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normalities and neuropsychological features have yet been performed. In this study we investigate neuroana-
tomical findings, neurofunctional pathways and cognitive functioning of Shwachman-Diamond syndrome

ls(ﬁj‘:vv;ggfns'an_])iamond syndrome subjects compared with healthy controls. To be eligible for inclusion, participants were required to have
Cognitive impairment known SBDS mutations on both alleles, no history of cranial trauma or any standard contraindication to magnetic
Structural MRI resonance imaging. Appropriate tests were used to assess cognitive functions. The static images were acquired on
Functional MRI a3 x 0T magnetic resonance scanner and blood oxygen level-dependent functional magnetic resonance imaging
Diffusion tensor imaging data were collected both during the execution of the Stroop task and at rest. Diffusion tensor imaging was used to
Tract-based Spatial Statistics assess brain white matter. The Tract-based Spatial Statistics package and probabilistic tractography were used to

characterize white matter pathways.

Nine participants (5 males), half of all the subjects aged 9-19 years included in the Italian Shwachman-Diamond
Syndrome Registry, were evaluated and compared with nine healthy subjects, matched for sex and age. The pa-
tients performed less well than norms and controls on cognitive tasks (p = 0.0002).

Overall, cortical thickness was greater in the patients, both in the left (+10%) and in the right (415%) hemi-
sphere, significantly differently increased in the temporal (left and right, p = 0.04), and right parietal (p =
0.03) lobes and in Brodmann area 44 (p = 0.04) of the right frontal lobe. The greatest increases were observed
in the left limbic-anterior cingulate cortex (>43%, p < 0.0004). Only in Broca’s area in the left hemisphere did
the patients show a thinner cortical thickness than that of controls (p = 0.01).

Diffusion tensor imaging showed large, significant difference increases in both fractional anisotropy (+37%,
p < 0.0001) and mean diffusivity (+35%, p < 0.005); the Tract-based Spatial Statistics analysis identified six ab-
normal clusters of white matter fibres in the fronto-callosal, right fronto-external capsulae, left fronto-parietal,
right pontine, temporo-mesial and left anterior-medial-temporal regions. Brain areas activated during the
Stroop task and those active during the resting state, are different, fewer and smaller in patients and correlate
with worse performance (p = 0.002).

Cognitive impairment in Shwachman-Diamond syndrome subjects is associated with diffuse brain anomalies in
the grey matter (verbal skills with BA44 and BA20 in the right hemisphere; perceptual skills with BA5, 37, 20, 21,
42 in the left hemisphere) and white matter connectivity (verbal skills with alterations in the fronto-occipital
fasciculus and with the inferior-longitudinal fasciculus; perceptual skills with the arcuate fasciculus, limbic and

Abbreviations: BOLD, blood oxygen level-dependent; BA, Brodmann area; CTA, cortical thickness analysis; DTI, diffusion tensor imaging; EPI, Echo-planar Imaging; FA, fractional anisotropy;
FDT, Diffusion Toolbox; GLM, General Linear Model; ICA, independent component analysis; MD, mean diffusivity; PD, parallel diffusivity; PT, probabilistic tractography; RD, radial diffusivity;
rs-fMRY, resting state fMRI; SDS, Shwachman-Diamond syndrome; TBSS, Tract-based Spatial Statistics.
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ponto-cerebellar fasciculus; memory skills with the arcuate fasciculus; executive functions with the anterior
cingulated and arcuate fasciculus).
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Shwachman-Diamond syndrome (SDS) (Shwachman et al., 1964) is
a rare autosomal recessive disorder resulting from mutations in the
SBDS gene on chromosome 7q11 (Boocock et al., 2003). The SBDS
gene is highly expressed in rapidly proliferating tissues, but it was
found to be expressed in all embryonic stages and most adult tissues,
including in the brain (Zhang et al., 2006). Phenotypically, SDS is princi-
pally characterized by exocrine pancreatic insufficiency, bone marrow
dysfunction and skeletal dysplasia (Cipolli, 2001). In early clinical
descriptions of SDS (Bodian et al., 1964; Shwachman et al., 1964), con-
tradictory data on psychomotor development were reported. Subse-
quently, three studies compared cognitive functioning in SDS children
with healthy siblings and/or children with other chronic diseases, such
as cystic fibrosis. Cognitive impairment has been noted in the majority
of these patients, albeit with intragroup variability (Kent et al., 1990;
Kerr et al., 2010; Perobelli et al., 2012); this has a serious impact on qual-
ity of life, limiting independence and socialization (Perobelli et al.,
2012). With regard to aetiology, cognitive impairment was clearly char-
acterized as primary, being independent of the family environment,
malnutrition or suffering from a chronic illness (Kent et al., 1990; Kerr
et al,, 2010). The SBDS gene is expressed in all mammalian tissues, but
little is known on imaging features or the histopathology of the brain.
Two SDS subjects, a neonate with delayed myelination on MRI and an
infant with agenesis of the corpus callosum on a CT scan, were described
(Kamoda et al., 2005; Todorovic-Guild et al., 2006). More recently, two
neuroimaging studies reported findings of SDS patients compared with
sex-/age-matched healthy controls. A structural MRI study (Toiviainen-
Salo et al., 2008) in nine patients with a wide age range (7-37 years: one
child, three adolescents, five adults) reported decreased global brain
volume, affecting both grey matter and white matter. In another study
(Booij et al., 2013), structural MRI and single photon emission comput-
ed tomography in six SDS patients (12-26 years: two adolescents, four
young adults) demonstrated smaller brain volumes, particularly poste-
riorly and caudally, and a dysregulated dopaminergic system. Neither of
these studies performed cognitive evaluations. At present we do not
have comprehensive studies that have considered and correlated neu-
roanatomical findings and neuro-cognitive performance to define the
neuro-psychological phenotype of Shwachman-Diamond syndrome.

