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Diverse adolescents’ transcendent 
thinking predicts young adult 
psychosocial outcomes via brain 
network development
Rebecca J. M. Gotlieb 1,4, Xiao‑Fei Yang 2,4 & Mary Helen Immordino‑Yang 2,3*

Developmental scientists have long described mid‑adolescents’ emerging capacities to make 
deep meaning about the social world and self, here called transcendent thinking, as a hallmark 
developmental stage. In this 5‑years longitudinal study, sixty‑five 14–18 years‑old youths’ proclivities 
to grapple psychologically with the ethical, systems‑level and personal implications of social stories, 
predicted future increases in the coordination of two key brain networks: the default‑mode network, 
involved in reflective, autobiographical and free‑form thinking, and the executive control network, 
involved in effortful, focused thinking; findings were independent of IQ, ethnicity, and socioeconomic 
background. This neural development predicted late‑adolescent identity development, which 
predicted young‑adult self‑liking and relationship satisfaction, in a developmental cascade. The 
findings reveal a novel predictor of mid‑adolescents’ neural development, and suggest the importance 
of attending to adolescents’ proclivities to engage agentically with complex perspectives and 
emotions on the social and personal relevance of issues, such as through civically minded educational 
approaches.

Keywords Adolescent brain development, Longitudinal mixed methods, Social cognition, People of color, 
Intelligence

Adolescence is a period of marked cognitive, emotional and psychosocial  growth1, as well as a sensitive period 
for neurological  development2, the second such period after infancy. It is characterized by sensitivity to the social 
context and by the emergence of increasingly sophisticated abilities to interpret the social world and react with 
complex emotions to its  happenings3,4. By middle adolescence, from approximately 14–18 years of age, youth 
develop the capacity for “transcendent” thinking. That is, mid-adolescents are disposed, and often motivated, to 
enrich their concrete, empathic, and context-specific interpretations with abstract, systems-level considerations 
that transcend the current  situation5–9. They invoke broader perspectives on themselves, other people, and social 
systems, and draw on cultural values and associated emotions to infer social and ethical implications and build 
deeper  understandings10,11. Moving into the later teenage years, transcendent thinking supports late-adolescents’ 
identity development, the process of building self-definitions rooted in reflections on experiences, hopes, relation-
ships, values, and beliefs rather than on happenstance. As such, transcendent thinking may contribute to stronger 
identity achievement and less identity  diffusion12–14. The identity development process can support a healthy 
transition to young  adulthood15–17, in the early twenties, with emotionally fulfilling and stable relationships, a 
positive sense of self and life  purpose18, and productive, ethical use of educational and work  opportunities19,20. 
Especially among ethnically diverse youth, and youth from families of low-socioeconomic circumstances, trans-
cendent social thinking and identity are important developmental assets, given the likelihood these youth will 
face complex circumstances and social  challenges11,21.

Research in developmental science and education has long documented the academic and social benefits of 
supporting adolescents in building intellectual agency and developmentally appropriate capacities for thinking 
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about complex social, civic, and academic disciplinary  content11,19,22,23. Curiously, though, the affordances of 
mid-adolescents’ transcendent thinking for brain development have not been investigated. Neural maturation 
across mid-adolescence largely involves increasingly efficient communication among characteristic networks 
contributing to a range of developing psychological  capacities24–26. This increasing efficiency is measurable in 
neural dynamics, i.e., in the real-time correlation between different neural networks’ activity fluctuations, even as 
individuals  rest24,27. The change over time in the strength of these correlations, therefore, can be used as a metric 
of functional neural development. Across adolescence, there are considerable individual differences in these 
metrics. As these differences correlate with psychosocial functioning and mental  health25,27–30, it is important 
to understand their  origins31.

A previous study of ours revealed that mid-adolescents’ transcendent construals of social stories were asso-
ciated with increased default mode network (DMN) activity, especially when the adolescent reported feeling 
strongly emotionally engaged with the story, and with decreased executive control network (ECN)  activity32. In 
addition, the association between DMN activity and transcendence was strengthened by brief ECN activity early 
in the trial. These complex findings suggested that adolescents’ transcendent construals involve coordinated activ-
ity of the DMN, which supports internally generated reflections and  prospections33–35, and the ECN, which sup-
ports goal-directed thinking and focused  attention36,37. This interpretation is consistent with previous theoretical 
and empirical work documenting these networks’ coordinated involvement in many forms of creative, episodic, 
social-emotional and generative  thinking38–42, and with research documenting links between maturation of these 
networks and social-emotional, cognitive and executive functioning and mental  health43–46. Might the develop-
mentally characteristic recruitment of transcendent thinking across mid-adolescence contribute to organizing 
connectivity between these two networks in ways that support long-term psychosocial growth and well-being?

Brain maturation during mid-adolescence is thought to reflect, in part, social and cognitive experiences, such 
as effects of socioeconomic and cultural backgrounds, education, and peer  influences4,47,48. However, whereas 
exposure to social circumstances is an important source of experience, equally important may be adolescents’ 
growing propensities to grapple psychologically with what they witness, and make  meaning49. Although IQ 
and demographic variables such as socioeconomic status (SES) have been associated with neurodevelopmental 
trajectories across childhood and early  adolescence46,50,51, it is possible that their effect on longitudinal change 
across mid-adolescence may attenuate. Potentially, proclivities to expend effort on complex thinking may come 
to play a more prominent role.

To begin to investigate how mid-adolescents’ propensities for transcendent social-emotional thinking may 
predict subsequent brain development, with potential psychosocial implications in young adulthood, we launched 
a longitudinal 5-years study involving sixty-five 14–18 years-old youth of color from low-income urban com-
munities. There is an urgent need in the psychological and brain sciences to study populations that have not 
traditionally been involved in research, i.e., non-White and low-to-mid SES samples, and in particular to focus 
on these populations’ normative development, rather than solely on deficits and  risks52. At the time of recruit-
ment, participants were healthy mid-adolescents from stable families, passing all classes at school, and not 
under disciplinary action. Our sample is diverse; participants speak English and were attending U.S. public high 
schools, but their parents had immigrated to the United States from thirteen different countries, primarily in East 
Asia and Latin America. Asian and Latinx youth are substantial and growing segments of the U.S. population. 
Our sample also is reflective of the variation in parental education levels and financial circumstances that exists 
within low-SES communities.

Participants explained their reactions to compelling mini documentaries in 2-h private interviews that were 
videotaped, transcribed, and coded for transcendent construals. Our interview provided participants with inter-
esting, emotionally compelling true stories and a socially supportive situation conducive to reflection, and then 
allowed them to respond freely. Participants also underwent resting-state fMRI at the beginning of the study 
and after 2 years, to capture the longitudinal change in DMN and ECN internetwork connectivity. Identity 
development was surveyed after 1.5 more years, in late adolescence. In young adulthood, 5 years after initial data 
collection, when participants were in their early twenties, participants rated their satisfaction with self, relation-
ships, and school to capture psychosocial well-being. We hypothesized that mid-adolescents’ construction of 
transcendent construals in the interview at the start of the study would predict increases in the DMN and ECN 
networks’ interconnectivity over the subsequent 2 years, regardless of the initial level of interconnectivity between 
these networks. We further hypothesized a sequenced developmental cascade in which the increases in these 
networks’ interconnectivity would in turn positively predict late-adolescent identity development, which would 
predict self and relationship satisfaction in young adulthood. To differentiate effects of transcendent thinking on 
brain network development from effects of age, family financial status and parents’ education levels (measures 
of SES), intelligence as measured by IQ, and other personal characteristics and demographic variables, we also 
measured, analyzed, and then controlled for these factors.

