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Effects of COVID‑19 pandemic 
on structural brain development 
in early adolescence
L. van Drunen 1,2,3,4,5*, Y. J. Toenders 1,2,3,4,5*, L. M. Wierenga 1,3,4 & E. A. Crone 1,2,3,4

The COVID-19 pandemic caused a global health crisis with large behavioral effects and serious 
stress and social consequences. Particularly, teenagers suffered pandemic-related social restrictions 
including school closures. This study examined whether and how structural brain development 
was influenced by the COVID-19 pandemic and whether pandemic length was associated with 
accumulating or resilience effects of brain development. We investigated structural changes in 
social brain regions (medial prefrontal cortex: mPFC; temporoparietal junction: TPJ) as well as the 
stress-related hippocampus and amygdala, using a longitudinal design of 2 MRI waves. We selected 
two age-matched subgroups (9–13 years old), one was tested before (n = 114) and the other during 
(peri-pandemic group, n = 204) the COVID-19 pandemic. Results indicated that teenagers in the peri-
pandemic group showed accelerated development in the mPFC and hippocampus compared to the 
before-pandemic group. Furthermore, TPJ growth showed immediate effects followed by possibly 
subsequent recovery effects that returned to a typical developmental pattern. No effects were 
observed for the amygdala. The findings of this region-of-interest study suggest that experiencing 
the COVID-19 pandemic measures had accelerating effects on hippocampus and mPFC development 
but the TPJ showed resilience to negative effects. Follow-up MRI assessments are needed to test 
acceleration and recovery effects over longer periods.

The recent COVID-19 pandemic was one of the largest global environmental interventions since decades. 
This pandemic resulted in a health crisis with large effects on behavior and with several serious social conse-
quences, such as social distancing, social isolation following infection, limited interactions with friends and 
school closings1,2. Even though these behavioral interventions had effects on all individuals, especially teenagers 
suffered from lower mental-well-being and negative feelings relative to older age cohorts3,4. The human brain 
develops during the teenage years and this process is thought to be shaped and affected by social experiences5–7. 
The teenage years are a time during which young people have the fundamental need to explore, interact with 
friends and to find their way in larger social circles8,9. Therefore, the question arises whether and how COVID-19 
related behavioral interventions affected social brain development of teenage children.

Several decades of research has demonstrated that the human brain goes through periods of enhanced growth 
in development. Researchers have distinguished between grey matter cortical thickness and grey matter surface 
area as important indices of grey matter brain structure, each showing differential growth patterns. Early in 
development, there is an increase in cortical thickness between birth and infancy which reaches a relative plateau 
in childhood, followed by a subsequent decrease in cortical thickness in adolescence. Cortical surface area starts 
to decrease more slowly in childhood10–13. This decrease in cortical grey matter thickness and surface area is 
explained as reflecting a period of increased efficiency for acquisition of high brain functions in humans6,14–16, 
and longitudinal correlation studies showed that individual differences in development are related to individual 
differences in experience17–21. Moreover, there are marked regional differences in these developmental patterns 
with the most protracted development within the prefrontal cortex and association cortices6,12, including the 
medial prefrontal cortex (mPFC), temporal parietal junction (TPJ) and superior temporal sulcus (STS), also 
referred to as the social brain network7. Based on twin studies, which allow for the estimation of heritability 
indices by comparing same-sex monozygotic (sharing 100% of the genes) with dizygotic (sharing on average 50% 
of the genes) twin pairs, it was previously observed that these social brain regions are affected by both genetic 
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and environmental factors22. While cortical thickness and surface area are both highly heritable, a twin-study 
showed that they are affected by distinct genetic influences23. The environmental factors could for example 
include socio-economic status (SES), as prior studies showed growing up in a low SES environment is linked to 
accelerated brain development19,20,24. Another example of an experience-driven effect was shown in a longitudi-
nal study that showed correlations between grey matter thickness development in the social brain regions and 
social experiences such as friendship quality, with higher friendship quality being associated with accelerated 
grey matter development21. To date, it has not yet been investigated how the development of social brain regions 
were affected by the experiences of teenage children in the COVID-19 pandemic, but it is expected that especially 
the social brain regions, which have the most protracted development during the teenage years and are thought 
to be influenced by social experiences in the teenage years6,7,25, may be affected by the experience of growing up 
during the COVID-19 pandemic.

In addition to the cortical brain regions, the subcortical brain regions also show developmental changes dur-
ing the teenage years, but the pattern is less consistent26–28. Some studies have reported increases in amygdala 
volume, a brain region that is involved in the evaluation of the emotional significance of stimuli and thought to be 
influenced by stressful experiences29–31. Previous studies reported a developmental pattern showing that amygdala 
volume increases by approximately 7% from childhood to mid-adolescence with stable growth after 14 years 
of age, however, there are significant individual differences7,32. Prior work showed that children growing up in 
exposure to stressful events (e.g., SES disadvantage) showed accelerated growth of volumetric amygdala compared 
to children of the same age29,33,34. A second brain region that is thought to be influenced by stressful and new 
experiences due to COVID-related pandemic restrictions is the hippocampus29,30,35. This brain area is involved in 
memory and socio-emotional functioning which is closely linked to the hypothalamic pituitary adrenocortical 
(HPA) axis, a mediator of stressful events36. Prior studies indicated that typical development of hippocampus 
volume shows increases until early adulthood13,26,28,32,37. Additionally, other work focusing on effects of stress 
(e.g., childhood maltreatment) showed that reduced volumetric hippocampus growth was mainly found in adults 
whereas children showed typical growth, suggesting atypical development after a prolonged period of stress30,38. 
One recent cross-sectional study in 16-year-olds showed that the effects of the COVID-19 pandemic were related 
to larger hippocampal and amygdala volume by comparing adolescents that were assessed before-pandemic to 
adolescents assessed peri-pandemic39. Because of the influences of stressful experiences31,39,40, we expected that 
amygdala and hippocampal development would be affected by social isolation during the COVID-19 pandemic 
and we investigated this question in the present study using a longitudinal design, which allowed us to test 
whether brain development is affected by measures related to the COVID-19 pandemic.

Finally, we also assess whether there is an association between the duration (i.e., length) of the pandemic 
effect on brain development. Some studies suggest that immediate social influences have a large effect on brain 
development but that individuals recover by showing resilience to negative effects41–43. Other studies suggest 
that longer exposure to negative events can have accumulating effects on brain development19,20,24. Evidence 
for resilience effects during the COVID-19 pandemic have so far only been observed for behavioral measures. 
Empathy and prosocial behavior are cornerstones of social behavior such as in friendships8,44–46, and prior stud-
ies examined whether these behaviors were negatively affected during the COVID-19 pandemic due to social 
restriction measures. Whereas empathy is more sensitive to individual differences47, prosocial behavior shows 
developmental changes in the teenage years8,46,48,49. A study on the effects of pandemic measures on empathy 
and prosocial behavior showed that early in the pandemic (4 weeks in the pandemic) these behaviors were 
negatively affected, possibly reflecting fewer social opportunities and a focus on the self rather than others50. 
However, another study reported that prosocial behavior increased with pandemic length, possibly reflecting 
coping or a need to contribute to society51. Therefore, the present study tests the effect of pandemic length on 
brain development as well as empathy and prosocial behavior.

The aim of the present study was to examine the effects of the COVID-19 pandemic on teenage children using 
a unique ongoing longitudinal study. This study is part of the longitudinal L-CID study52 in which twin partici-
pants were included in 2015 and tested annually with behavioral measures and bi-annually MRI measures. The 
COVID-19 pandemic started during data collection of “wave 5” of the L-CID study when approximately half of 
the participants were tested before the 13th of March 2020 and the other half was tested in the period of the 25th 
of July 2020 to the 28th of April 2021, during the COVID-19 pandemic. With matching by age, it was possible 
to select two subgroups of which approximately half was tested before (before-pandemic group, n = 114) and the 
other half tested during (peri-pandemic group, n = 204) the COVID-19 pandemic. The groups were comparable 
on all other aspects of the study. In this region-of-interest study we hypothesized that the COVID-19 pandemic 
related experiences would accelerate social brain development by larger decreases in grey matter thickness and 
surface area in the peri-pandemic compared to the before-pandemic group24. In addition, we tested for effects of 
pandemic duration in the peri-pandemic group to investigate whether effects were leveling off or increasing with 
longer duration of the pandemic43. We examined similar effects within the amygdala and hippocampus based 
on prior studies showing that amygdala growth mainly accelerates during stressful events in childhood33,39 and 
hippocampal volume growth either accelerates39 or shows to be stable with a possible delayed effect of stress later 
in adulthood30. Finally, we examined effects of pandemic duration on brain development, empathy and prosocial 
behavior. Given the inconsistent findings in prior studies, we had no hypotheses for the direction of these effects.

