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Mechanical Properties of the Developing Brain are Associated with 
Language Input and Vocabulary Outcome
Julie M. Schneider a, Grace McIlvainb, and Curtis L. Johnsonb

aDepartment of Communication Sciences and Disorders, Louisiana State University, Baton Rouge, Louisiana, USA; 
bDepartment of Biomedical Engineering, University of Delaware, Newark, Delaware, USA

ABSTRACT
The quality of language that children hear in their environment is associated 
with the development of language-related brain regions, in turn promoting 
vocabulary knowledge. Although informative, it remains unknown how these 
environmental influences alter the structure of neural tissue and subsequent 
vocabulary outcomes. The current study uses magnetic resonance elastography 
(MRE) to examine how children’s language environments underlie brain tissue 
mechanical properties, characterized as brain tissue stiffness and damping ratio, 
and promote vocabulary knowledge. Twenty-five children, ages 5–7, had their 
audio and video recorded while engaging in a play session with their parents. 
Children also completed the Picture Vocabulary Task (from NIH Toolbox) and 
participated in an MRI, where MRE and anatomical images were acquired. Higher 
quality input was associated with greater stiffness in the bilateral inferior frontal 
gyrus and right superior temporal gyrus, whereas greater vocabulary knowledge 
was associated with lower damping ratio in the right inferior frontal gyrus. These 
findings suggest changes in neural tissue composition are sensitive to malleable 
aspects of the environment, whereas tissue organization is more strongly asso-
ciated with vocabulary outcome. Notably, these associations were independent 
of maternal education, suggesting more proximal measures of a child’s environ-
ment may be the source of differences in neural tissue structure underlying 
variability in vocabulary outcomes.
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Introduction

Environmental and biological factors shape children’s vocabulary development (McLaughlin & 
Gabard-Durnam, 2022; Raizada, Richards, Meltzoff, & Kuhl, 2008). Differences in the environment, 
such as the quantity and quality of maternal input (defined here as more complex utterances and more 
diverse words) are known to impact children’s vocabulary knowledge (Hart & Risley, 1995). Quality of 
maternal input has been shown to be more strongly associated with children’s vocabulary develop-
ment than the sheer quantity of input (Hirsh-Pasek et al., 2015; Masek, Ramirez, McMillan, Hirsh- 
Pasek, & Golinkoff, 2021; Pan, Rowe, Singer, & Snow, 2005; Rowe, Meredith, 2012; Zhang, 2020). 
Hearing more decontextualized language (e.g. talk of past and future), more complex syntax, and 
experiencing more conversational turn taking in early childhood are all associated with more positive 
language outcomes (Hadley et al., 2017; Romeo et al., 2018; Rowe, Meredith, 2012; Silvey, Demir-Lira, 
Goldin-Meadow, & Raudenbush, 2021). Variations in the input children hear from their mother 
impact brain development and are consistently shown to account for differences in vocabulary based 
on socioeconomic status (Fernald & Weisleder, 2011; Luo, Masek, Alper, & Hirsh-Pasek, 2022; Luo 
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et al., 2021; Weisleder & Fernald, 2013). Yet how the quality of input children hear relates to the 
structure and integrity of neural tissue during early brain development, and in turn vocabulary, 
remains unknown.

It is well accepted that language skills support school readiness and are the strongest predictors of 
later academic success (Morgan, Farkas, Hillemeier, Hammer, & Maczuga, 2015; Pace, Alper, 
Burchinal, Golinkoff, & Hirsh-Pasek, 2019). Vocabulary knowledge has been shown to be especially 
foundational for later academic success, with several studies documenting the link between early 
vocabulary and later reading achievement (Morgan et al., 2015; Network, 2007; Storch & Whitehurst, 
2002), the development of code-related skills (such as print knowledge and phonological awareness; 
Mitchell & Brady, 2013), and the ability to learn new words (Maguire et al., 2018). Vocabulary 
knowledge has also been shown to be highly susceptible to differences in the home language environ-
ment. Hearing more decontextualized language (e.g. talk of past and future), more complex syntax, the 
use of more questions, and experiencing more conversational turn taking in early childhood are all 
associated with more positive gains in vocabulary knowledge (Hirsh-Pasek et al., 2015; Luo et al., 2022; 
Rowe, 2013; Silvey et al., 2021). While both the quantity and quality of maternal input have gained 
notoriety for their role in the “vocabulary gap” between children from higher and lower SES homes, 
significant variability within SES exists in both the input they hear and their vocabulary outcomes 
(Alper et al., 2021; Hirsh-Pasek et al., 2015; Masek et al., 2021; Pan, Rowe, Singer, & Snow, 2005; 
Schwab & Lew-Williams, 2016). The input children hear is a more direct measure of children’s 
environments, is more modifiable than SES (Alper et al., 2021), and is consistently shown to account 
for SES-based differences in vocabulary (Luo et al., 2021; Weisleder & Fernald, 2013). Thus, the focus 
of research studies investigating individual differences in vocabulary outcome should consider the 
quality of input children hear, above and beyond the influence of SES.

