
Menks et al. BMC Psychology          (2022) 10:169  
https://doi.org/10.1186/s40359-022-00873-x

STUDY PROTOCOL

Study protocol: a comprehensive 
multi‑method neuroimaging approach 
to disentangle developmental effects 
and individual differences in second language 
learning
W. M. Menks1,2*†, C. Ekerdt1†, G. Janzen1,3, E. Kidd2,4,5, K. Lemhöfer1, G. Fernández1 and J. M. McQueen1,2 

Abstract 

Background:  While it is well established that second language (L2) learning success changes with age and across 
individuals, the underlying neural mechanisms responsible for this developmental shift and these individual differ-
ences are largely unknown. We will study the behavioral and neural factors that subserve new grammar and word 
learning in a large cross-sectional developmental sample. This study falls under the NWO (Nederlandse Organisatie 
voor Wetenschappelijk Onderzoek [Dutch Research Council]) Language in Interaction consortium (website: https://​
www.​langu​agein​inter​action.​nl/).

Methods:  We will sample 360 healthy individuals across a broad age range between 8 and 25 years. In this paper, 
we describe the study design and protocol, which involves multiple study visits covering a comprehensive behavioral 
battery and extensive magnetic resonance imaging (MRI) protocols. On the basis of these measures, we will create 
behavioral and neural fingerprints that capture age-based and individual variability in new language learning. The 
behavioral fingerprint will be based on first and second language proficiency, memory systems, and executive func-
tioning. We will map the neural fingerprint for each participant using the following MRI modalities: T1‐weighted, dif-
fusion-weighted, resting-state functional MRI, and multiple functional-MRI paradigms. With respect to the functional 
MRI measures, half of the sample will learn grammatical features and half will learn words of a new language. Combin-
ing all individual fingerprints allows us to explore the neural maturation effects on grammar and word learning.

Discussion:  This will be one of the largest neuroimaging studies to date that investigates the developmental shift 
in L2 learning covering preadolescence to adulthood. Our comprehensive approach of combining behavioral and 
neuroimaging data will contribute to the understanding of the mechanisms influencing this developmental shift 
and individual differences in new language learning. We aim to answer: (I) do these fingerprints differ according to 
age and can these explain the age-related differences observed in new language learning? And (II) which aspects of 
the behavioral and neural fingerprints explain individual differences (across and within ages) in grammar and word 
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Background
One estimate suggests that more than half of the world’s 
population is using a second language in addition to 
their native tongue [1]. Foreign languages are thought 
to be very useful for self-development and employ-
ment; recently, the European Union has set the objec-
tive that every young European should learn two foreign 
European languages [2]. For decades, behavioral studies 
have observed that learning a second language (L2) is 
more successful when starting at a young age. This pre-
sents a paradox, since adults’ general cognitive and lan-
guage abilities are superior to children, leading one to 
expect that adults would be better at language learning 
than children. Subsequently, the hypothesis of a bio-
logical sensitive period for L2 learning emerged: native-
like L2 proficiency is feasible when learned within a 
specific age range [3–10]. L2 learning ability generally 
declines between late childhood and late adolescence 
[4, 6, 7, 11]. Although children are slower in the initial 
stage of L2 learning compared to adults, children more 
often reach native-like proficiency in their L2, which 
is seldom observed for adult learners [5, 7, 12, 13]. For 
grammar learning, a recent large-scale study observed a 
strong decline in L2 attainment starting from the age of 
17 years  [11]. This supports the existence of a sensitive 
period for L2 grammar learning, although the predicted 
age of offset is much later than previously proposed. 
Behaviorally, these differences in how children and 
adults learn an L2 have been investigated, but the under-
lying developmental mechanisms are not thoroughly 
understood.

In addition to age-related variability, most studies have 
also observed individual differences in L2 attainment, 
with evidence that some late learners can obtain near-
native-like proficiency [12]. Therefore, researchers have 
suggested that other factors—besides age—may under-
lie L2 learning success [14–16]. L2 learning consists of 
multiple interconnected complex language domains 
(e.g., grammar, semantics, phonology) that are supported 
by general-purpose cognitive functions such as work-
ing memory and long-term declarative and procedural 
memory processes. The complex interplay between indi-
vidual differences in language and cognitive abilities and 
developmental factors pose a challenge for researchers 
in the field of L2 learning variability. In this protocol, we 

will present a study that focuses on two major language 
domains—grammar and words—in relation to age and 
individual variability in L2 learning.

The cognitive fingerprint of L2 learning variability
Age‑related variability in L2 learning
Behavioral studies have extensively investigated age-
related variability in L2 learning in the last decades, 
and pointed towards maturational constraints as its 
underlying cause. Whether the observed L2 variabil-
ity is caused by maturational constraints affecting spe-
cialized language processes or more general cognitive 
processes is still under debate [7, 10, 13, 17]. Thus far, 
studies have found age-related variations in general cog-
nitive processes that correlate with L2 proficiency, such 
as long-term memory, short-term memory capacity, and 
cognitive control [18–21]. Interestingly, in most of these 
cognitive domains, children are much less capable than 
adults, as competence in these domains increases with 
age [22, 23]. Researchers have proposed several theories 
that link L2 learning with declarative and procedural 
memory abilities [24–26]. According to these theories, 
different memory systems are involved depending on 
the language domain: for example, word learning in gen-
eral involves declarative (i.e., explicit) memory ability, 
whereas grammar learning relies mostly on procedural 
(i.e., implicit) memory ability. In line with this model, 
several behavioral studies in children have reported cor-
relations between first language (L1) vocabulary profi-
ciency and declarative learning abilities, and linked L1 
grammar learning success with procedural memory abili-
ties [27, 28]. For L2 grammar learning, however, it has 
been proposed that children and adults might use dif-
ferent memory processes [29]. Children use their early-
maturated procedural memory, while adults are thought 
to rely more on their declarative memory abilities [5, 30–
33]. The model aligns with the developmental trajectories 
of the two memory systems: procedural learning abili-
ties mature much earlier—prepubertally—in compari-
son to declarative learning abilities and working memory 
that both have a prolonged maturation trajectory into 
young adulthood [34–37]. In L2 word learning, both 
children and adults rely on the declarative memory sys-
tem. However, some factors that influence word learning 
do so differently during different times in development. 

learning? The results of this study provide a unique opportunity to understand how the development of brain struc-
ture and function influence new language learning success.

Keywords:  Second language acquisition, Grammar learning, Word learning, Individual differences, Development, 
Functional magnetic resonance imaging (fMRI), White matter microstructure, Diffusion weighted magnetic resonance 
imaging, Resting-state connectivity, Structural neuroimaging
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Two factors that influence declarative memory and 
which have shown developmental differences are prior 
knowledge and memory consolidation. While adults, 
in general, have larger vocabularies and therefore more 
prior knowledge to benefit from during word learning, 
children profit more from memory consolidation dur-
ing word learning [29, 31, 38–41]. In sum, maturational 
changes could affect which memory system is utilized 
and how prior knowledge and consolidation benefit L2 
learning; however, the underlying mechanisms have not 
been thoroughly investigated in relation to age-related 
variability in L2 learning.

In addition to maturational constraints, environmental 
factors could partially explain the observed age-related 
L2 learning variability. In particular, the manner of L2 
learning, L2 input quality, and amount of L2 exposure 
could influence how well a new language is learned [5, 
42]. The manner of L2 learning could influence which 
memory systems are utilized. L2 learning through explicit 
classroom instruction, for instance, will depend more on 
the declarative memory system, while immersion-like L2 
input will rely more on the procedural memory system 
[43, 44]. Adults often learn a new L2 through classroom 
instruction, which could make them worse L2 learners 
compared to early L2 learners who often acquired their 
L2 through immersion. Furthermore, quantitative and 
qualitative differences in L2 input are thought to exist 
between young and adult L2 learners. Children, for exam-
ple, might receive not only more but also more simplified 
L2 input, which could benefit L2 learning; adults on the 
other hand typically receive more complex L2 input that 
could interfere with their L2 acquisition. To what extent 
these environmental factors influence L2 learning, inde-
pendent of the maturational constraints, is not yet fully 
understood.

In sum, researchers have suggested several matura-
tional constraints and environmental factors that could 
underlie the age-related variability in L2 learning. Until 
now, L2 studies have often solely focused on one or two 
factors such as L2 age of acquisition (AoA) and/or L2 
exposure, leaving out other latent factors. As a conse-
quence, there is little consensus which factors are the 
best predictors for L2 learning success during develop-
ment. To find an answer to the underlying mechanisms 
of age-related L2 learning variability, an interdisciplinary 
approach, across psycholinguistics, memory, and (neuro)
development, is essential to investigate all the aforemen-
tioned factors.

Individual variability in L2 learning
Apart from age-related variability, interindividual vari-
ability exists between L2 learners [14, 45]. This individual 
L2 learning success could be influenced by a multitude 

of external and internal factors: language aptitude, moti-
vation, L2 exposure, learning strategies, L1 proficiency, 
education, and socioeconomic factors [45–50]. Espe-
cially domain-general factors within language aptitude—
i.e., cognitive control, intelligence, and memory—are 
thought to be the most substantial predictors of L2 learn-
ing success [14, 47, 51, 52]. In particular, domain-general 
memory systems are thought to be highly related to L2 
learning success; for example, a positive effect of (verbal 
and nonverbal) working memory was found for adult L2 
learning outcomes [53–56]. Likewise, L2 learning suc-
cess in adults is frequently linked with greater episodic 
and procedural memory abilities [30, 57–59]. Further-
more, inhibitory control ability, an executive functioning 
skill, is another domain-general factor that can predict L2 
learning success in adults [60]. Environmental or external 
factors, for example, socioeconomic status, L2 exposure, 
and education, shape early language learning experiences 
and are particularly relevant for L2 learning in young 
individuals [61, 62]. In sum, past research has identified 
many external and internal factors that could underlie 
L2 learning success. To date, the aforementioned factors 
have not often been simultaneously examined, and thus it 
remains unknown which factors are most predictive for 
L2 learning success. Furthermore, L2 studies frequently 
investigated individual differences within monolingual 
and bilingual groups without taking age, or age of onset 
(AoA), into consideration. Many domain-general cogni-
tive processes, that may underlie these individual differ-
ences, are still under development during adolescence; 
therefore, age should be taken into account when investi-
gating these individual differences.