Methods
Participants.  The present study is part of the Longitudinal Leiden Consortium on Individual Development 
(L-CID) twin study52. The children were same-sex twins born between 2006 and 2009 and recruited through 
municipal registries53. The study was approved by the Dutch Central Committee on Research Involving Human 
Subjects (CCMO) and all research was performed in accordance with relevant guidelines and regulations. DNA 
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analyses through buccal cell samples, that were collected with mouth swabs (Whatman Sterile Omni Swab), 
were used to determine the zygosity of the twin pairs. The families were living in the western part of the Nether-
lands and all twin pairs had a shared environment at home. Furthermore, the participants spoke Dutch fluently, 
reported normal or corrected-to-normal vision, and reported no neurological or psychiatric impairments. Chil-
dren participated in up to three biennial MRI assessments and 6 annual behavioral assessments (Crone et al., 
2020). Prior to the first two MRI visits, informed consent was obtained from both parents. At the third MRI visit, 
the children also provided a signed informed consent. The family, including the parent that spends the most 
time with the twin pair, were asked to partake in the lab visit at the Leiden University Medical Center (LUMC).

The present study involved a total of 467 participants (aged between 9 and 13 years old; 51% female) that 
took part in “wave 3” and/or “wave 5” of data collection. For the purpose of the present study, we refer from 
now on to “wave 3” as timepoint 1 and “wave 5” as timepoint 2. At time point 1 (i.e., “wave 3”), 456 participants 
were included (9–11 years old). At time point 2 (i.e., “wave 5”) 336 participated in the study (11–13 years old).

Pandemic timeline.  During data collection of MRI time point 2 (“wave 5”;52, the Netherlands was involved 
in a lockdown due to the COVID-19 pandemic that started on March 16th 202054. As a result of the lockdown 
measures, all schools were nationally closed (see Fig. 1 for the timeline of the COVID-19 pandemic measures 
in the Netherlands and our data collection). On May 11th 2020, the government partly reopened the primary 

Figure 1.   Timeline of COVID-19 pandemic measures in the Netherlands during data collection of MRI time 
point 2. Note that the strict restrictions of the COVID-19 pandemic are depicted in orange on the right and the 
more lenient restrictions are depicted in turquoise on the left. T1 = time point 1; T2 = Time point 2.
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schools and fully opened on June 2nd 2020. In addition, secondary schools were partly reopened on 2nd of June 
2020 as well. Other lockdown measures remained in place (e.g., a maximum amount of three home visitors). 
Since the number of infections rapidly increased in the period hereafter, the government announced a second 
lockdown at December 14th 2020. Again, all schools were nationally closed. Another measure in the second 
lockdown was added on January 23rd 2021, requiring Dutch citizens to be at home on time for the curfew that 
was nationally set from 9:00 pm to 4.30 am. On February 8th 2021, the government reopened primary schools 
whereas secondary schools were reopened on March 1st 2021. Researchers were obligated to pause the data 
collection due to lockdown measures at the LUMC on March 13th 2020. By that time, we collected data of 114 
participants in the before-pandemic group. On July 25th 2020, we restarted the data collection of time point 252. 
Hence, we collected data of the remaining 222 participants in the peri-pandemic group. Data collection of time-
point 2 was completed on the 28th of April in 2021 (total n = 336). The intervention of the COVID-19 pandemic 
allowed us to compare behavioral changes and structural brain development between the participants in the 
before-and peri-pandemic groups, and to examine the effects of duration of pandemic length.

To make sure the groups did not differ on age, we matched the two groups on age and solely included partici-
pants aged between 11.1 and 13.7 at time point 2. As such, 18 participants were excluded from the peri-pandemic 
group in subsequent analyses. The behavioral sample at time point 1 consisted of 285 participants and 292 at 
time point 2. The MRI sample consisted of 255 participants at time point 1 and 223 at time point 2. See Table 1 
for the demographic characteristics per group. At wave 1 in 201552, we asked both caregivers for their education 
levels as a measure of parental socio-economic status (SES) (levels: low, middle, and high). Low SES involved 
parents that both completed vocational education at most, whereas high SES involved parents that completed at 
least preparatory college education. Middle SES included the remaining combinations of education levels of both 
parents. Furthermore, intelligence quotient (IQ) was also measured at wave 1, based on subtests “similarities” 
and “block design” of the WISC (3rd edition; Kaufman, 1994). Finally, sex was based on birth record reports. 
These demographic characteristics were compared between the before- and peri-pandemic group using t-tests for 
continuous data and Chi-Square Goodness of Fit Tests for categorical data. A Mann–Whitney U t-test indicated 
that the before- and peri-pandemic groups did not differ in age on time point 1 (W = 13,938, p = 0.05). Independ-
ent t-tests indicated that before- and peri-pandemic groups did not differ in age on time point 2 (t(241) = − 1.70, 
p = 0.09 and IQ (t(241) = − 1.87, p = 0.06). Furthermore, Chi-Square Goodness of Fit Tests were performed to 
determine whether the proportions of sex, SES, and zygosity were equal between the before-and peri-pandemic 
group. The proportions in the groups did not differ by sex (X2(1, 328) < 0.001, p = 0.99), SES (X2 (2, 328) = 2.13, 
p = 0.34), or zygosity (X2(1, 328) = 0.27, p = 0.61).

MRI data acquisition.  The procedures of all acquired scans were similar during the before- and peri-pan-
demic lockdown, with the exception that extra hygiene measures (e.g., hand washing and wearing masks) were 
taken in the peri-group. Prior to each scan session, participants were familiarized with the scan protocol to 
reduce the potential of high emotional arousal and motion56. Next, the official scan protocol started where MRI 
scans were acquired on a Philips Ingenia 3.0 Tesla MRI system at the LUMC. Here, a standard whole-brain coil 
was used including foam inserts next to both ears, limiting participants’ head movement during the MRI session. 
As anatomical scan of interest for each participant, high-resolution 3D T1-weighted scans were obtained using 
the following settings: FOV = 224 (ap) × 177 (rl) × 168 (fh); TR = 9.72 ms; TE = 4.95 ms; FA = 8°; 140 slices; voxel 
size 0.875 × 0.875 × 0.875 mm. During the T1-weighted scan acquisition, participants watched a movie through a 
small mirror attached to the head coil to limit possible head motion. After the acquisition, the scan was manually 
checked for excessive motion (e.g., visible movement rings). When time allowed, the T1-weighted scan acquisi-
tion was repeated if excessive motion was observed.

MRI processing.  The processing of the T1-weighted scans was performed using the validated FreeSurfer 
software (v7.1.1; https://​surfer.​nmr.​mgh.​harva​rd.​edu/). FreeSurfer allowed to label tissue and regional classifica-
tion and includes tools to carry out volume-and-surface based analyses. Several automated processing steps are 

Table 1.   Demographic characteristics for each pandemic group. N number of participants, SD standard 
deviation. a Socio-economic status (SES), based on parental education at wave 1. b Intelligence quotient (IQ), 
based on subtests “similarities” and “block design” of the WISC (3rd edition) at wave 1.

Before-pandemic Peri-pandemic

N 114 204

Boys 49% 49%

Monozygotic 57% 55%

Left-handed 13% 14%

Age time point 1 (SD) 10.08 (.65) 9.79 (.61)

Age time point 2 (SD) 12.15 (.67) 12.29 (.72)

Range 8.99–13.34 9.03–13.63

SES: low, middle,high (%)a 1.8–47.4–50.9 4.90–47.1–47.1

Median IQb 105 105

IQ range 72.5–132.5 77.5–137.5

https://surfer.nmr.mgh.harvard.edu/
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included in the first processing pipeline, such as gray matter segmentation57–59, non-brain tissue elimination60, 
boundary of gray and white matter corrections61 and intensity normalization62. As a next step, a longitudinal 
processing pipeline was used to decrease within-subject variability between the sessions in our longitudinal 
design and to increase statistical power63,64.

