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Distinct functional connectivity 
patterns during naturalistic 
learning by adolescent first 
versus second language speakers
Sibylla Leon Guerrero  1, Laura Mesite  2 & Gigi Luk  3*

Spoken lessons (lectures) are commonly used in schools as a medium for conveying educational 
content. In adolescence, experience-expectant maturation of language and cognitive systems 
supports learning; however, little is known about whether or how learners’ language experiences 
interact with this integration process during learning. We examined functional connectivity using 
fMRI in 38 Spanish–English bilingual (L1-Spanish) and English monolingual (L1-English) adolescents 
during a naturalistic science video lesson in English. Seed analyses including the left inferior frontal 
gyrus (pars opercularis) and posterior middle temporal gyrus showed that L1-Spanish adolescents, 
when learning in their second language (L2), displayed widespread bilateral functional connectivity 
throughout the cortex while L1-English adolescents displayed mostly left-lateralized connectivity with 
core language regions over the course of the science lesson. Furthermore, we identified functional 
seed connectivity associated with better learning outcomes for adolescents with diverse language 
backgrounds. Importantly, functional connectivity patterns in L1-Spanish adolescents while learning 
in English also correlate with their Spanish cloze reading. Findings suggest that functional networks 
associated with higher-order language processing and cognitive control are differentially engaged for 
L1 vs. L2 speakers while learning new information through spoken language.

Keywords  Bilingualism, Functional connectivity, Adolescence, Language comprehension, fMRI, Naturalistic 
tasks

From kindergarten to college, much of formal instruction relies on spoken language to impart novel 
information, concepts, and skills. Learners’ abilities to acquire new knowledge through spoken language are 
shaped by neural plasticity arising from both developmental and experiential processes1. In development, the 
maturation of language and cognitive systems, particularly in prefrontal brain regions, supports the integration 
of increasingly complex knowledge representations, while interacting with experience-dependent mechanisms 
such as bilingualism. However, little is known about how bilingualism, a context- and experience-dependent 
mechanism, impacts the learning experience of adolescents being taught in a second language (L2). The current 
study investigated the functional connectivity of higher-order language and cognitive control regions among 
bilingual adolescents who spoke Spanish as their first, home language and English as the second, instructional 
language used in school. Bilingual adolescents were compared with functionally monolingual adolescents who 
spoke English at both home and in school while they watched a science video lesson presented in English.

Globally, it is common for adolescents to receive expository lessons in school settings where instruction is 
in the non-dominant language. However, little is known about naturalistic learning in an L2 and how bilinguals 
draw upon their linguistic and cognitive resources when engaged in expository lessons. Because language 
processing does not occur in isolation in the brain, understanding how brain regions collectively support learning 
in naturalistic lessons is one way of gaining insight into the affordances and challenges of expository lessons for L2 
learners. Yet, given the paucity of prior research using naturalistic stimuli with bilingual populations, and much 
less with adolescent bilingual participants, little is known about the neural correlates of language processing in 
understanding naturalistic discourse.

While oral expository lessons are a significant component of K-12 instruction, most previous research has 
focused on oral narratives2–4 and reading comprehension5–7. To date, no fMRI research has investigated neural 
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responses to complex oral expository lessons in relation to learners’ language backgrounds. Thus, the present 
study evaluates functional regions supporting learning in adolescents for whom the instructional language, 
namely English, is their second language (L2), in contrast with those for whom the instructional language is 
their first language (L1).

Current understanding of the neural organization of language processing is grounded in research with 
monolingual or native speakers exposed to controlled stimuli in their L18, displaying a core network for language 
processing that is primarily left-lateralized in the temporal and posterior frontal cortex9. More specific to the 
comprehension of complex discourse, left-lateralized regions such as the posterior inferior frontal gyrus (BA44, 
pars opercularis), central inferior frontal gyrus (BA45, pars triangularis), middle temporal gyrus, superior 
temporal gyrus, angular gyrus, anterior temporal lobe (temporal pole) and insula are important for higher-
order meaning composition engaging both semantic and syntactic processing10.

For bilingual adult speakers, both word-level semantic and higher-order language networks appear to largely 
overlap across languages in bilinguals11,12. The most common differences in word and sentence level processing 
across bilinguals’ L1 and L2 have been found in the magnitude rather than the distribution of activation, 
with bilinguals displaying differential levels of activation in the same core language regions13–15. In addition, 
bilinguals have been found to display stronger bilateral activation of homologous regions when compared to 
monolinguals, particularly the inferior frontal and medial temporal lobes13,14. Although fewer studies have 
investigated more complex, connected discourse, similar patterns are also seen with audio narratives in the L1 
and L2, with functional activation in anterior temporal regions, weaker, more variable and/or less left-lateralized 
when listening in the L216,17 and with activation patterns moderated by L2 proficiency18.

Beyond core language regions, the engagement of cognitive control regions can also differ in bilingual, 
as compared to monolingual, speakers, depending on language proficiency, experimental task, and language 
context14,19,20. At the word and sentence level, the anterior cingulate (associated with context monitoring in 
language comprehension) and basal ganglia (associated with response selection in language production) 
are the most common control regions found to display activation differences in bilingual vs. monolingual 
processing14,20–22.

While prior research on bilingual discourse comprehension has focused on narrative processing in adults, 
the current study investigated the processing of expository discourse in adolescent monolingual L1 and 
bilingual L2 learners under a relatively naturalistic learning scenario similar to what they encounter in school. 
We focus on adolescents, who potentially experience both developmental and maturational changes in brain 
structure and function as well as changes stimulated by their bilingual experience after being educated in L2 
(English) for a period. In the study, we ask, (1) what are the functional connectivity networks associated with 
connected discourse processing in L1 English-speaking adolescents and in L1 Spanish-speaking adolescents 
when learning new information in a naturalistic science lesson in English; and (2) whether and how patterns of 
neural engagement during learning might be associated with individual differences in L1 and L2 proficiency as 
measured by standardized language assessments.

