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A B S T R A C T   

Many neurodevelopmental conditions imply absent or severely reduced language capacities at school age. Evi-
dence from functional magnetic resonance imaging is highly limited. We selected a series of five cases scanned 
with the same fMRI paradigm and the aim of relating individual language profiles onto underlying patterns of 
functional connectivity (FC) across auditory language cortex: three with neurogenetic syndromes (Coffin-Siris, 
Landau-Kleffner, and Fragile-X), one with idiopathic intellectual disability, one with autism spectrum disorder 
(ASD). Compared to both a group with typical development (TD) and a verbal ASD group (total N = 110), they all 
showed interhemispheric FC below two standard deviations of the TD mean. Children with higher language 
scores showed higher intrahemispheric FC between Heschl’s gyrus and other auditory language regions, as well 
as an increase of FC during language stimulation compared to rest. An increase of FC in forward vs. reversed 
speech in the posterior and middle temporal gyri was seen across all cases. The Coffin-Siris case, the most severe, 
also had the most anomalous FC patterns and showed reduced myelin content, while the Landau-Kleffner case 
showed reduced cortical thickness. These results suggest potential for neural markers and mechanisms of severe 
language processing deficits under highly heterogeneous etiological conditions.   

1. Introduction 

Language disorder is not confined to pathologies labeled as such (e. 
g., developmental language disorder or dyslexia), but is found across 
numerous neurodevelopmental conditions, often with severe pre-
sentations. Thus, up to 30% of children with autism spectrum disorder 
(ASD) are estimated to remain non- or minimally verbal throughout 
their lives (Slušná et al., n.d.; Tager-Flusberg & Kasari, 2013; Wodka 
et al., 2013). In neurogenetic syndromes such as Phelan McDermid 
(Wang et al., 2016), Angelman (Alvares & Downing, 1998; Margolis 
et al., 2015), or Coffin-Siris (Schrier et al., 2012), absence of functional 
language development is the rule rather than the exception, while in 
Landau-Kleffner syndrome (Hoshi & Miyazato, 2017; Pearl et al., 2001), 
language capacity regresses after three to seven years of normal lan-
guage development. While children across these conditions will 

typically all score very low results in standardized language tests, un-
derlying etiologies, neural mechanisms, and clinical presentations differ 
widely. As language plays a critical role in cognitive development and 
early learning (Perszyk & Waxman, 2017), illuminating these individual 
differences is key to develop and personalize treatments and to assess a 
given child’s learning potential. 

Even in relatively common disorders such as ASD, only a small 
number of studies (Lai et al., 2012; Wan et al., 2012; Jack & Pelphrey, 
2017 for review) have used magnetic resonance imaging (MRI) to 
investigate the neural basis of failure of functional language develop-
ment. Wan et al. (2012) found atypical right-lateralization in the volume 
of the arcuate fasciculus, a part of the dorsal language processing 
pathway, in four of five minimally verbal children studied. Lai et al. 
(2012) investigated neural responses to speech vs. musical (song) 
stimuli in 23 children with ASD that were classified as minimally verbal, 
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and who showed activations in left inferior frontal gyrus and secondary 
auditory cortex during song but not speech. In rare neurogenetic syn-
dromes, even less is known; and in many cases, no fMRI studies at all 
have been performed. 

The practical challenge of participant compliance when scanning 
children with severe difficulties of communicating verbally and intel-
lectual disability significantly contributes to this dearth of knowledge. In 
the study by Lai et al. (2012), children who could not be scanned 
without sedation were excluded from the functional MRI analyses. A 
pioneering study by Wang et al. (2016) scanned eleven children with 
Phelan McDermid syndrome and nine comparison children with idio-
pathic ASD under light sedation with propofol. The former but not the 
latter group showed selective activity for communicative relative to 
non-communicative vocalizations in the right superior temporal gyrus 
(STG), which also correlated with better orienting toward social sounds. 
In line with this, several previous studies in neurotypical children have 
already successfully used passive listening tasks to map language-related 
changes in the blood-oxygen-level-dependent (BOLD) signal in infants 
and children under propofol sedation (Bernal et al., 2012; Gemma et al., 
2016; Heinke et al., 2004; Liu et al., 2012; Souweidane et al., 1999). A 
replicated finding in this regard is resilience of perceptual processing of 
speech in primary auditory and superior temporal, but not inferior 
frontal cortex, under both propofol (Adapa et al., 2014; Davis et al., 
2007; Gemma et al., 2016; Liu et al., 2012), and sevoflurane (Martuzzi 
et al., 2010). In addition, several studies of adults have found preser-
vation under propofol sedation of functional connectivity (FC) patterns 
in spontaneous BOLD fluctuations in auditory and visual networks 
during resting state fMRI (Boveroux et al., 2010; Naci et al., 2018). The 
latter of these studies not only compared FC across levels of conscious-
ness but also across two conditions, resting and auditory stimulation 
(story listening). Average FC increased significantly during the latter 
relative to resting. 