Quality control.  After MRI processing, the quality of the T1-weigthed scans were manually determined 
using the Quala-T tool including a set of quality criteria (e.g., incorrect removal of non-brain tissue, missing 
brain regions during reconstruction, and excessive head motion). For more details of the protocol procedure 
see65). Based on these criteria, it was determined by three trained raters whether cortical reconstruction was 
sufficiently acceptable for each of the scans.

Regions of interest analyses.  Brain regions of interest (ROIs) were selected based on prior studies 
involved in the social and stress network6,7,22,29,66. Specifically, the following bilateral brain regions of the stress 
network were included: amygdala and hippocampus (FreeSurfer Fischl atlas:57). Additionally, the following 
bilateral brain regions of the social network were selected: mPFC (rostral anterior cingulate cortex) and TPJ 
(supramarginal cortex) (FreeSurfer Desikan-Killiany atlas:67), given that these regions in prior research showed 
large sensitivity to environmental experiences21,22. See Fig. 2 for an overview of the ROIs in the stress and social 
network. On a cortical level, we reported on thickness and surface area, whereas on a subcortical level on vol-
ume. We combined structural measures of both hemispheres. As such, we controlled for the size of each brain 
region including surface area (SA) for bilateral cortical thickness (CT) by computing: (rhCT∗rhSA)+(lhCT∗lhSA)

(rhSA+lhSA) . We 
computed the mean of the right (rh) and left hemisphere (lh) for bilateral volume (VO) and SA, using the fol-
lowing formula: (rhVO+lhVO)

2
 or (rhSA+lhSA)

2
.

Parent‑reported prosocial behavior.  Prosocial behavior was measured using two different parent-
reported questionnaires including the 13-item “Emphatic and prosocial response to another distress” subscale 
of the My Child Questionnaire (MC;68) and the 5-item “Prosocial” subscale of the Strengths and Difficulties 
Questionnaire (SDQ;69. These questionnaires were both administered time point 1 and time point 2 of the mid-
dle childhood cohort, and show acceptable reliability52,68,70. The MC subscale consisted of a 5-point Likert scale 
ranging from 0 = “not true” to 4 = “true” and involves items such as “My child can tell at just a glance how others 
are feeling”. The SDQ subscale consisted of a 3-point Likert scale ranging from 0 = “not true” to 2 = “certainly 
true” and involves items such as “My child often volunteers to help others”. The total of 18 items of both ques-
tionnaires were factor analyzed by computing a principal component analysis (PCA) using Varimax rotation22. 
In order to compare the scores of the SDQ (ranging from 1 to 3) with the MC (ranging from 1 to 5), we first 
recoded the SDQ scores from 0–1–2 to 0–2–4. Additionally, one of each twin pair was randomly divided over 
two samples (A and B) to prevent within-twin clustering in the PCA analysis. As such, one of the twin pair was 
assigned to sample A whereas the other co-twin was assigned to sample B.

As a first step, we computed the PCA in sample A of time point 152 using only items of one of the parents. 
This analysis resulted in two components, “Prosocial” and “Empathy”, where KMO (0.80) and Bartlett’s test (X2 
(153) = 746.31, p < 0.001) both revealed that all 18 items could be used in the PCA analysis. Here, “Prosocial” 
explained 26.15% of the variance and “Empathy” explained 13.11% of the variance. Two items were excluded 
for further analyses, including “My child feels good when good things happen to movie characters” and “My 
child may occasionally tease a pet if unsupervised” (recoded), because they did not fit well in any of the created 
factors (factor loading < 0.3). The PCA analyses were repeated for the items of the other parent in sample A and 
the items of both parents in sample B. In all samples including time point 252, similar outcomes of the compo-
nents were observed. As a final step, the mean of the items that were part of the two new created factors were 
computed and used as subscales of “Prosocial behavior” and “Empathy”. Herewith, a higher score indicated more 
empathy or prosocial behavior. Since the correlations between both parents were significantly positive for both 

Figure 2.   An overview of the ROIs used for neural analyses with in (A) cortical (social network) and in (B) 
subcortical (stress network) brain regions. In total 4 ROIs are presented in the figure. mPFC = medial prefrontal 
cortex, TPJ = temporoparietal junction.
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subscales (Prosocial Behavior: sample A: r = 0.48; sample B: r = 0.53, p’s < 0.001; Empathy: sample A: r = 0.37; 
sample B: r = 0.43, p’s < 0.001), the mean of the ratings of both parents were calculated for both subscales and 
used for subsequent analyses.

Statistical analyses.  Linear mixed-effects models were used to investigate the effect of pandemic lock-
down (before and peri) on brain development of the social (i.e., cortical thickness and surface area of the mPFC 
and TPJ) and stress network (i.e., subcortical volume of the hippocampus and amygdala). In addition, we inves-
tigated the effects of pandemic lockdown on behavioral development of prosociality and empathy. We did so by 
using the lme4 package71 in R (Team, 2015) and inspected the results with the type III ANOVA’s Satterthwaite’s 
method73. Whenever significant main effects were observed we inspected post hoc results using least-square 
means with Kenward–Roger corrected degrees of freedom and Bonferroni-adjusted p-values. In our analyses, we 
included random intercepts of the child and family to account for the nesting effects between twin pairs within 
families (ChildID and FamilyID). The fixed effects consisted of time point (time point 1, time point 2), pandemic 
group (before, peri) and sex (male, female). All main effects and the two-way interactions were obtained (time 
point x pandemic). To examine brain and behavioral development, we specified the fitted linear mixed model 
in R as:

Additionally, we tested in the peri-pandemic group whether individual differences in structural brain change 
of the ROIs and changes of prosocial and empathic behavior between time point 1 and 2 were associated with 
differences in length of pandemic using Pearson correlation tests. The pandemic length is defined as the differ-
ence time between the date of the lab visit and the start of the lockdown (15th of March 2020) in days. Individual 
rates of change of the brain ROIs and behavioral measures between time point 2 and 1 were controlled for age 
and based on complete cases of two time points, and specified in R as:

We used a Bonferroni correction for multiple testing in our neural and behavioral analyses, adjusted for 
correlated variables74,75; http://​www.​quant​itati​veski​lls.​com/​sisa/​calcu​latio​ns/​bonfer.​htm). The average corre-
lation between the cortical thickness measures was r = 0.25, the surface area measures was r = 0.45, volume 
measures was r = 0.70, and behavioral measures was r = 0.36. This resulted in adjusted significance criteria of 
α (2-sided adjusted) = 0.036 for cortical thickness, α (2-sided adjusted) = 0.031 for surface area, and α (2-sided 
adjusted) = 0.043 for subcortical volume analyses. We reported all significant predictors for transparency based 
on the significance level of p < 0.05 and additionally mentioned whether it survived Bonferroni correction.

Ethics approval.  The study and procedures were approved by the Dutch Central Committee on Research 
Involving Human Subjects (CCMO) and all research was performed in accordance with relevant guidelines and 
regulations.

Results
Control analyses.  Table  2 shows the means and standard deviations (SDs) for each brain and behavior 
measure at both time points per pandemic group. First, we tested whether pandemic groups differed on the 
dependent variables on the first time point. As can be seen in Table 2, only for TPJ thickness we observed that 
the means differed between the before- and peri-pandemic group on time point 1 (t(211) = 2.76, p = 0.006). Here, 
relatively higher TPJ thickness was observed in the before compared to the peri-pandemic group at time point 

∑N

i=1
Brain/Behavior ∼ Time point × pandemic + sex + (1|ChildID)+

(

1|FamilyID
)

+ ε

∑N

i=1
Rate of change =

(ROI or behavior time point 2− ROI or behavior time point 1)

(Age time point 2− Age time point 1)

Table 2.   Means and standard deviations of the dependent variables for each time point per group. M mean, 
SD standard deviation, mPFC medial prefrontal cortex, TPJ temporoparietal junction, Control analyses showed 
that TPJ cortical thickness differed between the before and peri pandemic group at time point 1. Hippocampus 
volume differed between the before and peri pandemic group at time point 2; *Significance of p < .05; 
**Significance of p < .01.

