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Abstract 

Introduction:  Neurofibromatosis type 1 (NF1) is considered a model of neurodevelopmental disorder because of the 
high frequency of learning deficits, especially developmental coordination disorder. In neurodevelopmental disor-
der, Nicolson and Fawcett formulated the hypothesis of an impaired procedural learning system that has its origins 
in cortico-subcortical circuits. Our aim was to investigate the relationship between cortico-striatal connectivity and 
procedural perceptual-motor learning performance and motor skills in NF1 children.

Methods:  Seventeen NF1 and 18 typically developing children aged between 8 and 12 years old participated in the 
study. All were right-handed and did not present intellectual or attention deficits. In all children, procedural percep-
tual-motor learning was assessed using a bimanual visuo-spatial serial reaction time task (SRTT) and motor skills using 
the Movement Assessment Battery for Children (M-ABC). All participants underwent a resting-state functional MRI 
session. We used a seed-based approach to explore cortico-striatal connectivity in somatomotor and frontoparietal 
networks. A comparison between the groups’ striato-cortical connectivity and correlations between connectivity and 
learning (SRTT) and motor skills (M-ABC) were performed.

Results:  At the behavioral level, SRTT scores are not significantly different in NF1 children compared to controls. 
However, M-ABC scores are significantly impaired within 9 patients (scores below the 15th percentile). At the cerebral 
level, NF1 children present a higher connectivity in the cortico-striatal regions mapping onto the right angular gyrus 
compared to controls. We found that the higher the connectivity values between these regions, differentiating NF1 
and controls, the lower the M-ABC scores in the whole sample. No correlation was found for the SRTT scores.

Conclusion:  NF1 children present atypical hyperconnectivity in cortico-striatal connections. The relationship with 
motor skills could suggest a sensorimotor dysfunction already found in children with developmental coordination 
disorder. These abnormalities are not linked to procedural perceptual-motor learning assessed by SRTT.

Keywords:  Procedural memory, Serial reaction time task, Neurofibromatosis type 1, Resting-state MRI, Cortico-striatal 
connectivity, Neurodevelopmental disorder
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Background
Neurofibromatosis type 1 (NF1) is one of the most com-
mon childhood autosomal dominant neurogenetic disor-
ders, affecting 1 in 2500 to 3000 individuals [1]. Learning 
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deficits are frequent and represent the main neurological 
complication of the disease [2]. Several neurodevelop-
mental disorders may be encountered in NF1, such as 
developmental coordination disorder (DCD), dyslexia, 
specific language impairment, or attention deficit/hyper-
activity disorder [3].

Nicolson and Fawcett proposed the hypothesis that 
children with learning deficits have impairments of the 
procedural learning system [4]. This system subserves the 
learning of sensorimotor and cognitive skills, rules, and 
habits [5]. In their model, the procedural learning system 
(PLS) is divided into a cortico-striatal PLS and a cortico-
cerebellar PLS, which are dissociated in the language and 
motor systems. The motor cortico-striatal PLS is said to 
be impaired in DCD, and the language cortico-cerebel-
lar PLS in dyslexia. In this study, we will be particularly 
interested in the motor cortico-striatal PLS, given that 
about 50% of NF1 children meet the criteria for DCD [6].

The serial reaction time task (SRTT) is the most com-
mon task for assessing procedural perceptual-motor 
learning [7]. In adults with NF1 without cognitive or 
neurological impairments, using an established form of 
non-invasive, double-pulse transcranial magnetic stimu-
lation (dp-TMS) during a finger-tapping task with the 
non-dominant hand, Zimerman et al. found a substantial 
decline in motor skill learning linked to an intracortical 
inhibition, especially after the early acquisition phase [8].

Studies of procedural learning in children are sparse. 
Studies using SRTT to assess procedural learning in neu-
rodevelopmental disorders such as DCD found either 
preserved learning [9, 10] or impaired learning in a 
bimanual condition [11]. Both adults and children with 
alterations in the basal ganglia present deficits in proce-
dural perceptual-motor learning. This is the case in Par-
kinson’s or Huntington’s diseases [12, 13] and in children 
with acquired alteration in the striatum, regardless of the 
etiology of the lesion and the age of occurrence [14].

Human brain imaging studies have demonstrated that 
the cortico-striatal networks are involved in perceptual-
motor sequence learning, while the cerebello-cortical 
networks are involved in motor adaptation [15–17]. 
Motor procedural learning is a process requiring repeti-
tion and time to automatize movement. It can be broken 
down into three steps: fast learning, slow learning allow-
ing consolidation and automatization, and retention. 
The striatum is the main brain area involved in motor 
sequence learning [16]. Functional brain imaging stud-
ies have shown that activations during a motor sequence 
learning task are focused at first on the associative stria-
tum but shift to the sensorimotor striatum with practice. 
The cortical areas involved in the cortico-striatal circuit 
are the motor cortical regions, the parietal cortices, the 
frontal associative region, and the medial temporal lobe 

(hippocampus). Recent results suggest that children with 
developmental coordination disorders present a dys-
function in the cortico-striatal network with overcon-
nectivity in the frontoparietal cortico-striatal networks 
linked to the score on the Movement Assessment Battery 
for Children (M-ABC) [18]. Such a dysfunction may be 
linked to procedural perceptual-motor deficit. In NF1 
children, significant differences have been reported with 
higher volumes, lower fractional anisotropy, and higher 
mean diffusion in the striatum, which includes the puta-
men and the caudate nucleus [19]. These brain areas are 
also prone to present unidentified bright objects (UBOs), 
which are frequently reported (in 2/3 of NF1 children), 
as well as metabolic abnormalities in spectroscopic MRI 
[20]. The presence of these abnormalities is an indication 
of axonal damages associated with an increase in myelin 
turnover in areas of intramyelinic edema [21, 22]. Given 
that NF1 children have both striatal abnormalities and 
frequent associated bimanual coordination disorders 
[23], one could suggest a possible impairment of proce-
dural perceptual-motor learning using a bimanual SRTT.