Results
Every participant produced transcendent construals over the course of the interview at the start of the study 
(M = 25.14, SD = 14.00, range 2–64). Transcendent construal scores were not significantly related to IQ 
(r[59.9] = 0.23, p = 0.07, 95% CI [− 0.02, 0.45]), age (r[63] = 0.22, p = 0.08, 95% CI [− 0.02, 0.44]), or other demo-
graphic covariates (SES [family income/needs ratio and parents’ years of education], sex, ethnic background; 
all p’s > 0.44).

Transcendent construal scores predict increases in internetwork connectivity over time
Consistent with our hypothesis, adolescents’ transcendent construal scores predicted the increase in connectivity 
between the DMN and the left ECN components across the 2-years interval following the interview, controlling 
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for differences in head motion between the two neuroimaging data collections and time between data collections 
(b = 0.007, SE = 0.003, t[55.9] = 2.70, p = 0.009; bootstrapped 95% CI [0.002, 0.012]). Results hold in a model addi-
tionally controlling for age, sex, IQ, SES and starting level of connectivity between these components (b = 0.005, 
SE = 0.002, t[49.2] = 2.26, p = 0.03; bootstrapped 95% CI [0.0005, 0.0094]). The effect of transcendent construals 
on growth in internetwork connectivity was not significantly moderated by age, sex, IQ or SES (all p’s > 0.44).

Ethnic background
Given current discussions about the generalizability of psychological effects across ethnically diverse  samples52,53, 
the effect of transcendent construals on longitudinal change in DMN and left ECN interconnectivity was exam-
ined in a model with participants divided into two broad ethnic groups: East-Asian descent (n = 29) and Latinx/
Afro-Latinx descent (n = 36). The effect of transcendent construals holds (p = 0.008). Ethnic group did not moder-
ate the effect of transcendent construals on change in internetwork connectivity (p = 0.71).

Laterality
Results were lateralized to the left ECN. Change in connectivity between the DMN and right ECN components 
across the 2-years interval was not predicted by transcendent construal scores, controlling for difference in head 
motion between the two data collections and time between data collections, p = 0.82.

The sequenced developmental cascade from transcendent construals in mid‑adolescence to 
young adult life satisfaction
Psychosocial outcomes varied across participants (identity development, a composite measure of identity achieve-
ment and diffusion: M = 3.69 out of 5, SE = 0.09; life satisfaction, a composite measure of satisfaction with self, 
various social relationships, and school [for the 49 still attending school]: M z-score = 0.05, SE = 0.11).

Developmental measures were chronologically ordered, and a series of regression models revealed significant 
effects from one to the next. A path analysis then revealed that the complete path is significant, while alternative 
paths that omit either or both of the intermediate measures are not. The findings together suggest a develop-
mental cascade; see Fig. 1. All models control for differences in head motion between the two scans and time 
between scans.

Discussion
For at least a century, developmental theorists have described adolescents’ emerging abilities for transcendent 
social thinking, known also as abstract thinking, as a hallmark developmental  stage6,8,12,54. Here, we demonstrate 
that adolescents’ proclivity to engage with such thinking predicts key, large-scale brain networks’ increasing 
interconnectivity over time and that this neural development is, in turn, associated with personal and social 
well-being in young adulthood. Importantly, in our socioeconomically and ethnically diverse urban sample, IQ 
and demographics did not explain the findings.

We focused on the default mode and executive control networks in particular because we had previously 
demonstrated that mid-adolescents’ transcendent construals were associated with coordinated activity in these 
networks during a functional  task32. Extensive research suggests that these networks support reflective, autobio-
graphical and free-form thinking, and effortful, focused thinking,  respectively34–36. These networks’ coordinated 
activity is associated with many forms of generative and social-emotional  processing38–41, and with mental health, 
including among  adolescents45. Our study associates the positive developmental coordination of these networks 
with mid-adolescents’ emerging dispositions to construct transcendent meaning, inferring the broader, systems-
level, ethical and civic implications, and emotionally poignant values and personal lessons, that extend beyond 
the immediate social situation.

∆ Connectivity of
DMN & left ECN

Components

Mid-adolescent
Transcendent

Construals

Late-adolescent
Identity

Development

Young Adult
Life

Satisfaction

0.007** (0.003) 0.96** (0.32) 0.66** (0.16)

Effect through the complete path = 0.005*; 
bootstrapped 95% CI [0.0008, 0.0115]

Figure 1.  The longitudinal path from transcendent construals in mid-adolescence to life satisfaction in young 
adulthood, through 2-year change in resting-state internetwork connectivity (Δ Connectivity), and identity 
development in late adolescence. Consistent with a developmental cascade, only the complete path (black 
arrows) is significant; see inset. Alternative paths that omit either (blue arrows, red arrows) or both (purple 
arrow) of the intermediate measures are not significant. Regression coefficients are depicted for the complete 
path, with standard errors in parentheses. DMN, default mode network; ECN, executive control network; ** 
p < 0.01, *p < 0.05, slashes signify a non-significant relationship; CI, confidence interval.
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Our study utilized an open-ended interview approach that aimed to capture the patterns of thinking par-
ticipants spontaneously employed as they reacted to compelling, true social stories. There is a long history in 
constructivist developmental science of examining individuals’ processes of thinking independent of the specific 
content; this approach allows researchers to capture developmentally characteristic ways of  thinking6,8,12,55. Build-
ing from this tradition, we analyzed not “what” youth were thinking, whether they agreed with the protagonist’s 
choices or the values the protagonist appeared to endorse, but “how” they were thinking, whether they showed 
evidence of considering the broader implications of the story for themselves or the world. Similarly, identity 
development measures captured the degree to which a participant had deliberated on their values and views, 
without regard to what they had decided. Notably, every participant produced transcendent construals during 
the interview, and therefore was capable of transcendent thinking. Given this finding, our method arguably 
assesses adolescents’ developing agentic dispositions toward transcendent thinking—how much they spontane-
ously invoke this cognitive-affective process, given a situation or domain that invites it. Ultimately, transcendent 
thinking may be to the adolescent mind and brain what exercise is to the body: most people can exercise, but 
only those who do will reap the benefits.