Before-pandemic T1 
(wave 3)

Before-pandemic T2 
(wave 5)

Peri-pandemic T1 
(wave 3)

Peri-pandemic T2 (wave 
5)

M (SD) M (SD) M (SD) M (SD)

mPFC cortical thickness 3.19 (.12) 3.14 (.13) 3.20 (.14) 3.14 (.14)

TPJ cortical thickness 2.97 (.09)** 2.91 (.09) 2.93 (0.10)** 2.87 (.10)

mPFC surface area 746.42 (126.51) 749.21 (132.77) 745.20 (134.98) 756.49 (140.78)

TPJ surface area 4074 (611.55) 4009.46 (606.80) 4137.58 (645.90) 4142.55 (658.33)

Hippocampus volume 4278.39 (414.77) 4345.39 (402.45)* 4347.04 (412.46) 4482.30 (414.10)*

Amygdala volume 1759.94 (184.93) 1789.42 (202.03) 1772.11 (208.62) 1819.52 (211.68)

Prosocial behavior 3.37 (.39) 3.44 (.44) 3.33 (.15) 3.39 (.49)

Empathy behavior 2.05 (.72) 1.99 (.83) 2.19 (.80) 2.06 (.88)

http://www.quantitativeskills.com/sisa/calculations/bonfer.htm
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1. For all other measures, values did not differ at the first time point (all p’s > 0.15). As a sensitivity check, we 
controlled for age on time point 1 in all the subsequent linear mixed models and all effects remained significant 
(see Methods for statistical approach).

Effects of pandemic on structural brain development.  Six linear mixed models were performed to 
determine whether cortical thickness of the mPFC and TPJ, surface area of mPFC and TPJ, and volume of hip-
pocampus and amygdala brain regions differed between the two time points and whether it showed an inter-
action effect with pandemic group, with sex as additional covariate, and random intercepts for the child and 
family. Results showed that mPFC thickness significantly decreased between the time points (F(1, 195) = 181.19, 
p < 0.001), where relatively higher mPFC thickness was observed at time point 1 (M = 3.20 mm, SE = 0.01, 95% 
CI [3.18, 3.22]) compared to time point 2 (M = 3.13, SE = 0.01, 95% CI [3.11, 3.15]). In addition, we observed an 
interaction effect of time point and pandemic group (F(1, 195) = 4.08, p = 0.044), where results indicated a rela-
tively larger decrease of mPFC cortical thickness in the peri (b = 0.07) compared to the before (b = 0.05) group. 
However, this interaction effect did not survive Bonferroni correction. See Fig. 3A for the pandemic effect on 
mPFC thickness development.

Results indicated that mPFC surface area significantly increased between the two time points (F(1, 
189) = 17.04, p < 0.001), where lower mPFC surface area was observed at time point 1 (M = 742 mm, SE = 9.59, 95% 
CI [723, 761]) compared to time point 2 (M = 749 mm, SE = 9.61, 95% CI [730, 768]). No interaction effect was 
observed between time point and pandemic group (F(1, 189) = 0.80, p = 0.37). Furthermore, we observed a main 
effect of sex (F(1, 151) = 13.43, p < 0.001), where boys showed relatively higher mPFC surface area (M = 779 mm, 
SE = 13.4, 95% CI [752, 805]) compared to girls (M = 712 mm, SE = 13.1, 95% CI [687, 738]), but sex did not inter-
act with timepoint of pandemic group (F(1, 189) = 1.71, p = 0.19). See Fig. 3B for the significant developmental 
increase of mPFC surface area independent of pandemic effects.

Results showed that TPJ thickness also significantly decreased between the two time points (F(1, 201) = 277.88, 
p < 0.001), where relatively higher TPJ thickness was observed at time point 1 (M = 2.95 mm, SE = 0.01, 95% CI 
[2.94, 2.97]) compared to time point 2 (M = 2.89 mm, SE = 0.01, 95% CI [2.88, 2.90]). No interaction effect of 
time point and pandemic group was observed (F(1, 201 = 0.87, p = 0.35). See Fig. 4A for the significant negative 
slopes (i.e., developmental decrease) of TPJ thickness independent of pandemic effects.

Figure 3.   Visualizations of the linear mixed model results of mPFC thickness and surface area development. 
In (A) mPFC cortical thickness is presented on the y-axis and time point on the x-axis. Note that the peri-
pandemic group showed accelerated decrease of development. In (B) mPFC surface area is presented on the 
y-axis and time point on the x-axis, showing a significant developmental increase independent of pandemic 
group. In (C) slopes of mPFC thickness of participants in the peri-pandemic group are presented on the y-axis 
and pandemic length (in days) on the x-axis, showing no association. In (D) slopes of mPFC surface area of 
participants in the peri-pandemic group are presented on the y-axis and pandemic length (in days) on the 
x-axis, showing no association. mPFC = medial prefrontal cortex; CT cortical thickness, SA surface area.
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Results indicated that TPJ surface area significantly decreased between the two time points (F(1, 187) = 57.13, 
p < 0.001), where relatively higher TPJ surface area was observed at time point 1 (M = 4104 mm, SE = 41.6, 95% CI 
[4022, 4186]) compared to time point 2 (M = 4072 mm, SE = 41.6, 95% CI [3990, 4154]). No interaction effect was 
observed between time point and pandemic group (F(1, 187) = 0.01, p = 0.94). Furthermore, a main effect of sex 
was observed (F(1, 149) = 33.13, p < 0.001), where boys showed relatively higher TPJ surface area (M = 4314 mm, 
SE = 58.1, 95% CI [4200, 4429]) compared to girls (M = 3861 mm, SE = 56.9, 95% CI [3749, 3974]), but sex did 
not interact with timepoint of pandemic group (F(1, 187) = 0.60, p = 0.44). See Fig. 4B for the for the significant 
negative slopes (i.e., developmental decrease) of TPJ surface area independent of pandemic effects.

Results showed that hippocampus volume significantly increased between the two time points (F(1, 
190) = 343.88, p < 0.001), where lower hippocampus volume was observed at time point 1 (M = 4315 mm, SE = 28.7, 
95% CI [4258, 4372]) compared to time point 2 (M = 4416 mm, SE = 28.8, 95% CI [4359, 4473]). Additionally, we 
observed an interaction effect between time point and pandemic group (F(1, 190) = 6.21, pcorrected < 0.04), where 
results indicated a relatively larger increase of hippocampus volume in the peri (b = -114.4) compared to the 
before (b = − 87.3) group. Finally, results indicated a main effect of sex (F(1, 150) = 44.69, p < 0.001), where boys 
showed relatively higher hippocampus volume (M = 4547 mm, SE = 40.0, 95% CI [4468, 4626]) compared to girls 
(M = 4184 mm, SE = 39.2, 95% CI [4107, 4262]), but sex did not interact with timepoint of pandemic group (F(1, 
190) = 0.0004, p = 0.98). See Fig. 5A for the pandemic effect on volumetric hippocampus development.

Results showed that amygdala volume significantly increased between the two time points (F(1, 192) = 65.15, 
p < 0.001) , where lower amygdala volume was observed at time point 1 (M = 1768 mm, SE = 14.1, 95% CI [1741, 
1796]) compared to time point 2 (M = 1801 mm, SE = 14.2, 95% CI [1773, 1829]). No interaction effect was 
observed between time point and pandemic group (F(1, 192) = 0.30, p = 0.58). Furthermore, a main effect of sex 
was observed (F(1, 152) = 42.37, p < 0.001), where boys showed relatively higher amygdala volume (M = 1871 mm, 
SE = 19.6, 95% CI [1832, 1910]) compared to girls (M = 1698 mm, SE = 19.2, 95% CI [1660, 1736]), but sex did 
not interact with timepoint of pandemic group (F(1, 192) = 0.72, p = 0.39). See Fig. 5B for the significant positive 
slopes (i.e., developmental increase) in volumetric amygdala development independent of pandemic effects.