These early differences in the home language environment are not only thought to shape children’s 
vocabulary outcomes but also their underlying neural architecture. The social gating hypothesis was one 
of the earliest theories providing evidence of the neural correlates underlying the association between 
maternal input and vocabulary outcome (Kuhl, 2007). Under this theory, infants require language input 
to discriminate and learn native speech sounds, a relationship which is predictive of later vocabulary 
outcome (Newman, Rowe, & Bernstein Ratner, 2016; Rivera-Gaxiola, Klarman, Garcia-Sierra, & Kuhl, 
2005; Singh, Steven Reznick, & Xuehua, 2012; Wang, Seidl, & Cristia, 2021) and subserved by differences 
in activation of auditory brain regions (Kuhl, 2004, 2007, 2010; Kuhl, Ramírez, Bosseler, Lin, & Imada, 
2014; Rivera-Gaxiola, Silva-Pereyra, & Kuhl, 2005). More complex, interactive features of the language 
input have also been shown to relate to neural development. For instance, children who experience more 
conversational turn-taking with their parents have been shown to have greater left perisylvian cortical 
surface area (Merz, Maskus, Melvin, He, & Noble, 2019), greater functional activity in the left inferior 
frontal gyrus (Romeo et al., 2018), and stronger, more coherent white matter connectivity in the left 
arcuate fasciculus connecting the left inferior frontal gyrus with the left posterior superior temporal gyrus 
(Romeo et al., 2018). Differences in brain development have also been associated with vocabulary 
outcomes. The pace of vocabulary development is predictive of connectivity in the bilateral arcuate 
fasciculus (Su et al., 2018) and cortical thickness in the left supramarginal gyrus, which is connected to 
the inferior frontal gyrus and the ventral premotor cortex via the superior longitudinal fasciculi 
(Asaridou, Demir-Lira, Goldin-Meadow, & Small, 2017). Neural activation in bilateral cortical regions 
in the temporal lobe (superior temporal gyri and middle temporal gyri) has also been associated with 
more successful word learning (Chandrasekaran, Kraus, & Wong, 2012; Wong & brain, 2007).

Despite a wealth of research investigating the association between maternal input and brain develop-
ment, maternal input and language outcome, and language outcome and brain development, only three 
studies to date have investigated the association between all three components. In the same sample of 4- to 
6-year-old children, Romeo and colleagues reported that children who experience more conversational 
turn-taking with their parents had better general language abilities (composite language scores were created 
by averaging the PPVT-4 standard score and the CELF-5 CLS subtests), and this relationship was mediated 
by greater functional activity (Romeo et al., 2018) and stronger, more coherent white matter connectivity 
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(Romeo et al., 2018) in language-related regions. Building on these groundbreaking studies, Merz et al. 
(2019) found that language input was associated with reading skills via left perisylvian surface area in 
a sample of 5- to 9-year-olds. Although these studies are foundational to our understanding of neural 
pathways by which language experiences shape language outcomes, the current study builds on them by 
assessing how language experiences shape brain tissue integrity and subsequent vocabulary development.