Motivated by these findings, we here aimed to profile FC patterns in 
auditory language regions across five school-age children and adoles-
cents with severe but highly heterogeneous language impairments. All 
children received MRI evaluations for medical purposes and permissions 
were obtained to include fMRI and DTI in their clinical imaging sessions. 
Inter- and intrahemispheric FC in auditory language regions were 
compared to normative benchmarks from two large comparisons groups, 
one with TD (50) and one with high-functioning ASD (N = 60). In the 
five cases, FC under resting and an auditory language condition 
(bedtime story) were compared. Moreover, the same bedtime story was 
both presented as normal forward and as backward speech. This was 
based on previous evidence that differential activation to forward vs. 
backward speech is even detectable in sleeping neonates (Dehaene- 
Lambertz et al., 2002; Peña et al., 2003; Sato et al., 2012; Vannasing 
et al., 2016). We reasoned that sensitivity of FC to these two specific 
contrasts could illuminate differential linguistic profiles in these chil-
dren. Alongside functional network profiles, we also estimated struc-
tural grey matter morphometry via measures of cortical thickness, 
surface area and myelin content, in order to illuminate potential struc-
tural cortical correlates of differences in language disability. 

2. Methods 

2.1. Participants 

The five individual cases of this study were selected from a special 
school devoted to developmental disorders affecting language. They 
were specifically selected for severe language delays and deviances 
compared to other children in this school. Individual data and test re-
sults from two standardized language tests are summarized in Table 1. 
Diagnoses were as follows: 

Case 1: Autism spectrum disorder (ASD): A 13-year-old boy with 
severe difficulties both in the comprehension and use of language, 
though he can produce speech fluently, particularly when repeating 

utterances (echolalia). Radiological examination of brain structure 
revealed no abnormalities. 

Case 2: Current diagnosis of Idiopathic intellectual disability (ID): A 
15-year-old girl with severe difficulties in expressive language as well as 
reading. At the time of study, she had reached a verbal mental age 
(VMA) of 7 years. Radiological examination of brain structure revealed 
no abnormalities. 

Case 3: Coffin-Siris syndrome (CS): An 8-year-old boy, who shows 
absent speech production and severe comprehension difficulties with a 
VMA of 3 years. Clinical radiological examination revealed dysgenesis of 
the corpus callosum and a megacisterna magna consisting in an 
enlargement of the CSF-filled subarachnoid space in the posterior cra-
nial fossa. CS Syndrome (Schrier et al., 2012) is a rare genetic condition 
caused by a mutation in any of several genes, including the ARID1A, 
ARID1B, SMARCA4, SMARCB1, DPF2, or SMARCE1 genes. Common 
symptoms include mild to severe ID, language delay, delay in motor 
skills, including sitting and walking, hypotonia, and difficulties in 
breathing, feeding, and swallowing. Hearing loss is reported in 30% to 
60% of cases (Schrier et al., 2012; van der Sluijs et al., 2019). 

Case 4: Landau-Kleffner syndrome (LKS): An 11-year-old boy, who 
faced language loss at age 6 but had recovered language capacities by 
the time of study, though not exceeding 6 years of VMA in receptive 
language. Radiological examination revealed an enlargement of the 
lateral ventricles, particularly on the left. LKS (Hoshi & Miyazato, 2017; 
Pearl et al., 2001) is an acquired epileptic aphasia with language 
regression in children following normal acquisition during the first three 
to seven years. 

Case 5: Fragile-X syndrome (FX): A 5-year-old boy, who shows dif-
ficulties in structuring simple sentences, with a VMA of 3 years and 
production restricted to juxtaposed words and simple phrases of 2–3 
elements. Radiological examination of brain structure revealed no ab-
normalities. FX (Willemsen & Kooy, 2017) is caused by a mutation in the 
FMR1 gene causing a range of developmental problems including 
learning disabilities and cognitive impairment. Delayed development of 
speech and language by age 2 is usually seen, and most males and one- 
third of affected females with FX have mild to moderate intellectual 
disability. About one-third of individuals with FX have features of ASD, 
affecting communication and social interaction. 

3. Magnetic resonance imaging acquisitions (Madrid case series) 

MRI data were collected at the Ruber International Hospital, Madrid, 

Table 1 
Participant data and standardized test scores (PPVT: Peabody Picture Vocabu-
lary Test; CEG: Test de Comprensión de Estructuras Gramaticales [test of 
grammatical comprehension]).   

Diagnosis Sex 
(M/ 
F) 

Age at scan 
(years: 
months) 

Verbal Mental 
Age* (PPVT- 
III) (years: 
months) 

CEG* (direct 
punctuation) 