Our findings also speak to the value of utilizing in-depth qualitative research in developmental cognitive 
neuroscience to begin to understand meaningful sources of individual variation in brain development, and 
meaningful implications of this variation for outcomes. Our modest sample size was chosen to make possible 
a natural-feeling experimental protocol that encourages participants to engage genuinely with the true stories 
we shared, and to feel comfortable taking the time to figure out and explain their responses. Although future 
research might possibly design a more efficient means of uncovering adolescents’ psychological propensities, 
the ecological validity intended in our approach allowed us to uncover a critical interindividual difference in 
intraindividual  change56. The focus on large-scale neural networks allowed us to align a broad psychological 
capacity with an equivalently broad neurodevelopmental pattern, facilitating interdisciplinary interpretation 
of the  findings57. The data provide a developmental cascade that is consistent with theoretical accounts of self-
construction within the dynamic developmental  system8, i.e., with the notion that youth actively contribute to 
their own  development23. Our previous reports that, at the start of the study, participants’ patterns of construals 
were associated with real-world social and cognitive  functioning7, and with trial-by-trial activity in the  brain32, 
strengthen this interpretation.

Related, the findings speak to the power of longitudinal designs for understanding the ontogeny of interin-
dividual variation in outcomes, and possible targets for intervention. By focusing on participants’ neural con-
nectivity change scores, embedded in a longitudinal path of characteristic psychosocial developmental achieve-
ments—we are able to learn about a trajectory of neural change that is associated with later psychosocial health, 
and about a psychological precursor of that change. The change-score logic is similar to that of pediatricians who 
record infants’ eating and weight across time not because they are primarily interested in how a baby’s weight 
compares to that of their same-age peers (assuming the baby is within a normal weight range), but because 
they aim to describe the infant’s rate of weight gain relative to that of their peers. It is this rate that is associated 
with health outcomes. Pediatricians would also advise parents about the modifiable factors that effect the rate 
of weight gain, such as feeding. Analogously, our study found that neural change over time was associated with 
later psychosocial development indicative of young adult psychosocial health, and that transcendent thinking 
predicts this neural change. This finding underscores the importance of the developmental process cascading 
from transcendent thinking, and points the way for future studies that would strategically assess whether and 
when interventions could be effective.

Future research should also focus on the developmental origins of individual variation in mid-adolescents’ 
transcendent thinking, especially as transcendent thinking is context dependent and appears to be malleable over 
 time9. Given adolescents’ expanding social sphere, our data suggest the possibility that adolescents’ emerging 
disposition for thinking transcendently about what they encounter may itself be a source of variation in how the 
brain develops over time, akin to the association between eating well and growing well as an infant. Schooling, 
community-based programming, and parenting that support adolescents’ capacities to generate culturally rel-
evant meaning of their social world, and to build identity, produce lasting  benefits23. These can include improved 
academic performance and persistence in  school19,21,58,59, increased sense of life  purpose9, and improved biologi-
cal markers of  health60.

Further, future studies linking developmental origins of transcendent thinking to earlier brain development 
and social circumstances might possibly contribute to sorting out aspects of the trajectory of neural development 
across adolescence. In general, more protracted periods of structural development, and higher levels of inter-
network connectivity and neural network segregation, have been associated with beneficial life circumstances 
and psychological outcomes, as indexed mainly by SES and  IQ51,61. However, while neural network integration 
generally increases across this  age24, research on the relations between SES and functional neural development 
of resting state network connectivity in adolescence has produced conflicting  findings51,62,63. The relative lack of 
clarity on these topics may reflect in part the complex dynamics of thought and emotion emerging at this age, 
and in part the limitations of the predictive constructs. In particular, measures of SES and IQ are coming increas-
ingly under scrutiny for their potential cultural biases and, in the case of SES, for their inability to capture critical 
variation in youths’ family and community-level social supports and cultural assets that may facilitate patterns 
of thinking like those we capture  here64–66. Future research should investigate the value of more naturalistic, 
ecological methods for studying the psychological correlates and predictors of brain development, and especially 
of methods that capture youths’ strengths and not simply their environmental liabilities.

From a more applied perspective, future research should test the causal nature of the relationship between 
transcendent thinking and future neural and psychosocial development, and the ways that exposure to educa-
tional and clinical practices designed to support increases in transcendent thinking may contribute to future 
growth. For example, research on the possible neurobiological effects of civically-oriented community  schooling19 
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and restorative justice  approaches59,67 could lead to insights for developmental science while contributing use-
ful evidence for education, mental health, and juvenile justice  reform22,57. Examining the ways that adolescents’ 
transcendent thinking can be leveraged for both prosocial and antisocial aims, toward healthy and unhealthy 
outcomes, is another important future direction. Our assessment of transcendent construals was value neutral; we 
did not judge the prosociality or normativity of a participant’s response. (That said, we note that our participants 
were screened for psychiatric diagnoses and serious disciplinary infractions, and their transcendent construals 
were overwhelmingly prosocial.)

We hope that our findings provide a source of developmental hypotheses for larger, longer-term longitudinal 
studies with the power to examine more nuanced neurological and psychological effects across a wide range of 
 participants68, and normative cross-sectional ranges of neural connectivity and transcendent thinking at differ-
ent ages. Ongoing research is identifying subtle patterns of longitudinal integration and differentiation in neural 
network  functioning27,30,47,69. Many of the regions changing with development contribute to the cognitive and 
affective processing undergirding transcendent thinking and its components, such as emotional feelings, auto-
biographical memory, motivation and reward processing, and self-processing28,48,70. Youth will almost certainly 
vary on the kind of transcendent thinking processes they preferentially invoke, e.g., self-relevant versus systems-
oriented, and therefore on their relative reliance on the different affective and cognitive component processes. 
Larger studies would be positioned to explore developmental effects with greater granularity, in youth exposed 
to a range of social, cultural and educational contexts, and to probe connections to various domains of informa-
tion processing not explicitly  social57. Larger studies would also be positioned to investigate the possibility of 
contextual moderation effects that were not detectable in our moderately-sized sample.

It is hard to imagine a human context in which the capacity to engage in transcendent thinking would not 
confer benefits, assuming that we collectively aim for wellness and an ethical society capable of interrogating 
structures and systems, and of innovation. By middle adolescence, youth are oriented to, and even agentically 
dedicated to, engaging in such thinking. As a result, they can count among society’s most idealistic and com-
mitted citizens. The disposition to build complex, values-based inferences about the personal, social and ethical 
implications of the situations we encounter, and to become curious about the reasoning behind complex societal 
systems, is uniquely human. The proclivity to think about issues and beliefs that transcend proximal goals and 
the current context is the basis for adult-like moral values, identity development, civic participation and a sense 
of  purpose18. Our study suggests that as mid-adolescents engage in transcendent thinking, trying on their newly 
expanding capacities for making meaning, they coordinate neural networks involved in effortful thinking and 
internal reflection. This spontaneous, active coordination across development may contribute to the growth of 
both their brains and their minds, lifting them over the threshold to productive young adulthood.

Materials and methods
These data were collected as part of a larger project, for which participants also completed psychosocial activi-
ties, psychophysiological recordings and neuroimaging unrelated to the present study (e.g., interviews about 
school; studies of heart-rate variability; diffusion tensor imaging; see https:// osf. io/ gqs34 for more information). 
Methods for analyzing participants’ interview responses are described extensively in Gotlieb et al.7. The current 
study is the first to report longitudinal findings, and the first to analyze resting-state network connectivity and 
psychosocial outcome data. All study activities were approved by and carried out in accordance with the poli-
cies of the Institutional Review Board of the University of Southern California (UP-12-00206). All parents/legal 
guardians and participants gave written informed consent or assent as appropriate, and all participants were 
compensated for their time.