Effects of pandemic on prosocial and empathic behavior.  Two linear mixed models were performed 
to determine whether emphatic and prosocial behavior differed between the two time points and whether it 

Figure 4.   Visualizations of the linear mixed model results of TPJ thickness and surface area development. 
In (A) TPJ cortical thickness is presented on the y-axis and time point on the x-axis, showing a significant 
developmental decrease independent of pandemic group. In (B) TPJ surface area is presented on the y-axis and 
time point on the x-axis, showing a significant developmental decrease independent of pandemic group. In 
(C) slopes of TPJ cortical thickness of participants in the peri-pandemic group are presented on the y-axis and 
pandemic length (in days) on the x-axis, showing a positive association. In (D) slopes of mPFC surface area 
of participants in the peri-pandemic group are presented on the y-axis and pandemic length (in days) on the 
x-axis, showing a positive association. TPJ temporoparietal junction; CT cortical thickness, SA surface area.
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showed an interaction effect with pandemic group. Results showed that prosocial behavior significantly differed 
between time points, F(1, 281) = 8.41, p = 0.004), where lower prosocial scores were observed at time point 1 
(M = 3.35, SE = 0.03, 95% CI [3.29, 3.41]) compared to time point 2 (M = 3.41, SE = 0.03, 95% CI [3.35, 3.47]). 
However, time point did not significantly interact with pandemic group (F(1, 281) = 0.01, p = 0.91). A main 
effect of sex was observed (F(1, 155) = 18.32, p < 0.001), where the highest prosocial scores were observed in girls 
(M = 3.49, SE = 0.04, 95% CI [3.42, 3.57]) compared to boys (M = 3.27, SE = 0.04, 95% CI [3.19, 3.34]), but sex 
did not interact with timepoint of pandemic group (F(1, 286) = 1.76, p = 0.19). See Fig. 6A for the developmental 
increase of prosocial behavior independent of pandemic effects.

Results showed that empathic behavior significantly differed between time point 1 and 2 (F(1, 287) = 9.25, 
p = 0.002), where higher empathy scores were observed at time point 1 (M = 2.12, SE = 0.06, 95% CI [2.01, 2.23]) 
compared to time point 2 (M = 2.00, SE = 0.06, 95% CI [1.89, 2.12]). No significant interaction effect was observed 
between time point and pandemic group (F(1, 287) = 0.93, p = 0.34). Furthermore, a main effect of sex was 
observed (F(1, 151) = 27.94, p < 0.001), where relatively higher empathy scores were observed in girls (M = 2.33, 
SE = 0.07, 95% CI [2.19, 2.48]) compared to boys (M = 1.79, SE = 0.08, 95% CI [1.64, 1.94]), but sex did not inter-
act with timepoint of pandemic group (F(1, 281) = 0.12, p = 0.73). See Fig. 6B for the developmental decrease of 
empathic behavior independent of pandemic effects.

Brain and behavioral development with pandemic length association.  As a next step, we exam-
ined whether individual differences in brain and prosocial/empathy change in the peri-pandemic group, were 
associated with pandemic length (in days). Both development of TPJ thickness (r(114) = 0.19, p = 0.038) and 
TPJ surface area (r(114) = 0.25, p = 0.006) were positively associated with pandemic length in days. However, the 
association of TPJ cortical thickness with pandemic length did not survive Bonferroni correction. Note that the 
overall developmental patterns of TPJ thickness and surface area was a negative slope. Here, increased length of 
pandemic (in days) was related to relatively less negative slopes of TPJ thickness and surface area rates of change. 
See Fig. 4C,D for the association between TPJ thickness and surface area development with pandemic length 
(in days). No significant associations were observed between the remaining ROIs and behavioral measures with 
length of pandemic (all p’s > 0.11; see Figs. 3C,D, 5C,D, 6C,D).

Figure 5.   Visualizations of the linear mixed model results of volumetric hippocampus and amygdala 
development. In (A) hippocampus volume is presented on the y-axis and time point on the x-axis. Note that 
the peri-pandemic group showed accelerated increase of hippocampal development. In (B) amygdala volume is 
presented on the y-axis and time point on the x-axis, showing a significant developmental increase independent 
of pandemic group. In (C) slopes of volumetric hippocampus of participants in the peri-pandemic group are 
presented on the y-axis and pandemic length (in days) on the x-axis, showing no association. In (D) slopes of 
volumetric amygdala of participants in the peri-pandemic group are presented on the y-axis and pandemic 
length (in days) on the x-axis, showing no association. VO volume.
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Discussion
The aim of this study was to examine the effects of the COVID-19 pandemic related measures on brain devel-
opment in cortical and subcortical regions involved in social and stress related regions. We did so by using an 
age-controlled longitudinal design including 9–13-year-old children of which one group was assessed before and 
the other group during the pandemic. The COVID-19 pandemic had unprecedented effects on social behavior 
across the globe including social distancing and school closings1,2. This study showed that brain development 
was related to these social and stress experiences including more pronounced cortical thinning in the mPFC 
in the peri-pandemic group relative to the before-pandemic control group. There was an association between 
pandemic length and development of TPJ thickness and surface area, showing an immediate effect that decreased 
over time. Pandemic length was not associated with parent-reported effects on empathy and prosocial behavior.

The question that was addressed in this study specifically focused on the effects of pandemic related meas-
ures on brain development, or slope, of cortical social brain regions and subcortical stress-related neural areas. 
All regions showed development-related changes that are consistent with prior studies, including a decrease in 
cortical thickness in mPFC and TPJ11, increasing surface area in mPFC and decreasing surface area in TPJ11–13 
and increases in hippocampus and amygdala volume26–28. The present study showed accelerated development of 
cortical thinning in the mPFC in adolescents who experienced COVID-19 pandemic social restrictions relative 
to age-matched adolescents who were assessed before the pandemic, although these effects did not survive cor-
rection for multiple comparisons. Our findings are consistent with prior studies demonstrating that normative 
development of cortical thickness of the mPFC and TPJ is influenced by social experiences, such as friendship 
quality for the mPFC21 and shared environment effects in the TPJ22. However, prior work is not conclusive 
with respect to which deprived and enriched environmental experiences are associated with attenuated versus 
accelerated growth42. For instance, the participants in the present study experienced mostly social restrictions 
and stress which was associated with accelerated cortical development. These findings are in line with a prior 
review study by24, showing that growing up in lower SES environment is associated with accelerated cortical 
thinning. However, accelerated cortical thinning was also associated with higher friendship quality21. It is cur-
rently not well understood what the social experiences were during the pandemic and how this affected adoles-
cents’ day-to-day experiences. Some studies reported larger tension and negative feelings during the COVID-19 
pandemic3,4,76, whereas others reported that adolescents engaged in more online social interactions and positive 

Figure 6.   Visualizations of the linear mixed model results of prosocial and empathic development. In 
(A) prosocial behavior scale is presented on the y-axis and time point on the x-axis, showing a significant 
developmental increase independent of pandemic group. In (B) empathic behavior scale is presented on the 
y-axis and time point on the x-axis, showing a significant developmental decrease independent of pandemic 
group. In (C) slopes of prosocial behavior of participants in the peri-pandemic group are presented on the 
y-axis and pandemic length (in days) on the x-axis, showing no association. In (D) slopes of empathic behavior 
of participants in the peri-pandemic group are presented on the y-axis and pandemic length (in days) on the 
x-axis, showing no association.
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media experiences77,78. Future studies should examine in more detail whether the observed accelerated brain 
developmental patterns in the present study are specifically related to negative or also possible positive social 
experiences due to COVID-19 related measures. Furthermore, it is unknown to what extend individuals differ 
in environmental susceptibility42,79.

We also addressed whether growing up during the COVID-19 pandemic was associated with differential 
development in stress-related subcortical brain regions. We observed that specifically the hippocampus showed 
an accelerated developmental pattern for 9–13-year-olds growing up during versus before the pandemic. This 
finding fits with a cross-sectional study of39 reporting that 16-year-old adolescents who experienced COVID-19 
related pandemic effects show larger volumes of the hippocampus compared to same-aged individuals that were 
assessed before the pandemic. Other work shows inconsistent findings regarding to the effects of (chronic) stress 
on hippocampal development. Smaller hippocampi have been observed in adults after child maltreatment30,80, 
whereas no differences were reported in children experiencing early neglect81,82. Other studies reported smaller 
volumetric hippocampus in children living in poverty83 or that are exposed to parental separation84. The find-
ings of the present study may suggest that volumetric alterations may depend on the chronicity and timing of 
stress85. Possibly, the participants in our sample affected by the COVID-19 pandemic restrictions may show an 
earlier peak in neurogenesis (reflected in increased volumetric hippocampal development) compared to the 
control group but at future follow-up they might show reduced hippocampal volume24,86. Nonetheless, it is also 
suggested that volumetric alteration in the hippocampus can reverse to baseline after a stress-free period due to 
its nature of high plasticity85.