1 ASD (Autism 
spectrum 
disorder) 

M 13;4 6;10 39/48 

2 ID (Intellectual 
Disability) 

F 15;3 7;7 43/62 

3 CS (Coffin-Siris 
syndrome) 

M 8;5 3;2/3;2 31 

4 LKS (Landau- 
Kleffner 
syndrome) 

M 11;4 4;11/6;3 35/52 

5 FX (Fragile-X 
syndrome) 

M 5;8 3;5 19/34 

*VMA and CEG evaluations were performed twice in some children, as indicated 
by two values in the same cell, which indicate an upwards trajectory in all 
children but one. The two tests were performed 5 months before the scan and 
five months after it, respectively. Children with single values reflect an evalu-
ation at the earlier date. 
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on a Siemens Prisma 3 T scanner using a 64-channel head coil. The 
acquisition of a high-resolution T1-weighted structural image (magne-
tization-prepared rapid-acquisition, gradient echo sequence; TR = 2,400 
msec, TE = 2.22 msec, slice thickness = 0.7999 mm, 0.8 mm in plane 
resolution, 208 sagittal slices, matrix size = 300 × 320) was followed by 
a T2-weighted structural image (TR = 3,200 msec, TE = 563 msec, slice 
thickness = 0.7999 mm, 208 sagittal slices, matrix size = 300 × 320). 
T1-weighted images for each child are shown in Fig. 1. After structural 
data was collected, resting state fMRI (no stimuli were presented during 
acquisition) was acquired. One functional run consisting of 264 (8 min 
52 s) functional images sensitive to blood oxygenation level-dependent 
contrast (BOLD; echo planar T2*-weighted gradient echo sequence; TR 
= 2,000 msec, TE = 30 msec, flip angle 80◦, acquisition matrix = 576 ×
576, 4.37 mm in plane resolution, 3.5 mm thickness, no gap, 32 axial 
slices aligned to the plane intersecting the anterior and posterior com-
missures) was acquired. Finally, after the resting state sequence, a fMRI 
language task was carried out. One functional run consisted of 358 (11 
min 39 s) functional images BOLD (echo planar T2*-weighted gradient 
echo sequence; TR = 2,000 msec, TE = 30 msec, flip angle 90◦, acqui-
sition matrix = 612 × 612, 2,35 mm in plane resolution, 3.5 mm 
thickness, no gap, 32 axial slices aligned to the plane intersecting the 
anterior and posterior commissures). The fMRI language task acquisi-
tion parameters of one participant (ASD) were different from the rest of 
the group: one functional run consisted of 240 (11 min 39 s) functional 
images BOLD (echo planar T2*-weighted gradient echo sequence; TR =
3,000 msec, TE = 30 msec, flip angle 90◦, acquisition matrix = 816 ×
816, 2.99 mm in plane resolution, 2.4 mm thickness, no gap, 50 axial 
slices aligned to the plane intersecting the anterior and posterior 
commissures). 

4. fMRI experimental design (Madrid case series) 

For the language task, we used a spontaneous narration of a short 
children story (The snowman by Raymond Briggs) recorded in child- 
directed speech by a female native Spanish speaker. The story was 
divided in 10 blocks (Forward language condition). The average block 
length was 20 s (range = 18.7–21.76 s). Each block contained short 
sentences forming a sequence of complete phrases. The ten blocks con-
taining the original story were then recorded backward (Backward 

language condition). 
First, the Forward language condition blocks were presented in 

order, with 15 s rest periods between blocks where no stimuli were 
presented (Rest condition). Afterwards, the Backward language condi-
tion blocks were presented in order, similarly, with 15 s rest periods in 
between. The off-resting periods were set to 15 s because the BOLD 
response in children returns to baseline levels faster than in adults (see 
Richter and Richter, 2003; Blasi et al. 2011). 

5. Sedation procedure (Madrid case series) 

Anesthesia was induced via a mask with sevoflurane. Immediately 
after, the intravenous line was placed and the child was transitioned to 
an intravenous-based anesthetic with propofol. The initial propofol dose 
was adjusted to render the patient motionless but able to maintain his or 
her airway with a laryngeal mask. Propofol dosage for induction was 1 
mg/kg and after perfusion, a dosage of 8e10 mg/kg/h was administered. 
Dosage was decreased to 6 mg/kg/h until the end of the procedure. 
Both, sevoflurane and propofol have very small side effects and are 
drugs routinely used in pediatric neuroimaging. Duration of sedation 
using both drugs is very small allowing for very fast recovery times 
(Bernal et al., 2012). We took into account the pharmacokinetics of 
sevoflurane in order to ensure that functional tasks were carried exclu-
sively under propofol anesthesia. Because of this, we induced a fast 
transition to propofol anesthesia after sevoflurane and also, we ran the 
first 18 min of the structural imaging part ensuring that the possible 
effect of sevoflurane in subsequent fMRI task was minimal. Indeed, the 
low solubility in blood of sevoflurane induces a rapidly decreasing 
alveolar concentration after cessation of the inhaled agent which is 
linked to very fast recovery times and wash out (Bernal et al., 2012; 
Yasuda et al., 1991). 

6. Magnetic resonance imaging acquisitions (SDSU Cohort) 

MRI data from typical developing (TD) children and adolescents and 
an age, sex and motion matched ASD group were included to compare 
FC patterns in the five cases. Demographic and clinical data are sum-
marized in Table 2. Data were collected at the University of California 
San Diego (UCSD) Center for Functional MRI (CFMRI) on a GE 3 T 

Fig. 1. T1-weighted structural images from the five cases in coronal and axial planes. Clinical radiological examination revealed no abnormalities in the ASD, ID and 
FX cases. In the CS case dysgenesis of the corpus callosum and a megacisterna magna consisting in an enlargement of the CSF-filled subarachnoid space in the 
posterior cranial fossa was detected. The LKS case showed enlargement of the lateral ventricles, particularly on the left. 