Participants
65 youth (36 female) were recruited from public high schools in low-SES neighborhoods in Los Angeles. All 
participants were right-handed, aged between 14 and 18 years at the time of the initial data collection, fluent 
in English and passing all classes in school; none were under school disciplinary action. None had a history of 
drug/alcohol use or neurological/psychiatric issues. Participant characteristics are as reported by participants 
and as confirmed by parents/legal guardians and teachers (to the best of their knowledge). Characteristics of the 
sample were as follows: 51 participants reported receiving free or reduced-price lunch at school (indicating low 
income/needs ratio for the  family71, and therefore low-SES). Parents’ education, an additional factor associated 
with  SES50, ranged from 8 to 18 years (M = 12.4 years, SD = 3.8). 34 participants identified as Latinx, 29 as East 
Asian, and 2 as Afro-Latino; participants’ parents were born in 13 countries. Participants ranged in age from 14 
to 18 (M = 15.77 years, SD = 1.05) at the start of the study. IQ scores ranged from 79 to 131 (M = 103.6, SE = 1.52; 
see below for relevant methodological details).

Procedure
Interview
Adapting a previously established protocol (see Immordino-Yang et al.72), participants reacted to 40 true, compel-
ling stories about living, non-famous adolescents from around the world in a range of circumstances, during a 
2-h private video-taped interview. The story corpus was previously piloted to be interesting and to elicit mixes of 
positively and negatively valenced emotions. The experimenter shared each story using a previously memorized 
script, and then played an accompanying documentary-style video of approximately 1 min in length depicting 
footage of the real-life protagonist (not an actor), using PowerPoint (Microsoft Office) displayed on a Lenovo 
laptop with a 17-inch screen. After showing each video, the experimenter asked, “how does this story make you 
feel?” The experimenter then looked down and transcribed as much as possible of the participant’s verbatim 
responses by hand-written notes. Participants were told that notetaking was conducted in case the video camera 

https://osf.io/gqs34
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failed. Actually, these notes also served to standardize the experimenter’s behavior, so that the participant could 
respond freely. Participants were encouraged to be as candid as possible.

Neuroimaging
Following the interview and a short break, participants underwent a 7-min resting-state BOLD fMRI scan 
with simultaneous pulse monitoring. Participants were instructed to think about whatever they would like, to 
stay as still as possible, and to stay awake. An image of a nature scene without people or animals was displayed 
continuously. Participants returned to the lab to repeat the scan approximately 2 years later (M time between 
scans = 2.10 years, SD = 0.21, range = 1.94–3.28 years). The protocol was timed so that scans would occur in the 
middle of the day.

MRI data acquisition. BOLD fMRI scanning at initial data collection was conducted with a 3 Tesla Siemens 
Trio scanner and a 12-channel matrix head coil. Functional scans were acquired using a  T2*-weighted echo-pla-
nar imaging (EPI) sequence (TR = 2 s, TE = 25 ms, flip angle = 90°, acquisition matrix: 64 × 64, FOV = 192 mm) 
with a voxel resolution of 3 × 3 × 3   mm3. Forty-one continuous transverse slices were acquired in interleaved 
order to cover the whole brain. A total of 210 volumes were acquired during the 7-min resting state scan. Ana-
tomical images were acquired using a magnetization-prepared rapid acquisition gradient echo (MPRAGE) 
sequence (TI = 800 ms, TR = 2530 ms, TE = 3.09 ms, flip angle = 10º°, isotropic voxel resolution of 1  mm3; acquisi-
tion dimensions: 256 × 256 × 176). At the second data collection, a 3 Tesla Siemens Prisma scanner with 20-chan-
nel matrix head coils was used due to a system upgrade at the scanning facility. Scanning parameters remained 
the same. (N.B.: the analysis focuses on interindividual effects, which would be independent from any effects of 
the scanner upgrade.)

Pulse oximetry data acquisition. Pulse oximetry was acquired using an MRI-compatible oximeter (Nonin 
Medical Inc, 8600FO MRI, Plymouth, MN, USA) placed over the middle finger of the participant’s left hand; 
data were output to a BIOPAC MP150 system and recorded using the BIOPAC Acqknowledge software (version 
4.1; BIOPAC Systems Inc., Goleta, CA, USA).

IQ testing
After the second fMRI scan, a trained experimenter individually administered the vocabulary and matrix reason-
ing subtests of the Wechsler Abbreviated Scale of Intelligence, second  edition73 in a private room. Subtests were 
scored, age normed and summed to produce total IQ scores. One participant completed only the vocabulary 
subtest due to time constraints; we imputed overall IQ from this score.

Psychosocial survey measures
Approximately 3 years, 4 months after the initial data collection, participants completed a modified and abridged 
version of the Objective Measure of Ego Identity Status  instrument74,75 via an online survey that they received 
via electronic communication (i.e., email, text message, and/or social media direct message). Three questions 
measured identity achievement (“I have gone through a period of serious questions about my values”; “I have 
developed my own viewpoint on what is best for me”; “I engage in self-exploration and discussions with others 
to figure out my views on life”). Two questions measured identity diffusion (“I just hang with the crowd”; “I 
sometimes join activities when asked, but I rarely try anything on my own”). All used a 5-point Likert scale, from 
“not at all true” to “completely true.” A composite identity development score was calculated from the average of 
responses on the Identity achievement questions and identity diffusion questions (reverse scored).

Approximately 5 years after initial data collection, participants completed an online survey of life satisfaction 
to capture well-being. Participants reported their satisfaction with their social relationships (as many as pertain; 
7-point Likert scale; one question each for parents, siblings, friends, teachers/supervisors, romantic partner, 
children), with themselves (continuous sliding scale; “how satisfied are you with whom you have become?”), 
and with school (only if relevant; continuous sliding scale; “how much do you like school?”). A composite life-
satisfaction score was calculated from the average of z-scores for: satisfaction with self; satisfaction with school 
(if relevant); and satisfaction with social relationships (calculated as an average of reported values). All survey 
instruments were administered using Qualtrics software (Provo, UT).

Analysis
Transcendent construals
For our previous study, videotaped interviews had been transcribed and verified. Each participant response had 
then been blind coded and reliability coded for transcendent construals (See Gotlieb et al.7,32). Building from 
our previous work, transcendent construals were defined as utterances reflecting:

(i) systems-level analyses or moral judgements, or curiosities about how and why systems work as they do, e.g.,

“I also find it unfair that the people get undocumented. It’s kind of weird how it’s like a label how like just 
‘cause you are from some other place, um, you can’t do certain things in another place. It’s like a question. 
It’s like something I’ve always wondered…”;

(ii) discussions of broad implications, morals and moral emotions, perspectives, personal lessons or values 
derived from the story, e.g.,
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“I think back to the idea that because children are the future […] we have to be able to inspire people who 
are growing and have the potential to improve the societies”;
“it makes me happy for humanity”;

or (iii) analyses of the protagonist’s qualities of character, mind, or perspective, e.g.,

“[she is] thinking, ‘oh, you’re not alone. You have others who are dependent on you’.”