In this study, we use magnetic resonance elastography (MRE) to assess brain tissue integrity 
through its mechanical properties (Muthupillai et al., 1995), which provide sensitive metrics of 
brain development related to functional outcomes (Johnson & Telzer, 2018; McIlvain, Schwarb, 
Cohen, Telzer, & Johnson, 2018). MRE is a noninvasive phase contrast-based MRI technique that 
produces quantitative maps of brain mechanical properties including viscoelastic shear stiffness and 
damping ratio. These measures describe the makeup and organization of the glial matrix and are 
thought to reflect brain health (Hiscox, Schwarb, McGarry, & Johnson, 2021; Sack, Jöhrens, Würfel, & 
Braun, 2013). Specifically, stiffness is considered to reflect tissue composition, including myelin 
content, neuron density, and glial matrix integrity, all of which change regionally during development 
(Guo et al., 2019). Brain tissue stiffness is strongly affected by aging and neurodegeneration (Hiscox 
et al., 2021; Murphy, Huston, & Ehman, 2019) but has been shown to be modified by environmental 
inputs, such as engagement in exercise (Sandroff, Johnson, & Motl, 2017; Schwarb et al., 2017). 
Damping ratio describes the relative viscous-to-elastic component of the tissue and is thought to 
reflect the microstructural organization of the tissue (Johnson et al., 2013; Testu et al., 2017). Damping 
ratio has been associated with cognitive performance, as damping ratio of the hippocampus is related 
to memory outcomes (Daugherty, Schwarb, McGarry, Johnson, & Cohen, 2020; Hiscox et al., 2020; 
Schwarb et al., 2017; Schwarb, Johnson, McGarry, & Cohen, 2016; Schwarb, Nail, & Schumacher, 
2015), and damping ratio of frontal cortex regions relating to fluid intelligence and rule-learning 
(Johnson et al., 2018; Schwarb et al., 2019). In neurotypical adult populations, higher stiffness and 
lower damping ratio are generally associated with greater brain health and stronger performance on 
functional tasks. In the pediatric population, mechanical property development has been less well- 
studied (Johnson et al., 2018). It is expected that maturation does affect brain properties, both globally 
and regionally, and that improved mechanical properties will relate brain function similarly as in an 
adult population, but more work is required to understand these concepts definitively.

MRE offers an innovative, noninvasive approach to understanding the neural tissue microstructure 
associated with maternal language input and vocabulary outcome. We utilize this approach in the current 
study to investigate a) whether the quality of maternal language input relates to stiffness or damping ratio 
and b) if differences in these neural measures are associated with vocabulary outcome in children ages 5– 
7 years. We focus on three regions-of-interest (ROIs) implicated in language processing: the inferior frontal 
gyrus (IFG), the superior temporal gyri (STG), and the supramarginal gyrus (SMG). The findings from the 
current study seek to inform our understanding of the neural structure underlying known associations 
between language input and vocabulary outcome.

Methods

Participants

Twenty-five children, ages 5–7 years old (Mage = 6.5, SDage = 1.03, number of females = 14) from the mid- 
Atlantic region of the United States participated in the current study. All participants were right-handed, 
monolingual English speakers, with no history of neurological disorder or developmental delay based on 
parental self-report. Parents also reported no familial history of reading or language delay or disorder. 
Maternal education was collected based on self-report and was categorized into the following five 
categories: Did not complete high school (N = 3), Some college but no degree/certification (N = 5), 
Associate Degree (N = 3), Bachelor Degree (N = 9), and Graduate Degree (N = 5). Information related to 
children’s age, race, ethnicity, vocabulary knowledge, phonological processing ability, and home 
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experiences across maternal education levels can be found in Table 1. The study was approved by the 
Institutional Review Board at the University of Delaware and was in compliance with the Declaration of 
Helsinki. Parental consent and child assent were obtained for all individuals who participated in the current 
study.

Using the cohen.ES function from the pwr package (Cohen, 1988) of R (RStudio Team, 2020), we 
calculated that an effect size of .5 was appropriate to reliably detect large effects across all brain- 
behavior correlations. Using this information, we calculated the sample size necessary to execute 
correlation analyses in the current study using the pwr.r.test function. With a significance level at 0.05, 
power at 80%, and estimated effect size (r) of 0.5, we calculated that a sample size of 22.6 was necessary 
to detect reliable one-tail effects. Therefore, although the current sample was small, we have sufficient 
power to identify large effects in all subsequent analyses.

Maternal language input

Mothers and children completed a 15–20 minute semi-structured play session in the lab to measure 
maternal language input. This play session was similar to the Three Box Task utilized in Hirsh-Pasek 
et al. (2015). In this task, children and mothers are presented with three boxes, each containing 
a different toy. The three toys selected for the current study were age-appropriate and chosen to elicit 
conversation between mothers and children. The toys included a pair of dinosaur puppets, a fishing 
game with fish of different colors, and a magnetic Lego activity that included numbers for counting. 

Table 1. Demographic information for the current sample across levels of Maternal Education. In addition to measures of age, 
ethnicity, and race, the current study collected four additional measures of the home environment: 1) Quality of Neighborhood: on 
a scale of 1–5, parents rated their satisfaction with their neighborhood, local schools, safety, amenities, and home. 2) Number of 
Books in the home. 3) The number of social services utilized out of the following list: income tax credit, SNAP, WIC, government 
housing, school lunch, and welfare cash. 4) Generational Experiences: on a scale of 1–4, parents rated whether they had stable 
finances, food to eat, a stable caregiver, and grew up in a safe neighborhood during their own childhood. Children also completed 
the CTOPP as a measure of their phonological processing.