To address these questions, we first examined whole-brain functional connectivity during an Earth science 
video lesson for five a priori regions (L-IFG, L-MTG, L-PCG, L-SMA, and L-INS) that have been demonstrated 
to play a role in higher-order meaning composition and have been associated with bilingual experience in 
Activation Likelihood Analysis (ALE) meta-analyses of higher order semantic and syntactic processing10,23. 
Seed-based connectivity analysis provides insight into the ways in which such priori regions-of-interest (ROIs) 
might be functionally associated with other anatomical brain regions. We thus used seed analysis (AFNI 
3dGroupIncorr24,25) with ROIs derived from the adult literature due to the limited research on adolescents 
to examine group commonalities and differences in functional connectivity with 19 Spanish–English and 19 
English-only speakers. We further assessed the correlations between individual differences in participants’ 
comprehension of the science lesson video, as well as their L1 and (for Spanish speakers) L2 language proficiency 
with seed connectivity while controlling for age, nonverbal intelligence, and parental education, factors which 
have been demonstrated in prior literature to impact functional networks involved in language and higher order 
processing26–28. Extending prior results on L2 language processing in children29,30 and adults31,32, we hypothesized 
that: compared to functionally monolingual native L1 English speakers, bilingual L1 Spanish/L2 English speakers 
would display wider functional connectivity for regions associated with the left IFG and left MTG seeds with 
bilateral homologues and with control regions such as the anterior cingulate cortex and basal ganglia when 
watching an educational video in English and that more extensive functional connectivity would be associated 
with individual differences in L1 and L2 proficiency.

Results
Behavioral results
Behavioral results are summarized in Table 1. Participants’ recall and comprehension of the science video 
averaged 72% (m = 0.72, sd = 0.18) on comprehension questions about the video content overall, while L1 English 
speakers scored on average 15 percentage points higher than L1 Spanish speakers (Wilcoxon p = 0.01). These 
video comprehension results were consistent with L1 English speakers overall stronger English language skills as 
measured in standardized tasks: on average, L1 English speakers displayed higher scores than L1 Spanish speakers 
on the English vocabulary measure (Wilcoxon p < 0.001) and English cloze comprehension task (Wilcoxon 
p < 0.001). Spanish expressive vocabulary (m = 86.7, sd = 13.4) and Spanish cloze comprehension task (m = 88.6, 
sd = 14.1) scores for L1 Spanish speakers fell on average within one standard deviation of the population mean. 
In addition, L1 English speakers scored on average two-thirds of a standard deviation higher than L1 Spanish 
speakers (Wilcoxon p = 0.002) on the nonverbal reasoning measure (see Table 1), which was administered in the 
participant’s preferred language, English or Spanish. This group difference in reasoning scores was largely due 
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to three particularly high-scoring L1 English speakers as on average, both L1 English and L1 Spanish speakers 
scored at or above the population mean of 100 in nonverbal reasoning. We retained these high scorers in the 
sample due to MRI sample size considerations; however, due to this group difference, all subsequent fMRI 
analyses controlled for nonverbal reasoning scores. Additionally, we conducted a sensitivity analysis for L1 
Spanish minus L1 English seed correlations removing these high scorers. While group differences were slightly 
magnified, as might be expected with unbalanced group sizes, seed correlation results were largely unchanged 
from the full sample analysis (see Supplementary Table 1).

Video lesson seed correlations
Consistent with processing of multimodal and complex audiovisual stimuli, there was widespread functional 
connectivity of all seeds with brain regions implicated in language comprehension and audiovisual processing 
when controlling for age, nonverbal reasoning, and parental education regardless of adolescents’ language 
background (see Supplementary Fig. 1 and Supplementary Table 2). Specifically, extensive clusters were centered 
in each of the five seed regions, which were identified in prior research with adults as core regions for higher-
order language processing (see “Methods”, Table 4). There were also significant functional correlations (p < 0.001, 
α < 0.05) of seeds with large clusters in bilateral STG, MTG, MFG, SMA, cingulate, and cerebellum, as well as 
left IFG. See Supplementary Fig. 1 and Supplementary Table 2 for all whole sample and language group seed 
correlations.

As displayed in Fig. 1 and Table 2, on average, L1 Spanish speakers displayed more extensive seed connectivity 
than L1 English speakers during the video lesson, when controlling for age, nonverbal IQ and parental education 
and after cluster correction at p < 0.001, α < 0.05. Greater recruitment of seed homologues (L1 Spanish − L1 
English) was seen with L-MTG (R-MTG, 321vx, MNI 67, − 23, 1) and L-INS (R-INS, 1367vx, MNI 33, 23, 7). This 
pattern of greater right hemisphere recruitment also extended beyond homologues to language-related (L-MTG 
seed to R-STG/MTG, 321vx, MNI 67, − 23), visual processing (L-INS to R-cuneus, 560vx, MNI 11, − 81, 46) and 
cognitive control-related (L-SMA to R-INS, 1367vx, MNI 33,23,7) brain regions. There were no clusters where 
positive or negative correlated functional connectivity for the L1 English speakers was greater than for the L1 
Spanish group after cluster correction at p < 0.001, α < 0.05.

Video comprehension
For the whole group, seen in Fig. 2a and Table 3a, individual differences in video lesson comprehension 
were associated with positively correlated activity in language processing regions and negatively correlated 
activity in higher-order visual processing regions. Specifically, in language processing regions, higher levels of 
video comprehension were associated with lower functional correlations in the L-IFG seed cluster (r = − 0.28, 

Table 1.   Language and cognitive characteristics. a Proportion correct; group difference after rounding. 
b Standard scores with M = 100, SD = 15.

Combined 
(n = 38)
m (sd)

L1 English 
(n = 19)
m (sd)

L1 Spanish 
(n = 19)
m (sd)

Group difference
(Wilcoxon p)

Video comprehensiona 0.72 (0.18) 0.80 (0.14) 0.64 (0.19) 0.15 (0.01)

Nonverbalb reasoning 111.5 (9.9) 116.5 (9.3) 106.5 (8.0) 9.9 (0.002)

English vocabularyb 99.1 (26.6) 117.1 (9.1) 81.1 (26.1) 36.1 (< 0.001)

Spanish vocabularyb – – 86.7 (13.4) –

English cloze comprehensionb 96.9 (22.6) 110.3 (15.0) 83.5 (21.1) 26.8 (< 0.001)

Spanish cloze comprehensionb – – 88.6 (14.1) –

Figure 1.   L1 Spanish minus L1 English voxel-wise seed connectivity (p < 0.001, α < 0.05) for: (a) L-IFG, (b) 
L-MTG, (c) L-PCG, (d) L-SMA and (e) L-INS seeds. Cluster outlines display positive cluster correlations; filled 
clusters indicate negative cluster correlations. Only statistically significant clusters are shown.
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bootstrapped 95% CI [− 0.53, − 0.03]), as well as lower positively correlated connectivity between L-IFG and 
R-MTG (r = − 0.38, bootstrapped 95% CI [− 0.65, − 0.02]), R-precuneus (r = − 0.26, bootstrapped 95% CI [− 0.51, 
− 0.00]), and L-cerebellum VII (r = − 0.46, bootstrapped 95% CI [− 0.70, − 0.15]). In visual processing regions, 
better video comprehension was associated with higher negatively correlated functional connectivity, such as for 
the L-SMA seed to bilateral precuneus/PCC (308vx, r = 0.3, bootstrapped 95% CI [0.03, 0.63]). 