Importantly, it was not relevant whether the participant endorsed a value or lesson or agreed with the pro-
tagonist, e.g.,

“I wouldn’t react that way. I’d just be really mad at the kid instead of, you know, selfless like that and trying 
to help him. Like I wouldn’t be able to put myself in someone’s shoes like that like he did.”

Construals not considered transcendent pertain mainly to discussions of the protagonist’s immediate situ-
ation, e.g., “I’m glad it all worked out,” or evaluating the protagonist’s decisions or actions, e.g., “I feel like they 
should have planned it more”; or to the empathic emotions of the participant, e.g., “I feel really sad for her, and 
like, second-hand embarrassment”. Unlike transcendent construals, these examples involve reactive, concrete 
and context dependent interpretations.

Participants received a score of 1 for each transcendent construal. Scores across all trials were summed to 
produce a total score for each participant.

Neural data processing
fMRI data pre-processing. MRI data underwent standard preprocessing using SPM12 (v.7771) implemented 
in MATLAB 2015b (Wellcome Department of Cognitive Neurology, London, UK; MathWorks, Inc., Natick, 
MA, USA). Functional images were slice timing and motion corrected, and co-registered to the anatomical 
image. Anatomical images were normalized to the Montreal Neurological Institute space using the segmenta-
tion procedure. The resulting normalization transformation was applied to the functional images. Co-registered 
and normalized images were visually inspected for each participant to ensure quality, and all were satisfactory. 
The functional images were resampled into an isotropic voxel resolution of 2 × 2 × 2  mm3 and smoothed using 
an 8 mm full width at half maximum Gaussian kernel. To quantify and evaluate head motion, framewise dis-
placement  (FD76) was calculated. Across all scans, the number of volumes across the scan with FD over 1 mm 
ranged from 0 to 63 out of 210 (M = 4.0, SD = 8.6); the average FD across the resting state scan ranged from 0.06 
to 0.92 mm (M = 0.19, SD = 0.13). No data were discarded due to head motion, though special care was taken to 
ensure that network identification and the associated connectivity measures are not biased by motion, either of 
the head or due to cardiac pulsation; see SI Sect. 1.

Neural network identification. Resting-state data were run through a 20-component group-level spatial 
independent component  analysis77 using the Infomax algorithm (as implemented in the GIFT toolbox version 
4.0b, http:// mialab. mrn. org/ softw are/ gift/ index. html). Group-level ICA was run without additional denoising 
because this approach has been shown to identify the networks of interest most  accurately78. The 20-compo-
nent model was chosen because it has been shown to capture large-scale networks, including those of interest 
 here79,80. The first 5 TRs of the resting state scan were excluded to allow for signal stabilization. Consistent with 
standard practice, the algorithm was run 20 times with different initial values to evaluate the reliability of results 
using the  ICASSO81 function in the GIFT toolbox. All components were highly reliable, with stability indices 
greater than 0.9681. Group-level components were then back-reconstructed to create individual-level component 
spatial maps and corresponding component time-courses for the initial and second data collections. Component 
spatial maps were visually inspected; components containing the left ECN, right ECN, and the DMN, were iden-
tified (see Fig. 2 and SI Sect. 2). Cross-correlation values between the identified network component maps and 
the resting state templates from Smith et al. (2009)80 were calculated using the fslcc function from the FMRIB 
Software Library (Version 6.0.6.5). Cross-correlation values for the group-level components are DMN: 0.77; left 
ECN: 0.74; right ECN: 0.72, considered  high82.

Network functional connectivity. Network functional connectivity was calculated using the Mancovan 
 toolbox83 implemented in GIFT. Default corrections and, for additional confidence, motion corrections, were 
applied for the ECN and DMN component time courses. This step included linear, quadratic, and cubic detrend-
ing; de-spiking; low-pass filtering with a high frequency cutoff of 0.15 Hz; and, to remove any residual influence 
of head motion, regressing out twenty-four expanded motion  parameters84. Pairwise between-network correla-
tion coefficients were calculated using corrected time courses across the entire scan (205 TRs) and then Fisher 
z-transformed to capture the strength of functional connectivity between networks for the initial data collec-
tion and second data collection separately for each individual. To capture longitudinal change, the difference 
in between-network correlation coefficients for the initial and second data collections for each participant was 
calculated.

Statistical analysis
Statistical analyses were carried out using RStudio (Version 2023.06.0 + 421, Posit Software, PBC) and R (Version 
4.3.1). All reported statistical tests are 2-tailed. Data and R scripts are available at: https:// osf. io/ 6cejy.

http://mialab.mrn.org/software/gift/index.html
https://osf.io/6cejy
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Missing data and multiple imputation. All participants had complete data from the initial collection. Missing 
neuroimaging data at the second data collection were due to unexplained extensive signal loss (1 participant), 
acquiring dental braces or metal implants (5 participants), or moving away (4 participants). Only two partici-
pants attrited after completing the initial data collections; all other missing data were partial. The percentage of 
missing values across the variables of interest varied between 0 and 15%. Given the reasons for the missing data 
are known and unlikely to be related to the measures of interest, the data were assumed to be missing at random 
and appropriate for multiple  imputation85. (See also sensitivity analyses, described below.)

Missing data were imputed under fully conditional specification using predictive mean matching with 10 max-
imum iterations, as implemented in the Multivariate Imputation by Chained Equations (“mice”)  package86 (Ver-
sion 3.16). All existing data, including measures of interest and covariates, were used to conduct imputation. 
To stabilize results, 100 imputed datasets were produced. All difference scores were calculated after imputation.

Calculating bootstrapped confidence intervals. 5000 bootstrapped samples were generated using the Boot-
strap Functions (“boot”)  package87 (Version 1.3–28.1) from each of the 100 imputed datasets, following Wu & 
Jia’s  method88 for combining bootstrapping with multiple imputation. Effects of interest were estimated using 
each imputed/bootstrapped sample. The resulting 100 sets of 5000 parameter estimates were combined into one 
distribution for each effect of interest, which was used to derive the mean and a 95% confidence interval using 
the percentile  method89.

Testing hypothesis 1. The effect of transcendent construals on longitudinal changes in between-network 
functional connectivity was examined using a series of fixed effect linear regression models to examine the 
hypothesized effect and then to confirm the effect when including additional relevant control and moderation 
terms. All analyses control for differences in average FD (head motion) between the two scans and time between 
scans. Models were run based on each imputed dataset. Two methods for significance testing were utilized to 
assure robustness. In the first, statistics of interest were pooled using Rubin’s  rules85 for averaging regression 
coefficients, combining associated variances, and calculating degrees of freedom and an associated p value (as 
implemented in the “mice”  package86). In the second, all models were estimated again using each of the imputed/
bootstrapped samples to provide a confidence interval as described above.