Did not complete high 
school

Some 
college

Associate 
Degree

Bachelor 
Degree

Graduate 
Degree p-value

N 3 5 3 9 7

Age (mean (SD)) 6.64 (1.50) 6.85 (0.75) 5.97 (0.71) 6.31 (1.05) 6.34 (1.26) 0.85

Ethnicity

Hispanic/LatinX 0 1 0 0 0 0.27
Not Hispanic/Latinx 3 4 3 9 5

Race

Asian 0 0 1 0 0 0.07
Black or African American 2 1 0 2 0
White 1 4 1 7 4
Multiple 0 0 1 0 1

Quality of Neighborhood 
(mean (SD))

3.40 (0.53) 3.80 (0.82) 4.53 (0.31) 3.53 (1.21) 4.20 (0.66) 0.42

Books in Home
11–100 2 1 1 2 0 0.24
101–500 1 4 2 5 5
500+ 0 0 0 2 0

# of Social Services utilized 
(mean (SD))

2.67 (2.52) 1.75 (1.50) 1.00 (1.73) 0.33 (1.00) 1.20 (0.84) 0.15

Generational Experiences (mean 
(SD))

1.42 (0.72) 1.06 (0.12) 1.33 (0.29) 1.58 (0.66) 1.40 (0.55) 0.66

CTOPP NWR Raw Score (mean 
(SD))

14.67 (3.21) 11.50 (7.94) 13.33 (1.53) 13.56 (4.03) 13.80 (1.79) 0.89

PVT Unadjusted Standard Score 
(mean (SD))

73.33 (5.86) 65.25 (6.60) 75.00 (10.82) 69.22 (6.42) 73.00 (7.18) 0.35
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Mothers and children were instructed to open the boxes in the order which they were presented (i.e. 
Box 1, then Box 2, then Box 3). The order of the boxes was counterbalanced across children. The 
researcher left the room during this time and interactions were recorded using a Sony mini HD 1080p 
camera. Trained research assistants transcribed the video footage collected during the play session 
using the Systematic Analysis of Language Transcripts (SALT) software program. The first author 
transcribed 20% of the same transcripts to establish reliability across transcriptions. There was high 
agreement among raters in their coding of the variables of interest (R = 99.90, p < .001).

SALT generates the number of total words, number of different words, and mean length utterance 
for both children and mothers. To limit the number of comparisons, the current study focused on 
quality, rather than quantity of maternal input. Quality has been shown to be more predictive of child 
outcomes (Hirsh-Pasek et al., 2015; Masek et al., 2021; Pan et al., 2005; Rowe, Meredith, 2012; Zhang, 
2020). Both mean length of utterance and number of different words produced by parents are 
common measures of quality examined in studies of language input and are automatically generated 
by SALT. SALT also generates the number of utterances produced by both the child and adult. Since 
children’s own language use is shown to influence their mothers’ subsequent language input 
(Huttenlocher, Waterfall, Vasilyeva, Vevea, & Hedges, 2010) and to ensure that higher quality 
interactions were not solely attributed to greater input by the mother or child, number of mother 
and child utterances were included as covariates in the current study (similar to Romeo et al., 2018).

Vocabulary

Vocabulary knowledge was measured using the Picture Vocabulary Task (PVT) within the NIH 
Toolbox. On an iPad, children were shown four pictures on a single screen while simultaneously 
hearing a word. They were then instructed to select the picture that best matches the word they heard. 
Children were permitted as much time as necessary to provide their responses. Items in this task are 
calibrated to an item response theory (IRT) model (Revicki & Cella, 1997), allowing for an individually 
tailored assessment wherein correct responses led to more difficult items, and incorrect responses led 
to easier items. This IRT is used to score the assessment. A theta score is calculated for each participant 
based on their overall ability or performance on the assessment. From this theta score, an Uncorrected 
Standard Score and Age-Corrected Standard Score are computed. Uncorrected Standard Scores 
representing the participant’s performance in comparison to the census-matched US population 
and are most useful when trying to identify individual performance independent of age, gender, or 
other demographic factors. These Uncorrected Standard Scores were used as the primary outcome 
measure.