Resting-state functional MRI has been used to bet-
ter understand the connectivity in patients with basal 
ganglia diseases (Parkinson’s disease [24], Huntington’s 
disease [25]) using a seed-to-voxel analysis based on the 
functional atlas of the striatum. This imaging analysis has 
also been used in typically developing children [26] and 
in neurodevelopmental disorders [18]. In NF1 patients, 
neuroimaging studies have reported abnormal connec-
tivity. Tomson reported reduced anterior-posterior con-
nectivity and altered modularity clustering in NF1 adults 
relative to healthy controls [27]. Using a voxel-to-voxel 
analysis, Nemmi et  al. found a higher local correlation 
in NF1 children compared to TD, specifically in the right 
superior temporal gyrus, the right middle frontal gyrus, 
and the right cuneus [28]. On the other hand, clusters 
in the left and right frontal poles, the left inferior fron-
tal gyrus, the left insula, the left parahippocampal cortex, 
and the bilateral precuneus and cingulate cortex showed 
higher local correlation for typically developing children 
(TD) relative to NF1. Until now, an investigation into the 
connectivity of striatal subregions in NF1 patients has 
not been reported.

The aim of this study is to explore the functional 
connectivity in the cortico-striatal pathways and its 
relationship with motor abilities and procedural percep-
tual-motor learning in NF1 children.

Methods
Participants
This study is part of the DYSTAC-MAP protocol. Seven-
teen children with NF1 and eighteen TD participated in 
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the study. All were right-handed and aged from 8 to 12 
years old. The two groups did not differ in age or sex.

The children did not present a known neurological 
or psychiatric disorder, uncorrectable hearing or visual 
impairment, intellectual disability (WISC total IQ supe-
rior to 70 and/or subtest similarities and picture con-
cept scores greater than 7), or ADHD criteria (DSM-5 
diagnostic criteria). All children underwent motor skills 
assessment using the Movement Assessment Battery for 
Children (M-ABC) in its French translation [29]; a score 
below the 15th percentile was an exclusion criterion for 
the control group. Children with NF1 had been diag-
nosed with NF1 by a pediatric neurologist, in accordance 
with the Neurofibromatosis Conference statement (1988) 
[30]. Demographic, psychomotor, and neuropsychologi-
cal characteristics are presented in Table 1. The study was 
approved by the local ethics committees and was con-
ducted in accordance with the Declaration of Helsinki. 
We obtained written informed consent from the children 
and their parents.

Behavioral tasks
We used a classical visuospatial SRTT to assess proce-
dural perceptual-motor memory and implicit learning 
[7]. A computer with a 24-in. screen was placed 80 cm 
in front of the participant. A yellow square successively 
appeared at one of four positions arranged horizon-
tally 3 cm apart from each other on a black computer 
screen. Each screen position corresponded to a button 
on a response pad: D, F, G, or H. The participant was 
asked to press the corresponding button as quickly as 
possible with the index or middle finger of each hand 
(bimanual responses). As soon as a response was given 
or after a time of 3000 ms without a response, the next 
stimulus appeared after a time interval of 250 ms. The 
task consisted of a sequence of ten visual stimuli that 
were repeated ten times to form a block (1 block = 100 
stimuli). The task was composed of 6 blocks. The first 
four blocks (B1–B4) and the last one (B6) included the 
repeated sequence. The fifth block (B5) was a pseudoran-
domized block in which the visual cue no longer played 

out a repeating pattern of positions. The participant 
was not advised that the visual cues followed a repeated 
sequence of positions, which made learning implicit.

Motors skills were assessed using the total M-ABC 
score. The M-ABC is a test of motor impairment devel-
oped and validated for use with children ages 4–12 years 
old divided into four age categories (4–6 years old, 7–8 
years old, 9–10 years old, 11–12 years old). It includes 
eight items that assess both fine and gross motor skills 
divided into three categories: manual dexterity, balance, 
and ball handling. The sum of the score items gives a 
deterioration score that is transformed and reported 
here, as age-related percentiles.

MRI acquisition
MRI images were acquired using a Philips Achieva 
dStream 3.0-T MRI scanner equipped with a 32-channel 
head coil. Rs-fMRI: echo-planar imaging (EPI) sequence. 
Time repetition (TR)/time echo (TE) = 3000/40 ms, flip 
angle (FA) = 90°, field of view (FOV) = 240 mm, matrix 
= 80 × 80, voxel size = 3.0 × 3.0 × 3.0 mm, 46 axial 
slices. Each scan session was 600 s long and included 200 
volumes. Resting-state data were acquired while each 
subject was asked to stay awake, eyes opened, and not 
thinking about anything in particular.

MRI processing
Rs-fMRI images were preprocessed using the Conn 
software including the following steps: realignment 
and unwarp, slice timing correction, and outlier detec-
tion using strict settings: 97th percentiles in the norma-
tive sample, global signal z-value threshold 5, subject 
motion mm threshold 0.9, direct segmentation and nor-
malization (also applied to T1 images for each subject), 
smoothing with an 8-mm kernel. BOLD time series 
were denoised using the aCompCor method [31–33] of 
the CONN toolbox (www.​nitrc.​org/​proje​cts/​conn; [34]), 
which consisted in regressing out from the functional 
time-series the first two principal components of the 
time-series extracted from white matter and CSF. The 

Table 1  Demographic and psychomotor characteristics of NF1 and typically developing children (TD)

Note that NF1 children had significantly lower M-ABC scores, and nine of them had scores below the 15th percentile. The Mann-Whitney U test was used for the 
M-ABC score, as it was not normally distributed. The results were presented as means (standard deviation)

NF1 (n = 17) TD (n = 18) Statistic p-value

Demographic characteristics
  Mean age in months (SD; range) 116 (20.23; 96–171) 121 (14.65; 96–150) 117.0 0.241

  Sex ratio (male/female) 0.41 0.55 131.0 0.413

Psychomotor characteristics
  Mean M-ABC score (SD) 16.07 (19.56) 50.51 (26.35) 40.0 < 0.001

http://www.nitrc.org/projects/conn
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BOLD time series were finally band-pass filtered (0.008–
0.09 Hz).