Video comprehension was also associated with group differences (L1 Spanish minus L1 English) in seed 
connectivity (Fig. 2b and Table 3b). While L1 English speakers on average displayed smaller seed correlations 
than L1 Spanish speakers of L-SMA to R-cerebellum, this connectivity was associated with better video 
comprehension in L1 English speakers (178vx, r = 0.47, bootstrapped 95% CI [0.14, 0.74]) but not in L1 Spanish 
speakers. In addition, L1 Spanish speakers on average displayed greater functional connectivity than L1 English 
speakers in an extensive cluster surrounding the L-INS seed (6927vx), and for L1 Spanish speakers only, higher 

Table 2.   L1 Spanish minus L1 English: Voxel-wise seed connectivity (p < 0.001, α < 0.05) for L-IFG, L-MTG, 
L-PCG, L-SMA and L-INS seeds, with cluster peak coordinates (MNI).

Seed (MNI) & correlated cluster peak Voxels Sign X Y Z

(1) L-IFG, BA 44 (− 50, 12, 16)

    L IFG 496 + − 51 11 15

    L PCG 180 + − 49 3 45

(2) L-middle MTG (− 54, − 26, 0)

    L MTG 485 + − 55 − 27 − 1

    R STG to Heschl’s gyrus & MTG 321 + 67 − 23 1

(3) L-PCG (− 38, 0, 56)

    L PCG 282 + − 39 − 1 55

    L superior parietal lobule 245 + − 25 − 59 57

(4) L-SMA (− 2, 14, 54)

    L SMA 1386 + − 3 13 53

    L insula to caudate 518 + − 39 19 3

    R insula 294 + 33 23 − 5

    R cerebellum, crus 1 174 + 41 − 63 − 29

(5) L-INS (− 32, 20, 8)

    L insula 7198 + − 33 19 7

    R insula 1367 + 33 23 7

    R middle frontal gyrus 729 + 31 41 33

    R supramarginal gyrus 579 + 55 − 39 31

    R cuneus 560 + 11 − 81 46

Figure 2.   Correlation of video lesson comprehension with voxel-wise seed connectivity clusters (p < 0.001, 
α < 0.05) for (a) Whole group (n = 38); (b) L1 Spanish minus L1 English; (c) L1 Spanish only (n = 19); and (d) L1 
English only (n = 19). Cluster outlines display positive cluster correlations; filled clusters indicate negative cluster 
correlations. Only statistically significant clusters are shown.
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connectivity in this cluster was associated with better video comprehension (r = 0.43, bootstrapped 95% CI 
[0.04, 0.75]). There were no clusters associated with video comprehension scores where positive or negative 
correlated functional connectivity for the L1 English speakers was greater than for the L1 Spanish group after 
cluster correction at p < 0.001, α < 0.05.

The widespread connectivity seen for the LIFG seed in the whole group analysis was not evident when 
language groups were examined separately. Rather, the most extensive functional connectivity associated with 
video comprehension in L1 Spanish speakers (Fig. 2c and Table 3c) was between the L-PCG seed and bilateral 
visual processing regions (L fusiform, 673vx, MNI − 35, − 61, − 15; r = 0.55, 95% CI [0.12, 0.77] and R fusiform, 
561vx, MNI 29, − 59, − 7; r = 0.53, 95% CI [0.18, 0.77]). In L1 English speakers (Fig. 2d and Table 3d), only 
connectivity between the L-SMA seed and L-PCG was correlated with video comprehension (785vx, MNI − 43, 
1, 41; r = − 0.56, 95% CI [− 0.76, − 0.24]).

English language comprehension
For the whole group (Fig. 3a and Table 4a), English higher order comprehension skills as measured by the English 
cloze task were positively correlated with seed connectivity between the right cerebellum and the L-SMA seed 
(2858vx, MNI 9, − 77, − 2; r = 0.27, bootstrapped 95% CI [0.01, 0.50]) and from the L-INS seed (294vx, MNI 15, 
− 71, − 55; r = 0.40, bootstrapped 95% CI [0.19, 0.64]). In contrast, functional activity in the R-cuneus (2817vx, 
MNI 3, − 51, 23) was negatively correlated with activity in the L-IFG seed, with the magnitude of this relationship 
positively associated with English comprehension (r = 0.38, bootstrapped 95% CI [0.01, 0.69]).

Group differences in functional connectivity (Fig. 3b and Table 4b) were negatively associated with English 
cloze comprehension only in the L-SMA seed cluster for L1 English speakers (765vx, MNI − 3, 13, 53; r = − 0.45, 
bootstrapped 95% CI [− 0.73, − 0.02]) and in connectivity of the L-INS seed to the bilateral anterior cingulate for 
L1 Spanish speakers (942vx, MNI − 5, 25, 33; r = 0.50, bootstrapped 95% CI [0.19, 0.77]). There were no clusters 

Table 3.   Correlation of video lesson comprehension with voxel-wise seed connectivity clusters (p < 0.001, 
α < 0.05) with cluster peak coordinates.

Seed (MNI) & correlated cluster peak Voxels Sign X Y Z r 95% CI

(a) Whole group

 (1) L-IFG, BA 44 (− 50, 12, 16)

     L IFG 39,210 + − 51 11 15 − 0.28 [− 0.53, − 0.03]

     R MTG 378 + 59 − 53 − 3 − 0.38 [− 0.65, − 0.02]

     R precuneus 246 + 11 − 69 61 − 0.26 [− 0.51, − 0.00]

     L cerebellum VII 189 + − 25 − 75 − 55 − 0.46 [− 0.7, − 0.15]

 (2) L-MTG (− 54, − 26, 0)

     R mid-occipital/angular gyrus 279 − 41 − 73 33 0.3 [0.06, 0.53]

 (4) L-SMA (− 2, 14, 54)

     R angular gyrus 358 − 49 − 75 35 0.29 [0.02, 0.54]

     R/L precuneus 308 − 3 − 51 15 0.3 [0.03, 0.63]

     R SMA 155 + 7 − 15 73 0.3 [0.08, 0.51]

 (5) Left insula (− 32, 20, 8)

     L/R rectal gyrus 189 − − 1 63 − 19 0.32 [0.01, 0.55]

     R cerebellum VIII 188 + 15 − 71 − 55 0.36 [0.09, 0.59]

(b) L1 Spanish minus L1 English

 (4) L-SMA (− 2, 14, 54)

     R cerebellum (L1 Eng. only) 178 + 41 − 63 − 29 0.47 [0.14, 0.74]

 (5) Left insula (− 32, 20, 8)