A.C. Linke et al.                                                                                                                                                                                                                                 



Brain and Cognition 155 (2021) 105822

4

Discovery MR750 scanner using an 8-channel head coil. A single-shot 
gradient-recalled EPI sequence (180 whole-brain volumes were ac-
quired (TR = 2000 ms; TE = 30 ms; slice thickness = 3.4 mm; flip angle 
= 90◦; FOV = 22.0 mm; matrix = 64 × 64; in-plane resolution = 3.4 
mm2) was used to acquire 6 min of resting state fMRI. High-resolution 
T1-weighted sequences (3D FSPGR; 1 mm isotropic voxel size, NEX =
1, TE = min full, TI = 600, flip = 8◦ FOV = 25.6 cm, matrix = 256x256, 
receiver bandwidth 31.25htz) were collected in each participant. During 
all resting state functional scans, participants were presented with a 
white cross on a black screen and instructed to “Keep your eyes on the 
cross. Let your mind wander, relax, but please stay as still as you can. Try 
not to fall asleep.” Participants’ adherence to the instructions to remain 
awake, with eyes open, was monitored with an MR-compatible video 
camera. Preprocessing and FC analyses were restricted to volumes 
6–170 as described below to match the number of included time points 
across participants. 

7. MRI Preprocessing and analyses (Case series and SDSU 
cohort) 

Structural: Cortical reconstruction and extraction of anatomical var-
iables was performed using Freesurfer version 5.3.0-HCP (http://surfer. 
nmr.mgh.harvard.edu/). The processing included removal of non-brain 
tissue using a hybrid watershed/surface deformation procedure 
(Ségonne et al., 2004), automated Talairach transformation, intensity 
normalization (Sled et al., 1998), tessellation of the gray matter white 
matter boundary, automated topology correction (Fischl et al., 2001; 
Segonne et al., 2007), and surface deformation following intensity gra-
dients to optimally place the gray/white and gray/cerebrospinal fluid 
borders at the location where the greatest shift in intensity defines the 
transition to the other tissue class (Dale et al., 1999; Dale & Sereno, 
1993; Fischl & Dale, 2000). Further data processing and included sur-
face inflation (Fischl, Sereno, & Dale, 1999), registration to a spherical 
atlas which is based on individual cortical folding patterns to match 
cortical geometry across subjects (Fischl, Sereno, Tootell, et al., 1999) 
and parcellation of the cerebral cortex into regions of interest with 
respect to gyral and sulcal structure (Desikan et al., 2006; Fischl et al., 
2004), from which cortical thickness and surface area data were 
extracted. Cortical thickness, calculated as the closest distance from the 
gray/white boundary to the gray/CSF boundary at each vertex on the 
tessellated surface (Fischl & Dale, 2000). Procedures for the 

measurement of cortical thickness have been validated against histo-
logical analysis (Rosas et al., 2002) and manual measurements (Kuper-
berg et al., 2003; Salat et al., 2004) and morphometric procedures have 
been demonstrated to show good test–retest reliability across scanner 
manufacturers and across field strengths (Han et al., 2006; Reuter et al., 
2012). Myelin maps were generated using the Human Connectome 
Project minimal processing pipelines (Glasser et al., 2013), in which 
cortical myelin content is estimated by dividing the T1w image by the 
T2w image and mapping values sampled from mid-thickness onto the 
cortical surface in FreeSurfer. Four bilateral regions from the Desikan 
atlas were included in structural analyses covering primary and sec-
ondary auditory cortices (left and right transversetemporal, superi-
ortemporal, bankssts, and the middletemporal ROIs). 

MRI data for functional connectivity (FC) analyses were pre-
processed, denoised and analyzed in Matlab 2019b (Mathworks Inc., 
Natick, MA, USA) using SPM12 (Wellcome Trust Centre for Neuro-
imaging, University College London, UK), and the CONN toolbox v19b. 

For the functional analysis pipeline, the structural T1-weighted 
image was converted from dicom to nifti format and was coregistered 
to the mean functional image, segmented and normalized to MNI space 
using non-linear registration and the default tissue probability maps 
included with SPM12. The white matter (WM) and cerebrospinal fluid 
(CSF) probability maps obtained from segmentation of the structural 
image for each individual subject were thresholded at 0.9 and eroded by 
1 voxel and time courses extracted from the using aCompCor (Behzadi 
et al., 2007) for subsequent nuisance regression. 

Functional: EPI images motion-corrected using rigid-body realign-
ment and slice-timing corrected as implemented in SPM12. The Artifact 
Detection Toolbox (ART, as installed with conn v19b) was used to 
identify outliers in the functional image time series from the resulting 6 
motion parameters (3 translational and 3 rotational) that had frame- 
wise displacement (FD) > 0.9 mm and/or changes in signal intensity 
that were greater than five standard deviations. In order to ensure that 
none of the findings were due to differences in apparent motion, sub-
sequent analyses for all participants were restricted to volumes 6 to 170. 
This range of volumes was chosen to exclude more extensive motion at 
the beginning of the resting state acquisition by participant LB, motion 
after volume 170 during the resting state acquisition by participant CG. 
The same volumes were analyzed for the auditory stimulation acquisi-
tion when comparing rest and auditory stimulation FC to match duration 
across conditions. 