Functional connectivity
A seed-to-voxel analysis was performed using the seven-
network striatal atlas [35]. This atlas consists of the par-
cellation of the human striatum into 1000 subjects, based 
on functional connectivity to seven major networks: sen-
sorimotor, ventral attention, dorsal attention, frontopari-
etal, default, visual, and limbic networks. We restricted 
our analysis to the sensorimotor (“striatal seed 2” of 
Choi’s atlas) and frontoparietal (“striatal seed 6” of Choi’s 
atlas) networks based on previous results [18]. Using 
GLM analysis, we first analyzed the maps of connectivity 
in all participants to compare the profiles of connectivity 
obtained in our sample with those from the literature [18, 
35].

Statistical analysis
Data were analyzed using the JAMOVI (1.6.15.0) soft-
ware [36] or the GLM analysis option of the Conn 
toolbox.

Comparison of the behavioral task between groups
For the procedural perceptual-motor memory assess-
ment, we performed a repeated measures ANOVA on 
reaction times between B1 and B4 (general learning), 
B4 and B5 (specific learning), and B5 and B6 (retention), 
with the group as the intersubject factor and the blocks as 
intrasubject factors. The normality of data was assessed 
by the Shapiro-Wilk test, the homogeneity of variance 
with Levene’s test, and the sphericity with Mauchly’s test. 
As the variable “number of errors” for each block was not 
normally distributed, we used a non-parametric Fried-
man test on each group with the blocks as intrasubject 
factors for general learning and a paired sample t test for 
specific learning and retention.

To compare the performance on motor skills in the two 
groups, we used the Mann-Whitney U test, because the 
distribution of variables assessed by the Shapiro-Wilk 
test was not normal. For each analysis, the p-value was 
set at p < 0.05.

Comparison of functional connectivity between the groups
We explored the group differences between the NF1 and 
TD groups, including the following covariables: age, sex, 
and GCOR (average global correlation). All analyses were 
thresholded by applying the cluster-forming threshold p 
< 0.001 and the cluster-extent threshold P-FDR < 0.05.

Correlation between functional connectivity values 
and behavioral scores
Correlations were performed between the connectiv-
ity values, expressing a significant difference between 
NF1 and TD children and [1] learning SRTT scores, [2] 
the M-ABC score, and then [3] between SRTT scores 
and M-ABC score. Correlations were performed using 
Pearson or Spearman correlations, depending on the 
normal distribution of variables assessed by the Shap-
iro-Wilk test. Bonferroni corrections for multiple com-
parison corrections had been done. Learning scores 
were calculated for reaction times, i.e., the difference 
in the results between B1 and B4 for general learning, 
between B4 and B5 for specific learning, and between 
B5 and B6 for retention.

Results
SRTT​
The results of the SRTT are presented in Fig. 1.

The repeated ANOVA measures showed a block 
effect, but no group effect or interaction. There was a 
significant difference between B1 and B4 (F (3.08) = 
52.01; p = 0.015) with better performance with prac-
tice, as well as between B5 and B4 (F(− 2.85) = − 48.05; 
p = 0.019) with lower performance in the random 
block representing specific learning and between B5 
and B6 (F (5.45) = 92.128; p < 0.001) with better perfor-
mance on repeated sequences than on the pseudorand-
omized sequence, expressing retention of the repeated 
sequence. There were no significant results concerning 
the number of errors in each group.

Cortico‑striatal estimated functional network
The estimated topography of somatomotor and parieto-
frontal networks in our child groups (Fig. 2) was quali-
tatively closed to topography previously found in adults 
[35] and children [19] with connection respectively 
with primary motor, somatosensory cortices, and pre-
frontal and posterior parietal cortices.

Impact of NF1 on the cortico‑striatal functional circuit
Cortico-striatal connectivity significantly differed 
between NF1 and controls in a 148-voxel region (MNI 
coordinates, + 36 − 50 + 30) in the right angular gyrus 
connected with the somatomotor striatal seed (Fig. 3).

Relationship between connectivity in the cerebral regions 
of the cortico‑striatal functional circuits that expressed 
a significant difference between NF1 and TD children 
and behavioral scores
No correlation was found between SRTT scores and 
the average connectivity values between the second 
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Fig. 1  Serial reaction time performances in neurofibromatosis type 1 (NF1) and typically developing children (TD). Vertical bars represent 
interindividual variability (standard errors)

Fig. 2  Areas showing significant positive connectivity with the striatal seeds in the somatomotor network (in blue) and in the parietofrontal 
network (in orange) (p < 0.001, family-wise error-corrected, cluster size > 100)
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striatal seed and the right angular gyrus cluster. Moreo-
ver, there was no correlation between learning scores in 
SRTT and M-ABC scores. However, as shown in Fig. 4, 
the average connectivity significantly decreased as the 

M-ABC score increased (Spearman’s rho = − 0.525; 
p-value < 0.001; Bonferroni correction applied). That 
is to say that children with lower motor skills had a 
higher connectivity score between the somatomotor 

Fig. 3  Cerebral regions of the cortico-striatal functional circuits that expressed any difference between NF1 and typically developing children. The 
right angular gyrus (AG) is significantly more connected with the somatomotor striatal seed “striatum 2” of Choi’s functional atlas in NF1 children 
than in typically developing children. Age, sex, and GCOR are used as covariables; voxel threshold p < 0.001 p-uncorrected and cluster threshold p < 
0.05

Fig. 4  Correlation between the M-ABC score and the average connectivity values within a significant cluster between the NF1 and TD groups
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striatal seed and the right angular gyrus cluster differ-
entiating the NF1 and TD groups. In the NF1 group, 11 
children have positive connectivity values while in the 
TD group, all participants have negative connectivity 
values.