     L insula (L1 Spa. only) 6927 + − 33 19 7 0.43 [0.04, 0.75]

(c) L1 Spanish only

 (2) L-MTG (− 54, − 26, 0)

     R cerebellum, crus 2 326 + 17 − 83 − 43 − 0.42 [− 0.69, − 0.07]

 (3) L-PCG (− 38, 0, 56)

     L fusiform gyrus 673 + − 35 − 61 − 15 0.55 [0.12, 0.77]

     R fusiform gyrus 561 + 29 − 59 − 7 0.53 [0.18, 0.77]

     L inf. occipital gyrus 175 + − 49 − 61 − 15 0.65 [0.36, 0.84]

 (4) L-SMA (− 2, 14, 54)

     R caudate 319 + 13 17 5 0.44 [0.12, 0.65]

(d) L1 English only

 (4) L-SMA (− 2, 14, 54)

     L precentral gyrus 785 + − 43 1 41 − 0.56 [− 0.76, − 0.24]
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associated with English cloze comprehension where positively or negatively correlated functional connectivity 
for the L1 English was greater than for the L1 Spanish group after cluster correction at p < 0.001, α < 0.05.

In L1 Spanish speakers, qualitative patterns of extensive bilateral functional connectivity are seen in Fig. 3c 
and Table 4c for the L-PCG seed to occipital visual processing regions and for the L-INS cluster (10517vx, MNI 
− 33, 19, 7; r = 0.37, bootstrapped 95% CI [0.04, 0.68]). In L1 English speakers (Fig. 3d and Table 4d), English 

Figure 3.   Correlation of English cloze comprehension with voxel-wise seed connectivity clusters (p < 0.001, 
α < 0.05) for (a) Whole group (n = 38); (b) L1 Spanish minus L1 English; (c) L1 Spanish only (n = 19); and (d) L1 
English only (n = 19). Cluster outlines display positive cluster correlations; filled clusters indicate negative cluster 
correlations. Only statistically significant clusters are shown.

Table 4.   Correlation of English cloze comprehension with voxel-wise seed connectivity clusters (p < .001, 
α < .05) with cluster peak coordinates.

Seed (MNI) & correlated cluster peak Voxels Sign X Y Z r 95% CI

(a) Whole group

 (1) L-IFG, BA 44 (− 50, 12, 16)

     R/L-precuneus/PCC 2817 − 3 − 51 23 0.38 [0.01, 0.69]

 (4) L-SMA (− 2, 14, 54)

     R-cerebellum, crus 1 2858 + 9 − 77 − 23 0.27 [0.01, 0.5]

 (5) L-INS (− 32, 20, 8)

     R-cerebellum, VIII 294 + 15 − 71 − 55 0.4 [0.17, 0.64]

(b) L1 Spanish minus L1 English

 (4) L-SMA (− 2, 14, 54)

     L-SMA (L1 Eng. only) 765 + − 3 13 53 − 0.45 [− 0.73, − 0.02]

 (5) Left insula (− 32, 20, 8)

     L/R mid- to anterior cingulate (L1 Spa. Only) 942 + − 5 25 33 0.5 [0.19, 0.77]

(c) L1 Spanish only

 (1) L-IFG, BA 44 (− 50, 12, 16)

     L putamen 389 + − 21 9 5 0.35 [0.02, 0.68]

 (3) L-PCG (− 38, 0, 56)

     L precentral gyrus 1304 + − 39 − 1 55 0.42 [0.07, 0.68]

     L inf. parietal lobule 302 + − 41 − 85 15 0.45 [0.08, 0.73]

     L fusiform gyrus 235 + − 33 − 59 − 13 0.28 [0.02, 0.54]

 (4) L-SMA (− 2, 14, 54)

     R caudate 203 + 13 17 5 0.46 [0.09, 0.69]

 (5) L-INS (− 32, 20, 8)

     L insula 10,517 + − 33 19 7 0.37 [0.04, 0.68]

(d) L1 English only

 (2) L-MTG (− 54, − 26, 0)

     L IFG, BA45, pars tri 508 + − 55 27 − 1 0.51 [0.15, 0.69]
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cloze comprehension skills were positively associated with connectivity between L-MTG and L-IFG (508vx, MNI 
− 55, 27, − 1; r = 0.51, 95% CI [0.15, 0.69]).

Spanish language comprehension
For L1 Spanish speakers, we also examined potential associations of Spanish higher-order comprehension skills 
with functional connectivity while watching the video in L2 English. A separate seed-based analysis including 
Spanish cloze comprehension as a covariate was conducted only for L1 Spanish speakers. When controlling for 
age, English vocabulary and English passage comprehension skills, L1 Spanish speakers’ Spanish cloze skills were 
significantly and negatively correlated with functional connectivity in a wide range of clusters associated with the 
L-IFG and L-SMA seeds (see Fig. 4 and Table 5). For the L-IFG seed, clusters were centered in L-IFG (7489vx, 
r = − 0.51, bootstrapped 95%, CI [− 0.79, − 0.06]), R-SMG (821vx, r = − 0.46, bootstrapped 95%, CI [− 0.68, 
− 0.14]), R-SFG (r = − 0.54, bootstrapped 95%, CI [− 0.77, − 0.23]), and L-ACC (180vx, r = − 0.59, bootstrapped 
95%, CI [− 0.82, − 0.19]). For the left SMA seed, clusters were centered in bilateral SMA (12,266vx, r = − 0.64, 
bootstrapped 95%, CI [− 0.81, − 0.23]) but also included right hemisphere regions such as cerebellum, caudate, 
and angular gyrus (see Table 5). 

Discussion
We examined L1 English and L1 Spanish speakers’ neural responses to expository oral discourse using a 
naturalistic and ecologically relevant paradigm in fMRI. Results demonstrate differential patterns of neural 
recruitment across the two groups. These patterns were reflective of language knowledge in English, for all 
participants, as well as language knowledge in Spanish, for L1 Spanish, L2 English bilingual participants.

The first research question asked how brain regions associated with connected discourse processing are 
engaged when adolescents watch and listen to a naturalistic science lesson in either their L1 or L2. L1 Spanish 

Figure 4.   L1 Spanish speakers’ correlation of Spanish cloze comprehension with voxel-wise seed connectivity 
clusters (p < 0.001, α < 0.05). Cluster outlines display positive cluster correlations; filled clusters indicate negative 
cluster correlations. Only statistically significant clusters are shown.

Table 5.   Correlation of Spanish cloze comprehension with voxel-wise seed connectivity clusters (p < 0.001, 
α < 0.05) (with cluster peak coordinates) among L1 Spanish adolescents.