Imaging

Image data was acquired at the University of Delaware using a Siemens 3-Tesla Prisma MRI scanner 
and 64-channel head RF-receiver coil. The protocol included MRE and anatomical images. Prior to 
MRE, whole-head, high resolution structural images, including a T1-weighted, magnetization- 
prepared rapid gradient-echo (MPRAGE) anatomical volume (TR/TI/TE = 2500/1070/2.9 ms, voxel 
resolution = 1.0 mm isotropic, FOV = 256 × 256 mm2, 176 sagittal slices) were collected. The MRE 
data were acquired using a single-shot 2D-EPI sequence at 2.5 mm isotropic resolution. Vibrations 
were delivered to the posterior of the skull at 50 Hz using a pneumatic actuator system with a passive 
pillow driver (Resoundant, Inc.; Rochester, MN). The MRE sequence uses motion encoding gradients 
to image displacement of tissue into the phase of the MRI image through synchronization with applied 
motion, and four time points are acquired by changing the synchronization over one period of 
vibration. Additional imaging parameters include: FOV = 240 × 240 mm2, matrix size 96 × 96, 48 
slices, TR/TE 6720/69 ms, GRAPPA R = 3. The MRE scan time was 3 minutes and 35 seconds, which 
has previously been shown to be suitable for scanning children (Chaze, 2019). Participants watched an 
age-appropriate movie during the MRI scan to help avoid excessive motion.
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Image processing

In an effort to promote the reproducibility of our neuroimaging data, all anatomical data were first 
converted using HeuDiConv (https://github.com/nipy/heudiconv, Halchenko et al., 2021) and then 
organized to cohere with the Brain Imaging Data Structure (BIDS; Gorgolewski et al., 2016). The T1- 
weighted (T1w) image was corrected for intensity non-uniformity (INU) within fMRIPrep 1.3.1 
(Esteban et al., 2019). The T1w-reference was then skull-stripped and brain surfaces were recon-
structed using Freesurfer. Brain tissue segmentation of cerebrospinal fluid (CSF), white matter (WM), 
and gray matter (GM) was performed on the brain-extracted T1w images.

The MRE complex displacement fields were calculated from the phase images after unwrapping 
with FSL PRELUDE (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) and temporal Fourier 
filtering. A nonlinear inversion algorithm (NLI) (McGarry et al., 2012) was used to calculate maps of 
shear stiffness and damping ratio from the MRE displacement fields. NLI uses displacement images to 
create whole-brain mechanical property maps of the complex viscoelastic shear modulus, 
G* = G’+iG”, where G’ is the storage modulus and G” is the loss modulus. The viscoelastic shear 
stiffness, µ, is calculated as µ = 2|G*|2/(G’+|G*|) (Manduca et al., 2001) and damping ratio, ξ, is 
calculated as ξ = G”/2 G’ (McGarry & Van Houten, 2008). Data quality was confirmed by calculating 
octahedral shear strain signal-to-noise ratio (OSS-SNR) (McGarry et al., 2011), which is an MRE- 
specific measure of SNR.

Average mechanical property values in regions-of-interest (ROIs) were determined, including the 
inferior frontal gyrus (IFG), the superior temporal gyrus (STG), and the superior marginal gyrus 
(SMG; Figure 1), which were identified with the Harvard Oxford Cortical Atlas. All standard space 
ROIs were registered to the subject-specific, corrected MPRAGE anatomical scans using a FSL FNIRT 
nonlinear registration (Andersson et al., 2008) and were subsequently registered to MRE native space 
using a linear affine transformation with 6 degrees of freedom in FSL FLIRT (Jenkinson, Bannister, 
Brady, & Smith, 2002). Hemispheric masks were used to decouple the left and right components of 
each ROI. Regional mechanical properties were extracted by using each unilateral ROI mask as spatial 
information during property estimation with NLI through soft prior regularization (SPR; McGarry 
et al., 2013). Cerebrospinal fluid (CSF) was segmented from the 2 mm MNI standard-space template 
using FSL FAST (Zhang, Brady, & Smith, 2001). Any pixel with greater than 25% CSF was excluded 
from analysis, and the remaining region was spatially averaged to obtain one average stiffness and one 
average damping ratio value for each subject in each ROI.