Discussion
The aim of this study was to explore the functional 
connectivity in the cortico-striatal pathways and its 
relationship with motor abilities and procedural per-
ceptual-motor learning in NF1 children. We found that 
NF1 children present higher connectivity in the cortico-
striatal regions mapping onto the right angular gyrus 
compared to controls and a relationship between this 
hyperconnectivity and motor skills but not with pro-
cedural learning. The results are discussed in terms of 
abnormal connectivity of the angular gyrus in NF1 chil-
dren, the absence of correlation between learning scores 
and this abnormal connectivity, and the heterogeneous 
performance of NF1 children at the end of learning (spe-
cific learning and retention).

The angular gyrus is located in the posterior part of the 
inferior parietal lobule. This area is involved in numer-
ous functions, and it is considered a cross-modal hub 
where converging multisensory information is combined 
and integrated to comprehend and give sense to events, 
manipulate mental representations, solve familiar prob-
lems, and reorient attention to relevant information [37]. 
Numerous studies have evaluated the link between the 
angular gyrus and perceptual-motor sequential learning. 
Using gray matter density, volumes, or cortical thickness 
analyses, studies have shown structural plasticity in the 
angular gyrus when healthy adults learn new skills rela-
tive to spatial coordination, verbal storage, and creativ-
ity [38–40]. Moreover, functional MRI studies during 
SRTT in healthy adults have reported activations in the 
motor and premotor cortices [41–44], the parietal cortex 
[41–45], and the basal ganglia [41, 42, 44–46]. However, 
a recent neuroanatomical metanalysis of neural cor-
relates of learning with SRTT showed that if visual and 
motor parameters were correctly controlled, specific 
sequence learning yielded consistent activation only in 
the basal ganglia, across the striatum (anterior/mid-cau-
date nucleus and putamen), and in the globus pallidus 
[16]. Cerebellar and premotor regions appear to contrib-
ute to the aspects of the task not related to learning of 
the sequence itself: executive, working memory, or other 
attention-related functions for cerebellar regions and 
sensorimotor integration for premotor regions.

Based on the hypothesis of an alteration in procedural 
learning in neurodevelopmental disorders, we explored 
whether the difference in cortico-striatal connectivity 
could be linked with scores in a visuo-spatial sequence 

learning task. This relationship was not found in our 
study. Firstly, at a behavioral level, NF1 children did not 
have significantly lower results in the different SRTT 
scores, suggesting no deficit in procedural learning of 
perceptual-motor sequences. Thus, the hyper-connec-
tivity in the cortico-subcortical circuit in NF1 could be 
viewed as a compensatory mechanism allowing them to 
learn as well as controls but at the cost of increased con-
nectivity. However, the absence of a relationship between 
the learning score and hyper-connectivity does not allow 
this hypothesis to be validated. In fact, hyperconnectiv-
ity in the cortico-subcortical circuit in NF1 seems to be a 
characteristic of patients with neurodevelopmental disor-
ders presenting sensorimotor dysfunction. Cignetti et al. 
showed that intrinsic cortico-subcortical functional con-
nectivity is affected in children with developmental coor-
dination disorder (DCD), including abnormalities in the 
cortico-striatal connections mapping onto the posterior 
parietal cortex (angular gyrus and supramarginal gyrus), 
not present in developmental dyslexia [18]. Cerliani et al. 
also reported resting-state hyper-connectivity in the cor-
tico-subcortical pathways targeting sensorimotor regions 
(both the cerebellum and the basal ganglia) in male sub-
jects from 7 to 50 years with autism spectrum disorder 
(ASD) [47]. The strength of the interaction between net-
works was associated with age and autistic traits indexed 
by the Social Responsiveness Scale. The authors sug-
gested that this association is compatible with the idea of 
a relationship between sensory abnormalities and repeti-
tive behaviors in ASD patients. Motor skills were not 
reported in this study, but the results suggest that hyper-
connectivity in the cortico-subcortical pathways is par-
ticularly associated with atypical sensorimotor behaviors, 
which are found in some NF1 children.

Several hypotheses can be made to explain the absence 
of a correlation between behavior and brain connectivity. 
Firstly, SRTT is a task exploring only a part of procedural 
memory involving visuo-spatial motor sequence learn-
ing in an early stage. It would be interesting to explore the 
long-term retention, consolidation, and automatization of 
SRTT and their relations with the hyperconnectivity in the 
cortico-subcortical pathways. Secondly, we selected NF1 
patients without intellectual disability and ADHD in this 
study, which represents about 5 and 30% of NF1 children, 
respectively. This strict exclusion criterion allows motion-
induced artifacts to be prevented in our analyses and focal-
ization on the motor sequence learning process, excluding 
conditions which themselves contribute to the difficulties 
in learning but limit the generalization of our results to 
the whole NF1 population. However, the NF1 phenotype 
is quite heterogeneous, and great variability had been 
shown both in cognitive results and in brain characteris-
tics [19]. In line with these results, it is interesting to note 
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that NF1 children presented a heterogeneous performance 
at the end of learning (see errors during blocks 4, 5, and 6 
that correspond to specific learning and retention in Sup-
plementary data), which could suggest that a subgroup of 
NF1 children present a learning deficit. Further studies 
with larger samples are required to explore this hetero-
geneity. Lastly, functional connectivity differences linked 
with procedural learning between NF1 children and typi-
cally developing children may be a dynamic process that 
could not be highlighted at rest but only when children 
were scanned while performing the task.