Testing hypothesis 2. The effect of transcendent construals on life satisfaction through internetwork connec-
tivity change and identity development, and through alternative paths that omit either or both of these inter-
mediate measures, was tested. To do this, relevant measures were chronologically ordered to construct a devel-
opmental path model. Then, following the method described in  Hayes90, for each of the imputed/bootstrapped 
datasets, three regression models were estimated using ordinary least squares, structured such that each sub-
sequent measure in the path is predicted by the previous measures. These regression models controlled for 

DMN

Left ECN

x = 0 y = -60 z = 38

x = 42 y = 22 z = 47

Figure 2.  Depiction of coronal, sagittal, and axial views of the group-level default mode network (DMN; top) 
and left executive control network (left ECN; bottom) maps, derived from a 20-component group independent 
component analysis of the resting-state data (concatenating data from all participants from the two data 
collections), transformed into z-score maps and thresholded at z = 2.
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differences in average FD (head motion) between the two scans and time between scans. Next, effects through 
the four possible paths (represented by the colors in Fig. 1) were calculated as the product of regression coef-
ficients along the path. Significance testing was carried out based on the distribution of resulting parameter 
estimates, as described above.

Sensitivity analyses
Several analyses were run to give assurance that the findings are not biased by methodological decisions. To 
confirm that the findings hold in the sample without imputing missing data, the analyses were run with only 
complete cases. All findings hold; see SI Sect. 3.

To address the possibility that the missing psychosocial data could have violated the missing-at-random 
assumption, we used the post-processing procedure from the “mice”  package86 to systematically vary imputed 
datapoints from what they would be under the missing-at-random assumption, to values corresponding to plus/
minus 20% of the range of existing data. All findings hold.

Data availability
The data that support the findings of this study are available at https:// osf. io/ 6cejy.

Code availability
The R scripts for statistical analyses presented in the paper are available at https:// osf. io/ 6cejy.

Received: 21 November 2023; Accepted: 11 March 2024

References
 1. Steinberg, L. & Morris, A. S. Adolescent development. Annu. Rev. Psychol. 52, 83–110 (2001).
 2. Blakemore, S.-J. & Mills, K. L. Is adolescence a sensitive period for sociocultural processing?. Annu. Rev. Psychol. 65, 187–207 

(2014).
 3. Crone, E. A. & Dahl, R. E. Understanding adolescence as a period of social-affective engagement and goal flexibility. Nat. Rev. 

Neurosci. 13, 636–650 (2012).
 4. Galván, A. Adolescent brain development and contextual influences: A decade in review. J. Res. Adolesc. 31, 843–869 (2021).
 5. Immordino-Yang, M. H. Emotion, sociality, and the brain’s default mode network: Insights for educational practice and policy. 

Policy Insights Behav. Brain Sci. 3, 211–219 (2016).
 6. Bruner, J. S. Actual Minds, Possible Worlds (Harvard University Press, 2009).
 7. Gotlieb, R. J. M., Yang, X.-F. & Immordino-Yang, M. H. Concrete and abstract dimensions of diverse adolescents’ social-emotional 

meaning-making, and associations with broader functioning. J. Adolesc. Res. https:// doi. org/ 10. 1177/ 07435 58422 10914 98 (2022).
 8. Fischer, K. W. & Bidell, T. R. Dynamic development of action and thought. In Handbook of Child Psychology: Theoretical Models 

of Human Development (eds Lerner, R. M. & Damon, W.) 313–399 (Wiley, 2006).
 9. Riveros, R., Yang, X.-F., Gonzalez Anaya, M. J. & Immordino-Yang, M. H. Sages and Seekers: The development of diverse adoles-

cents’ transcendent thinking and purpose through an intergenerational storytelling program. J. Posit. Psychol. https:// doi. org/ 10. 
1080/ 17439 760. 2023. 22827 74 (2023).

 10. Fuligni, A. J. The need to contribute during adolescence. Perspect. Psychol. Sci. 14, 331–343 (2019).
 11. Nasir, N. S., Lee, C. D., Pea, R. & McKinney de Royston, M. Rethinking learning: What the interdisciplinary science tells us. Educ. 

Res. 50, 557–565 (2021).
 12. Erikson, E. H. Identity: Youth and Crisis (WW Norton & Company, 1968).
 13. Schwartz, S. J. & Petrova, M. Fostering healthy identity development in adolescence. Nat. Hum. Behav. 2, 110–111 (2018).
 14. Marcia, J. E. Development and validation of ego-identity status. J. Pers. Soc. Psychol. 3, 551–558 (1966).
 15. Brittian, A. S. & Lerner, R. M. Early influences and later outcomes associated with developmental trajectories of Eriksonian fidelity. 

Dev. Psychol. 49, 722–735 (2013).
 16. Hill, N. E. & Redding, A. The End of Adolescence: The Lost Art of Delaying Adulthood (Harvard University Press, 2021).
 17. Kroger, J., Martinussen, M. & Marcia, J. E. Identity status change during adolescence and young adulthood: A meta-analysis. J. 

Adolesc. 33, 683–698 (2010).
 18. Damon, W. The Path to Purpose: How Young People Find Their Calling in Life (Simon and Schuster, 2009).
 19. Daniel, J., Quartz, K. H. & Oakes, J. Teaching in community schools: Creating conditions for deeper learning. Rev. Res. Educ. 43, 

453–480 (2019).
 20. Gardner, H., Csikszentmihalyi, M. & Damon, W. Good Work: When Excellence and Ethics Meet (Basic Books, 2001).
 21. Gutiérrez, K. D. Developing a sociocritical literacy in the third space. Read. Res. Q. 43, 148–164 (2008).
 22. Lee, C. D., White, G. & Dong, D. Educating for Civic Reasoning and Discourse (National Academy of Education, 2021).
 23. Immordino-Yang, M. H., Nasir, N. S., Cantor, P. & Yoshikawa, H. Weaving a colorful cloth: Centering education on humans’ 

emergent developmental potentials. In press at Review of Research in Education 1–33 (2024).
 24. Gozdas, E., Holland, S. K., Altaye, M. & CMIND Authorship Consortium. Developmental changes in functional brain networks 

from birth through adolescence. Hum. Brain Mapp. 40, 1434–1444 (2019).
 25. Oldham, S., Ball, G. & Fornito, A. Early and late development of hub connectivity in the human brain. Curr. Opin. Psychol. 44, 

321–329 (2022).
 26. Keller, A. S. et al. Hierarchical functional system development supports executive function. Trends Cogn. Sci. 27, 160–174 (2023).
 27. Váša, F. et al. Conservative and disruptive modes of adolescent change in human brain functional connectivity. Proc. Natl. Acad. 

Sci. 117, 3248–3253 (2020).
 28. Becht, A. I. et al. Goal-directed correlates and neurobiological underpinnings of adolescent Identity: A multimethod multisample 

longitudinal approach. Child Dev. 89, 823–836 (2018).
 29. Lamblin, M., Murawski, C., Whittle, S. & Fornito, A. Social connectedness, mental health and the adolescent brain. Neurosci. 