The neural fingerprint of L2 learning variability
The neural correlates underlying L2 learning
In the past decades, the usage of various magnetic reso-
nance imaging (MRI) methods have enabled research-
ers to shed light on the neural correlates underlying L2 
word and grammar learning [48, 63–65]. For instance, 
functional MRI (fMRI) studies have repeatedly observed 
increased brain activation during L2 word and gram-
mar learning tasks: especially within frontal (i.e., inferior 
frontal gyrus (IFG)) and parietal brain regions, as well as 
within subcortical structures like the basal ganglia and 
cerebellum [48, 65]. Moreover, each L2 subdomain addi-
tionally recruits distinctive brain regions during L2 learn-
ing: for example, the middle temporal gyrus (MTG) and 
superior temporal gyrus (STG) and the hippocampus are 
commonly activated during L2 word learning [66–68], 
whereas the basal ganglia are often recruited during L2 
grammar learning [65, 69, 70].

Besides task-based fMRI, L2 studies have used func-
tional connectivity analyses by means of resting-state 
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fMRI (rsfMRI), to understand how the brain areas impli-
cated in L2 learning interact and are co-activated in larger 
functional brain networks [71–74]. Most rsfMRI studies 
have specially focused on the connections between the 
bilateral IFG and other language-related brain regions 
[75]. Additionally, interhemispheric coupling of the bilat-
eral IFG is associated with both L2 performance [71] and 
AoA [72, 76]. These findings are in line with fMRI studies 
that linked brain activation patterns within the IFG and 
other language-related regions, e.g., the middle frontal 
gyrus (MFG) and STG, with L2 proficiency and/or AoA 
[64, 77, 78].

Besides altered brain activation, L2 learning is addi-
tionally associated with structural changes within spe-
cific gray and white matter regions of the brain. Increased 
gray matter density and cortical thickness is, for example, 
observed within several cortical regions (i.e., IFG, MTG, 
STG, MFG, and inferior parietal lobe (IPL)) in relation to 
L2 learning [79–83]. Within these cortical regions, both 
gray matter density and thickness have been linked to L2 
proficiency and AoA [48, 79, 80, 83]. Moreover, under-
neath most of these cortical brain regions, white matter 
alterations have been observed that were linked to L2 
learning [64, 79, 84]. For example, L2 learning ability is 
related to microstructural alterations within the arcu-
ate fasciculus (AF), an important white matter tract that 
connects the temporal and inferior parietal cortex to the 
frontal lobe [85–87]. Other white matter tracts that are 
frequently linked to L2 learning success are the inferior 
fronto-occipital fasciculus (IFOF) and the superior lon-
gitudinal fasciculus (SLF) [84, 88–90]. Taken together, a 
multitude of neuroimaging studies have proposed several 
neural components that each could predict L2 learning 
success. No study to date, however, has examined the 
aforementioned neural components within one large 
homogenous sample. It therefore remains unanswered to 
which extent each neural component predicts L2 learn-
ing success, and how it contributes to individual variabil-
ity in L2 learning.

The neural correlates of age‑related variability in L2 learning
A number of adult and developmental neuroimag-
ing studies provide insight into the neural bases of age-
related variability in L2, but a comprehensive overview of 
how these neural correlates change during development 
is lacking. In the past, studies have used AoA within 
adult samples to indirectly investigate the effect of neu-
ral maturation on L2 learning success [83, 91–93]. AoA 
remains a relatively imprecise predictor for age-related 
variability, especially considering that it correlates with 
other L2 factors that influence L2 learning such as L2 
input, L2 exposure, and L2 usage [5, 42, 70]. Therefore, 
ideally, neuroimaging studies should rather focus on 

age directly, as a gradient, within a large—linguistically 
homogeneous—sample [94]. Several developmental stud-
ies have looked at the neural correlates of L2 learning. 
Their results demonstrated activation within the IFG, 
STG, and MTG and less frequently within the insula, 
cingulate cortex, basal ganglia and cerebellum during L2 
processing [95–97]. Although these brain activation pat-
terns overlap to some extent with the L2 language-related 
regions identified in adults, age differences still appear 
to exist [65]. For example, two studies using between 
group analyses revealed different L2 brain activation pat-
terns for adults and late adolescents in comparison to 
younger teenagers [96, 97]. Thus far, one developmental 
study has implemented correlational analyses within a 
developmental sample covering 8 to 18 years to investi-
gate age effects on L2 processing of phonology [98]. The 
hemodynamic response during L2 phonological process-
ing showed a positive linear relationship with age within 
the IFG. Together, these findings support the idea that 
developmental changes in neural correlates underlying 
L2 processes, and thus L2 learning, exist and potentially 
can explain differences in L2 learning success. To achieve 
a more comprehensive understanding of the develop-
mental trajectory of the neural correlates underlying L2 
learning success, neuroimaging studies should investigate 
children and adults within a large sample that has an age 
range that covers the hypothesized sensitive period for 
L2 learning. Only then can age-related changes in func-
tional activation be investigated in more detail and com-
pared to L2 learning success.

Brain maturation and age‑related variability in L2 learning
To disentangle the neural mechanisms underlying age-
related variability in L2 learning, it is important to under-
stand the overall maturation trajectory of the brain. In 
general, gray matter volume increases during early child-
hood, after which it gradually decreases during puberty 
and early adulthood [99, 100]. This decrease is thought to 
be a correlate of pruning of excess neurons and is there-
fore often used as a direct proxy of brain maturation [100, 
101]. The starting point and rate of gray matter decrease 
is not uniform, but varies between different regions of the 
brain. In particular, the prefrontal cortex and temporal 
lobes follow the most prolonged maturation trajectory, 
one that ends around 20  years of age [102–104]. These 
late-maturing brain regions are linked with language and 
memory processes. Although this has not been thor-
oughly investigated, several studies have associated gray 
matter maturation with age-related variability in work-
ing memory and cognitive control [22, 105–108], but 
also language-specific processes [109, 110]. In contrast 
to gray matter, white matter volume increases during 
adolescence, reflecting increased myelination and axon 
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thickness, while the overall brain volume remains stable 
[111–114]. The white matter tracts that are commonly 
linked to L1 language processes (i.e., AF, SLF, IFOF) have 
a protracted maturation trajectory that peaks around 
early adulthood [115–119]. In addition to these structural 
changes, brain maturation leads to changes in functional 
activation. For example, brain activation patterns seem to 
shift from a diffuse to a more focal pattern in relation to 
age [120–123]. This shift is seen as the increasing func-
tional specialization and reorganization of the brain with 
age. The prolonged and gradual maturation of prefrontal 
and temporal regions may therefore contribute to age-
related variability in L2 learning success, since domain-
general and language-specific L2 learning processes 
are seated in these regions [124, 125]. Although knowl-
edge about the prolonged brain maturation in general is 
increasing, still little is known about how the develop-
mental trajectory of domain-general and language-spe-
cific processes relates to L2 learning ability.

Current study
There is a paradox in L2 learning research: Adults’ gen-
eral cognitive and language abilities are superior to 
children’s, but adults are nonetheless outperformed by 
children in L2 acquisition. It is well established that chil-
dren and adults differ in their language learning abilities; 
but how it is reflected in the neural mechanisms underly-
ing new language learning1 is poorly understood. To date, 
studies that have explored the neural correlates of L2 
learning have typically used small samples and have made 
group comparisons across wide age ranges. This limited 
the possibilities to explore potential changes in L2 learn-
ing between childhood and early adulthood. Additionally, 
most neuroimaging studies researching L2 learning have 
focused on a single MRI technique to investigate either 
brain activation, through task-based or resting-state 
fMRI, or brain structure such as gray matter structure or 
white matter connectivity. We will combine all these neu-
roimaging techniques to comprehensively investigate the 
neural correlates underlying new language learning in a 
cross-sectional sample. The key strength of our study is 
our focus on age-related as well as individual differences: 
using an extensive behavioral testing battery, we will cre-
ate both a behavioral and a neural fingerprint of every 
individual to determine how each subcomponent affects 
L2 learning at different ages.

Our study is the first large-scale neurodevelopmen-
tal study investigating the neural correlates underly-
ing aspects of new language learning across a broad 

developmental age-range. We are collecting a dataset 
including structural and functional MR modalities, as 
well as an in-depth cognitive profile. With this com-
prehensive dataset, we can answer questions about the 
development of the neural correlates underlying L2 
learning that have not been explored thus far. Our objec-
tive is to explain the widely reported age-related behav-
ioral differences in L2 learning success. Additionally, we 
aim to examine whether the previously reported sensitive 
period for grammar learning can also be observed neu-
rally. Our state-of-the art dataset will enable us to test a 
large number of hypotheses. One of our main questions 
is to examine how brain activation patterns in response 
to new language learning will differ in adults and chil-
dren. We hypothesize that children will recruit a larger 
network of brain regions as compared to adults [126]. 
The second aim of our study is to explore individual dif-
ferences in new language learning success. Here, we will 
investigate which combination of neural and behavioral 
factors serves as the best predictor for this individual 
variability, independent of age. With regard to this objec-
tive, we hypothesize that new language learning success 
is positively linked to L1 language aptitude and memory 
skills, as well as the white matter connectivity within the 
language-network.

Methods/design
Participants
Sample size and recruitment
This project plans to recruit 360 Dutch native speak-
ers from the ages 8 to 25 years from the general popula-
tion. We aim to distribute all 360 participants evenly over 
this age range to have enough power to detect both age-
related variability and individual variability. Adults will 
be partly recruited through a specialized research par-
ticipation system at the Radboud University, and we will 
additionally promote our study through posters at uni-
versity faculties, supermarkets, and social media posts. 
Young participants and their caregivers will be reached 
through flyers and posters in their schools, libraries, 
sport clubs, and community events. Individuals choose to 
take part in this study voluntarily, so that we will create a 
self-selecting sample. Data collection has started in 2019 
and is projected to end in 2023.

Inclusion and exclusion criteria
To obtain a homogenous sample in relation to essen-
tial language factors (i.e., native tongue, bilingualism, 
and exposure to foreign languages) several strict inclu-
sion criteria have been chosen for this study. First, only 
right-handed Dutch native speakers who were raised 
monolingually up to the age of 6 are eligible for inclusion. 
Generally, Dutch children formally start to learn English 

1  We refer to new language  learning instead of L2 learning to describe the 
language learning (i.e., tasks and trainings) within our project. With L2, we are 
referring to the general literature about second language acquisition.
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around the age of 8 and are regularly exposed to English 
through television, internet, and radio, whereas other 
foreign languages are generally learned at high school 
when children are around the age of 12. For this reason, 
we expect that all participants will have learned or will 
have been exposed to English when taking part in our 
study, and thus we will consider English as their second 
language. To study new language learning, we will train 
participants on two unfamiliar natural languages, namely 
Finnish and Icelandic. We will only include individu-
als who are unfamiliar with these two natural languages. 
Additionally, only individuals who have no history of 
neurological or psychiatric treatment/illness, a current 
psychiatric diagnosis, language impairments or learning 
disabilities will be included. Importantly, only individu-
als that have no MR contraindications can participate 
in this study. All adult participants have to give written 
informed consent; for the young participants, the car-
egivers have to give written informed consent.