Figure 1. Regions included in the current analysis: inferior frontal gyrus (IFG), superior temporal gyrus (STG), and superior marginal 
gyrus (SMG). a) ROIs mapped on a single subject’s T1 scan alongside their corresponding whole brain b) stiffness map and c) 
damping ratio map. Stiffness and damping ratio were extracted for each unilateral ROI.
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After image processing, one participant was identified as an outlier as their stiffness values across 
nearly all ROIs were 1.5 standard deviations above the Inter-Quartile Range, while damping ratio 
values across nearly all ROIs were 1.5 standard deviations below. Their data was removed from 
subsequent analyses, resulting in a total of 24 participants (Mage = 6.4, SDage = 1.02, number of 
females = 13).

Results

Association between brain viscoelasticity and language input

Children on average heard 649.75 total words from their mother during the play session (SD = 343.62). 
Children heard an average of 208.29 different words (NDW; SD = 65.41), and mothers produced an 
average mean length utterance of 4.57 words (MLU; SD = 0.53) during the play session. Since the 
maternal mean length of utterance and number of different words were not highly correlated within 
this sample (R = −0.05, p = .83), we examined them independently. Both of these values were z-scored 
in subsequent analyses. Neither the quantity (R = 0.13, p = .567), NDW (R = −0.08, p = .73), or MLU 
(R = 0.08, p = .73) of maternal language input was associated with maternal education in the current 
sample.

Correlation analyses were conducted to investigate the association between NDW produced by the 
mother and viscoelastic measures of stiffness and damping ratio within each ROI. Age, gender, 
maternal education, and the number of utterances produced by both the child and adult were included 
as covariates. Figure 2 illustrates partial Pearson’s correlations between ROI stiffness and NDW, which 
were significant in the Left Inferior Frontal Gyrus (LIFG; rpartial = 0.47, p = .04), Right Inferior Frontal 
Gyrus (RIFG; rpartial = 0.44, p = .05), and Right Superior Temporal Gyrus (rpartial = 0.48, p = .03). 
Correlations between damping ratio and NDW were not significant in these same regions (LIFG; 
rpartial = −0.03, p = .90; RIFG; rpartial = −0.15, p = .52; RSTG; rpartial = −0.27, p = .24; Figure 2). These 
correlations did not withstand Holm correction and no other regions exhibited significant correlation 

Figure 2. Number of different words spoken by mothers is positively associated with stiffness (µ) in the LIFG, RIFG, and RSTG gyrus. 
Damping ratio (�) of the same regions was not associated with maternal language input. All values plotted are residuals from partial 
correlations accounting for age, maternal education, and the number of utterances produced by both the child and adult.
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with NDW in either stiffness or damping ratio (see Supplementary Table 1 for all comparisons). No 
associations between MLU and viscoelastic properties were significant (see Supplementary Table 1 for 
all comparisons).

Association between brain viscoelasticity and vocabulary outcome

All children performed well on the picture vocabulary test (Uncorrected Standard Score; M = 70.58, 
SD = 7.25). An Age-Corrected Standard Score of 100 (SD = 15) is considered average, with participants 
in the current study performing similarly to this standard (M = 104.29, SD = 16.58). Vocabulary scores 
were moderately correlated with NDW (rpartial = 0.39, p = .05), but not with NTW (rpartial = −0.10, 
p = .64) or MLU (rpartial = 0.001, p = .99), when controlling for age, gender, maternal education, and 
total number of utterances produced by both the parents and child. Similar to the previous analysis, we 
examined the partial correlation between viscoelastic measures of stiffness and damping ratio for each 
ROI and Uncorrected Standard Vocabulary scores, with age and maternal education included as 
covariates. Interestingly, damping ratio in the RIFG was significantly related to child vocabulary 
knowledge (rpartial = −0.44, p = .04; Figure 3), with a lower damping ratio being associated with 
improved vocabulary. Stiffness in this same region had no association with vocabulary (rpartial = −0.08, 
p = .72; Figure 3). These correlations did not withstand Holm correction (seen in Supplementary 
Table 1), and no other regions exhibited significant correlation with vocabulary knowledge in either 
stiffness or damping ratio (see Supplementary Table 2 for all comparisons).

Association between viscoelastic measures of stiffness and damping ratio

Due to the inverse association between viscoelastic measures of stiffness and damping ratio with 
measures of language input and vocabulary, we sought to examine the association between the two 
viscoelastic measures within each ROI. We conducted six pairwise Pearson’s correlations between 
stiffness and damping ratio for each ROI, controlling for age and maternal education. Apart from the 
LSMG (rpartial = −0.48, p = .03), stiffness and damping ratio were not correlated in any ROI (see 
Supplementary Table 1).