Notably, no pandemic-related effects were observed in the amygdala which is inconsistent with the cross-
sectional findings reported by39 showing larger amygdala volumes in adolescents measured during pandemic 
compared to adolescents that were scanned before the pandemic. While the previous study suggested that pan-
demic-related effects could affect amygdala development, the results of the present study indicates that amygdala 
volume was not affected. However, it should be noted that this prior study was a cross-sectional study whereas 
the current study was longitudinal, which limits direct comparisons. Furthermore, environmental effects on the 
amygdala previously reported by29 and34 are possibly specific to more intense or threatening social experiences 
such as severe deprivation or child abuse. Here, accelerated growth of volumetric amygdala was observed in 
children with initial exposure to chronic stress33. In contrast, these volumetric increases due to stress can also 
lead to cell death and slower amygdala development, which can subsequently result in smaller amygdala volumes 
in childhood29,85,87. Therefore, long-term exposure to severe stress in childhood may more likely be linked to 
relatively smaller volumetric amygdala in same-aged children compared to peers without exposure to stress33. 
These findings suggest that associations between stress experiences and amygdala structure can fluctuate by age 
resulting in different findings across studies.

Prior theoretical models on behavioral resilience during disasters have described that some individuals may 
show immediate negative consequences followed by subsequent recovery43. We examined whether duration 
of the pandemic had an accumulating or recovery effect on neural development. We observed no effects of 
accumulating pandemic experiences, suggesting that especially the first period of the pandemic affected brain 
development in mPFC and hippocampus. Even though development of the TPJ was not affected by the pandemic, 
we observed that longer duration of the pandemic was associated with less negative slopes of TPJ thickness and 
surface area. This suggests that pandemic duration might be associated with attenuated growth of the TPJ. A 
prior study showed that especially the TPJ showed sensitivity to shared environmental effects when participants 
in this study were 7–9-years old (all prior to the COVID-19 pandemic)22. Not many studies examined recovery 
effects on brain development after high impact environmental experiences, but one prior study observed that the 
female brain shows immediate volume changes during pregnancy followed by recovery of some brain regions 
(e.g., hippocampus) one year later88. The present study suggests that the first months of the pandemic may have 
had largest effects on the developing brain, the TPJ specifically, but this effect became less pronounced in par-
ticipants who were scanned later in the pandemic. Thus, this association may suggest that some brain regions 
become more resilient to adverse experiences of the COVID-19 pandemic. We added age at time point 1 to the 
analyses, since participants differed in TPJ cortical thickness prior to the pandemic with high cortical thinning 
in the before pandemic group on the first time point. All effects remained significant so it is unlikely that these 
effects are explained by developmental differences.

This study had several strengths, including a longitudinal design where the COVID-19 pandemic was included 
as a natural intervention. Furthermore, we used an age-matched control group and sufficient sample sizes. 
However, the study also has several limitations that should be addressed in future research. First, given the 
unexpected aspect of the pandemic, the study design was not pre-registered and should therefore be interpreted 
as an exploratory study. Effect sizes were relatively small and not all p-values survived correction for multiple 
comparisons. Therefore, future studies with larger sample sizes should replicate and confirm the results using a 
follow-up time point to examine the resilience or accumulating influences of the COVID-19 related pandemic 
effects. Second, the participants in this study were twins. We controlled for dependency in the data but given that 
participants grew up in the same families not all social experiences can be generalized to participants without 
twin-siblings. Third, even though the brain findings show compelling directions of COVID-19 pandemic effects 
on child development, in the current study these effects were not linked to behavioral findings. We limited our 
analyses to parent-reported empathy and prosocial behavior, which did not show any effects of the pandemic. 
Although the correlation between parent and youth-report measures of empathy and prosocial behavior showed 
to be high, future studies that additionally include self-report measures are recommended. Moreover, prior 
studies on child and adolescents’ behavior showed pronounced effects of the pandemic on multiple domains 
such as mood and social behavior3,50,51,76,89. Therefore, future studies could link neural development to other 
behaviors, including mood39.
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Taken together, this study showed that experiencing the COVID-19 pandemic measures had accelerating 
effects on mPFC and hippocampal development in 9–13-year-old adolescents. These findings are partly in line 
with a prior cross-sectional study in a slightly older sample of 16-year-olds39. Moreover, TPJ maturation showed 
immediate effects followed by possibly subsequent recovery effects that returned to a normative pattern. This 
unique longitudinal study that includes a control group that was assessed before the pandemic, shows pandemic 
related effects on brain developmental patterns. The effects were subtle and should be confirmed in future longitu-
dinal research in different age samples, including a focus on day-to-day social experiences during stressful events.

Data availability
Code that support the findings of this study is available on DataverseNL at https://​doi.​org/​10.​34894/​0YUM34, 
data will be available upon request.

Received: 9 December 2022; Accepted: 1 April 2023

References
	 1.	 Orben, A., Tomova, L. & Blakemore, S.-J. The effects of social deprivation on adolescent development and mental health. Lancet 

Child Adolesc Health 4, 634–640 (2020).
	 2.	 Andrews, J. L., Foulkes, L. & Blakemore, S.-J. Peer influence in adolescence: Public-health implications for COVID-19. Trends 

Cognit. Sci. 24, 585–587 (2020).
	 3.	 Green, K. H. et al. Mood and emotional reactivity of adolescents during the COVID-19 pandemic: Short-term and long-term 

effects and the impact of social and socioeconomic stressors. Sci. Rep. 11, 1–13 (2021).
	 4.	 Carstensen, L. L., Shavit, Y. Z. & Barnes, J. T. Age advantages in emotional experience persist even under threat from the COVID-

19 pandemic. Psychol. Sci. 31, 1374–1385 (2020).
	 5.	 Ferschmann, L., Bos, M. G. N., Herting, M. M., Mills, K. L. & Tamnes, C. K. Contextualizing adolescent structural brain develop-

ment: Environmental determinants and mental health outcomes. Curr. Opin. Psychol. 44, 170–176 (2022).
	 6.	 Blakemore, S.-J. The social brain in adolescence. Nat. Rev. Neurosci. 9, 267–277 (2008).
	 7.	 Mills, K. L., Lalonde, F., Clasen, L. S., Giedd, J. N. & Blakemore, S.-J. Developmental changes in the structure of the social brain 

in late childhood and adolescence. Soc. Cognit. Affect Neurosci. 9, 123–131 (2014).
	 8.	 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).
	 9.	 Crone, E. A. & Fuligni, A. J. Self and others in adolescence. Annu. Rev. Psychol. 71, 447–469 (2020).
	10.	 Aubert-Broche, B. et al. A new method for structural volume analysis of longitudinal brain MRI data and its application in studying 

the growth trajectories of anatomical brain structures in childhood. Neuroimage 82, 393–402 (2013).
	11.	 Mills, K. L. et al. Structural brain development between childhood and adulthood: Convergence across four longitudinal samples. 

Neuroimage 141, 273–281 (2016).
	12.	 Tamnes, C. K. et al. Development of the cerebral cortex across adolescence: A multisample study of inter-related longitudinal 

changes in cortical volume, surface area, and thickness. J. Neurosci. 37, 3402–3412 (2017).
	13.	 Wierenga, L. M., Langen, M., Oranje, B. & Durston, S. Unique developmental trajectories of cortical thickness and surface area. 