Functional images were directly normalized to MNI space with the 
same non-linear registration as used for the structural images. Since all 
analyses were run on averaged voxel time series within pre-defined 
ROIs, no prior smoothing was applied to the data. Band-pass filtering 
using a temporal filter of 0.008 to 0.08 Hz was carried out as part of the 
nuisance regression (“simult” option in the conn toolbox) which also 
included scrubbing of the motion outliers detected by the ART toolbox, 
and regression of the 6 motion parameters and their derivatives, as well 
as the first five PCA component time series derived from the CSF and 
WM masks. The residuals of the nuisance regression were then used for 
all subsequent functional connectivity analyses. 

8. FC analyses 

Inter- and intrahemispheric FC during rest and auditory stimulation: FC 
estimates were derived for the rest and auditory stimulation runs sepa-
rately. BOLD time series were averaged across all voxels within four 
bilateral auditory regions of interest (ROIs) (Heschl’s gyrus (HG), pla-
num temporale, posterior STG, posterior MTG) as defined in the 
Harvard-Oxford atlas. Left and right precentral gyrus were also 
included, as control regions in interhemispheric FC analyses. Inter-
hemispheric FC was estimated for each bilateral ROI pair using bivariate 
Pearson correlation standardized with a Fisher z-transform. Intrahemi-
spheric FC was calculated as the average FC between HG and all other 
ROIs in the same hemisphere. Inter- and intrahemispheric FC were 

Table 2 
SDSU cohort.   

TD ASD ASD (low 
VIQ) 

ASD vs. TD 

Sample Size 50 53 7  
Age (yrs) 13.32 

(2.77) 
[8–18] 

13.76 
(2.77) 
[7–18] 

11.2 (1.2) 
[10–13] 

t (101) = 0.82, p 
= .42 

Sex 10F, 40 M 9F, 44 M 0F, 7 M χ2 = 0.16, p = .69 
Handedness 8 L, 42 R 9 L, 44 R 1 L, 6 R χ2 = 0.02, p = .89 
RMSD 0.06 (0.03) 

[0.02–0.13] 
0.061 
(0.03) 
[0.01–0.11] 

0.06 (0.03) 
[0.2–0.098] 

t (101) = 0.19, p 
= .85 

VIQ 108 (9.7) 
[87–133] 

103 (18.04) 
[59–147] 

72 (6.5) 
[59–79] 

t (101) = − 1.74, p 
= .085 

NVIQ 106 (13.36) 
[62–137] 

106 (19.52) 
[53–145] 

97 (17.5) 
[67–118] 

t (98) = − 0.16, p 
= .88 

FIQ 108 (11.09) 
[79–132] 

105 (17.31) 
[61–141] 

83 (11.8) 
[61–96] 

t (98) = − 0.89, p 
= .38 

SRS Total 41.8 (4.81) 
[35–53] 

80.64 
(8.91) 
[58–94] 

83.43 (6.13) 
[79–94] 

t (96) = 27.2, 
p<.001 

ADOS Com N/A 3.88 (1.6) 
[0–8] 

5.86 (1.2) 
[4–8]  

N/A 

ADOS Rep N/A 2.15 (1.35) 
[0–5] 

1.86 (1.2) 
[0–4] 

N/A  
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compared across participants and conditions (rest/auditory) and to the 
SDSU cohorts. A subgroup of SDSU ASD participants (n = 7) with low 
verbal IQ (VIQ < 80; 9–13 years old, all male, one left-handed) is also 
presented separately to aid in the interpretation of FC differences seen 
between the five cases and the SDSU cohort. Results for each case are 
shown individually rather than averaged and no statistics were carried 
out comparing the individual cases to the SDSU cohort due to their very 
distinct etiologies and clinical presentations. Differences in inter- and 
intrahemispheric FC magnitudes between the SDSU TD and ASD groups 
were tested using independent samples t-tests. 

FC during forward vs. reverse speech: Inter- and intrahemispheric FC 
between the four bilateral ROIs was estimated separately for forward vs. 
reverse speech presentation during the auditory stimulation fMRI run 
and were qualitatively compared across participants. Only the two first 
blocks of forward and reverse speech presentation were included in 
analyses, in order to match available high-quality, motion-free fMRI 
data across participants. 

9. Results 

Inter- and intrahemispheric FC during rest: Interhemispheric FC of 
homotopic HG, pSTG, pMTG and PT was low for almost all cases and 
regions when compared to both the SDSU TD and ASD groups (Fig. 2, 
Supplementary Figure S1). Importantly, on the other hand, FC magni-
tude was comparable (within two standard deviations of the SDSU TD 
mean) for interhemispheric FC of preCG in all five children, suggesting 
that the lower FC magnitude observed for homotopic auditory regions 
was not solely due to confounding effects of site or sedation. Reductions 
in interhemispheric FC magnitude was most pronounced for HG and 
pSTG in the child with CS, and for pMTG and PT in the child with Fragile 
X – the two cases with the lowest VMA. The child with idiopathic ID – 
and the highest VMA – was the only case who showed FC magnitudes 
that fell within two standard deviations of the TD mean for all auditory 
regions. Reduced interhemispheric HG FC has previously been associ-
ated with higher ADOS Communication scores in the same SDSU ASD 
cohort (Linke et al. 2018; r = − 0.34, p = .02; partial correlations con-
trolling for age and RMSD; Supplementary Figure S2), suggesting that 
low interhemispheric FC between auditory cortical regions observed in 
the five cases might be related to their severe neurodevelopmental 
language impairment. 

