

Note: LpSTC, left posterior superior temporal cortex. RpSTC, right posterior superior temporal cortex. Coordinates represent voxel with peak 
connectivity. k=cluster size.
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Table 3.

Selected results of mixed model predicting MSEL Receptive Language Age Equivalent at 36 months

Parameter Estimate SE 95% CI lower 
limit

95% CI upper 
limit

DF t p

LpSTC-RpSTC connectivity with outcome at 
endpoint

3.5797 5.3814 −7.2051 14.3644 54.96 0.67 0.5087

LpSTC-RpSTC connectivity with rate of 
change in outcome

0.3699 0.3566 −0.3611 1.1009 27.61 1.04 0.3086
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