Seed (MNI) & correlated cluster peak Voxels Sign X Y Z r 95% CI

(1) L-IFG, BA 44 (− 50,12,16)

    L IFG 7489 + − 51 11 15 − 0.51 [− 0.79, − 0.06]

    R supramarginal gyrus 821 + 55 − 27 45 − 0.46 [− 0.68, − 0.14]

    R sup. frontal gyrus 498 + 27 − 5 61 − 0.54 [− 0.77, − 0.23]

    L anterior cingulate 180 + − 3 1 31 − 0.59 [− 0.82, − 0.19]

(2) L-MTG (− 54, − 26, 0)

(3) L-PCG (− 38, 0, 56)

(4) L-SMA (− 2, 14, 54)

    L-SMA to R-SMA 12,266 + − 3 13 53 − 0.64 [− 0.87, − 0.28]

    R cerebellum, crus 1 616 + 41 − 61 − 29 − 0.64 [− 0.88, − 0.27]

    R caudate 555 + 15 9 13 − 0.66 [− 0.84, − 0.25]

    R angular gyrus 367 − 47 − 75 35 − 0.46 [− 0.68, − 0.11]

    L inf. parietal lobule 344 + − 49 − 47 43 − 0.53 [− 0.77, − 0.18]

    R cerebellum VIII 309 + 39 − 57 − 53 − 0.49 [− 0.73, − 0.15]

    R sup. temporal gyrus 180 − 53 − 21 − 1 − 0.69 [− 0.86, − 0.41]

(5) Left insula (− 32, 20, 8)
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speakers were hypothesized to display more diffused and heightened functional connectivity than L1 English 
speakers with bilateral homologues and with control regions such as the anterior cingulate and basal ganglia. 
Results of the seed-based analysis indicated that in these Spanish–English bilinguals, there was indeed an 
overall pattern of more extensive connectivity among clusters centered on the functional seeds. L1 Spanish 
speakers also displayed greater bilateral functional connectivity between a priori seeds to whole brain clusters 
in homologues and control regions. However, this pattern varied by seed region. For example, compared to L1 
English speakers, L1 Spanish speakers displayed more extensive correlated activity between the L-IFG seed 
with L-PCG, but not with homologous syntax- or language-related regions in the right IFG. This result both 
contrasts with and complements findings from word- and sentence-level studies of bilingual language processing, 
which have more broadly found homologous activation for the L-IFG in L2 processing30,33,34. The L-MTG seed 
displayed greater connectivity with right hemisphere homologues of auditory processing regions in the STG and 
Heschl’s gyrus. However, the most extensive differences between L1 Spanish and L1 English speakers were found 
in the functional connectivity of L-SMA and L-INS seeds, with left and right hemisphere clusters, including 
homologues, related to both language and visual processing, as well as cognitive control.

Overall, comprehension of the video lesson was supported by connectivity among core language processing 
regions, such as the L-IFG, L-MTG, and L-SMA and by connectivity of seeds with brain regions involved in more 
automatized, rule-based language processing, such as the right cerebellum. Further, while we found extensive 
connectivity between seeds and both language processing as well as visual processing regions, this connectivity 
appeared to be a hallmark of effortful processing and was associated with lower comprehension of the science 
lesson.

The second research question asked whether patterns of neural processing were associated with individual 
differences in L1 and L2 higher-order language skills, as measured by cloze comprehension tasks in English 
and Spanish. For all adolescents, connectivity of the L-SMA and L-INS seeds with R-cerebellum during the 
video lesson was positively correlated with English cloze skills and indeed, better video comprehension. This 
relationship may reflect rule-based lexical and syntactic knowledge engaged while learning from the video 
lesson. English language skills also appear to ease cognitive control demands that are signaled by the functional 
connectivity of L-IFG with R-precuneus/PCC during the video lesson. However, drawing on these higher-order 
language skills may require the engagement of language control during learning for L2 learners, as suggested 
by the positive relationship between English cloze skills and L1 Spanish speakers’ engagement of bilateral mid-
cingulate during the video lesson.

Further, our findings suggest that these bilingual adolescents draw upon their L1 (Spanish) language skills 
during the video lesson, even when the lesson is presented in their L2 (English). For L1 Spanish speakers, 
connectivity of the core compositional regions of the L-IFG and L-SMA with bilateral language and visual 
processing, and cognitive control regions was associated with Spanish comprehension skills, such that better 
Spanish cloze comprehension was associated with lower connectivity in these regions. This inverse association of 
skilled language with functional connectivity was also evident for video lesson and English cloze comprehension. 
Recruitment of cognitive control regions is a typical indicator of effortful processing35. Bilingual adolescents with 
stronger Spanish cloze comprehension displayed lower connectivity with control regions, thus suggesting that 
higher-order comprehension skills make L2 processing easier, regardless of whether those skills were acquired 
in L2 or L1, i.e., English or Spanish. Indeed, the facilitating effect of L1 higher-order discourse skills was also 
reflected in an eye-tracking study of a larger sample of adolescents of which the current sample is a subset36. In 
the larger study examining L1 Spanish adolescents’ reading outcomes and eye movement behaviors, Spanish 
cloze skills as indicators of syntactic processing were associated with more efficient online eye movement during 
reading and better passage comprehension while reading English texts36.

The current study included 38 participants across two language groups. Consequently, although the results 
revealed significant outcomes for some brain regions and behavioral correlates, the statistical power to detect 
group differences in functional connectivity and individual differences in significant behavioral correlates is 
limited. With functional connectivity analysis and naturalistic task designs, caution should also be used in 
interpreting the magnitude and sign (e.g. positive vs. negative) of functional correlations as these do not 
necessarily translate to facilitation or inhibition of cognitive processing. An additional limitation of the current 
study is the lack of equivalency across language groups on potential confounders such as age, socioeconomic 
status, and nonverbal IQ. Although the sample groups were representative of student populations found in the 
U.S., we acknowledge that statistically controlling for these variables in all our analyses does not equate these 
variables between groups. Finally, among the L1 Spanish speakers, onset age of English acquisition, length 
of English immersion, and English proficiency were highly positively correlated while these variables were 
highly negatively associated with Spanish proficiency. Although seed-based models also controlled for English 
proficiency, we were thus unable to disaggregate within-group heterogeneity in L1 Spanish speakers with respect 
to these different characteristics of diverse language experience.