Procedure
Flowchart for subprojects
There are two subprojects, one on grammar learning and 
one on word learning. Each will randomly recruit 180 
participants. Both projects will implement the same test 
battery and MRI sequences, but will differ on the fMRI 
paradigm and the corresponding training sessions (i.e., 

session 2 and home-training; see Fig. 1 and Table 1). Each 
fMRI paradigm is specifically developed to measure the 
neural correlates necessary for either L2 word learning 

Session1

Test 
Ba�ery

Session2

Learning

Session3

MRI 
session

[Home]

Online
Training

Session4

MRI 
session

N=180

Subproject: Word learning Subproject: Grammar learning

N=180

Learning

Training

Fig. 1  Study flowchart for each subproject: word project (dark blue arrow), grammar (light blue arrow). Each subproject will include a sample of 
180 participants between the ages 8 and 25 years. All 4 sessions, except the home training, will take place at the Donders Institute. In the word 
project (dark blue arrows), following the test battery during session 1, participants will return to the Donders Institute to learn the first half of the 
Finnish words and to become familiarized with the fMRI tasks in a mock scanner. During session 3, participants will begin by learning the second 
half of the Finnish words, outside the MRI scanner. Once the learning tasks have been completed, participants will perform the 4AFC test while in 
the MR scanner. Once outside the scanner, participants will perform the Cued Recall task. Finally, in session 4, participants will be familiarized with 
the artificial language learning task in the mock scanner, and then proceed to perform the artificial language learning task in the MR scanner. In the 
grammar project (light blue arrows), participants will receive the test battery and a short Icelandic word training during session 1. In the following 
session, participants will undergo a short grammar training, with half of the learned words, to familiarize themselves with the Icelandic grammar 
rules before they will perform the grammar judgment task in the MRI scanner. After this session, participants will undergo a 5-day training, ~ 30 min 
each day, to learn the Icelandic grammar rules further as well as some additional Iceland words that will not be used in the grammar training. Finally, 
in the last session, participants will complete the second grammar judgment task on the grammar trained and untrained Icelandic words. Besides 
the task-based fMRI data, additional MR data will be collected during both MRI sessions

Table 1  Study procedure chart for test battery and MRI protocol

Study procedure chart showing research assessments for the word subproject 
(a), the grammar subproject (b), and overlapping—identical—assessments 
for both subprojects (italic). L1 = native language, L2 = second language, i.e., 
English

Test battery MRI protocol

Cognitive tasks 1st MRI session
Matrix reasoning MP2RAGE

Proficiency test L1 & L2 Word learning fMRI taska

Grammar test L1 & L2 Grammar fMRI task: preb

Fluency test L1 & L2 Diffusion weighted imaging

ASRT task

Word Pairs 2nd MRI session
Digit Span MPRAGE

Non Word repetition task ArtLang fMRI taska

StopIt Task Grammar fMRI task: postb

Reading task Resting-state fMRI

Questionnaires
Socio-economic status

Puberty development scale

Handedness inventory

Language experience
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(i.e., Finnish), L2 grammar learning (i.e., Icelandic), or L2 
knowledge acquisition (i.e., artificial language task). All 
fMRI paradigms, as well as the rest of the protocol, are 
developed and tested with several pilot studies to ensure 
high-quality data can be collected for both young and 
adult participants.

Cognitive tests
Language proficiency in Dutch and English  Dutch (L1) 
and English (L2) proficiency will be measured through 
a variety of standardized tests that measure vocabulary 
knowledge, grammatical ability, and word production in 
both languages. Vocabulary proficiency of each partici-
pant will be estimated using the standardized Peabody 
Picture Vocabulary Tests for the Dutch (PPVT-III-NL) 
and English (PPVT-4) language [127, 128]. Within the 
PPVT, each trial of the 204 or 228 trials in the Dutch and 
English versions respectively, presents visually four pic-
tures and aurally one word. Participants have to select 
the picture that best matches the aurally presented word, 
which can be a verb, adjective, or noun. Grammar ability 
will be assessed using the—recently developed—Syntest 
and the test for reception of grammar (TROG-2) for the 
Dutch and English language respectively [129, 130]. In 
each grammar test, participants will match an aurally pre-
sented grammatical sentence with one of four presented 
pictures. The category fluency test and the initial letter 
fluency test will be employed to estimate the participants’ 
word production in Dutch and English [131]. For the cate-
gory fluency test, participants need to generate exemplars 
from categories for vegetables and professions in Dutch, 
and animals and fruits in English, within 60 s per category. 
The initial letter fluency test requires participants to gen-
erate words from initial letters (i.e., Dutch: M and S; Eng-
lish: F and A) with a time limit of 60 s per letter.

Cognitive memory ability assessments  Several tests will 
be applied to assess individual variability in three main 
memory domains, that is, declarative, procedural, and 
short-term working memory. Declarative memory abili-
ties of all participants will be measured through the word-
pairs test from the Dutch version of the Wechsler scale 
of adult intelligence (WAIS; [129]). Procedural memory 
abilities will be estimated through an adapted version of 
the alternating serial reaction time (ASRT) task, where 
participants implicitly learn a repeated pattern of visual 
cue appearances that can occur in four different positions 
[132]. Short-term verbal memory will be assessed with the 
digit span test and the non-word repetition task (adapted 
from 134). The digit span test includes the backward, for-
ward, and sorting task from the Wechsler scale of intelli-
gence where adult participants will receive the WAIS-IV-

NL and the younger participants until the age of 17 will 
receive t he WISC-V-NL version [133, 135].

General cognitive assessments  Various general cognitive 
assessments that measure non-verbal intelligence, cog-
nitive control, and reading ability will also be collected. 
Non-verbal intelligence will be estimated using the matri-
ces subtest from the Wechsler scale of intelligence for 
adults (WAIS-IV-NL) and children (WISC-V-NL), with 
the cut-off age of 17 years [133, 135]. To measure cogni-
tive control, a stop-it task will be performed [136]. During 
this stop-it task, participants need to press either a left or 
right button when a square or circle is presented. How-
ever, this action has to be inhibited when the visual stimu-
lus is accompanied by an auditory cue, that is, a loud beep. 
Reading ability will be checked using the Dutch standard-
ized 3-min reading test, where participants have to read 
120 verbs and nouns aloud within 3 min [137].

Questionnaires
Since several environmental and intrinsic factors could 
influence L2 learning, we will include a number of 
additional measures. Quantitative data about physical 
development, social-economic status, handedness, and 
language experience will be collected through various 
questionnaires. First, to assess physical pubertal develop-
ment, all participants under 18 years will be asked to fill 
out a standardized pubertal development questionnaire, 
where their bodily maturation will be assessed through 
five questions with a 5-point Likert scale [138]. Sec-
ondly, participants or their caregivers (in case of under-
age participants) will be given a questionnaire about their 
income, education, and occupational status, to estimate 
their socio-economic status. Also, handedness will be 
measured through a questionnaire, namely through a 
Dutch version of the Edinburgh Handedness Inventory 
[139]. In addition to the previously mentioned Dutch and 
English proficiency tests, we will also ask the participants 
about their usage and experience with any foreign lan-
guages through an extensive language questionnaire.

Neuroimaging
All neuroimaging data will be acquired on a 3 T Siemens 
SKYRA MRI scanner using a 32-channel head coil at the 
Donders Institute for Brain, Cognition and Behaviour in 
Nijmegen. To minimize head movements, a small pillow 
will be placed in the head coil to stabilize the participant’s 
head and make them lie comfortably. Furthermore, a 
small skin-friendly tape will be placed on the forehead of 
each participant and the head coil base to provide them 
with head motion feedback, which is a child-friendly way 
to prevent head movement. Before each scan session, 
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participants will be invited to lie in a mock scanner to 
acclimatize to the MRI scanner and the previously men-
tioned procedures.

Gray matter structural measurements  We will collect 
two whole-brain T1-weighted images during which par-
ticipants are asked to lie as still as possible while watching 
short cartoons. One structural T1-weighted image will be 
acquired using a Magnetization Prepared Rapid Gradient 
Echo (MPRAGE) sequence. This sequence will allow for 
gray-matter density—that is, volume—measurements, 
but more importantly these images will serve as anatomi-
cal reference for co-registration and normalization of all 
neuroimaging data collected within the study. The param-
eters for this MPRAGE sequence are as follows: rep-
etition time (TR) = 2000  ms; echo time (TE) = 2.01  ms; 
matrix size = 256 × 256; field-of-view (FOV) = 256  mm; 
flip angle = 8°; voxel size = 1 mm; slice thickness = 1 mm, 
192 sagittal slices covering the entire brain. Parallel imag-
ing (iPAT = 2) will be used to accelerate the acquisition, 
resulting in an acquisition time of 4  min and 40  s. The 
other high resolution T1-weighted image in this proto-
col is the MP2RAGE, a modified in-ho use M PRAGE 
sequence, which generates two different images at dif-
ferent inversion times [140]. This sequence is added to 
examine the properties of the gray matter beyond vol-
ume (i.e., surface and thickness) more precisely. The 
MP2RAGE sequence parameters are as follows: TR/
TI1/TI2 = 5000/700/2500  ms; matrix size = 256 × 216; 
FOV = 256  mm; flip angle1 = 6°; flip angle2 = 5°; voxel 
size = 1  mm; slice thickness = 1  mm, 224 sagittal slices 
coveri ng th e  entire brain. Parallel imaging (iPAT = 4.6) 
will be used to accelerate the acquisition, resulting in an 
acquisition time of 4  min. A corresponding low-resolu-
tion B1 fieldmap will be collected subsequently to cor-
rect for small inhomogeneities [141]. A total of 42 sagit-
tal slices will be acquired, covering the entire brain in an 
acquisition time of 20 s. The B1 fieldmap sequence param-
eters are as follows: TR = 1000 ms; TE = 2.07 ms; matrix 
size = 256 × 216; F OV = 256 mm; voxel size = 1 mm; slice 
thickness = 1 mm.

White matter structural measurements  To exam-
ine white matter structures, we will acquire diffusion-
weighted images. This acquisition will consist of a 
two-shell protocol with gradient directions that were 
uniformly distributed over the sphere: TR = 2930  ms; 
TE = 89.6  ms; multiband acceleration factor = 3; 
FOV = 212 × 212 × 138  mm, 2.0 mm3 isotropic voxels; 
69 slices; 80 directions with b = 1000, 2000 s/mm2 (40 
per b-value), and six b = 0 volumes, GRAPPA factor 2, 
phase partial Fourier Off; and a total acquisition dura-
tion 4:53 min. To allow for offline distortion correction 

of the diffusion-weighted images, 7 more b0 s/mm2 vol-
umes will be acquired (duration 1:02 min) using exactly 
the same sequence parameters except for the inverted 
k-space read-out trajectory.