The level of motor skills does not seem to be the best can-
didate to predict the level of procedural learning. Indeed, 
our results failed to find a relationship between the learning 
scores and the level of motor skills using the total M-ABC 
score. The SRTT is a short learning task that assesses the 
first step of learning (fast learning) and not consolidation, 
long-term retention, and other cognitive and motor pro-
cesses such as motor adaptation, visuo-spatial abilities [48], 
global coordination of the whole body, or manual dexter-
ity that is needed in perceptual-motor skills already con-
solidated, assessed in the M-ABC. It is possible that the 
absence of correlation between these two scores comes 
from a discrepancy between the ability to improve motor 
skills (SRTT) and the ability to perform them (M-ABC). A 
source of heterogeneity, in our NF1 population, is that nine 
children met the criteria for DCD (particularly, M-ABC 
score < 5th percentile). Another source of heterogeneity is 
the possible presence of UBOs (abnormalities in myelina-
tion) appearing in 75% of children in the first two years of 
life and disappearing at the end of adolescence [49]. UBOs 
are considered a radiologic marker of demyelination. While 
some studies have found a correlation between thalamo-
striatal UBOs and cognitive deficit (lower IQ and visuospa-
tial performances) [50], most of them have failed or results 
have not been reproduced, making the real impact of UBOs 
on cognitive functions unclear. However, the impact of 
UBOs specifically on procedural learning had not been 
studied. As children with acquired brain lesions in the basal 
ganglia had altered sequence learning scores [14], we can 
question the impact of UBOs, which can be considered a 
marker of dynamic alteration of the brain microstructure in 
NF1 children. Unfortunately, in our functional MRI study, 
the impact of UBOs on cortico-striatal connectivity is not 
evaluable because of the small sample size (only six NF1 
patients presented UBOs in the basal ganglia in our study).

Conclusion
NF1 children present overconnectivity in the cortico-
striatal connections mapping onto the right angular 
gyrus, linked to M-ABC scores but not with SRTT scores. 
These results reinforce the importance of considering 

NF1 a neurodevelopmental disorder, given that the same 
pattern of results has been found in children with devel-
opmental coordination disorder. Such a modification of 
the cortico-striatal connectivity has been found in other 
neurodevelopmental disorders with atypical sensorimo-
tor behaviors (e.g., ASD), with the hypothesis of a loss 
of GABAergic projection neurons within the striatum. 
Future studies using magnetic resonance spectroscopic 
and functional MRI examination during SRTT could 
improve our understanding of the involvement of the 
cortico-striatal circuit in procedural learning in neurode-
velopmental disorders.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s11689-​022-​09428-y.

Additional file 1: Supplementary data.

Acknowledgements
We thank the children who participated in this study and their families, as well 
as all the DYSTACMAP team members who designed the research, included 
the children, and discussed the results. We also thank the technical platform 
for neuroimaging (ToNIC: Gros, H.; Vayssiere, N.). We thank the association “111 
des arts” and “TREC” for their support.

Authors’ contributions
EB: neuroimaging analysis, statistical analysis, and co-writing of the paper. FN: neu-
roimaging analysis, statistical analysis (neuroimaging), and co-writing of the paper. 
PP: neuroimaging analysis, statistical analysis (neuroimaging), and co-writing of the 
paper. FC: neuroimaging analysis and statistical analysis (neuroimaging), and co-
writing of the paper. MB: inclusion/recruitment, experimental assessment (SRTT), 
and experimental analysis (SRTT). SM: inclusion/recruitment and neuropsychologi-
cal assessment. JT: statistical analysis (behavioral, correlation) and co-writing of the 
paper. YC: principal investigator, clinical assessment, and co-writing of the paper. 
The authors read and approved the final manuscript.

Funding
This study was supported by the French National Research Agency (grant no. 
ANR-13-APPR-0010-01).

Availability of data and materials
The datasets analyzed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the local ethics committees (Centre Hospitalo-
Universitaire de Toulouse) and was conducted in accordance with the Declara-
tion of Helsinki. We obtained written informed consent from the children and 
their parents.

Consent for publication
We obtained written informed consent for publication from the children and 
their parents.

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

Author details
1 ToNIC, Toulouse NeuroImaging Center, University of Toulouse, Inserm, UPS, 
Toulouse, France. 2 Children’s Hospital, Toulouse-Purpan University Hospital, 

https://doi.org/10.1186/s11689-022-09428-y
https://doi.org/10.1186/s11689-022-09428-y


Page 9 of 10Baudou et al. Journal of Neurodevelopmental Disorders           (2022) 14:15 	

Toulouse, France. 3 Pediatric Neurology Unit, Hôpital des Enfants, CHU Tou-
louse, 330 av de Grande Bretagne‑TSA, 31059 Toulouse, France. 4 CNRS, TIMC-
IMAG, Université Grenoble Alpes, Grenoble, France. 5 EuroMov Digital Health 
in Motion, Université Montpellier, IMT Mines Ales, Montpellier, France. 

Received: 12 November 2021   Accepted: 22 February 2022

References
	1.	 Evans DG, Howard E, Giblin C, Clancy T, Spencer H, Huson SM, et al. Birth 

incidence and prevalence of tumor-prone syndromes: estimates from a UK 
family genetic register service. Am J Med Genet Part A. 2010;152A(2):327–32 
Available from: http://​doi.​wiley.​com/​10.​1002/​ajmg.a.​33139.

	2.	 Hyman SL, Shores A, North KN. The nature and frequency of cogni-
tive deficits in children with neurofibromatosis type 1. Neurology. 
2005;65(7):1037–44.

	3.	 Vogel AC, Gutmann DH, Morris SM. Neurodevelopmental disorders in children 
with neurofibromatosis type 1. Dev Med Child Neurol. 2017;59(11):1112–6 
Available from: http://​doi.​wiley.​com/​10.​1111/​dmcn.​13526.

	4.	 Nicolson RI, Fawcett AJ. Procedural learning difficulties: reuniting the 
developmental disorders? Trends Neurosci. 2007;30(4):135–41 Available 
from: https://​linki​nghub.​elsev​ier.​com/​retri​eve/​pii/​S0166​22360​70004​10.

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

	6.	 Iannuzzi S, Albaret JM, Chignac C, Faure-Marie N, Barry I, Karsenty C, et al. 
Motor impairment in children with neurofibromatosis type 1: effect of 
the comorbidity with language disorders. Brain Dev. 2016;38(2):181–7.

	7.	 Nissen MJ, Bullemer P. Attentional requirements of learning: evidence 
from performance measures. Cogn Psychol. 1987;19(1):1–32 Available 
from: https://​linki​nghub.​elsev​ier.​com/​retri​eve/​pii/​00100​28587​900028.