Intrahemispheric FC of HG to other auditory regions was comparable 
to that observed in the SDSU TD group only for the ASD and ID cases 
(with FC magnitudes falling below two standard deviations of the TD 
mean for the three other cases with lower VMAs, Fig. 2B). Intrahemi-
spheric FC was also lower in the SDSU ASD group compared to the TD 
group (t(1 0 1) = − 1.8, p = .076, Cohen’s d = − 0.4), and was further 
reduced in those with low verbal IQ (t(55) = − 2.06, p = .04, Cohen’s d 
= − 0.83; Figure S1), suggesting that low intrahemispheric auditory FC 
might be related to neurodevelopmental language impairment. In the 
SDSU cohort and in the cases with CS and ASD this pattern was more 
prominent in the right hemisphere (i.e. lower intrahemispheric FC in the 
right hemisphere; Supplementary Figure S3) while the LKS case showed 
the opposite asymmetry pattern with substantially lower FC in the left 
hemisphere. 

Inter- and intra-hemispheric FC during auditory stimulation: Compared 
to the resting state, inter- and intrahemispheric HG FC increased during 
auditory stimulation in the ID and LKS cases (Fig. 3A and 3B), as would 
be expected during passive listening as a result of bilateral auditory 
cortex activation even during sedation with propofol (Adapa et al., 
2014; Davis et al., 2007; Frölich et al., 2017; Plourde et al., 2006). For 
pSTG, pMTG and PT, the magnitude of interhemispheric FC was higher 
during auditory stimulation for the CS case as well, while for the ASD 
and FX cases interhemispheric auditory FC was comparable for the two 
conditions or higher during the resting state scan. 

Forward vs. backward speech: Interhemispheric FC of pSTG and pMTG 
was higher during forward speech presentation for all cases (except LKS 
for whom pSTG FC was slightly lower during forward than backward 
speech) while remarkably no clear patterns across cases were obvious 
for HG FC (Fig. 4). Thus, while the ASD and ID cases showed typical 
positive interhemispheric HG FC when presented with forward speech, 
they showed anticorrelations between bilateral HG during reverse 
speech. The children with LKS and FX, on the other hand, showed 
stronger interhemispheric HG FC during reverse speech, while strong 
anticorrelations were observed in the child with CS syndrome during 
passive listening to both forward and reverse speech. 

Cortical thickness, surface area and myelin of auditory regions: Cortical 
thickness of auditory regions (transversetemporal, bankssts, mid-
dletemporal, superiortemporal regions as defined in the Desikan Atlas) 
was generally higher in the right than left hemisphere as is typically 
observed (Kong et al., 2018). However, cortical thickness was 

Fig. 2. A) Interhemispheric FC in auditory regions (HG, pSTG, pMTG, and PT) is reduced in the five cases with profound language impairment compared to the SDSU 
TD group (data shown in gray). FC in preCG fell within two standard deviations of the TD mean for all five cases suggesting that there was no global effect of reduced 
FC as a result of sedation (note, that interhemispheric auditory FC was not reduced as a function of deep sedation in Naci et al., 2018). B) Intrahemispheric FC 
(average FC of HG to other auditory regions in the same hemisphere) was two standard deviations below the TD mean for the CS case (right hemisphere) and CS and 
LKS case (left hemisphere) with the ASD and ID case having the most typical intrahemispheric FC. The LKS case further showed marked hemispheric differences in FC 
with much higher FC in the right than left hemisphere. 
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Fig. 3. FC compared between rest and auditory stimulation with spoken language in HG, pSTG, pMTG and PT for the five cases with profound language impairment. 
Interhemispheric FC increased during auditory language stimulation in HG, pSTG and PT in the ID and LKS case as would be expected but decreased for all regions 
except PT in the ASD case and except for pMTG in the FX case. The child with CS showed the most idiosyncratic pattern of interhemispheric FC changes during 
language stimulation across auditory regions. Intrahemispheric FC between HG and the other auditory ROIs remained similar during language stimulation compared 
to rest in the right hemisphere in all cases but showed an increase in FC magnitude in the left hemisphere for the ID, CS and LSK cases. 

Fig. 4. FC during passive listening to forward compared to reverse speech. In pSTG and pMTG interhemispheric FC was reduced during reverse speech stimulation 
for all five children while changes in FC were more variable across the five cases for HG and PT, with only the child with ID showing a consistent pattern of reduced 
FC while listening to reverse speech for all auditory regions. 
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substantially reduced in the LKS case for all four regions in both hemi-
spheres (but more prominently in the left, Fig. 5). Surface area showed 
the opposite trend, with generally higher surface area in the left than 
right hemisphere in auditory cortical regions. Again, this follows the 
pattern of hemispheric asymmetries seen in the general population with 
primary auditory cortex (transversetemporal in the Desikan Atlas) being 
the region with the strongest leftward asymmetry in a study of 17,141 
individuals (Kong et al., 2018). Surface Area increases with age, but no 
clear age-related pattern could be observed among the 5 cases with 
profound language impairment. Notably, surface area was comparable 
across the FX (5 years, 8 months; male), ID (15 years, 3 months; female), 
and LKS (11 years, 4 months; male) cases, with the highest overall 

surface areas in the ASD (13 years, 4 months; male) and CS (8 years, 5 
months; male) case. Myelin content was highest in primary auditory 
cortex in all five cases, as would be expected (Glasser et al., 2014; 
Glasser & van Essen, 2011). Myelin content was markedly reduced 
across all auditory regions in the CS case and in all regions but primary 
auditory cortex (transversetemporal) in the FX case. However, it is 
possible that in the FX case this pattern reflects an earlier stage of 
maturation due to age. Myelin content was increased across all five 
auditory regions in the LKS case. 