Resting‑state functional MRI measurements  To obtain 
the resting-state data, a multiband accelerated T2*-
weighted EPI sequence will be used with the follow-
ing parameters: TR = 1000  ms; TE = 35.2  ms; multi-
band acceleration factor = 6; matrix size = 104 × 104; 
FOV = 213 mm; flip angle = 60°; voxel size = 2 × 2 mm; 
slice thickness = 2 mm, 66 axial slices covering the entire 
cerebrum. The duration of the scan is 8 min and 10 s, in 
which 480 volumes are obtained. Additionally, fieldmap 
data (one phase difference image and two magnitude 
images at two different echo times) will be acquired for 
distortion correction. Participants will be instructed to 
relax, lie as still as possible, and remain awake. During 
the scan, lights will be 50% dimmed and participants can 
either fixate on a white cross that is presented on a black 
screen in the scanner, or they can keep their eyes closed.

Task‑based functional MRI measurements  This study 
protocol will implement three task-based fMRI para-
digms with an identical multi-echo multiband T2*-
weighted EPI sequence, only the duration differs depend-
ing on the length of each paradigm. This sequence 
enhances the exploration of deep gray matter structures 
and prefrontal and temporal brain regions and consist of 
the following parameters: TR = 1500 ms; TE1 = 12.4 ms, 
TE2 = 34.3  ms, TE3 = 56.2  ms; s lices = 51, interleaved 
slice order; slice thickness = 2.5  mm; multiband accel-
eration factor = 3; FOV = 210 × 210 × 128  mm; flip 
angle = 75°; voxel size = 2.5 × 2.5 × 2.5  mm. Slices will 
be angulated in an oblique axial manner to reach whole-
brain coverage (except for a part of the cerebellum). 
Additionally, fieldmap data consisting of one phase dif-
ference image and two magnitude images at two differ-
ent echo times will be acquired for distortion correction: 
TR = 576 ms; TE1 = 4.3 ms, TE2 = 6.79 ms; slices = 51, 
interleaved slice order; slice thickness = 2.5 mm; band-
width = 804  Hz/Px; FOV = 210 × 210 × 128  mm; voxel 
size = 2.5 × 2.5 × 2.5 mm.

fMRI paradigms: word learning subproject  The neural 
correlates underlying word learning will be investigated 
using two fMRI tasks. Task 1—the word learning task—
is a 4AFC task assessing the memory for Finnish words 
that participants learn during the course of the study. 
Task 2—the artificial language learning task—assesses 
knowledge accumulation and updating, two parameters 
that are estimated using a State Space model.
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fMRI task 1: word learning paradigm  In this task, par-
ticipants learn Finnish words. The number of words each 
participant will learn depends on their age to keep task 
difficulty relatively s imilar across the age groups. This 
approach was previously employed in a study comparing 
children and adults on their memory ability [142]. Fifty 
percent of the words that will be learned during these ses-
sions are Finnish words for known objects such as belt, 
hammer, or tent. The remaining Finnish words are words 
for objects that are unknown to all participants. These 
unknown objects are pieces of ancient farming equip-
ment [143]. Words will be taught on two separate days, 
during session 2 (remote) and during session 3 (recent; 
see Fig. 1).

Participants will learn the Finnish words through three 
learning tasks performed in both sessions 2 and 3, out-
side the scanner, see Fig.  1. Memory for Finnish words 
learned during sessions 2 and 3 will be assessed using the 
4AFC-test in the fMRI task, which will be acquired after 
the learning tasks during session 3. Prior to this, the par-
ticipants will have been familia rize d with the 4A FC-te 

st f  MRI  tas k during a dumm y scanner session. The 
task consists of up to 128 trials. Each trial of the 4AFC-
test task will start with an auditory presentation of one 
Finnish word, and will be followed by 4 images appear-
ing on the screen. Participants wi ll choose  the matching 
object by means of button press. Finally, participants will 
indicate the certainty of their response, see Fig. 2. After 
the scan during session 3, participants will perform the 
Cued Recall task.

fMRI task 2: artificial language paradigm (ArtLang)  This 
artificial language learning task is an adapted version of the 
task that has previously been successfully implemented 
with adult participants [144, 145]. Participants will grad-
ually learn names of aliens (that are composed of up to 
three syllables), which are based on three features of the 
aliens: color, shape, and movement, see Fig. 3B. The basic 
setup of all trials is the same, see Fig. 3A. Participants will 
see a colored, moving shape that is introduced as an alien. 
After this, they will see a matrix of possible answers and 
will be asked to indicate the correct syllable(s) using but-

Task Name Descrip�on Response Feedback

Repe��on (Learn) Par�cipants repeat the name of an auditorily presented 
Finnish word while a picture of the object is presented.

Verbal n.a.

2AFC (Learn) Par�cipants hear a Finnish word, see 2 answer choices 
on the screen.

Bu�on press yes

4AFC (Learn) Par�cipants hear a Finnish word, see 4 answer choices 
on the screen.

Bu�on press yes

4AFC (Test) Par�cipants hear a Finnish word, see 4 answer choices 
on the screen. Certainty judgment included on each 
trial.

Bu�on press no

Cued Recall (Test) Par�cipants hear the first syllable of a Finnish word 
while the picture of the object is presented.

Verbal no

A

B

Fig. 2  Word learning paradigm. A Example trial of Finnish word learning fMRI task. After the fixation cross turns red, the participants will hear a 
learned Finnish word through headphones. Next, participants will choose the correct of four pictures by button press. Finally, the participants will 
rate the certainty of their response. B Training and test tasks of the word learning fMRI-paradigm
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ton press(es). Participants will then see the same colored, 
moving shape again and the alien’s correct name is pre-
sented.

The task consists of up to 3 levels and has 60 trials. 
During level 1, participants will learn the first syllable of 
the aliens’ names. When participants meet the learning 
criterion for level 1, i.e. two of the last three trials were 
answered correctly for three out of t he four colors pre-
sented in level 1, they will move to level 2. In level 2, 
participants will learn the second syllable. When partici-
pants meet the learning criterion for level 2, i.e. six of the 
last nine trials were answered correctly, they will move to 
level 3 (for more task  details see  Additional file  1). The 
adaptive nature of this task enables difficulty to be kept 
similar across participants. Participants will be explicitly 
instructed at the beginning of the task that the first sylla-
ble of the alien’s name refers to its color, the second to its 
shape, and the third to its movement—the instruction for 

the third syllable is only given when participants reach 
level 3.

fMRI paradigm: grammar learning subproject  To assess 
the neural correlates of novel grammar learning, partici-
pants will perform a grammar judgment task (GJT) twice, 
once before and once after 5 days of grammar training at 
home. The Icelandic words used during grammar learn-
ing are cognates in Dutch (for the full words list   see  
Additional file  2); to enhance the readability of the Ice-
landic words diacritics were removed and non-Dutch let-
ters, such as ’ð’ and ’æ’, were replaced with typical Dutch 
letters, such as ’d’ and ’ae’. Participants will be familiar-
ized with these Icelandic words through a word-picture 
memory game prior to the first and second GJT (see Fig. 4 
and Additional file 4). Before the first grammar judgment 
task, participants will complete a short grammar famil-
iarization training where they are implicitly familiarized 
with grammar rules of the Icelandic language: inflection 

Syllable 1

NI RE HA PO DA NO WE TU

Syllable 2

SA JO FU LI VE GU KI HE

Syllable 3

RU BE TO ZA SI KO BA ME

A

B

Fig. 3  Artificial language learning paradigm. A Example trial of artificial language learning fMRI task (Level 3). Test: stimulus presented; Response: 
response made for each syllable; Learning: stimulus re-presented, with feedback provided under each syllable. B Overview of colors, shapes 
and movements used to create the aliens, as well as the syllables used to compose the names of the aliens. Syllable assignment as well as the 
combination of features was randomized
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of word phrases based on gender (masculine/feminine), 
number (singular/plural), and case (nominative/accusa-
tive;   for an overview of all the rules see Additional file 3). 
This familiarization training consists of three blocks, each 
block consisted of 44 familiarization trials followed by 16 
test trials. The familiarization trials contain Icelandic sen-
tences and images, where the participant will have to cor-
rectly match either inflected words phrases with images 
or vice versa. The inflection rules will not be explained, 
but the correct answer will be shown after each trial, irre-
spectively of the given answer. For wrongly answered tri-
als, the program additionally gives feedback that the given 
answer is incorrect. The test trials are Icelandic sentences 
that have to be judged on correctness, and are added to 
measure the participants’ improvement during the famil-
iarization training. Since this study includes both adults 
and young children who differ in cognitive capacities, we 
have implemented three levels of the grammar difficulty 
to avoid ceiling or floor effects in learning performance 
across ages: In level 1, participants will learn the grammar 
rules for the Icelandic numerals and nouns, whereas in 
level 2 and level 3 participants will learn the adjectives for 
masculine nouns and all nouns, respectively   (for more  
details see  Additional file  3). During the familiarization 
training, participants will start in level 1 and, at the end of 
each block, move to the next level if they meet the learn-
ing criterion (i.e., ≥ 75% correct test trials) or otherwise 
continue the next block in the same level. At the end of 
the familiarization training, participants will stay in their 
reached level (i.e., 1, 2 or 3) for both fMRI tasks and the 
home training.