Biobehav. Rev. 80, 57–68 (2017).
 30. Baker, S. T. E. et al. Developmental changes in brain network hub connectivity in late adolescence. J. Neurosci. 35, 9078–9087 

(2015).
 31. Foulkes, L. & Blakemore, S.-J. Studying individual differences in human adolescent brain development. Nat. Neurosci. 21, 315–323 

(2018).
 32. Gotlieb, R. J. M., Yang, X.-F. & Immordino-Yang, M. H. Default and executive networks’ roles in diverse adolescents’ emotionally 

engaged construals of complex social issues. Soc. Cogn. Affect. Neurosci. 17, 421–429 (2022).

https://osf.io/6cejy
https://osf.io/6cejy
https://doi.org/10.1177/07435584221091498
https://doi.org/10.1080/17439760.2023.2282774
https://doi.org/10.1080/17439760.2023.2282774


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6254  | https://doi.org/10.1038/s41598-024-56800-0

www.nature.com/scientificreports/

 33. Buckner, R. L., Andrews-Hanna, J. R. & Schacter, D. L. The brain’s default network: Anatomy, function, and relevance to disease. 
Ann. N. Y. Acad. Sci. 1124, 1–38 (2008).

 34. Spreng, R. N. & Grady, C. L. Patterns of brain activity supporting autobiographical memory, prospection, and theory of mind, and 
their relationship to the default mode network. J. Cogn. Neurosci. 22, 1112–1123 (2010).

 35. Immordino-Yang, M. H., Christodoulou, J. A. & Singh, V. Rest is not idleness: Implications of the brain’s default mode for human 
development and education. Perspect. Psychol. Sci. 7, 352–364 (2012).

 36. Niendam, T. A. et al. Meta-analytic evidence for a superordinate cognitive control network subserving diverse executive functions. 
Cogn. Affect. Behav. Neurosci. 12, 241–268 (2012).

 37. Seeley, W. W. et al. Dissociable intrinsic connectivity networks for salience processing and executive control. J. Neurosci. 27, 
2349–2356 (2007).

 38. Christoff, K., Gordon, A. M., Smallwood, J., Smith, R. & Schooler, J. W. Experience sampling during fMRI reveals default network 
and executive system contributions to mind wandering. Proc. Natl. Acad. Sci. U. S. A. 106, 8719–8724 (2009).

 39. Smallwood, J., Brown, K., Baird, B. & Schooler, J. W. Cooperation between the default mode network and the frontal-parietal 
network in the production of an internal train of thought. Brain Res. 1428, 60–70 (2012).

 40. Beaty, R. E. et al. Robust prediction of individual creative ability from brain functional connectivity. Proc. Natl. Acad. Sci. U. S. A. 
115, 1087–1092 (2018).

 41. Yang, X.-F., Pavarini, G., Schnall, S. & Immordino-Yang, M. H. Looking up to virtue: Averting gaze facilitates moral construals 
via posteromedial activations. Soc. Cogn. Affect. Neurosci. 13, 1131–1139 (2018).

 42. Shofty, B. et al. The default network is causally linked to creative thinking. Mol. Psychiatry 27, 1848–1854 (2022).
 43. Baum, G. L. et al. Modular segregation of structural brain networks supports the development of executive function in youth. 

Curr. Biol. 27, 1561–1572 (2017).
 44. Horowitz-Kraus, T. et al. Maturation of brain regions related to the default mode network during adolescence facilitates narrative 

comprehension. J. Child Adolesc. Behav. 5, 1–19 (2017).
 45. Ho, T. C. et al. Emotion-dependent functional connectivity of the default mode network in adolescent depression. Biol. Psychiatry 

78, 635–646 (2015).
 46. Sherman, L. E. et al. Development of the default mode and central executive networks across early adolescence: A longitudinal 

study. Dev. Cogn. Neurosci. 10, 148–159 (2014).
 47. McCormick, E. M., Peters, S., Crone, E. A. & Telzer, E. H. Longitudinal network re-organization across learning and development. 

Neuroimage 229, 1–13 (2021).
 48. Immordino-Yang, M. H. & Yang, X.-F. Cultural differences in the neural correlates of social-emotional feelings: An interdisciplinary, 

developmental perspective. Curr. Opin. Psychol. 17, 34–40 (2017).
 49. Siegel, D. J. The Developing Mind: How Relationships and the Brain Interact to Shape Who We Are (Guilford Press, 2020).
 50. Noble, K. G. et al. Family income, parental education and brain structure in children and adolescents. Nat. Neurosci. 18, 773–778 

(2015).
 51. Tooley, U. A., Bassett, D. S. & Mackey, A. P. Environmental influences on the pace of brain development. Nat. Rev. Neurosci. 22, 

372–384 (2021).
 52. Roberts, S. O. & Mortenson, E. Challenging the white = neutral framework in psychology. Perspect. Psychol. Sci. 18, 597–606 (2022).
 53. Buchanan, N. C. T., Perez, M., Prinstein, M. J. & Thurston, I. B. Upending racism in psychological science: Strategies to change 

how science is conducted, reported, reviewed, and disseminated. Am. Psychol. 76, 1097–1112 (2021).
 54. Dewey, J. How We Think: A Restatement of the Relation of Reflective Thinking on the Educative Practice (Heath, 1933).
 55. Piaget, J. The Origins of Intelligence in Children (International Universties Press, 1952).
 56. Lerner, R. M. & Schmid Callina, K. Relational developmental systems theories and the ecological validity of experimental designs. 

Hum. Dev. 56, 372–380 (2013).
 57. Immordino-Yang, M. H., Darling-Hammond, L. & Krone, C. R. Nurturing nature: How brain development is inherently social 

and emotional, and what this means for education. Educ. Psychol. 54, 185–204 (2019).
 58. Yeager, D. S. & Walton, G. M. Social-psychological interventions in education: They’re not magic. Rev. Educ. Res. 81, 267–301 

(2011).
 59. Hantzopoulos, M. Restoring Dignity in Public Schools: Human Rights Education in Action (Teachers College Press, 2016).
 60. Miller, G. E., Brody, G. H., Yu, T. & Chen, E. A family-oriented psychosocial intervention reduces inflammation in low-SES African 

American youth. Proc. Natl. Acad. Sci. U. S. A. 111, 11287–11292 (2014).
 61. Shaw, P. et al. Intellectual ability and cortical development in children and adolescents. Nature 440, 676–679 (2006).
 62. Gur, R. E. et al. Burden of environmental adversity associated with psychopathology, maturation, and brain behavior parameters 

in youths. JAMA Psychiatry 76, 966–975 (2019).
 63. Hanson, J. L. et al. Resting state coupling between the amygdala and ventromedial prefrontal cortex is related to household income 

in childhood and indexes future psychological vulnerability to stress. Dev. Psychopathol. 31, 1053–1066 (2019).
 64. Rogoff, B. et al. Noticing learners’ strengths through cultural research. Perspect. Psychol. Sci. 12, 876–888 (2017).
 65. Nasir, N. S., Lee, C. D., Pea, R. & Mckinney De Royston, M. Rethinking learning: What the interdisciplinary science tells us. Educ. 