Figure 3. Damping ratio (�) in the RIFG is negatively associated with child vocabulary outcomes when controlling for age and 
maternal education. Stiffness (µ) was not associated with child vocabulary outcomes. All values plotted are residuals from partial 
correlations accounting for age and maternal education.
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Discussion

Differences in the quality of maternal language input children are exposed to has been shown to have 
a considerable effect on their subsequent vocabulary knowledge. Studies have indicated that differ-
ences in brain function and structure underlie this association; however, the current study is the first to 
identify how viscoelastic neural tissue properties contribute to this relationship. Brain mechanical 
properties, including both stiffness and damping ratio, change regionally during development 
(McIlvain et al., 2018) and are highly sensitive to brain health and function. Using MRE, we found 
that higher quality input, measured as number of different words, was associated with greater stiffness 
in three ROIs (right and left IFG and right STG). The RIFG was also a significant predictor of a child’s 
vocabulary: lower damping ratio in this region was associated with greater vocabulary knowledge. 
Notably, these associations were independent of maternal education, echoing past findings, which 
advocate for the use of more direct measures of a child’s language environment (Pace, Luo, Hirsh- 
Pasek, & Golinkoff, 2017; Romeo et al., 2018).

The LIFG has been identified as an important region for language processing in several neuroima-
ging studies. Functional connectivity (Jasińska et al., 2021; King, Camacho, Montez, Humphreys, & 
Gotlib, 2021), activation (Friederici, 2011; Romeo et al., 2018), cortical thickness and surface area 
(Brito, 2017; Merz et al., 2019), and connectivity of white matter tracts (Asaridou et al., 2017; Romeo 
et al., 2018) in the LIFG are all associated with processing of linguistic information. In the current 
study, we expand on these past findings by providing the first evidence of an association between brain 
stiffness and vocabulary knowledge in the LIFG using MRE. MRE offers a sensitive assessment of brain 
microstructural integrity, reflecting important aspects of brain health as MRE measures are thought to 
capture myelin composition, neuronal density, and glial matrix organization. In contrast, volumetric 
measures also provide a method to assess tissue structure, however large-scale volume changes are 
likely less sensitive than MRE measures to tissue microstructure. For example, several studies have 
measured memory and cognitive function, and have found correlations between task performance and 
damping ratio, despite lack of findings with volumetric measures (Hiscox et al., 2020; Schwarb et al., 
2016). Sensitive metrics of brain microstructural health can be critical in detecting neuromechanical 
deficits resulting in reduced function in atypically developing populations.

With the exception of the LIFG, all significant associations in the current study were driven by 
differences in the right hemisphere. While less reported, the RIFG and RSTG have also been 
implicated in language. Evidence from clinical populations has indicated that the right fronto- 
temporal network might be utilized when impairments in left-sided functions exist (Chapman, Max, 
Gamino, McGlothlin, & Cliff, 2003; Fernandez et al., 2004; Rota et al., 2009; Weiller et al., 1995). 
Additionally, neural activation in bilateral regions of the temporal lobe have been associated with more 
successful word learning (Chandrasekaran et al., 2012; Wong & brain, 2007). Specifically, higher-level 
language learning engages the right hemisphere; thus, successful language learning is contingent upon 
coordination within and between both hemispheres (Qi & Legault, 2020). The current findings add 
evidence to this view as the neural tissue integrity of bilateral language-related brain regions may 
underlie past associations between structural and functional differences in these same regions and 
language outcomes.

Many previous studies have focused on associations between socioeconomic status (SES) and 
language; however, SES is a broadly defined construct, composed of a range of correlated environ-
mental factors, which differentially exert their influence on brain and language development. One of 
these factors is maternal language input, which offers a more proximal measure of a child’s language 
development, while the outcome – vocabulary knowledge – can be considered as a more distal 
measure. The findings in this work provide correlational evidence suggesting tissue stiffness is 
sensitive to more malleable aspects of the environment, whereas brain tissue damping ratio is more 
strongly associated with outcome measures, such as vocabulary. It is particularly interesting that we 
observed correlations between input and stiffness and vocabulary and damping ratio in the same RIFG 
region, suggesting that these two measures capture different aspects of underlying tissue structure that 
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are uniquely affected by the environment or affect outcome. Given that both our study and past 
longitudinal studies have shown how variability in the language input predicts differences in later 
vocabulary knowledge (Rowe, 2013; Rowe, Meredith, 2012), it is plausible that changes in stiffness may 
later manifest in tissue damping ratio supporting vocabulary, though in our sample the two measures 
are not significantly correlated in the RIFG, and we are limited in our ability to draw causal 
conclusions due to the correlational nature of the analyses. Although mediation analyses would better 
address this question, we do not have sufficient power with our sample size. Despite this limitation, 
our findings still have clear practical implications. Substantial intervention efforts have been made to 
increase the amount of language parents address to their children (e.g. quantity, mean length of 
utterance), but our findings speak to the efficacy of programs, which encourage variation in the way 
parents talk with their children (e.g. number of different words; Leech & Rowe, 2020; Leech, Wei, 
Harring, & Rowe, 2018; Romeo et al., 2018).