Between th e two MRI sessions a home training 
is planned: participants will play a grammar learn-
ing game for 30  min each on five consecutive days, to 
implicitly learn and train the Icelandic grammar rules 
for the previously learned 20 Icelandic words (for a 

detailed description see Additional file 4). Each day of the 
game consists of 3 blocks of 30 training items, identical 
to the familiarization training, and 16 test items. The test 
items are Icelandic sentences that have to be judged on 
correctness, just like the grammar judgment paradigm, 
and are added as a control measurement of the partici-
pants’ improvement during the home training.

fMRI task 3: grammar judgment paradigm  During the 
grammar judgment paradigm, participants will have 
to judge whether the presented Icelandic sentences are 
grammatically correct, indicating their answer by a left-
hand button press. The task consists of 192 trials divided 
over a baseline and three grammar conditions. The first 
GJT includes 20 Icelandic words, of which 50% will have 
been used during the grammar familiarization training, 
for the second GJT all Icelandic words are included, of 
which 20 words will have been used during the gram-
mar home training. The baseline (B) is a sensory-motor 
decision task, where the task is to indicate whether two 
Icelandic words are identical or different. The other three 
conditions consist of three types of Icelandic sentences 
that either follow (~ 67%) or violate (~ 33%) the learned 
rules . These sentences are either (C1) non-inflected, (C2) 
number inflected, or (C3) case inflected. Each trial con-
sists of a white fixation cross, followed by an I celandic 
sentence presented on a light-gray screen for 3500 ms and 
ends with another white fixation cross for 1000 ms, see 
Fig. 5A). To maximize the power of the design, the inter-
trial interval and trial randomization is optimized using 
optseq2         [146]. After the 5-day training, participants 
will perform another GJT, which is identical to the first 
GJT except that the participants will indicate the certainty 
of their response at the end o f each trial, replacing the ini-
tial 1000 ms fixatio n cross (see Fig. 5B). For both sessions, 
reaction time and accuracy will be monitored throughout 

word 
familiariza�on

GJT

Session 3Session 2Session 1 Home training

grammar 
training

10 words

10 words

10 words

10 words

10 words

10 words

10 words

10 words

10 words 10 words

10 words

10 words

10 words

10 words

GJTword 
familiariza�on

word 
familiariza�on

word 
familiariza�on

grammar 
familiariza�on

Fig. 4  Schematic overview of Icelandic words within the familiarization, training sessions and grammar judgment tasks (GJTs). Before each GJT fMRI 
session, participants will be familiarized with all the words (either 20 or 30) that are included into the GJT, this familiarization is repeated a day later 
to allow for overnight consolidation. Participants will train the grammar rules on only a part of these words, i.e., 50% for the first GJT and 75% for the 
second GJT. Each GJT contains 192 trials, of which half contains words that were not trained during the grammar training
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the experiment. Before each MRI session, all participants 
will be trained on a computer where they will receive task 
instructions and test material. Participants that are new 
to the MRI scanner will be trained using a dummy MRI 
scanner, where they can get used to the scanner sounds 
and practice with the MRI-compatible response buttons.

Statistical analyses
To examine the neural correlates underlying age-related 
variability in new word and grammar learning, several 
analyses will be performed, which can be divided into 
two stages. The first stage is to estimate the cognitive 
and neural fingerprints that will be fed into the statistical 
analyses. For the neural fingerprint of word and grammar 
learning, the following functional and structural cor-
relates will be estimated for all participants in each sub-
project: (a) network of functional regions (de)activated 
during the language fMRI paradigms, (b) functional con-
nectivity nodes and maps, (c) white matter metrics (e.g., 
diffusion tensor and tractography measures), and (d) gray 
matter metrics (e.g., cortical thickness, surface area). To 
estimate the cognitive fingerprint that will serve as the 
predictor for individual differences in new word and 
grammar learning, the cognitive and questionnaire meas-
urements will be inputted into principal component anal-
yses to create combined factor scores, such as L1 factors 
(Dutch proficiency), L2 factors (English proficiency), and 
language aptitude. In the second stage, with these finger-
prints, we will first explore potential age-related effects 
within each modality using regression analyses where 
age—as a continuous variable—will be the predictor for 
the earlier assessed functional and structural metrics. For 
this, both linear and non-linear effects will be examined 
by fitting linear and non-linear models using generalized 
linear models (GLMs) and generalized additive models 

(GAMs). Next, linked independent component analy-
ses will be used to integrate all imaging modalities. This 
data-driven approach provides an automatic decomposi-
tion of the images into spatial components characterizing 
the intersubject brain structural variability, i.e., each spa-
tial component represents a mode of variation of brain 
structure and function across all participants [147]. Post 
hoc multiple (linear/non-linear) regression analyses will 
investigate the relationship between the identified spa-
tial components, age and cognitive factors. Lastly, struc-
tural equation modeling will be used to investigate which 
fingerprint features (such as age, cognitive factors, and 
functional and structural metrics within the identified 
spatial components) best predict new word or grammar 
learning success.

Discussion
The present study will be one of the largest and most 
comprehensive studies investigating the developmental 
shift and individual differences in new language learn-
ing, covering preadolescence to adulthood in a cross-sec-
tional manner. The two main objectives of the study are 
to examine the neurocognitive developmental trajectory 
in new language learning and to identify factors that are 
associated with individual variability in language learn-
ing success. Exploring L2 learning variability across ado-
lescence and early adulthood will provide an important 
step toward understanding the underlying mechanisms. 
To fully understand the underlying mechanisms of L2 
learning, we combine the fields of memory, language, 
and neurodevelopment. Therefore, our study protocol 
involves multiple study visits containing comprehensive 
neurocognitive assessments, questionnaires, and exten-
sive magnetic resonance imaging (MRI) protocols. The 
combination of several MRI modalities will allow us to 
meticulously explore the developmental trajectory in L2 
learning. With this comprehensive data collection we will 
create behavioral and neural fingerprints that capture 
age-based variability and individual variability in new 
language learning.

Strengths and limitations
The study design has a number of strengths. The large 
sample size of 360 participants, evenly spread over a 
broad age range  (i.e., preadolescence until adulthood) 
is one of the most important strengths. This allows for 
more powerful analyses, including flexible correlational 
analyses, which surpass standard group comparisons. 
Thus far, studies have typically used small groups or only 
adults to make inferences about age-related variability 
in L2 learning. Furthermore, our strict inclusion crite-
ria will create a homogenous sample in relation to native 
language (i.e., Dutch), bilingualism, and exposure to the 

sure?+

her er ein vasi her er eina krona

+ +
A B

500-1000 ms

3500 ms

1000 ms

Fig. 5  Grammar judgment tasks. Example trials of the grammar 
judgment task with Icelandic stimuli during the A pre-training fMRI 
session and B post-training fMRI session. For each fMRI task, each trail 
starts off with a fixation cross, the participants will read an Icelandic 
sentence and judge the correctness of the sentence. During the 
post-training fMRI task, the participants will additionally rate the 
certainty of their response
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new languages learned in the fMRI paradigms. Another 
strength of this study is that age-related and individual 
variability are measured on both a cognitive and neural 
level, which will contribute to an improved understand-
ing of the factors influencing L2 learning success. For 
example, we measure language aptitude, memory skills, 
and higher executive functioning. Moreover, this will be 
the first study that examines the underlying mechanisms 
of L2 learning using a combination of multiple MRI tech-
niques and ne urocognitive assessments within the same 
sample.

This study employs self-selecting sampling; partici-
pants will be voluntarily recruited from the general pop-
ulation t hrough promotion material at schools, libraries, 
sport clubs, and higher education recruitment systems. 
Our recruitment strategy could, therefore, lead to a 
biased sample of high-functioning, high-educated, and 
motivated participants with a high socioeconomic status 
(SES). This may limit the generalization of our results to 
the general population. Interestingly, the literature indi-
cates that SES, motivation, and education level are factors 
that could influence L2 learning. For this r eason, we have 
included meas ures for SES, motivation, and education 
level in our study protocol. Although the chosen cross-
sectional study design allows us to investigate age-related 
differences in a large sample within a short timeframe, it 
does have one important shortcoming. That is, the direct 
cause-and-effect of development on L2 learning success 
is difficult to pin down due to inter-individual variability. 
To compensate for this, we plan to collect a large sam-
ple. Additionally, we will measure and p otentially correct 
for developmental and environmental factors to reduce 
inter-individual variability when investigating age-related 
effects. Another limitation is the multilingual population 
of the Netherlands. In particular, individuals with a high  
SES learn multiple languages in high school and use Eng-
lish on a daily basis in higher education. Luckily, how-
ever, children in the Netherlands are already exposed to 
English and other languages at a young age and thus even 
our youngest participants ar e not monoling ual. But the 
children still have less L2 exposure than older individu-
als. This could cause differences in language knowledge 
between the preadolescents and young adults. To deal 
with this limitation, our protocol contains an extensive 
language questionnaire that measures English (and other) 
language knowledge and exposure, which will be factored 
into our analyses.

Our comprehensive approach of combining cognitive 
and neuroimaging data will contribute to the understand-
ing of the mechanisms underlying the developmental 
shift previously observed in the L2 acquisition literature. 
The results of this study provide a unique opportunity to 
understand how the development of brain structure and 

function influence L2 learning. Furthermore, analyses 
focusing on cognitive factors within the memory and lan-
guage domain will broaden our understanding about the 
individual differences in L2 learning success, irrespective 
of age. Our unique dataset will be made available for data 
sharing with other researchers in the fields of language, 
memory, and development.

Abbreviations
AF: Arcuate fasciculus; AoA: Age of acquisition; ArtLang: Artificial language 
paradigm; ASRT: Alternating serial reaction time; fMRI: Functional magnetic 
resonance imaging; GJT: Grammar judgment task; IFG: Inferior frontal gyrus; 
IFOF: Inferior fronto-occipital fasciculus; IPL: Inferior parietal lobe; L1: First lan-
guage; L2: Second language; MFG: Middle frontal gyrus; MPRAGE: Magnetiza-
tion Prepared Rapid Gradient Echo; MRI: Magnetic resonance imaging; MTG: 
Middle temporal gyrus; rsfMRI: Resting-state fMRI; SES: Socioeconomic status; 
SLF: Superior longitudinal fasciculus; STG: Superior temporal gyrus; TE: Echo 
time; TR: Repetition time.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40359-​022-​00873-x.

Additional file 1. Overview of adaptive set-up of the artificial language 
learning task.

Additional file 2. List of Icelandic nouns.

Additional file 3. Icelandic grammar rules.

Additional file 4. Example of the Icelandic word familiarization and gram-
mar training tasks.

Acknowledgements
Not applicable.

Author contributions
GJ, GF, JM, KL conceived the study; JM was in charge of overall direction and 
planning. WM and CE set up the test battery, and designed and programmed 
the fMRI paradigms; GJ, GF, JM, KL, EK contributed to the design of both sub-
studies. WM and CE drafted the manuscript, and all authors read, edited and 
approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study 
is funded by the Netherlands Organization for Scientific Research (NWO) 
Gravitation grant ‘Language in Interaction’ (Grant No. 024.001.006). This study 
protocol has undergone full external peer review by the funding body as part 
of the peer review process. The funder did not have a role in the design of the 
study and the collection, analysis, and interpretation of data.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
The word [2019-5975] and grammar sub-studies [2018-4561, 2014-288] have 
received ethical approval from the regional ethics committee CMO Arnhem-
Nijmegen. Participants provide written consent for participation and the use 
and storage of data. Caregivers must have parental authority over the child 
and have to provide written consent for participation of their child, and the 
use and storage of data concerning their child.

Consent for publication
Not applicable.

https://doi.org/10.1186/s40359-022-00873-x
https://doi.org/10.1186/s40359-022-00873-x


Page 14 of 17Menks et al. BMC Psychology          (2022) 10:169 

Competing interests
The authors declare that they have no competing interests.