Fig. 5. A) Cortical thickness in auditory regions (using parcels from the Desikan Atlas). The LKS case shows markedly reduced cortical thickness. B) Surface Area of 
the same regions. Total left and right hemisphere surface areas are given as well. Surface Area increases with age but no clear age-related pattern could be observed 
among the 5 cases with profound language impairment. Notably, surface area was comparable across the FX (5 years, 8 months; male), ID (15 years, 3 months; 
female), and LKS (11 years, 4 months; male) cases with the highest overall surface areas in the ASD (13 years, 4 months; male) and CS (8 years, 5 months; male) case. 
C) Myelin content was calculated as the T1/T2 ratio and was substantially reduced in the child with CS. 
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10. Discussion 

These results reveal both a shared (or non-specific) neural index of 
severe language dysfunction across our etiologically heterogeneous 
cases, as well as some differentiating marks between them, which are 
meaningful in relation to their individual behavioural language scores. 
As for the former, low interhemispheric connectivity across all auditory 
language regions united all cases, while differences in intrahemispheric 
FC were aligned with behavioral manifestations of language impairment 
(VMA and CEG). Thus, the participant with ID and the highest VMA (7;7 
years) and CEG scores had the highest FC values (most comparable to 
typical children of this age) across all regions and comparisons, while 
the participant with CS Syndrome and the lowest VMA (3;2) and CEG 
scores showed FC in the lowest range throughout, including very atyp-
ical anti-correlations in interhemispheric HG, pSTG and intrahemi-
spheric FC on the right. 

The participant with ID, moreover, showed similarities to the 
participant with the second-highest VMA and CEG scores (ASD), with 
intrahemispheric FC close to the neurotypical mean; and to the LKS case 
(third-highest VMA) with an expected pattern in the contrast between 
FC at rest and under language-stimulation (i.e. higher or unchanged FC 
but during language stimulation compared to resting state FC). Docu-
mented correlations between reduced inter- and intrahemispheric con-
nectivity and social-communication and verbal IQ scores, respectively, 
in ASD (see Fig. S1-2), further suggest that these measures map mean-
ingfully onto behavioral language profiles. Indeed, increased inter- 
hemispheric connectivity alongside better language outcomes have 
been directly linked to corpus callosum morphology, the agenesis of 
which, in turn, leads to connectivity disruptions related to cognitive and 
language impairments (Bartha-Doering et al., 2021; Hinkley et al., 
2012). Corpus callosum abnormalities are a common finding not only in 
ASD, but also in CS Syndrome or ID (Alamri et al., 2020; Demily et al., 
2019; Linke et al., 2018). 

These results raise the question of why the ASD but not the LKS case 
showed a more surprising pattern in the rest-vs.-language contrast, with 
FC paradoxically decreasing under language stimulation compared to 
rest, both intrahemispherically and interhemispherically (except in the 
PT). We speculate that this may relate to the pathological mechanism 
behind language impairments in LKS and ASD. LKS is an acquired 
epileptic aphasia affecting auditory processing, which follows several 
years of normal language development, while ASD is a developmental 
condition, in which language is affected from its earliest manifestations 
(e.g. in babbling: Patten et al., 2014, or in early brain responses to 
language: Eyler et al., 2012; Redcay & Courchesne, 2008). Moreover, 
although auditory language processing anomalies in ASD are clearly 
prominent (O’Connor, 2012), individuals with ASD can show even 
greater proficiency in tasks with simple, low-level auditory stimuli (e.g., 
pitch discrimination: Bonnel et al., 2010). Language difficulties in ASD, 
however, clearly go beyond auditory perception of language, extending 
to deeper semantic levels and affecting comprehension and the grasp of 
language in its normal use to communicate thoughts in social in-
teractions (Boucher, 2012; Hinzen et al., 2019). A history of fluent 
echolalia in our particular ASD case additionally reveals that auditory 
processing of language as such is not the issue. This may explain the 
above anomalous patterns of FC in the comparison of language vs. rest 
seen in this ASD (and the FX) case, but not the LKS case. The same ap-
plies to a similarly anomalous pattern in the comparison between for-
ward and backward speech, where intrahemispheric FC (and 
interhemispheric FC in the TP) in the ASD case paradoxically increased 
for backward speech relative to forward, whereas in the ID case it 
decreased, in accordance with expectations. 