The present study demonstrates that even when accounting for L2 vocabulary and L2 comprehension, there 
are both similarities and differences in how L1 and L2 speakers engage the brain’s networks for language and 
language control. L2 speakers overall display a pattern of engagement of stronger, more widespread, and more 
bilateral connectivity during learning from lessons in L2, with recruitment of regions associated with procedural 
skill and cognitive control. Differences emerge particularly in regions associated with higher-order language 
processing and cognitive control. This finding is especially relevant to adolescents learning academic lessons in 
their L2 as such lessons often focus on L2 vocabulary development37,38. The current findings provide support for 
the idea that, beyond L2 vocabulary, students draw upon higher-order comprehension skills developed in their 
L1 to integrate L2 word meanings in understanding L2 discourse. This finding highlights the potential benefits of 
enhancing comprehension using syntactic and integrative skills in the L1 as a linguistic resource. Further, findings 
provide evidence of how spoken science lessons in a developing L2 are cognitively demanding, drawing on 
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multiple control regions and processes and highlight the importance of reducing cognitive load when instruction 
occurs with oral lessons in the L2. This study complements prior adult research on bilingual processing of 
naturalistic narrative stimuli and calls for further research to better understand with greater precision both 
the conceptual and linguistic features of the lesson and the individual differences in first and second language 
proficiency which contribute to L2 comprehension during school learning.

Methods
Sample
Forty-three middle-school children (grade 6, n = 14; grade 7; n = 10, grade 8, n = 13) residing in a metropolitan 
area in the northeast U.S. were recruited as part of a larger study through community announcements, social 
media, and outreach to schools. All study procedures including informed consent and participant compensation 
were approved by the Committee on the Use of Human Subjects at Harvard University in accordance to the 
ethical principles set forth in the Belmont Report. Parental consent and youth assent were obtained prior to all 
study procedures. The 43 children had no diagnosis of language, reading, hearing or uncorrected vision difficulty. 
Of these, 22 spoke English as a first language (L1) and had no extensive or persistent second language immersion 
experience. These L1 English speakers had minimal proficiency in a non-English language as reported by their 
parents, likely due to world language instruction at school. The remaining 21 children were L1 Spanish/L2 English 
bilingual speakers. Of these participants from the two language groups, three L1 English and two L1 Spanish 
speakers were excluded from the analysis due to excessive head motion (average relative motion > 0.2 mm). 
After the exclusion of these participants, average head motion did not differ between the two language groups 
(Kruskal–Wallis χ2 = 0.06, p = 0.80). The final analytic sample included 19 L1 English and 19 L1 Spanish speakers.

The sample’s demographic characteristics are presented in Table 6. Participants were 22 female and 16 
male children ranging between 11 and 15.2 years of age (m = 12.9, sd = 1.1) with a median grade level of 7th 
grade. Females and males were evenly distributed in the two language groups. L1 Spanish speakers were on 
average 1.1 years older (Kruskal–Wallis χ2 p = 0.004) than L1 English speakers but the two groups did not differ 
significantly in grade level (Fisher’s Exact, p = 0.08). All mothers of L1 English speakers (n = 19) had completed 
university at the bachelor’s level or higher. Eleven mothers of L1 Spanish speakers had completed university 
degrees while six had post-secondary education but had not completed a tertiary degree, and two had completed 
secondary education but had no post-secondary experience. Language groups thus differed in levels of maternal 
and highest parental education (Fisher’s Exact, p = 0.003). Because socioeconomic status, particularly parental 
education, has been shown to impact language development27, all analyses in this study controlled for parental 
education as well as participants’ age.

L1 Spanish speakers had extensive and ongoing bilingual and biliterate experience as indicated by parent 
reports on a questionnaire adapted from a previous study39. Fourteen of the 19 children had moved to the U.S. 
from Spanish-speaking countries at varying ages, including Mexico (n = 5), Honduras (n = 2), Colombia (n = 2), 
El Salvador (n = 1), Nicaragua (n = 1), Peru (n = 1), Venezuela (n = 1) and Spain (n = 1) where Spanish was the 
dominant language in their home, community, and school. The remaining five participants were born into 
Spanish-speaking homes in the U.S., spoke Spanish as L1 and acquired English upon entering kindergarten 
where English was the primary language of instruction for three of these children. The other two of these five 
children attended a bilingual Spanish–English school in addition to speaking Spanish daily at home. Across the 
groups, the average number of years of English immersion was 5.0 years (sd = 3.6 years) but this experience also 
ranged widely from 6 months to 10 years, as illustrated in Table 3. All L1 Spanish children spoke both Spanish and 
English at home (mean daily Spanish use = 48.5%, sd = 15.9%) and most engaged with Spanish-language printed 
materials (m = 36.3%, sd = 19.4%), music (m = 23.6%, sd = 19.8%) and multimedia (m = 27.2%, sd = 19.8%) at 
home on a daily basis. A few participants in this group had also received classroom instruction in French (n = 3), 
Portuguese (n = 2), Chinese (n = 1), Japanese (n = 1) and/or Latin (n = 1) and self-reported minimal speaking 
ability in these languages.

L1 English speakers had minimal exposure and usage to a L2, almost entirely in the form of classroom 
instruction in a restricted range of languages that included Spanish (n = 6), Chinese (n = 5), French (n = 3), and 
Latin (n = 3) and self-reported minimal speaking and comprehension abilities. Participants in this group had no 
L2 immersion experience and only limited L2 instruction (m = 1.7 years, sd = 1.2 years) that started on average 
in the middle school years (m = 10.7 years, sd = 1.8) and ranged between 40 min to 5 h per week. Outside of the 
foreign language classroom, all school instruction for these children was conducted in English, and languages 
other than English were minimally present in the home with a non-English language heard in the home on 
average only 1.3% of the day (sd = 2.7%).

Table 6.   Participant demographic characteristics.

Combined 
(n = 38)
m (sd)

L1 English 
(n = 19)
m (sd)

L1 Spanish 
(n = 19)
m (sd)

Group difference
(p of Kruskal–Wallis χ2)

Sex (female/male) 22/16 11/8 11/8 Fisher’s exact (p = 1.00)

Grade in school (median) 7th 7th 8th Fisher’s exact (p = .08)

Age (years) 12.9 (1.1) 12.4 (1.0) 13.5 (1.0) 1.1 (0.004)

Parent education SES index 3.7 (0.6) 4.0 (0.0) 3.5 (0.7) 0.5 (0.03)
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Stimulus
The functional stimulus was an approximately 6-min-long naturalistic video presentation of a lesson on earth 
science and earthquakes. The video topic, content, and lesson text were constructed by examining middle school 
state standards and benchmarks for the earth sciences and developing content to match the 7th grade, or median 
grade level for the sample. In the lesson video, called “Earthquakes,” a narrator who was a former middle school 
science teacher orally relayed the lesson with graphic illustrations and photographs related to lesson concepts 
used as visual backdrops (see study materials available on OSF, https://​osf.​io/​2yuex/?​view_​only=​611d3​d0ade​
6f453​6be66​a100a​56043​c3, for a sample scene and full audio text). The video included 19 distinct visual backdrops 
illustrating audio content with no animation in the graphic illustrations and photographs. The video stimulus was 
presented using PsychoPy40 and projected with an LCD projector. Participants viewed the video with a headcoil-
mounted mirror, which captured a rear-projection screen fixed at the end of the scanner bore. Participants 
listened to the audio using Sensimetrics S14 MRI-compatible insert earphones (Sensimetrics, Ltd.).