Author details
1 Donders Institute for Brain, Cognition and Behaviour, Radboud University, 
and Radboud University Medical Centre, Nijmegen, the Netherlands. 2 Max 
Planck Institute for Psycholinguistics, Nijmegen, the Netherlands. 3 Behavioural 
Science Institute, Radboud University, Nijmegen, the Netherlands. 4 ARC Cen-
tre of Excellence for the Dynamics of Language, Canberra, Australia. 5 Research 
School of Psychology, Australian National University, Canberra, Australia. 

Received: 3 May 2022   Accepted: 23 June 2022

References
	 1.	 Grosjean F, Li P. The psycholinguistics of bilingualism. Hoboken, NJ: 

John Wiley & Sons Inc; 2013.
	 2.	 European Council. European Council meeting -Conclusions - 14 

December 2017. (EUCO 19/1/17 REV 1). 2017.
	 3.	 Coppieters R. Competence differences between native and near-native 

speakers. Language. 1987;63(3):544–73.
	 4.	 DeKeyser RM. The robustness of critical period effects in second lan-

guage acquisition. Stud Second Lang Acquis. 2000;22(4):499–533.
	 5.	 DeKeyser RM, Larson-Hall J. What does the critical period really mean? 

In: Kroll JF, de Groot AMB, editors. Handbook of bilingualism: psycholin-
guistic approaches. Oxford: Oxford University Press; 2005. p. 88–108.

	 6.	 Johnson JS, Newport EL. Critical period effects on universal properties 
of language: the status of subjacency in the acquisition of a second 
language. Cognition. 1991;39(3):215–58.

	 7.	 Johnson JS, Newport EL. Critical period effects in second language 
learning: the influence of maturational state on the acquisition of 
English as a second language. Cogn Psychol. 1989;21(1):60–99.

	 8.	 Johnson JS. Critical period effects in second language acquisition: the 
effect of written versus auditory materials on the assessment of gram-
matical competence. Lang Learn. 1992;42(2):217–48.

	 9.	 Newman AJ, Pancheva R, Neville HJ, Ullman MT. An event-related 
fMRI study of syntactic and semantic violations. J Psycholinguist Res. 
2001;30(3):339–64.

	 10.	 Weber-Fox CM, Neville HJ. Maturational constraints on functional 
specializations for language processing: ERP and behavioral evidence in 
bilingual speakers. J Cogn Neurosci. 1996;8(3):231–56.

	 11.	 Hartshorne JK, Tenenbaum JB, Pinker S. A critical period for second 
language acquisition: evidence from 2/3 million English speakers. 
Cognition. 2018;177(April):263–77.

	 12.	 Birdsong D. Ultimate attainment in second language acquisition. 
Language (Baltim). 1992;68(4):706–55.

	 13.	 Long MH. Maturational constraints on language development. Stud 
Second Lang Acquis. 1990;12(3):251–85.

	 14.	 Abrahamsson N, Hyltenstam K. The robustness of aptitude effects in 
near-native second language acquisition. Stud Second Lang Acquis. 
2008;30(4):481–509.

	 15.	 Birdsong D. Age and second language acquisition and processing: a 
selective overview. Lang Learn. 2006;56(SUPPL. 1):9–49.

	 16.	 Birdsong D, Molis M. On the evidence for maturational constraints in 
second-language acquisition. J Mem Lang. 2001;44(2):235–49.

	 17.	 Pakulak E, Neville HJ. Maturational constraints on the recruit-
ment of early processes for syntactic processing. J Cogn Neurosci. 
2011;23(10):2752–65.

	 18.	 Abrahamsson N. Age of onset and nativelike l2 ultimate attainment of 
morphosyntactic and phonetic intuition. Stud Second Lang Acquis. 
2012;34(2):187–214.

	 19.	 Bunge SA, Wright SB. Neurodevelopmental changes in working 
memory and cognitive control. Curr Opin Neurobiol. 2007;17(2):243–50.

	 20.	 Grant AM, Fang SY, Li P. Second language lexical development and 
cognitive control: a longitudinal fMRI study. Brain Lang. 2015;144:35–47.

	 21.	 Luk G, De Sa E, Bialystok E. Is there a relation between onset age of 
bilingualism and enhancement of cognitive control? Bilingualism. 
2011;14(4):588–95.

	 22.	 Bathelt J, Gathercole SE, Johnson A, Astle DE. Differences in brain 
morphology and working memory capacity across childhood. Dev Sci. 
2018;21(3): e12579.

	 23.	 Hartshorne JK, Germine LT. When does cognitive functioning peak? The 
asynchronous rise and fall of different cognitive abilities across the life 
Span. Psychol Sci. 2015;26(4):433–43. https://​doi.​org/​10.​1177/​09567​
97614​567339.

	 24.	 Ullman MT. Contributions of memory circuits to language: the declara-
tive/procedural model. Cognition. 2004;92(1–2):231–70.

	 25.	 Paradis M. Declarative and procedural determinants of second lan-
guages, vol. 40. Amsterdam: John Benjamins Publishing; 2009.

	 26.	 DeKeyser R. Skill acquisition theory. In: VanPatten B, Keating GD, Wulff 
S, editors. Theories in second language acquisition. 3rd ed. Routledge: 
London; 2020. p. 83–104.

	 27.	 Kidd E. Implicit statistical learning is directly associated with the acquisi-
tion of syntax. Dev Psychol. 2012;48(1):171–84.

	 28.	 Lum JAG, Conti-Ramsden G, Morgan AT, Ullman MT. Procedural learning 
deficits in specific language impairment (SLI): A meta-analysis of serial 
reaction time task performance. Cortex. 2014;51:1–10.

	 29.	 Ullman MT. The declarative/procedural model: a neurobiological model 
of language learning, knowledge, and use. In: Hickok G, Small SL, 
editors. Neurobiology of language. Amsterdam: Elsevier Inc.; 2015. p. 
953–68.

	 30.	 Hamrick P. Declarative and procedural memory abilities as individual 
differences in incidental language learning. Learn Individ Differ. 
2015;44:9–15.

	 31.	 Hamrick P, Lum JAG, Ullman MT. Child first language and adult second 
language are both tied to general-purpose learning systems. Proc Natl 
Acad Sci USA. 2018;115(7):1487–92.

	 32.	 Ullman MT. The declarative/procedural model of lexicon and grammar. 
J Psycholinguist Res. 2001;30(1):37–69.

	 33.	 Ullman MT. The neural basis of lexicon and grammar in first and 
second language: the declarative/procedural model. Biling Lang Cogn. 
2001;4(2):105–22.

	 34.	 Digiulio DV, Seidenberg M, O’Leary DS, Raz N. Procedural and declara-
tive memory: a developmental study. Brain Cogn. 1994;25(1):79–91.

	 35.	 Finn AS, Kalra PB, Goetz C, Leonard JA, Sheridan MA, Gabrieli JDE. Devel-
opmental dissociation between the maturation of procedural memory 
and declarative memory. J Exp Child Psychol. 2016;142:212–20.

	 36.	 Perez LA, Peynircioǧlu ZF, Blaxton TA. Developmental differences 
in implicit and explicit memory performance. J Exp Child Psychol. 
1998;70(3):167–85.

	 37.	 Thomas KM, Nelson CA. Serial reaction time learning in preschool- and 
school-age children. J Exp Child Psychol. 2001;79(4):364–87.

	 38.	 James E, Gaskell MG, Henderson LM. Offline consolidation supersedes 
prior knowledge benefits in children’s (but not adults’) word learning. 
Dev Sci. 2019;22(3):1–21.

	 39.	 James E, Gaskell MG, Weighall A, Henderson L. Consolidation of 
vocabulary during sleep: the rich get richer? Neurosci Biobehav Rev. 
2017;77:1–13.

	 40.	 Wilhelm I, Kurth S, Ringli M, Mouthon A-L, Buchmann A, Geiger A, et al. 
Sleep slow-wave activity reveals developmental changes in experi-
ence-dependent plasticity. J Neurosci. 2014;34(37):12568–75.

	 41.	 Wilhelm I, Rose M, Imhof KI, Rasch B, Büchel C, Born J. The sleeping 
child outplays the adult’s capacity to convert implicit into explicit 
knowledge. Nat Neurosci. 2013;16(4):391–3.

	 42.	 Flege JE, Yeni-Komshian GH, Liu S. Age constraints on second-language 
acquisition. J Mem Lang. 1999;41(1):78–104.

	 43.	 Lichtman K. Developmental comparisons of implicit and explicit lan-
guage learning. Lang Acquis. 2013;20(2):93–108.

	 44.	 Lichtman K. Age and learning environment: are children implicit sec-
ond language learners? J Child Lang. 2016;43(3):707–30.

	 45.	 Dąbrowska E. Experience, aptitude and individual differences in native 
language ultimate attainment. Cognition. 2018;178:222–35.

	 46.	 Dąbrowska E. Experience, aptitude, and individual differences in linguis-
tic attainment: a comparison of native and nonnative speakers. Lang 
Learn. 2019;69(March):72–100.

	 47.	 Ehrman ME, Oxford RL. Cognition plus: correlates of language learning 
success. Source: Mod Lang J. 1995;79:67–89.

https://doi.org/10.1177/0956797614567339
https://doi.org/10.1177/0956797614567339


Page 15 of 17Menks et al. BMC Psychology          (2022) 10:169 	

	 48.	 Li P, Legault J, Litcofsky KA. Neuroplasticity as a function of second 
language learning: anatomical changes in the human brain. Cortex. 
2014;58:301–24.

	 49.	 Sparks RL, Humbach N, Patton J, Ganschow L. Subcomponents of 
second-language aptitude and second-language proficiency. Mod 
Lang J. 2011;95(2):253–73.

	 50.	 Xiang H, Dediu D, Roberts L, van Oort E, Norris DG, Hagoort P. The struc-
tural connectivity underpinning language aptitude, working memory, 
and IQ in the Perisylvian language network. Lang Learn. 2012;62(SUPPL. 
2):110–30.

	 51.	 Jeong H, Sugiura M, Suzuki W, Sassa Y, Hashizume H, Kawashima R. 
Neural correlates of second-language communication and the effect of 
language anxiety. Neuropsychologia. 2016;84:e2-12.

	 52.	 Kepinska O, de Rover M, Caspers J, Schiller NO. On neural correlates 
of individual differences in novel grammar learning: an fMRI study. 
Neuropsychologia. 2015;2017(98):156–68.

	 53.	 Atkins PWB, Baddeley AD, Atkins P. Working memory and distributed 
vocabulary learning. Appl Psycholinguist. 2021;19:537–52.

	 54.	 Baddeley A. Working memory and language: An overview. J Commun 
Disord. 2003;36:189–208.

	 55.	 Linck JA, Osthus P, Koeth JT, Bunting MF. Working memory and second 
language comprehension and production: a meta-analysis. Psychon 
Bull Rev. 2014;21(4):861–83.