Similar observations can be made when contrasting the ASD with the 
ID case. Children with ASD and ID experience marked delays as well as 
deviance in language development, even when compared to intellectu-
ally disabled groups matched on a test of nonverbal mental age (Bar-
tolucci et al., 1980). Moreover, when matching ASD children to children 

with specific language impairment (developmental language disorder), 
the former did not differ from the latter in typical measures used to 
identify language disorder (e.g., syntactic errors), but their language 
development was also more severely impaired, showing signs not only of 
delay but also deviance (Bartak et al., 1975, 1977). Against this back-
ground it is tempting to view the above FC pattern as illustrating relative 
intactness of the cerebral language network in the idiopathic ID (and, 
less clearly, LKS) cases, while illustrating relatively more severe anom-
aly or deviance in the ASD case, where language is affected at a deeper 
level. Further in line with this speculation, speech in our ASD case is 
highly normal behaviourally (as shown by a history of highly fluent 
echolalia), while language is clearly not. The ID case may show the 
opposite dissociation, as speech (production and perception) is highly 
impaired, while there is no behavioural indication from the use of lan-
guage that there is a deeper problem in grasping the essence of language 
or how it functions communicatively. Put differently, a problem with 
speech perception and production may cause an ‘access’ problem to 
language in the latter (ID) case, while language dysfunction in ASD (and 
FX) is likely more than that of a blocked sensory-motor access. 

Continuing this line of thought, LKS as an aphasic syndrome 
involving an acquired loss of normal linguistic competence may be 
analogous to adult post-stroke aphasic syndromes, which have been 
described as a problem of ‘access’ as well. In the words of Hula & McNeil 
(2008: 169), the access hypothesis maintains that, in aphasia, ‘language 
mechanisms are fundamentally preserved and that aphasic language 
behaviours are instead due to impairments of cognitive processes sup-
porting their construction’. Among multiple evidence for this proposal is 
evidence from fMRI, which shows that functional language networks in 
aphasia resemble normal language control networks (Kiran et al., 2015; 
Ramage et al., 2020; Stefaniak et al., 2020) though in the dynamics of 
language recovery, right-hemisphere homologous regions may be 
temporarily recruited depending on the extent of left-hemisphere dam-
age in core language regions (Saur et al., 2006). Similarly, the present 
study gives several indications of a right-shift in language function in the 
LKS case, including higher FC in the right than left hemisphere, and a 
more pronounced reduction of cortical thickness on the left than on the 
right. One previous single-case fMRI study (Datta et al., 2013) has 
already demonstrated that language functions in LKS can be reorganized 
from left to right. 

Finally, LKS was also the only case to show increased grey matter 
myelin content alongside decreased cortical thickness across the audi-
tory regions, in line with evidence of a relation between these two 
variables that has been independently established (Glasser & van Essen, 
2011). Cortical myelin has been noted to impede axonal and synaptic 
growth (Filbin, 2003), which may obstruct cortical neuronal plasticity in 
areas that require higher developmental neuronal remodeling such as 
the lateral temporal lobe (Timmler & Simons, 2019). Reduced myelin 
content, on the other hand, as observed in the FX and CS cases, may give 
rise to abnormal generation of synaptic connections. Interestingly, CS 
showed the most striking pattern of inter- and intrahemispheric FC 
anticorrelations, while both CS and FX failed to exhibit an expected 
differentiation between FC during language and at rest, with striking 
anti-correlations seen during language in both cases. 

11. Limitations 

The data from our five cases were obtained under sedation, and data 
from the comparison groups were not. The latter moreover were ob-
tained from a different MRI scanner and site. However, the primary 
focus of this study were our five cases, which we aimed to compare 
against each other and their associated behavioural profiles. The control 
groups were added as we considered it valuable to show typical FC 
patterns for the selected regions in a large typically developing sample 
as well as in children and adolescents with ASD, who often present with 
language impairments. Application of MRI scanning under sedation has 
permitted us to obtain high quality data void of confounds associated 
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with short acquisition times (Lai et al., 2012) or extraction of volumes 
with high degree of movement (Gabrielsen et al., 2018). Moreover, in-
side our group, high heterogeneity was seen which aligned with 
behavioural differences, suggesting no generic effect of sedation. In 
addition, when comparing FC across groups, fundamental deviations in 
FC were seen in auditory language processing regions, but not the pre- 
central gyrus, which we added as a control region, again suggesting 
no generalized effect of sedation or scanner. As noted above, previous 
studies of language networks under sedation have also suggested that 
sensory FC patterns in temporal regions to be less affected than func-
tional activations. Finally, we saw similar patterns across the five cases 
for the structural and functional data (in terms of which child showed 
the most atypical results), with the structural data not affected by 
sedation. In short, while, ideally, the data from the five cases would have 
been collected under the exact same conditions as those in the control 
groups, it would not be ethical to conduct research scans on healthy TD 
children under sedation. 

12. Conclusions 

This study has examined a collection of rare cases of severe language 
impairment with very different etiologies, all assessed using the same 
neuroimaging protocol. We conclude that FC patterns across auditory 
language regions along with morphometric cortical measures of these 
regions are promising neural markers for shedding more light on lan-
guage function in children with severe language impairments, who often 
cannot be scanned awake. The patterns in question depict a neural di-
versity that meaningfully maps onto a behavioural linguistic diversity. 
Insights for treatments will depend on broadening the range of neuro-
developmental syndromes investigated with fMRI and similar measures, 
to better understand the meaning of these neural markers and create 
more individualized neurocognitive profiles, on which treatment and 
educational strategies can then be based. 
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