Experimental design and procedure
Adolescents completed two testing sessions: the first session included informed consent and behavioral 
assessment as well as mock scanning to familiarize participants with MRI scanning procedures and lastly, the 
language and social background questionnaire completed by parents39. During the second testing session and 
before entering the scanner, adolescents were asked to share their knowledge of the video topic with their 
responses audio recorded. Participants were confirmed to have minimal knowledge about the topic and concepts 
presented in the video. They next completed an fMRI session that included T1-weighted structural acquisition 
and a single BOLD run acquired while watching the video lesson about earth science and earthquakes. Before 
the start of the video run, participants were reminded to pay close attention to the video as they would be asked 
questions about the content. Immediately after the video, participants were removed from the scanner and asked 
to freely recall what they remembered from the video as well as respond orally to specific questions about the 
video content. The scan session included additional scans (resting state, task and diffusion imaging) before the 
final video scan as part of the larger study. Results from the additional scans are not reported here.

Behavioral and language assessment
Video comprehension
Recall and understanding of the science video was assessed using an experimental measure consisting of one 
response prompt (“Please tell me everything you remember about the video.”) and ten specific questions about 
video content that included eight questions requiring factual recall (e.g., “What is the inner core made out of?”); 
and two inferential questions that required integration from the video content and background knowledge (e.g., 
“Why might it be dangerous to live on or near a fault line?”). The full list of questions can be found on OSF at 
[https://​osf.​io/​2yuex/?​view_​only=​611d3​d0ade​6f453​6be66​a100a​56043​c3]. All questions were initially presented 
to all participants in English. For L1 Spanish speakers who had difficulty comprehending or responding to 
English questions, these questions were repeated in Spanish. Both English and Spanish answers were accepted 
and included in the scoring. Two trained raters independently scored all responses as incorrect (0 pts.), partially 
correct (1 pt.) or fully correct (2 pts.) based on a rubric that was co-constructed by a team of researchers with 
teaching experience. Raters agreed on 90% of item scores, calculated by (total items scored − discrepant scores)/
(total items scored) × 100%. For discrepant scores, raters then discussed discrepant responses and came to an 
agreement on a final score.

Demographic and language experience
Parents of participants completed an adapted Language, Social and Background Questionnaire (LSBQ)39 about 
their child’s language history and use, as well as the language use of family members interacting with the child. 
Parents completed the LSBQ in their preferred language (English or Spanish) with the assistance of a research 
assistant who spoke Spanish for L1 Spanish families. The full LSBQ can be found on OSF at [https://​osf.​io/​2yuex/?​
view_​only=​611d3​d0ade​6f453​6be66​a100a​56043​c3].

Nonverbal reasoning
To assess nonverbal reasoning skills, participants completed the Kaufman Brief Intelligence Test, 2nd Edition 
(KBIT-2)41, Matrices subtest, a standardized assessment of reasoning ability. Participants completed the nonverbal 
reasoning portion, Matrices, which requires completing a visual analogy by pointing to the correct image. 
Participants received instructions and prompts in either Spanish or English according to their preference. The 
KBIT-2 Matrices subtest yields a raw score of items correct and an age-corrected standard score (M = 100, 
SD = 15) and demonstrates adequate internal consistency (Cronbach’s alpha = 0.88) and concurrent validity41.

English/Spanish vocabulary
English vocabulary was assessed with the Woodcock-Muñoz Language Survey, Revised, English (WMLS-R 
English)42 with Normative Update43, Picture Vocabulary subtest. Spanish vocabulary was assessed with a parallel 
and equated Spanish form of the WMLS-R, English, the Woodcock-Muñoz Language Survey, Revised, Spanish 
(WMLS-R Spanish)44 with Normative Update43, Vocabulario sobre dibujos subtest. The WMLS-R, English and 
Spanish versions are standardized assessments of English language proficiency with norms for a nationally 
representative sample of U.S. children updated in 2005. The Spanish form was calibrated with native Spanish 
speakers from seven countries spanning North, Central and South America, with U.S. subjects representing 7.3% 
of the calibration sample study45. The Picture Vocabulary/Vocabulario sobre dibujos subtest asks individuals 

https://osf.io/2yuex/?view_only=611d3d0ade6f4536be66a100a56043c3
https://osf.io/2yuex/?view_only=611d3d0ade6f4536be66a100a56043c3
https://osf.io/2yuex/?view_only=611d3d0ade6f4536be66a100a56043c3
https://osf.io/2yuex/?view_only=611d3d0ade6f4536be66a100a56043c3
https://osf.io/2yuex/?view_only=611d3d0ade6f4536be66a100a56043c3
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to orally identify pictured objects of decreasing word frequency. Each subtest yields a raw score of the number 
of items correctly answered and an age-scaled standard score (M = 100, SD = 15). Standard scores were used in 
subsequent analysis. For the ages represented in the current study, internal consistency reliability coefficients 
for Picture Vocabulary range from 0.91 to 0.94. Validity measures were not published for the age groups and 
subtests represented in the current study45.

Connected discourse comprehension skills were measured in English with the Woodcock-Muñoz Language 
Survey, Revised, English (WMLS-R English)42 with Normative Update43, Passage Comprehension subtest and 
in Spanish with a parallel and equated Spanish form of the WMLS-R, English, the Woodcock-Muñoz Language 
Survey, Revised, Spanish (WMLS-R Spanish)44 with Normative Update43, Comprensión de textos subtest. The 
Passage Comprehension/Comprensión de textos subtests are cloze tasks asking the participant to read one or 
more sentences and orally supply a missing word. The task starts with stimuli consisting of a single, very brief 
sentence, expanding to two sentences and/or a longer sentence stimulus as the difficulty of the task increases. 
Each subtest yields a raw score, which is the number of items correctly responded and an age-scaled standard 
score (M = 100, SD = 15); the latter was used in subsequent analysis. For the ages represented in the current 
study, internal consistency reliability coefficients for WMLS-R Passage Comprehension range from 0.80 to 0.83.