Neuroimage 87, 120–126 (2014).
	14.	 Leppänen, J. M. & Nelson, C. A. Tuning the developing brain to social signals of emotions. Nat. Rev. Neurosci. 10, 37–47 (2009).
	15.	 Sebastian, C., Viding, E., Williams, K. D. & Blakemore, S.-J. Social brain development and the affective consequences of ostracism 

in adolescence. Brain Cognit. 72, 134–145 (2010).
	16.	 Germine, L. T., Duchaine, B. & Nakayama, K. Where cognitive development and aging meet: Face learning ability peaks after age 

30. Cognition 118, 201–210 (2011).
	17.	 Ferschmann, L. et al. Personality traits are associated with cortical development across adolescence: A longitudinal structural MRI 

study. Child Dev. 89, 811–822 (2018).
	18.	 Ferschmann, L. et al. Prosocial behavior relates to the rate and timing of cortical thinning from adolescence to young adulthood. 

Dev. Cognit. Neurosci. 40, 100734 (2019).
	19.	 Piccolo, L. R. et al. Age-related differences in cortical thickness vary by socioeconomic status. PLoS ONE 11, e0162511 (2016).
	20.	 Khundrakpam, B. et al. Non-linear effects of socioeconomic status on brain development: associations between parental occupa-

tion, cortical thickness and language skills in childhood and adolescence. bioRxiv 575993 (2019).
	21.	 Becht, A. I. et al. Beyond the average brain: Individual differences in social brain development are associated with friendship 

quality. Soc. Cognit. Affect Neurosci. 16, 292–301 (2021).
	22.	 van der Meulen, M. et al. Genetic and environmental influences on structure of the social brain in childhood. Dev. Cognit. Neurosci. 

44, 100782 (2020).
	23.	 Panizzon, M. S. et al. Distinct genetic influences on cortical surface area and cortical thickness. Cereb. Cortex 19, 2728–2735 (2009).
	24.	 Tooley, U. A., Bassett, D. S. & Mackey, A. P. Environmental influences on the pace of brain development. Nat. Rev. Neurosci. 22, 

372–384 (2021).
	25.	 Blakemore, S.-J. & Mills, K. L. Is adolescence a sensitive period for sociocultural processing?. Annu. Rev. Psychol. 65, 187–207 

(2014).
	26.	 Herting, M. M. et al. Development of subcortical volumes across adolescence in males and females: A multisample study of lon-

gitudinal changes. Neuroimage 172, 194–205 (2018).
	27.	 Wierenga, L. et al. Typical development of basal ganglia, hippocampus, amygdala and cerebellum from age 7 to 24. Neuroimage 

96, 67–72 (2014).
	28.	 Wierenga, L. M. et al. Unraveling age, puberty and testosterone effects on subcortical brain development across adolescence. 

Psychoneuroendocrinology 91, 105–114 (2018).
	29.	 Tottenham, N. & Sheridan, M. A. A review of adversity, the amygdala and the hippocampus: A consideration of developmental 

timing. Front. Hum. Neurosci. 68 (2010).
	30.	 Woon, F. L. & Hedges, D. W. Hippocampal and amygdala volumes in children and adults with childhood maltreatment-related 

posttraumatic stress disorder: A meta-analysis. Hippocampus 18, 729–736 (2008).
	31.	 Kim, E. J., Pellman, B. & Kim, J. J. Stress effects on the hippocampus: A critical review. Learn. Mem. 22, 411–416 (2015).
	32.	 Goddings, A.-L. et al. The influence of puberty on subcortical brain development. Neuroimage 88, 242–251 (2014).
	33.	 Merz, E. C., Tottenham, N. & Noble, K. G. Socioeconomic status, amygdala volume, and internalizing symptoms in children and 

adolescents. J. Clin. Child Adolesc. Psychol. 47, 312–323 (2018).
	34.	 McEwen, B. S. & Gianaros, P. J. Central role of the brain in stress and adaptation: Links to socioeconomic status, health, and disease. 

Ann. N. Y. Acad. Sci. 1186, 190–222 (2010).

https://doi.org/10.34894/0YUM34


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5600  | https://doi.org/10.1038/s41598-023-32754-7

www.nature.com/scientificreports/

	35.	 Pagliaccio, D. et al. Stress-system genes and life stress predict cortisol levels and amygdala and hippocampal volumes in children. 
Neuropsychopharmacology 39, 1245–1253 (2014).

	36.	 Kim, J. J. & Yoon, K. S. Stress: metaplastic effects in the hippocampus. Trends Neurosci. 21, 505–509 (1998).
	37.	 Østby, Y. et al. Heterogeneity in subcortical brain development: A structural magnetic resonance imaging study of brain maturation 

from 8 to 30 years. J. Neurosci. 29, 11772–11782 (2009).
	38.	 Teicher, M. H., Anderson, C. M. & Polcari, A. Childhood maltreatment is associated with reduced volume in the hippocampal 

subfields CA3, dentate gyrus, and subiculum. Proc. Natl. Acad. Sci. 109, E563–E572 (2012).
	39.	 Gotlib, I. H. et al. Effects of the COVID-19 pandemic on mental health and brain maturation in adolescents: Implications for 

analyzing longitudinal data. Biol. Psych. Global Open Sci. https://​doi.​org/​10.​1016/j.​bpsgos.​2022.​11.​002 (2022).
	40.	 McEwen, B. S. The brain is the central organ of stress and adaptation. Neuroimage 47, 911 (2009).
	41.	 Ellis, B. J. & Del Giudice, M. Developmental adaptation to stress: An evolutionary perspective. Ann. Rev. Psychol. 70, 111–139 

(2019).
	42.	 Ellis, B. J. et al. Hidden talents in harsh environments. Dev. Psychopathol. 34, 95–113 (2022).
	43.	 Masten, A. S. Resilience in children threatened by extreme adversity: Frameworks for research, practice, and translational synergy. 

Dev. Psychopathol. 23, 493–506 (2011).
	44.	 Fehr, E., Fischbacher, U. & Gächter, S. Strong reciprocity, human cooperation, and the enforcement of social norms. Hum. Nat. 

13, 1–25 (2002).
	45.	 Cillessen, A. H. N. & Rose, A. J. Understanding popularity in the peer system. Curr. Dir. Psychol. Sci. 14, 102–105 (2005).
	46.	 Lehmann, K., Böckler, A., Klimecki, O., Müller-Liebmann, C. & Kanske, P. Empathy and correct mental state inferences both 

promote prosociality. Sci. Rep. 12, 1–8 (2022).
	47.	 Grühn, D., Rebucal, K., Diehl, M., Lumley, M. & Labouvie-Vief, G. Empathy across the adult lifespan: Longitudinal and experience-

sampling findings. Emotion 8, 753 (2008).
	48.	 Eisenberg, N., Cumberland, A., Guthrie, I. K., Murphy, B. C. & Shepard, S. A. Age changes in prosocial responding and moral 

reasoning in adolescence and early adulthood. J. Res. Adolesc. 15, 235–260 (2005).
	49.	 Steinbeis, N. & Over, H. Enhancing behavioral control increases sharing in children. J. Exp. Child Psychol. 159, 310–318 (2017).
	50.	 Van de Groep, S., Zanolie, K., Green, K. H., Sweijen, S. W. & Crone, E. A. A daily diary study on adolescents’ mood, empathy, and 

prosocial behavior during the COVID-19 pandemic. PLoS ONE 15, e0240349 (2020).
	51.	 Sweijen, S. W. et al. Daily prosocial actions during the COVID-19 pandemic contribute to giving behavior in adolescence. Sci. Rep. 

12, 1–15 (2022).
	52.	 Crone, E. A. et al. Neural and behavioral signatures of social evaluation and adaptation in childhood and adolescence: The Leiden 

Consortium on Individual Development (L-CID). Dev. Cognit. Neurosci. 45, 100805 (2020).
	53.	 Euser, S. et al. Efficacy of the video-feedback intervention to promote positive parenting and sensitive discipline in twin families 

(VIPP-Twins): Study protocol for a randomized controlled trial. BMC Psychol. 4, 1–11 (2016).
	54.	 Kuiper, M. E. et al. The intelligent lockdown: Compliance with COVID-19 mitigation measures in the Netherlands. Amst. Law 

Sch. Res. Pap. (2020).
	55.	 Kaufman, A. S. Intelligent Testing with the WISC-III (Wiley, 1994).
	56.	 Achterberg, M. & van der Meulen, M. Genetic and environmental influences on MRI scan quantity and quality. Dev. Cognit. 