Res. 50, 1–9 (2021).
 66. Thomas, A. K., McKinney de Royston, M. & Powell, S. Color-evasive cognition: The unavoidable impact of scientific racism in the 

founding of a field. Curr. Dir. Psychol. Sci. 32, 137–144 (2023).
 67. Winn, M. T. Justice on Both Sides (Harvard Education Press, 2018).
 68. Jernigan, T. L., Brown, S. A. & Dowling, G. J. The adolescent brain cognitive development study. J. Res. Adolesc. 28, 156 (2018).
 69. Grayson, D. S. & Fair, D. A. Development of large-scale functional networks from birth to adulthood: A guide to the neuroimaging 

literature. Neuroimage 160, 15–31 (2017).
 70. Damasio, A. R. & Damasio, H. Homeostatic feelings and the biology of consciousness. Brain 145, 2231–2235 (2022).
 71. Nicholson, L. M., Slater, S. J., Chriqui, J. F. & Chaloupka, F. Validating adolescent socioeconomic status: Comparing school free 

or reduced price lunch with community measures. Spat. Demogr. 2, 55–65 (2014).
 72. Immordino-Yang, M. H., McColl, A., Damasio, H. & Damasio, A. R. Neural correlates of admiration and compassion. Proc. Natl. 

Acad. Sci. U. S. A. 106, 8021–8026 (2009).
 73. Wechsler, D. WASI -II: Wechsler abbreviated scale of intelligence – second edition. J Psychoeduc. Assess. 31, 337–41 (2013).
 74. Farrington, C. A., Porter, S. & Klugman, J. Do Classroom Environments Matter for Noncognitive Aspects of Student Performance and 

Students’ Course Grades? https:// conso rtium. uchic ago. edu/ sites/ defau lt/ files/ 2019- 10/ DoCla ssroo mEnvi ronme ntsMa tter- Oct20 
19- Conso rtium. pdf (2019).

 75. Bennion, L. D. & Adams, G. R. A revision of the extended version of the objective measure of ego identity status: An identity 
instrument for use with late adolescents. J. Adolesc. Res. 1, 183–197 (2016).

 76. Power, J. D. et al. Methods to detect, characterize, and remove motion artifact in resting state fMRI. Neuroimage 84, 320–341 
(2014).

 77. Calhoun, V. D., Adali, T., Pearlson, G. D. & Pekar, J. J. A method for making group inferences from functional MRI data using 
independent component analysis. Hum. Brain Mapp. 14, 140–151 (2001).

 78. De Blasi, B. et al. Noise removal in resting-state and task fMRI: Functional connectivity and activation maps. J. Neural Eng. 17, 
046040 (2020).

https://consortium.uchicago.edu/sites/default/files/2019-10/DoClassroomEnvironmentsMatter-Oct2019-Consortium.pdf
https://consortium.uchicago.edu/sites/default/files/2019-10/DoClassroomEnvironmentsMatter-Oct2019-Consortium.pdf


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6254  | https://doi.org/10.1038/s41598-024-56800-0

www.nature.com/scientificreports/

 79. Laird, A. R. et al. Behavioral interpretations of intrinsic connectivity networks. J. Cogn. Neurosci. 23, 4022–4037 (2011).
 80. Smith, S. M. et al. Correspondence of the brain’s functional architecture during activation and rest. Proc. Natl. Acad. Sci. U. S. A. 

106, 13040–13045 (2009).
 81. Himberg, J. & Hyvärinen, A. ICASSO: Software for investigating the reliability of ICA estimates by clustering and visualization. 

In: 2003 IEEE XIII Workshop on Neural Networks for Signal Processing (IEEE Cat. No.03TH8718) 259–268 (2003).
 82. Bright, M. G. & Murphy, K. Is fMRI ‘noise’ really noise? Resting state nuisance regressors remove variance with network structure. 

Neuroimage 114, 158–169 (2015).
 83. Allen, E. A. et al. A baseline for the multivariate comparison of resting-state networks. Front Syst Neurosci 5, (2011).
 84. Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S. J. & Turner, R. Movement-related effects in fMRI time-series. Magn. 

Reson. Med. 35, 346–355 (1996).
 85. Rubin, D. B. Multiple Imputation for Nonresponse in Surveys (Wiley, 1987).
 86. Van Buuren, S. & Groothuis-Oudshoorn, K. mice: Multivariate imputation by chained equations in R. J. Stat. Softw. 45, 1–67 (2011).
 87. Canty, A. & Ripley, B. D. boot: Bootstrap R (S-Plus) Functions. Preprint at https:// cran.r- proje ct. org/ web/ packa ges/ boot/ (2022).
 88. Wu, W. & Jia, F. A new procedure to test mediation with missing data through nonparametric bootstrapping and multiple imputa-

tion. Multivar. Behav. Res. 48, 663–691 (2013).
 89. Hayes, A. F. & Scharkow, M. The relative trustworthiness of inferential tests of the indirect effect in statistical mediation analysis: 

Does method really matter?. Psychol. Sci. 24, 1918–1927 (2013).
 90. Hayes, A. F. Introduction to Mediation, Moderation, and Conditional Process Analysis: A Regression-Based Approach (Guilford Press, 

2022).

Acknowledgements
We thank L.G. Cardona, D. Cremat, E. Jahner, L. Kim, C. Kundrak, H. Rajana, R. Riveros, and C. Simone for 
assistance with data collection and processing; P. Baniqued, A. Ghaderi, M. Polikoff, M. Lai, A. Montoya for 
advice on analyses; Artesia High School in Lakewood, CA, Rowland Unified School District in Rowland Heights, 
CA, and other participating public high schools for help with participant recruitment; A. Blodget, A. Damasio, H. 
Damasio, D. Daniel, R. Davidson, H. Gardner, A. Ghaderi, D. Knecht, and C.D. Lee for comments on an earlier 
version of the manuscript. This work was funded by grants from the National Science Foundation (CAREER 
11519520; BCS 1522986) and Raikes Foundation (61405837-118286) and by gifts from ECMC Foundation and 
Stuart Foundation to MHIY; NSF GRFP and USC Provost’s Research Fellowship to RG.

Author contributions
R.G., X.-F.Y., and M.H.I.-Y. designed research, performed research, analyzed the data and wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 56800-0.

Correspondence and requests for materials should be addressed to M.H.I.-Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://cran.r-project.org/web/packages/boot/
https://doi.org/10.1038/s41598-024-56800-0
https://doi.org/10.1038/s41598-024-56800-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Diverse adolescents’ transcendent thinking predicts young adult psychosocial outcomes via brain network development
	Results
	Transcendent construal scores predict increases in internetwork connectivity over time
	Ethnic background
	Laterality

	The sequenced developmental cascade from transcendent construals in mid-adolescence to young adult life satisfaction

	Discussion
	Materials and methods
	Participants
	Procedure
	Interview
	Neuroimaging
	MRI data acquisition. 
	Pulse oximetry data acquisition. 

	IQ testing
	Psychosocial survey measures

	Analysis
	Transcendent construals
	Neural data processing
	fMRI data pre-processing. 
	Neural network identification. 
	Network functional connectivity. 

	Statistical analysis
	Missing data and multiple imputation. 
	Calculating bootstrapped confidence intervals. 
	Testing hypothesis 1. 
	Testing hypothesis 2. 

	Sensitivity analyses


	References
	Acknowledgements