	8.	 Zimerman M, Wessel MJ, Timmermann JE, Granström S, Gerloff C, 
Mautner VF, et al. Impairment of procedural learning and motor intra-
cortical inhibition in neurofibromatosis type 1 patients. EBioMedicine. 
2015;2(10):1430–7.

	9.	 Wilson PH, Maruff P, Lum J. Procedural learning in children with devel-
opmental coordination disorder. Hum Mov Sci. 2003;22(4–5):515–26 
Available from: https://​linki​nghub.​elsev​ier.​com/​retri​eve/​pii/​S0167​94570​
30006​91.

	10.	 Lejeune C, Catale C, Willems S, Meulemans T. Intact procedural motor 
sequence learning in developmental coordination disorder. Res Dev Disa-
bil. 2013;34(6):1974–81 Available from: https://​linki​nghub.​elsev​ier.​com/​
retri​eve/​pii/​S0891​42221​30012​12.

	11.	 Blais M, Baly C, Biotteau M, Albaret J-M, Chaix Y, Tallet J. Lack of motor 
inhibition as a marker of learning difficulties of bimanual coordination in 
teenagers with developmental coordination disorder. Dev Neuropsychol. 
2017;42(3):207–19 Available from: https://​www.​tandf​online.​com/​doi/​full/​
10.​1080/​87565​641.​2017.​13065​26.

	12.	 Jackson GM, Jackson SR, Harrison J, Henderson L, Kennard C. Serial reac-
tion time learning and Parkinson’s disease: evidence for a procedural 
learning deficit. Neuropsychologia. 1995;33(5):577–93 Available from: 
https://​linki​nghub.​elsev​ier.​com/​retri​eve/​pii/​00283​93295​00010Z.

	13.	 Knopman D, Nissen MJ. Procedural learning is impaired in Huntington’s 
disease: evidence from the serial reaction time task. Neuropsychologia. 
1991;29(3):245–54 Available from: https://​linki​nghub.​elsev​ier.​com/​retri​
eve/​pii/​00283​93291​90085M.

	14.	 Mayor-Dubois C, Maeder P, Zesiger P, Roulet-Perez E. Visuo-motor and 
cognitive procedural learning in children with basal ganglia pathology. 
Neuropsychologia. 2010;48(7):2009–17 Available from: https://​linki​nghub.​
elsev​ier.​com/​retri​eve/​pii/​S0028​39321​00012​35.

	15.	 Hardwick RM, Rottschy C, Miall RC, Eickhoff SB. A quantitative meta-
analysis and review of motor learning in the human brain. Neuroimage. 
2013;67:283–97. https://​doi.​org/​10.​1016/j.​neuro​image.​2012.​11.​020.

	16.	 Janacsek K, Shattuck KF, Tagarelli KM, Lum JAG, Turkeltaub PE, Ullman MT. 
Sequence learning in the human brain: a functional neuroanatomical 
meta-analysis of serial reaction time studies. Neuroimage. 2020;207(May 
2019):116387. https://​doi.​org/​10.​1016/j.​neuro​image.​2019.​116387.

	17.	 Doyon J, Benali H. Reorganization and plasticity in the adult brain during 
learning of motor skills. Curr Opin Neurobiol. 2005;15(2):161–7 Available 
from: https://​linki​nghub.​elsev​ier.​com/​retri​eve/​pii/​S0959​43880​50003​6X.

	18.	 Cignetti F, Nemmi F, Vaugoyeau M, Girard N, Albaret J-M, Chaix Y, et al. 
Intrinsic cortico-subcortical functional connectivity in developmental 
dyslexia and developmental coordination disorder. Cereb Cortex Com-
mun. 2020;1(1):1–14.

	19.	 Baudou E, Nemmi F, Biotteau M, Maziero S, Assaiante C, Cignetti F, et al. 
Are morphological and structural MRI characteristics related to specific 
cognitive impairments in neurofibromatosis type 1 (NF1) children? Eur J 
Paediatr Neurol. 2020;28:89–100 Available from: https://​linki​nghub.​elsev​
ier.​com/​retri​eve/​pii/​S1090​37982​03014​46.

	20.	 Nicita F, Di Biasi C, Sollaku S, Cecchini S, Salpietro V, Pittalis A, et al. Evalu-
ation of the basal ganglia in neurofibromatosis type 1. Child’s Nerv Syst. 
2014;30(2):319–25.

	21.	 DiPaolo DP, Zimmerman RA, Rorke LB, Zackai EH, Bilaniuk LT, Yachnis AT. 
Neurofibromatosis type 1: pathologic substrate of high-signal-intensity 
foci in the brain. Radiology. 1995;195(3):721–4.

	22.	 Billiet T, Mädler B, D’Arco F, Peeters R, Deprez S, Plasschaert E, et al. Charac-
terizing the microstructural basis of “unidentified bright objects” in neu-
rofibromatosis type 1: a combined in vivo multicomponent T2 relaxation 
and multi-shell diffusion MRI analysis. NeuroImage Clin. 2014;4:649–58.

	23.	 Rietman AB, Oostenbrink R, Bongers S, Gaukema E, Van Abeelen S, Hen-
driksen JG, et al. Motor problems in children with neurofibromatosis type 
1. J Neurodev Disord. 2017;9(1):1–10.

	24.	 Kwak Y, Peltier S, Bohnen NI, Müller MLTM, Dayalu P, Seidler RD. Altered 
resting state cortico-striatal connectivity in mild to moderate stage 
Parkinson’s disease. Front Syst Neurosci. 2010;4(September):1–25.

	25.	 Dogan I, Eickhoff CR, Fox PT, Laird AR, Schulz JB, Eickhoff SB, et al. Func-
tional connectivity modeling of consistent cortico-striatal degeneration 
in Huntington’s disease. NeuroImage Clin. 2015;7:640–52. https://​doi.​org/​
10.​1016/j.​nicl.​2015.​02.​018.