Descriptive statistics
Inspection of the raw data revealed that in most cases, the distribution of behavioral data violated assumptions 
of normality and variance homogeneity, and in regression models, of sphericity and homoscedasticity. This 
analysis thus utilized non-parametric tests implemented in R (R Core Team, 2018) to compute basic descriptive 
correlations and first-level group comparisons. Specifically, the analysis employed Wilcoxon (Mann Whitney) 
signed rank tests (R package coin)46 and BCa (bias corrected and adjusted) bootstrapped 95% confidence intervals 
to test differences in sample means (R package boot)47.

MRI acquisition
Participants were scanned in a 3 T Magnetom scanner (Prisma, Siemens) at the Center for Brain Science 
at Harvard University, using a 32-channel head-neck coil (Siemens). A high-resolution anatomical image 
was collected using a T1-weighted MPRAGE single-band, multi-echo pulse sequence (176 slices; voxel 
size = 1 × 1 × 1 mm; FoV = 256 mm; TR = 2260 ms; TE = 1.69 ms; 3.55 ms, 5.41 ms, 7.27 ms; 7° flip angle; GRAPPA 
with acceleration factor of 4). Functional images were collected using a multi-band48–50 single-echo echo 
planar T2* BOLD sequence (64 interleaved slices; voxel size = 2.3 × 2.3 × 2.3 mm; FoV = 207 mm; TR = 650 ms; 
TE = 34.8 ms; 52° flip angle; multi-band acceleration factor = 8). Pre-scan training, cushioning, and sensory 
feedback (a tape across the forehead) were used to minimize head movement. In addition, in-ear headphones 
were used to convey the video’s audio track and were covered by over-ear headphones to minimize scanner noise.

fMRI data preprocessing
MRI data were preprocessed using a standard pipeline from FMRIPREP version 20.1.1 (RRID:SCR_016216)51, 
a Nipype based tool52. Each T1w (T1-weighted) volume was corrected for INU (intensity non-uniformity) 
using N4BiasFieldCorrection v2.1.053 and skull-stripped using antsBrainExtraction.sh v2.1.0. Brain surfaces were 
reconstructed using recon-all from FreeSurfer v6.0.154, and the brain mask estimated previously was refined with 
a custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical 
gray-matter of Mindboggle30. Spatial normalization to the ICBM MNI152 Nonlinear Asymmetrical template 
version 2006 (MNI152NLin2006)55 was performed through nonlinear registration with the antsRegistration tool 
of ANTs v2.1.032, using brain-extracted versions of both T1w volume and template. Brain tissue segmentation of 
cerebrospinal fluid (CSF), white matter (WM) and gray matter (GM) was performed on the brain-extracted T1w 
using FSL’s FAST56. Functional data was slice time corrected using 3dTshift from AFNI v16.2.0724 and motion 
corrected using mcflirt (FSL v5.0.9). "Fieldmap-less" distortion correction was performed by co-registering the 
functional image to the same-subject T1w image with intensity inverted57,58 constrained with an average fieldmap 
template59, implemented with antsRegistration (ANTs). This was followed by co-registration to the corresponding 
T1w using boundary-based registration39 with nine degrees of freedom, using bbregister (FreeSurfer v6.0.1). 
Motion correcting transformations, field distortion correcting warp, BOLD-to-T1w transformation and T1w-to-
template (MNI) warp were concatenated and applied in a single step using antsApplyTransforms (ANTs v2.1.0) 
using Lanczos interpolation. ICA-based Automatic Removal Of Motion Artifacts (AROMA) was then used to 
generate non-aggressively denoised functional data60 including demeaning, smoothing to 6 mm full-width half-
maximum using FSL’s SUSAN kernel61 and normalization to the MNI152NLin2006 template. For more details 
of the pipeline see https://​fmrip​rep.​readt​hedocs.​io/​en/​sTable/​workf​lows.​html.

Denoising for scanner and physiological noise was implemented in xcpEngine62 and included linear 
detrending, temporal filtering (forward-and-reverse Butterworth filter, 0.01–0.08 Hz) and subsequent confound 
regression for white matter and CSF regressors and their squared derivatives. Five participants, three L1 English 
and two L1 Spanish speakers, were excluded from the analysis due to excessive head motion (average relative 
motion > 0.2 mm). After the exclusion of these participants, average head motion did not differ between the two 
language groups (Kruskal–Wallis χ2 = 0.06, p = 0.80).

Seed‑based correlation analysis
Five cortical regions of interest were selected as seeds based on two Activation Likelihood Analysis (ALE) meta-
analyses of higher order semantic and syntactic processing: Rodd and colleagues10 included 54 studies of receptive 
language while Walenski and colleagues23 analyzed 45 studies, with 37 of them involving complex syntax. Regions 
which overlapped across the two meta-analyses when examining auditory comprehension and syntax were (1) 

https://fmriprep.readthedocs.io/en/sTable/workflows.html
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left IFG (BA44, pars opercularis, MNI − 50, 12, 16); (2) left MTG (MNI − 54, − 26, 0); (3) left precentral gyrus 
(MNI − 38, 0, 56); (4) left SMA (− 2, 14, 54); and (5) left insula (− 32, 20, 8).

Using these five regions common to the two meta-analyses, we extracted mean BOLD time series within 
2 mm spherical seeds from preprocessed and denoised data and computed whole-brain correlations using 
AFNI’s 3dGroupIncorr24,25. The resulting voxel-wise correlation maps were Fisher-transformed to z-scores and 
thresholded at an uncorrected p = 0.001 and cluster-corrected to p ≤ 0.05. Thresholding was calculated using 
AFNI’s 3dClustSim (Monte Carlo simulation) using bi-sided nearest neighbor clustering to define contiguous 
voxels, with family-wise error rate (FWER) correction for multiple comparisons63,64. Group comparisons in 
3dGroupIncorr employed two-sample, unpaired t-tests with pooled variance estimators and controlled for 
participant age, nonverbal reasoning, and maternal education to account for differences in these variables across 
language groups. English expressive vocabulary was additionally included in seed analysis as a covariate in the 
group comparison of English cloze comprehension to control for the role of word-level language proficiency. 
A supplemental within-group seed analysis of L1 Spanish speakers included Spanish passage comprehension 
as an individual-level covariate. To examine the potential role of L1 sentence integration skills and control 
for L2 lexical and comprehension skills in neural processing, this supplemental analysis also included English 
vocabulary and English passage comprehension as control variables along with participant age, nonverbal IQ 
and parental education. Masks created from resulting t-statistics were plotted with nilearn (RRID:SCR_001362) 
and scikit-learn65.

Data availability
The protocol, code, and data that support the findings of this study are available at Open Science Framework at 
[https://​osf.​io/​2yuex/?​view_​only=​bf89a​3c48b​7f4af​ab696​99dbc​03061​68].
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