Neurosci. 38, 100667 (2019).
	57.	 Fischl, B. et al. Automatically parcellating the human cerebral cortex. Cereb. Cortex 14, 11–22 (2004).
	58.	 Fischl, B. et al. Sequence-independent segmentation of magnetic resonance images. Neuroimage 23, S69–S84 (2004).
	59.	 Hutton, C., Draganski, B., Ashburner, J. & Weiskopf, N. A comparison between voxel-based cortical thickness and voxel-based 

morphometry in normal aging. Neuroimage 48, 371–380 (2009).
	60.	 Clarkson, M. J. et al. A comparison of voxel and surface based cortical thickness estimation methods. Neuroimage 57, 856–865 

(2011).
	61.	 Ségonne, F., Pacheco, J. & Fischl, B. Geometrically accurate topology-correction of cortical surfaces using nonseparating loops. 

IEEE Trans. Med. Imag. 26, 518–529 (2007).
	62.	 Sled, J. G., Zijdenbos, A. P. & Evans, A. C. A nonparametric method for automatic correction of intensity nonuniformity in MRI 

data. IEEE Trans. Med. Imag. 17, 87–97 (1998).
	63.	 Reuter, M. & Fischl, B. Avoiding asymmetry-induced bias in longitudinal image processing. Neuroimage 57, 19–21 (2011).
	64.	 Reuter, M., Schmansky, N. J., Rosas, H. D. & Fischl, B. Within-subject template estimation for unbiased longitudinal image analysis. 

Neuroimage 61, 1402–1418 (2012).
	65.	 Klapwijk, E. T., Van De Kamp, F., Van Der Meulen, M., Peters, S. & Wierenga, L. M. Qoala-T: A supervised-learning tool for quality 

control of FreeSurfer segmented MRI data. Neuroimage 189, 116–129 (2019).
	66.	 Humphreys, K. L. et al. Evidence for a sensitive period in the effects of early life stress on hippocampal volume. Dev. Sci. 22, e12775 

(2019).
	67.	 Desikan, R. S. et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions 

of interest. Neuroimage 31, 968–980 (2006).
	68.	 Kochanska, G., DeVet, K., Goldman, M., Murray, K. & Putnam, S. P. Maternal reports of conscience development and temperament 

in young children. Child Dev. 65, 852–868 (1994).
	69.	 Goodman, R. The strengths and difficulties questionnaire: A research note. J. Child Psychol. Psych. 38, 581–586 (1997).
	70.	 Muris, P., Meesters, C. & Van den Berg, F. The strengths and difficulties questionnaire (SDQ) further evidence for its reliability 

and validity in a community sample of Dutch children and adolescents. Eur. Child Adolesc. Psych. 12, 1–8 (2003).
	71.	 Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. arXiv:​1406.​5823 (2014).
	72.	 Team, R. C. R Foundation for Statistical Computing; Vienna, Austria: 2015. R: A language and environment for statistical computing.

[Google Scholar] (2013).
	73.	 Satterthwaite, F. E. An approximate distribution of estimates of variance components. Biometr. Bull. 2, 110–114 (1946).
	74.	 Perneger, T. V. What’s wrong with Bonferroni adjustments. BMJ 316, 1236–1238 (1998).
	75.	 Sankoh, A. J., Huque, M. F. & Dubey, S. D. Some comments on frequently used multiple endpoint adjustment methods in clinical 

trials. Stat. Med. 16, 2529–2542 (1997).
	76.	 Jiao, W. Y. et al. Behavioral and emotional disorders in children during the COVID-19 epidemic. J. Pediatr. 221, 264–266 (2020).
	77.	 de Leeuw, R. N. H. et al. Moral beauty during the COVID-19 pandemic: Prosocial behavior among adolescents and the inspiring 

role of the media. Commun. Res. 50, 131–156 (2022).
	78.	 Masten, A. S. & Motti-Stefanidi, F. Multisystem resilience for children and youth in disaster: Reflections in the context of COVID-

19. Advers. Resil. Sci. 1, 95–106 (2020).
	79.	 Ellis, B. J., Boyce, W. T., Belsky, J., Bakermans-Kranenburg, M. J. & Van IJzendoorn, M. H. Differential susceptibility to the envi-

ronment: An evolutionary–neurodevelopmental theory. Dev. Psychopathol. 23, 7–28 (2011).
	80.	 Andersen, S. L. et al. Preliminary evidence for sensitive periods in the effect of childhood sexual abuse on regional brain develop-

ment. J. Neuropsych. Clin. Neurosci. 20, 292–301 (2008).
	81.	 Sheridan, M. A., Fox, N. A., Zeanah, C. H., McLaughlin, K. A. & Nelson, C. A. III. Variation in neural development as a result of 

exposure to institutionalization early in childhood. Proc. Natl. Acad. Sci. 109, 12927–12932 (2012).

https://doi.org/10.1016/j.bpsgos.2022.11.002
http://arxiv.org/abs/1406.5823


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5600  | https://doi.org/10.1038/s41598-023-32754-7

www.nature.com/scientificreports/

	82.	 Tottenham, N. et al. Prolonged institutional rearing is associated with atypically large amygdala volume and difficulties in emotion 
regulation. Dev. Sci. 13, 46–61 (2010).

	83.	 Hanson, J. L., Chandra, A., Wolfe, B. L. & Pollak, S. D. Association between income and the hippocampus. PLoS ONE 6, e18712 
(2011).

	84.	 Rao, U. et al. Hippocampal changes associated with early-life adversity and vulnerability to depression. Biol. Psych. 67, 357–364 
(2010).

	85.	 Hanson, J. L. et al. Behavioral problems after early life stress: Contributions of the hippocampus and amygdala. Biol. Psych. 77, 
314–323 (2015).

	86.	 Naninck, E. F. G. et al. Chronic early life stress alters developmental and adult neurogenesis and impairs cognitive function in 
mice. Hippocampus 25, 309–328 (2015).

	87.	 Luby, J. et al. The effects of poverty on childhood brain development: The mediating effect of caregiving and stressful life events. 
JAMA Pediatr. 167, 1135–1142 (2013).

	88.	 Hoekzema, E. et al. Pregnancy leads to long-lasting changes in human brain structure. Nat. Neurosci. 20, 287–296 (2017).
	89.	 Achterberg, M., Dobbelaar, S., Boer, O. D. & Crone, E. A. Perceived stress as mediator for longitudinal effects of the COVID-19 

lockdown on wellbeing of parents and children. Sci. Rep. 11, 1–14 (2021).

Acknowledgements
We thank the participating families for their enthusiastic involvement in the Leiden Consortium on Individual 
Development (L-CID). We are also grateful to the data-collection and data-processing team, including all current 
and former students, research assistants, PhD students and post-doctoral researchers for their dedicated and 
invaluable contributions. Marinus van IJzendoorn, Eveline Crone and Marian Bakermans-Kranenburg designed 
the L-CID experimental cohort-sequential twin study “Samen Uniek” as part of the Consortium on Individual 
Development (CID; Gravitation Grant 2013–2023 awarded by the Dutch Ministry of Education, Culture, & Sci-
ence, and the Netherlands Organization for Scientific Research, NWO Grant Number 024.001.003).

Author contributions
L.v.D., E.A.C. & L.M.W.: Conceptualization; L.v.D.: Data collection; L.v.D. & Y.J.T.: Formal analysis, Data cura-
tion, Visualization; L.v.D. & E.A.C.: Roles/Writing—original draft; Y.J.T., L.M.W. & E.A.C.: Writing—review & 
editing; E.A.C. & L.M.W.: supervision.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.D. or Y.J.T.

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) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of COVID-19 pandemic on structural brain development in early adolescence
	Methods
	Participants. 
	Pandemic timeline. 
	MRI data acquisition. 
	MRI processing. 
	Quality control. 
	Regions of interest analyses. 
	Parent-reported prosocial behavior. 
	Statistical analyses. 
	Ethics approval. 

	Results
	Control analyses. 
	Effects of pandemic on structural brain development. 
	Effects of pandemic on prosocial and empathic behavior. 
	Brain and behavioral development with pandemic length association. 

	Discussion
	References
	Acknowledgements