	26.	 Bo J, Lee CM, Kwak Y, Peltier SJ, Bernard JA, Buschkuehl M, et al. Lifespan 
differences in cortico-striatal resting state connectivity. Brain Connect. 
2014;4(3):166–80.

	27.	 Tomson SN, Schreiner M, Narayan M, Rosser T, Enrique N, Alcino J, et al. 
HHS Public Access. 2016;36(11):4566–81.

	28.	 Nemmi F, Cignetti F, Assaiante C, Maziero S, Audic F, Péran P, et al. 
Discriminating between neurofibromatosis-1 and typically developing 
children by means of multimodal MRI and multivariate analyses. Hum 
Brain Mapp. 2019:24612 Available from: https://​onlin​elibr​ary.​wiley.​com/​
doi/​abs/​10.​1002/​hbm.​24612.

	29.	 Soppelsa R. Mabc-2 Batterie D’Evaluation Du Mouvement Chez L’Enfant 
-Seconde Edition; 2016.

	30.	 Neurofibromatosis. Conference statement. National Institutes of Health 
Consensus Development Conference. Arch Neurol. 1988;45(5):575–8 
Available from: http://​www.​ncbi.​nlm.​nih.​gov/​pubmed/​31289​65.

	31.	 Behzadi Y, Restom K, Liau J, Liu TT. A component based noise correction 
method (CompCor) for BOLD and perfusion based fMRI. Neuroimage. 
2007;37(1):90–101 Available from: https://​linki​nghub.​elsev​ier.​com/​retri​
eve/​pii/​S1053​81190​70038​37.

	32.	 Chai XJ, Castañón AN, Öngür D, Whitfield-Gabrieli S. Anticorrelations in 
resting state networks without global signal regression. Neuroimage. 
2012;59(2):1420–8 Available from: https://​www.​apa.​org/​ptsd-​guide​line/​
ptsd.​pdf%​0A https://​www.​apa.​org/​about/​offic​es/​direc​torat​es/​guide​lines/​
ptsd.​pdf.

	33.	 Chai XJ, Ofen N, Gabrieli JDE, Whitfield-Gabrieli S. Selective development 
of anticorrelated networks in the intrinsic functional organization of the 
human brain. J Cogn Neurosci. 2014;26(3):501–13 Available from: https://​
direct.​mit.​edu/​jocn/​artic​le/​26/3/​501-​513/​28083.

	34.	 Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional connectivity 
toolbox for correlated and anticorrelated brain networks. Brain Connect. 
2012;2(3):125–41 Available from: http://​www.​liebe​rtpub.​com/​doi/​10.​
1089/​brain.​2012.​0073.

	35.	 Choi EY, Yeo BTT, Buckner RL. The organization of the human stria-
tum estimated by intrinsic functional connectivity. J Neurophysiol. 
2012;108(8):2242–63 Available from: https://​www.​physi​ology.​org/​doi/​10.​
1152/​jn.​00270.​2012.

	36.	 The jamovi project. 2021.
	37.	 Seghier ML. The angular gyrus: multiple functions and multiple subdivi-

sions. Neuroscientist. 2013;19(1):43–61.
	38.	 Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A. Changes in 

grey matter induced by training. Nature. 2004;427(6972):311–2. https://​
doi.​org/​10.​1038/​42731​1a.

http://doi.wiley.com/10.1002/ajmg.a.33139
http://doi.wiley.com/10.1111/dmcn.13526
https://linkinghub.elsevier.com/retrieve/pii/S0166223607000410
https://linkinghub.elsevier.com/retrieve/pii/0010028587900028
https://linkinghub.elsevier.com/retrieve/pii/S0167945703000691
https://linkinghub.elsevier.com/retrieve/pii/S0167945703000691
https://linkinghub.elsevier.com/retrieve/pii/S0891422213001212
https://linkinghub.elsevier.com/retrieve/pii/S0891422213001212
https://www.tandfonline.com/doi/full/10.1080/87565641.2017.1306526
https://www.tandfonline.com/doi/full/10.1080/87565641.2017.1306526
https://linkinghub.elsevier.com/retrieve/pii/002839329500010Z
https://linkinghub.elsevier.com/retrieve/pii/002839329190085M
https://linkinghub.elsevier.com/retrieve/pii/002839329190085M
https://linkinghub.elsevier.com/retrieve/pii/S0028393210001235
https://linkinghub.elsevier.com/retrieve/pii/S0028393210001235
https://doi.org/10.1016/j.neuroimage.2012.11.020
https://doi.org/10.1016/j.neuroimage.2019.116387
https://linkinghub.elsevier.com/retrieve/pii/S095943880500036X
https://linkinghub.elsevier.com/retrieve/pii/S1090379820301446
https://linkinghub.elsevier.com/retrieve/pii/S1090379820301446
https://doi.org/10.1016/j.nicl.2015.02.018
https://doi.org/10.1016/j.nicl.2015.02.018
https://onlinelibrary.wiley.com/doi/abs/10.1002/hbm.24612
https://onlinelibrary.wiley.com/doi/abs/10.1002/hbm.24612
http://www.ncbi.nlm.nih.gov/pubmed/3128965
https://linkinghub.elsevier.com/retrieve/pii/S1053811907003837
https://linkinghub.elsevier.com/retrieve/pii/S1053811907003837
https://www.apa.org/ptsd-guideline/ptsd.pdf%0A
https://www.apa.org/ptsd-guideline/ptsd.pdf%0A
https://www.apa.org/about/offices/directorates/guidelines/ptsd.pdf
https://www.apa.org/about/offices/directorates/guidelines/ptsd.pdf
https://direct.mit.edu/jocn/article/26/3/501-513/28083
https://direct.mit.edu/jocn/article/26/3/501-513/28083
http://www.liebertpub.com/doi/10.1089/brain.2012.0073
http://www.liebertpub.com/doi/10.1089/brain.2012.0073
https://www.physiology.org/doi/10.1152/jn.00270.2012
https://www.physiology.org/doi/10.1152/jn.00270.2012
https://doi.org/10.1038/427311a
https://doi.org/10.1038/427311a


Page 10 of 10Baudou et al. Journal of Neurodevelopmental Disorders           (2022) 14:15 

•
 
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: 

	39.	 Mechelli A, Crinion JT, Noppeney U, O’Doherty J, Ashburner J, Frack-
owiak RS, et al. Structural plasticity in the bilingual brain. Nature. 
2004;431(7010):757 Available from: http://​www.​nature.​com/​artic​les/​
43175​7a.