	 56.	 Linck JA, Weiss DJ. Can working memory and inhibitory control 
predict second language learning in the classroom? SAGE Open. 
2015;5(4):1–11.

	 57.	 Antoniou M, Ettlinger M, Wong PCM. Complexity, training paradigm 
design, and the contribution of memory subsystems to grammar learn-
ing. PLoS ONE. 2016;11(7):1–20.

	 58.	 Ettlinger M, Bradlow AR, Wong PCM. Variability in the learning of com-
plex morphophonology. Appl Psycholinguist. 2014;35(4):807–31.

	 59.	 Morgan-Short K, Faretta-Stutenberg M, Brill-Schuetz KA, Carpenter H, 
Wong PCM. Declarative and procedural memory as individual differ-
ences in second language acquisition. Bilingualism. 2014;17(1):56–72.

	 60.	 Kapa LL, Colombo J. Executive function predicts artificial language 
learning. J Mem Lang. 2014;76:237–52.

	 61.	 Hayiou-Thomas ME. Genetic and environmental influences on early 
speech, language and literacy development. J Commun Disord. 
2008;41(5):397–408.

	 62.	 Hoff E. How social contexts support and shape language development. 
Dev Rev. 2006;26(1):55–88.

	 63.	 Mueller JL, Rueschemeyer SA, Ono K, Sugiura M, Sadato N, Nakamura 
A. Neural networks involved in learning lexical-semantic and syntactic 
information in a second language. Front Psychol. 2014;5(OCT):1209.

	 64.	 Nichols ES, Joanisse MF. Functional activity and white matter micro-
structure reveal the independent effects of age of acquisition and profi-
ciency on second-language learning. Neuroimage. 2016;143:15–25.

	 65.	 Tagarelli KM, Shattuck KF, Turkeltaub PE, Ullman MT. Language learning 
in the adult brain: a neuroanatomical meta-analysis of lexical and gram-
matical learning. Neuroimage. 2019;193(January):178–200.

	 66.	 Bakker-Marshall I, Takashima A, Schoffelen JM, Van Hell JG, Janzen G, 
McQueen JM. Theta-band oscillations in the middle temporal gyrus 
reflect novel word consolidation. J Cogn Neurosci. 2018;30(5):621–33.

	 67.	 Davis MH, Di Betta AM, Macdonald MJE, Gaskell MG. Learning and con-
solidation of novel spoken words. J Cogn Neurosci. 2009;21(4):803–20.

	 68.	 Mayer KM, Macedonia M, von Kriegstein K. Recently learned 
foreign abstract and concrete nouns are represented in distinct 
cortical networks similar to the native language. Hum Brain Mapp. 
2017;38(9):4398–412.

	 69.	 Forkstam C, Hagoort P, Fernandez G, Ingvar M, Petersson KM. Neural 
correlates of artificial syntactic structure classification. Neuroimage. 
2006;32(2):956–67.

	 70.	 Sulpizio S, Del Maschio N, Fedeli D, Abutalebi J. Bilingual language pro-
cessing: A meta-analysis of functional neuroimaging studies. Neurosci 
Biobehav Rev. 2020;108:834–53.

	 71.	 Antonenko D, Meinzer M, Lindenberg R, Witte AV, Flöel A. Grammar 
learning in older adults is linked to white matter microstructure and 
functional connectivity. Neuroimage. 2012;62(3):1667–74.

	 72.	 Berken JA, Chai X, Chen J-KK, Gracco VL, Klein D. Effects of early and 
late bilingualism on resting-state functional connectivity. J Neurosci. 
2016;36(4):1165–72.

	 73.	 Kepinska O, de Rover M, Caspers J, Schiller NO. Whole-brain functional 
connectivity during acquisition of novel grammar: distinct functional 
networks depend on language learning abilities. Behav Brain Res. 
2017;320:333–46.

	 74.	 Veroude K, Norris DG, Shumskaya E, Gullberg M, Indefrey P. Functional 
connectivity between brain regions involved in learning words of a 
new language. Brain Lang. 2010;113(1):21–7.

	 75.	 Kepinska O, de Rover M, Caspers J, Schiller NO. Connectivity of the 
hippocampus and Broca’s area during acquisition of a novel grammar. 
Neuroimage. 2017;2018(165):1–10.

	 76.	 Gullifer JW, Chai XJ, Whitford V, Pivneva I, Baum S, Klein D, et al. Bilingual 
experience and resting-state brain connectivity: impacts of L2 age of 
acquisition and social diversity of language use on control networks. 
Neuropsychologia. 2018;117:123–34.

	 77.	 Tettamanti M, Alkadhi H, Moro A, Perani D, Kollias S, Weniger D. Neural 
correlates for the acquisition of natural language syntax. Neuroimage. 
2002;17(2):700–9.

	 78.	 Wartenburger I, Heekeren HR, Abutalebi J, Cappa SF, Villringer A, Perani 
D. Early setting of grammatical processing in the bilingual brain. Neu-
ron. 2003;37(1):159–70.

	 79.	 Hosoda C, Tanaka K, Nariai T, Honda M, Hanakawa T. Dynamic 
neural network reorganization associated with second language 
vocabulary acquisition: a multimodal imaging study. J Neurosci. 
2013;33(34):13663–72.

	 80.	 Legault J, Fang SY, Lan YJ, Li P. Structural brain changes as a function of 
second language vocabulary training: effects of learning context. Brain 
Cogn. 2019;1(134):90–102.

	 81.	 Legault J, Grant A, Fang SY, Li P. A longitudinal investigation of structural 
brain changes during second language learning. Brain Lang. 2019;197: 
104661.

	 82.	 Mårtensson J, Eriksson J, Bodammer NC, Lindgren M, Johansson M, 
Nyberg L, et al. Growth of language-related brain areas after foreign 
language learning. Neuroimage. 2012;63(1):240–4.

	 83.	 Mechelli A, Crinion JT, Noppeney U, O’Doherty J, Ashburner J, Frackow-
iak RS, et al. Neurolinguistics: structural plasticity in the bilingual brain. 
Nature. 2004;431(7010):757.

	 84.	 Kuhl PK, Stevenson J, Corrigan NM, van den Bosch JJF, Can DD, Richards 
T. Neuroimaging of the bilingual brain: structural brain correlates of 
listening and speaking in a second language. Brain Lang. 2016;162:1–9.

	 85.	 Kepinska O, Lakke EAJF, Dutton EM, Caspers J, Schiller NO. The peri-
sylvian language network and language analytical abilities. Neurobiol 
Learn Mem. 2017;144:96–101.

	 86.	 López-Barroso D, Catani M, Ripollés P, Dell’Acqua F, Rodríguez-Fornells 
A, De Diego-Balaguer R. Word learning is mediated by the left arcuate 
fasciculus. Proc Natl Acad Sci USA. 2013;110(32):13168–73.

	 87.	 Yamamoto K, Sakai KL. The dorsal rather than ventral pathway better 
reflects individual syntactic abilities in second language. Front Hum 
Neurosci. 2016;10(June):1–19.

	 88.	 Cummine J, Boliek CA. Understanding white matter integrity stability 
for bilinguals on language status and reading performance. Brain Struct 
Funct. 2013;218(2):595–601.

	 89.	 Pliatsikas C, Moschopoulou E, Saddy JD. The effects of bilingualism 
on the white matter structure of the brain. Proc Natl Acad Sci USA. 
2015;112(5):1334–7.

	 90.	 Rossi E, Cheng H, Kroll JF, Diaz MT, Newman SD. Changes in white-
matter connectivity in late second language learners: Evidence from 
diffusion tensor imaging. Front Psychol. 2017;8(NOV):2040.

	 91.	 Isel F, Baumgaertner A, Thrän J, Meisel JM, Büchel C. Neural circuitry of 
the bilingual mental lexicon: effect of age of second language acquisi-
tion. Brain Cogn. 2010;72(2):169–80.

	 92.	 Klein D, Mok K, Chen JK, Watkins KE. Age of language learning shapes 
brain structure: a cortical thickness study of bilingual and monolingual 
individuals. Brain Lang. 2014;131:20–4.

	 93.	 Waldron EJ, Hernandez AE. The role of age of acquisition on past tense 
generation in Spanish–English bilinguals: an fMRI study. Brain Lang. 
2013;125(1):28–37.

	 94.	 DeKeyser RM. Age effects in second language learning: stepping stones 
toward better understanding. Lang Learn. 2013;63(SUPPL. 1):52–67.

	 95.	 Sakai KL, Miura K, Narafu N, Muraishi Y. Correlated functional changes 
of the prefrontal cortex in twins induced by classroom education of 
second language. Cereb Cortex. 2004;14(11):1233–9.



Page 16 of 17Menks et al. BMC Psychology          (2022) 10:169 

	 96.	 Takashima A, Bakker-Marshall I, van Hell JG, McQueen JM, Janzen G. 
Neural correlates of word learning in children. Dev Cogn Neurosci. 
2019;37: 100649.

	 97.	 Tatsuno Y, Sakai KL. Language-related activations in the left prefron-
tal regions are differentially modulated by age, proficiency, and task 
demands. J Neurosci. 2005;25(7):1637–44.

	 98.	 Hashizume H, Taki Y, Sassa Y, Thyreau B, Asano M, Asano K, et al. Developmen-
tal changes in brain activation involved in the production of novel speech 
sounds in children. Hum Brain Mapp. 2014;35(8):4079–89.

	 99.	 Fuhrmann D, Madsen KS, Johansen LB, Baaré WFC, Kievit RA. The midpoint 
of cortical thinning between late childhood and early adulthood differs 
across individuals and regions: evidence from longitudinal modelling 
in a 12-wave sample. bioRxiv. 2022. https://​doi.​org/​10.​1101/​2022.​02.​10.​
479868.

	100.	 Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC, et al. 
Dynamic mapping of human cortical development during childhood 
through early adulthood. Proc Natl Acad Sci USA. 2004;101(21):8174–9.

	101.	 Hedman AM, van Haren NEM, Schnack HG, Kahn RS, Hulshoff Pol HE. Human 
brain changes across the life span: a review of 56 longitudinal magnetic 
resonance imaging studies. Hum Brain Mapp. 2012;33(8):1987–2002.

	102.	 Giedd JN. Structural magnetic resonance imaging of the adolescent brain. 
Ann N Y Acad Sci. 2004;1021:77–85.

	103.	 Tamnes CK, Herting MM, Goddings AL, Meuwese R, Blakemore SJ, Dahl RE, 
et al. Development of the cerebral cortex across adolescence: a multisam-
ple study of inter-related longitudinal changes in cortical volume, surface 
area, and thickness. J Neurosci. 2017;37(12):3402–12.