Previous MRE studies of healthy adult subjects have indicated that higher stiffness and lower 
damping ratio are correlated with improved performance on functional tasks. The current findings 
agree that greater stiffness and lower damping ratio are correlated with better language input and 
output. However, there have been only a very limited number of publications, which analyze how 
brain mechanical properties change between childhood and adulthood, and these studies are not 
comprehensive. Brain tissue properties change regionally, but subtly, as the brain matures (McIlvain 
et al., 2018; Ozkaya et al., 2021; Yeung, Jugé, Hatt, & Bilston, 2019). There is only one previous study 
examining neural correlations of behavior with MRE in the pediatric brain, which indicated matura-
tional imbalance in regional mechanical properties related to a cognitive assessment of risk-taking 
behavior (McIlvain et al., 2020). The current study is also the first recorded use of MRE in a sample of 
typically developing children all under the age of 8 years old. The current study is the first to provide 
evidence of the development of brain mechanical properties in children of such a young age, and the 
role these neural differences have upon language development. Although our findings shed light on 
tissue brain health in a typically developing population, additional research is needed to establish the 
trajectory of brain stiffness and damping ratio across the lifespan. Future research should continue to 
examine viscoelastic neural properties in the context of development and the role proximal aspects of 
a child’s language environment have upon subsequent brain and language development.

Many of the neural regions highlighted as significant in the current study are known to correspond 
with reading development. Although families reported no history of reading or language delay or 
disorder in the current study, it should not be overlooked that differences in viscoelastic neural 
properties may underlie known SES-related neural differences associated with reading development 
(Merz, Maskus, Melvin, He, & Noble, 2020; Noble, Wolmetz, Ochs, Farah, & McCandliss, 2006; 
Romeo et al., 2018). While the current study collected measures of reading on the Test of Word 
Reading Efficiency (TOWRE-2), only 13 children were able to complete this measure due to their age 
and reading level. Despite the lack of reading measures in the current study, based on the reciprocal 
hypothesis (Nagy, Townsend, Lesaux, & Schmitt, 2012; Stanovich & Cunningham, 1993; Wagner & 
Meros, 2010), early differences in vocabulary knowledge likely influence later reading comprehension, 
and vice versa. Therefore, we speculate that early differences in neural tissue underlying vocabulary 
outcome may have a trickle-down effect on subsequent reading development. Another limitation of 
the current study relates to the fact that no observed correlations remained statistically significant 
following Holm corrections for multiple comparisons, indicating our results should be interpreted 
with caution. While our power analysis indicates we have a sufficient sample size to reveal large effects, 
these preliminary findings need to be replicated in a larger sample in the future.

Mounting empirical evidence has indicated that the quantity and quality of language children hear 
in the home, as well as their brain structure and function, vary on the basis of SES (i.e. surface area, 
cortical thickness, gray matter volume; for review, see Brito & Noble, 2014; Hackman & Farah, 2009; 
Tomalski et al., 2013); however, our findings build on recent evidence that significant variability within 
and across SES exists (Alper et al., 2021; Masek et al., 2021; Hirsh-Pasek et al., 2015; Song, Spier & 
Tamis-LeMonda, 2014; Hurtado, Marchman & Fernald, 2008). Studies of representationally biased 
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convenience samples may uncover “core” neural patterns that are not truly characteristic of all 
children across vocabulary ability or SES. It is important to identify these individual differences, as 
individual variability in the language children hear in the home may influence brain microstructural 
health, resulting in reduced neural function in language-related regions.

Understanding how MRE measures relate to language input and performance at an early age can 
provide critical information toward identifying the need for early intervention strategies to lessen this 
neurodevelopmental gap. Specifically, in the current study, we found that the number of different 
words children heard, but not the mean length of mothers’ utterances, was associated with increased 
stiffness. Thus, targeting word diversity, rather than complexity of utterances, may foster neurodeve-
lopment in brain regions associated with vocabulary outcomes.
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