	40.	 Carreiras M, Seghier ML, Baquero S, Estévez A, Lozano A, Devlin JT, et al. 
An anatomical signature for literacy. Nature. 2009;461(7266):983–6 Avail-
able from: http://​www.​nature.​com/​artic​les/​natur​e08461.

	41.	 Grafton ST, Hazeltine E, Ivry R. Functional mapping of sequence learning 
in normal humans. J Cogn Neurosci. 1995;7(4):497–510.

	42.	 Hazeltine E, Grafton ST, Ivry R. Attention and stimulus characteristics 
determine the locus of motor-sequence encoding. A PET study. Brain. 
1997;120(1):123–40.

	43.	 Rauch SL, Whalen PJ, Savage CR, Curran T, Kendrick A, Brown HD, 
et al. Striatal recruitment during an implicit sequence learning task as 
measured by functional magnetic resonance imaging. Hum Brain Mapp. 
1997;5(2):124–32 Available from: https://​onlin​elibr​ary.​wiley.​com/​doi/​10.​
1002/​(SICI)​1097-​0193(1997)5:​2%​3C124::​AID-​HBM6%​3E3.0.​CO;2-5.

	44.	 Seidler RD, Purushotham A, Kim SG, Ugurbil K, Willingham D, Ashe J. Neu-
ral correlates of encoding and expression in implicit sequence learning. 
Exp Brain Res. 2005;165(1):114–24.

	45.	 Doyon J, Owen AM, Petrides M, Sziklas V, Evans AC. Functional anatomy 
of visuomotor skill learning in human subjects examined with positron 
emission tomography. Eur J Neurosci. 1996;8(4):637–48 Available from: 
http://​doi.​wiley.​com/​10.​1111/j.​1460-​9568.​1996.​tb012​49.x.

	46.	 Albouy G, Sterpenich V, Balteau E, Vandewalle G, Desseilles M, Dang-Vu T, 
et al. Both the hippocampus and striatum are involved in consolidation 
of motor sequence memory. Neuron. 2008;58(2):261–72.

	47.	 Cerliani L, Mennes M, Thomas RM, Di Martino A, Thioux M, Keysers C. 
Increased functional connectivity between subcortical and cortical 
resting-state networks in autism spectrum disorder. JAMA Psychiatry. 
2015;72(8):767 Available from: http://​archp​syc.​jaman​etwork.​com/​artic​le.​
aspx?​doi=​10.​1001/​jamap​sychi​atry.​2015.​0101.

	48.	 Blais M, Jucla M, Maziero S, Albaret J-M, Chaix Y, Tallet J. Specific cues can 
improve procedural learning and retention in developmental coordi-
nation disorder and/or developmental dyslexia. Front Hum Neurosci. 
2021;15(December):1–12 Available from: https://​www.​front​iersin.​org/​
artic​les/​10.​3389/​fnhum.​2021.​744562/​full.

	49.	 Salman MS, Hossain S, Gorun S, Alqublan L, Bunge M, Rozovsky K. Cer-
ebellar radiological abnormalities in children with neurofibromatosis type 
1: part 2 - a neuroimaging natural history study with clinical correlations. 
Cerebellum Ataxias. 2018;5(1):13 Available from: https://​cereb​ellum​andat​
axias.​biome​dcent​ral.​com/​artic​les/​10.​1186/​s40673-​018-​0092-z.

	50.	 Chabernaud C, Sirinelli D, Barbier C, Cottier J-P, Sembely C, Giraudeau B, 
et al. Thalamo-striatal T2-weighted hyperintensities (unidentified bright 
objects) correlate with cognitive impairments in neurofibromatosis type 
1 during childhood. Dev Neuropsychol. 2009;34(6):736–48 Available from: 
http://​www.​tandf​online.​com/​doi/​abs/​10.​1080/​87565​64090​32651​37.

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

http://www.nature.com/articles/431757a
http://www.nature.com/articles/431757a
http://www.nature.com/articles/nature08461
https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-0193(1997)5:2%3C124::AID-HBM6%3E3.0.CO;2-5
https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-0193(1997)5:2%3C124::AID-HBM6%3E3.0.CO;2-5
http://doi.wiley.com/10.1111/j.1460-9568.1996.tb01249.x
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2015.0101
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2015.0101
https://www.frontiersin.org/articles/10.3389/fnhum.2021.744562/full
https://www.frontiersin.org/articles/10.3389/fnhum.2021.744562/full
https://cerebellumandataxias.biomedcentral.com/articles/10.1186/s40673-018-0092-z
https://cerebellumandataxias.biomedcentral.com/articles/10.1186/s40673-018-0092-z
http://www.tandfonline.com/doi/abs/10.1080/87565640903265137

	Atypical connectivity in the cortico-striatal network in NF1 children and its relationship with procedural perceptual-motor learning and motor skills
	Abstract 
	Introduction: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Participants
	Behavioral tasks
	MRI acquisition
	MRI processing
	Functional connectivity
	Statistical analysis
	Comparison of the behavioral task between groups
	Comparison of functional connectivity between the groups
	Correlation between functional connectivity values and behavioral scores


	Results
	SRTT​
	Cortico-striatal estimated functional network
	Impact of NF1 on the cortico-striatal functional circuit
	Relationship between connectivity in the cerebral regions of the cortico-striatal functional circuits that expressed a significant difference between NF1 and TD children and behavioral scores

	Discussion
	Conclusion
	Acknowledgements
	References