	104.	 Amlien IK, Fjell AM, Tamnes CK, Grydeland H, Krogsrud SK, Chaplin TA, et al. 
Organizing principles of human cortical development—thickness and 
area from 4 to 30 years: insights from comparative primate neuroanatomy. 
Cereb Cortex. 2016;26(1):257–67.

	105.	 Baciu M, Juphard A, Cousin E, Le Bas JF. Evaluating fMRI methods for assess-
ing hemispheric language dominance in healthy subjects. Eur J Radiol. 
2005;55(2):209–18.

	106.	 Casey BJ, Giedd JN, Thomas KM. Structural and functional brain devel-
opment and its relation to cognitive development. Biol Psychol. 
2000;54(1–3):241–57.

	107.	 Casey BJ, Thomas KM, Davidson MC, Kunz K, Franzen PL. Dissociating striatal 
and hippocampal function developmentally with a stimulus-response 
compatibility task. J Neurosci. 2002;22(19):8647–52.

	108.	 Edin F, Macoveanu J, Olesen P, Tegnér J, Klingberg T. Stronger synap-
tic connectivity as a mechanism behind development of working 
memory-related brain activity during childhood. J Cogn Neurosci. 
2007;19(5):750–60.

	109.	 Qi T, Schaadt G, Friederici AD. Cortical thickness lateralization and its relation 
to language abilities in children. Dev Cogn Neurosci. 2019;39: 100704.

	110.	 Qi T, Schaadt G, Cafiero R, Brauer J, Skeide MA, Friederici AD. The emergence 
of long-range language network structural covariance and language abili-
ties. Neuroimage. 2019;191:36–48.

	111.	 Lebel C, Beaulieu C. Longitudinal development of human brain wiring con-
tinues from childhood into adulthood. J Neurosci. 2011;31(30):10937–47.

	112.	 Lebel C, Treit S, Beaulieu C. A review of diffusion MRI of typical white matter 
development from early childhood to young adulthood. NMR Biomed. 
2019;32(4):e3778.

	113.	 Paus T. Mapping brain maturation and cognitive development during 
adolescence. Trends Cogn Sci. 2005;9(2):60–8.

	114.	 Sowell ER, Thompson PM, Leonard CM, Welcome SE, Kan E, Toga AW. 
Longitudinal mapping of cortical thickness and brain growth in normal 
children. J Neurosci. 2004;24(38):8223–31.

	115.	 Lebel C, Gee M, Camicioli R, Wieler M, Martin W, Beaulieu C. Diffusion tensor 
imaging of white matter tract evolution over the lifespan. Neuroimage. 
2012;60(1):340–52.

	116.	 Paus T. Growth of white matter in the adolescent brain: myelin or axon? Brain 
Cogn. 2010;72:26–35.

	117.	 Verhoeven JS, Sage CA, Leemans A, Van Hecke W, Callaert D, Peeters R, 
et al. Construction of a stereotaxic DTI atlas with full diffusion tensor 
information for studying white matter maturation from childhood to 
adolescence using tractography-based segmentations. Hum Brain Mapp. 
2010;31(3):470–86.

	118.	 Brauer J, Anwander A, Friederici AD. Neuroanatomical prerequisites for lan-
guage functions in the maturing brain. Cereb Cortex. 2011;21(2):459–66.

	119.	 Brauer J, Anwander A, Perani D, Friederici AD. Dorsal and ventral pathways in 
language development. Brain Lang. 2013;127(2):289–95.

	120.	 Casey BJ, Tottenham N, Liston C, Durston S. Imaging the developing brain: 
What have we learned about cognitive development? Trends Cogn Sci. 
2005;9(3 SPEC. ISS.):104–10.

	121.	 Durston S, Davidson MC, Tottenham N, Galvan A, Spicer J, Fossella JA, et al. A 
shift from diffuse to focal cortical activity with development: commentary. 
Dev Sci. 2006;9:1–8.

	122.	 Dosenbach NUF, Nardos B, Cohen AL, Fair DA, Power JD, Church JA, 
et al. Prediction of individual brain maturity using fMRI. Science (80-). 
2010;329(5997):1358–61.

	123.	 Fair DA, Cohen AL, Power JD, Dosenbach NUF, Church JA, Miezin FM, et al. 
Functional brain networks develop from a “local to distributed” organiza-
tion. PLoS Comput Biol. 2009;5(5): e1000381.

	124.	 Binder JR, Desai RH, Graves WW, Conant LL. Where is the semantic system? A 
critical review and meta-analysis of 120 functional neuroimaging studies. 
Cereb Cortex. 2009;19(12):2767–96.

	125.	 Gabrieli JDE, Cohen NJ, Corkin S. The impaired learning of semantic knowl-
edge following bilateral medial temporal-lobe resection. Brain Cogn. 
1988;7(2):157–77.

	126.	 Brauer J, Friederici AD. Functional neural networks of semantic and syntactic 
processes in the developing brain. J Cogn Neurosci. 2007;19(10):1609–23.

	127.	 Dunn LM, Dunn DM. Peabody picture vocabulary test. 4th ed. Bloomington, 
MN: Pearson; 2007.

	128.	 Schlichting L. Peabody Picture Vocabulary Test-III-NL (PPVT-III-NL). Handlei-
ding. [PPVT Manual]. Amsterdam: Harcourt Test Publishers; 2005.

	129.	 Janssen N, de Swart PJF, Roelofs APA, Kessels RPC, Piai V. Syntest: a Dutch test 
for the comprehension of (complex) syntactic structures. (unpublished).

	130.	 Bishop DVM. TROG 2: test for reception of grammar-version 2. Florence: 
Edizioni Giunti OS; 2009.

	131.	 Forbes-Mckay KE, Ellis AW, Shanks MF, Venneri A. The age of acquisition of 
words produced in a semantic fluency task can reliably differentiate nor-
mal from pathological age related cognitive decline. Neuropsychologia. 
2005;43(11):1625–32.

	132.	 Howard JH, Howard DV. Age differences in implicit learning of higher order 
dependencies in serial patterns. Psychol Aging. 1997;12(4):634–56.

	133.	 Wechsler D. Wechsler adult intelligence scale - Fourth Edition (WAIS-IV). 
2008;1–3.

	134.	 de Vos JF, Schriefers H, ten Bosch L, Lemhöfer K. Interactive L2 vocabulary 
acquisition in a lab-based immersion setting. Lang Cogn Neurosci. 
2019;34(7):916–35.

	135.	 Wechsler D. WISC-V-NL. Wechsler Intelligence Scale for Children - Fifth Edi-
tion - Nederlandstalige bewerking. 2018.

	136.	 Verbruggen F, Logan GD, Stevens MA. STOP-IT: windows executable software 
for the stop-signal paradigm. Behav Res Methods. 2008;40(2):479–83.

	137.	 Verhoeven L. Drie-Minuten-Toest. Handleiding. Kaarten en formulieren. 
Arnhem: Cito; 1995.

	138.	 Carskadon MA, Acebo C. A self-administered rating scale for pubertal devel-
opment. J Adolesc Heal. 1993;14(3):190–5.

	139.	 Oldfield RC. The assessment and analysis of handedness: the Edinburgh 
inventory. Neuropsychologia. 1971;9(1):97–113.

	140.	 Marques JP, Kober T, Krueger G, van der Zwaag W, Van de Moortele PF, Gruet-
ter R. MP2RAGE, a self bias-field corrected sequence for improved seg-
mentation and T1-mapping at high field.NeuroImage. 2010;49(2):1271-
1281. https://​doi.​org/​10.​1016/j.​neuro​image.​2009.​10.​002.

	141.	 Marques JP, Gruetter R. New developments and applications of the 
MP2RAGE sequence-focusing the contrast and high spatial resolution R1 
mapping. PloS One. 2013;8(7):e69294. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00692​94.

	142.	 Brod G, Lindenberger U, Shing YL. Neural activation patterns during retrieval 
of schema-related memories: differences and commonalities between 
children and adults. Dev Sci. 2017;20(6):e12475.

	143.	 Laine M, Salmelin R. Neurocognition of new word learning in the native 
tongue: Lessons from the ancient farming equipment paradigm. Lang 
Learn. 2010;60:25–44.

	144.	 Berkers RMWJ, van der Linden M, Neville DA, van Kesteren MTR, Murre JMJ, 
Fernandez G. Neural dynamics of accumulating and updating linguistic 
knowledge structures. bioRxiv. 2018. https://​doi.​org/​10.​1101/​495168.

	145.	 Kirby S, Cornish H, Smith K. Cumulative cultural evolution in the labora-
tory: an experimental approach to the origins of structure in human 
language. Proc Natl Acad Sci USA. 2008;105(31):10681–6.

https://doi.org/10.1101/2022.02.10.479868
https://doi.org/10.1101/2022.02.10.479868
https://doi.org/10.1016/j.neuroimage.2009.10.002
https://doi.org/10.1371/journal.pone.0069294
https://doi.org/10.1371/journal.pone.0069294
https://doi.org/10.1101/495168


Page 17 of 17Menks et al. BMC Psychology          (2022) 10:169 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	146.	 Dale AM. Optimal experimental design for event-related fMRI. Human 
Brain Mapp. 1999;8(2–3):109-114.

	147.	 Douaud G, Groves AR, Tamnes CK, Westlye LT, Duff EP, Engvig A, et al. A 
common brain network links development, aging, and vulnerability to 
disease. Proc Natl Acad Sci USA. 2014;111(49):17648–53.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Study protocol: a comprehensive multi-method neuroimaging approach to disentangle developmental effects and individual differences in second language learning
	Abstract 
	Background: 
	Methods: 
	Discussion: 

	Background
	The cognitive fingerprint of L2 learning variability
	Age-related variability in L2 learning
	Individual variability in L2 learning

	The neural fingerprint of L2 learning variability
	The neural correlates underlying L2 learning
	The neural correlates of age-related variability in L2 learning
	Brain maturation and age-related variability in L2 learning


	Current study
	Methodsdesign
	Participants
	Sample size and recruitment
	Inclusion and exclusion criteria

	Procedure
	Flowchart for subprojects
	Cognitive tests
	Language proficiency in Dutch and English 
	Cognitive memory ability assessments 
	General cognitive assessments 

	Questionnaires
	Neuroimaging
	Gray matter structural measurements 
	White matter structural measurements 
	Resting-state functional MRI measurements 
	Task-based functional MRI measurements 
	fMRI paradigms: word learning subproject 
	fMRI task 1: word learning paradigm 
	fMRI task 2: artificial language paradigm (ArtLang) 
	fMRI paradigm: grammar learning subproject 
	fMRI task 3: grammar judgment paradigm 


	Statistical analyses

	Discussion
	Strengths and limitations
	Acknowledgements
	References