The growing consensus is that cognition is the result of the dynamic
interaction of distributed brain areas linked within large-scale networks
and connected by white matter tracts, rather than single cortical areas
(Catani and ffytche, 2005; Catani and Mesulam, 2008; Ross, 2010;
Bartolomeo, 2011). In a review of 37 studies, Jung and Haier (2007)
developed a model (Parieto-Frontal Integration Theory) by which
“variations in a distributed network predict individual differences
found on intelligence and reasoning tasks .... White matter regions
(i.e. arcuate fasciculus) are also implicated”. Neuroimaging is a non-
invasive technology that allows “in vivo” explorations of the brain struc-
ture and functioning and the brain development/maturation in typically
and abnormally developing children. Characteristics of the grey and
white matter are considered important determinants of interindividual
differences in cognition (Luders et al., 2009). Cortical thickness (Catani,
2006; Lu et al., 2009; Tamnes et al., 2010; Goh et al., 2011), diffusion ten-
sor imaging (DTI) measures (Smith et al., 2006; Chanraud et al., 2010;
Freilich and Gaillard, 2010; Govindan et al., 2010a; Schmithorst and
Yuan, 2010; Hegarty et al.,, 2012), Tract-based Spatial Statistics (TBSS)
(Smith et al., 2006; Govindan et al., 2010b) and blood-oxygen-level-
dependent (BOLD) signals (Freilich and Gaillard, 2010; Vlooswijk et al.,

2010) are used as good parameters of grey matter maturation, micro-
structure integrity of white matter and brain activity respectively.

In the present study we adopted a multi-modal approach including
general and specific neurocognitive tests, structural MRI, diffusion ten-
sor imaging and tract based spatial statistics. We also used functional
MRI to investigate brain activation and performance during an atten-
tional colour-word task (Stroop test) (McLeod, 1991) and to detect
the areas still active when the brain is “at rest” (the so called “default
mode network”). The goal of our study was to describe and compare char-
acteristic neuroanatomical findings, neurofunctional pathways and cogni-
tive performance in an SDS group matched to healthy subjects.

We hypothesized that the cerebral areas mostly responsible for
cognitive impairment (Catani, 2006; Jung and Haier, 2007; Sowell
et al., 2008; Leech and Sharp, 2013) may be identified in the prefrontal,
parietal and occipital cortices, and that impaired connectivity between
the posterior and frontal areas may be found in SDS subjects.

2. Materials and methods

2.1. Participants

Ten individuals with SDS, aged 9-19 years, responded to the SDS
Association’s public invitation to participate in the study. These patients,
accounting for half of all the subjects for this age group in the Italian SDS
Registry, were included only if they carried one of the known SBDS
mutations on both alleles. Nine healthy subjects, matched for gender
and age, also participated in the study. The exclusion criteria were, for
both groups: previous history of cranial trauma with loss of conscious-
ness, or any of the standard contraindications to MRI. In order to avoid se-
dation, patients were only included if they were more than 8-year-old.

All subjects were fully informed about the study during personal
discussions, both alone and with their parents. Explanations included
an audio-visual session on the MRI procedure presented by a clinical
psychologist, after which one child declined to proceed.

None of the subjects were affected by neuropsychiatric syndromes
or were taking neuropsychiatric medication.

2.2. Assessment of cognitive performance and behaviour

All subjects underwent cognitive testing, designed to assess general
and specific cognitive functions. We employed: a) the full Wechsler
Intelligence Scale according to each patient’s age (normal values
100 £ 15) (Wechsler D., 1981; Wechsler D., 1991). The following
parameters were calculated: Full Scale Intelligence Quotient (FSIQ),
Verbal IQ (VIQ), Performance IQ (PIQ), Verbal Comprehension, Perceptual
Organization, Freedom From Distractibility and Processing Speed. The
sub-test scores (normal values 10 + 3) were also calculated; b) the
Beery-Buktenica Developmental Test of Visual-Motor Integration (nor-
mal values 10 £ 3), plus the two supplementary Visual and Motor
Tests, were administered to assess potential deficits in visual perception
or in motor coordination or in their integration (Beery KE. and
Buktenica N.A., 1997); c) the Test of Memory and Learning was used
with all its components, including Verbal, Non-verbal, Composite Memo-
ry and Delayed Recall, in order to identify subjects with disturbed reten-
tion of information (Reynolds and Bigler, 1994); d) the Wisconsin Card
Sorting Test was administered as a measure of executive function
(Heaton RK. et al,, 1981).

The tests were administered and scored by a senior clinical psy-
chologist, experienced in paediatric psychometric assessment. Parents
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provided information on the children’s medical history and completed
the Child Behavior Checklist (Achenbach, 1991) for the assessment of
the child’s social competence, emotional state and behaviour. The battery
of tests was split into two parts, to be administered on two consecutive
days, in order to avoid excessive fatigue and consequent bias when
assessing intellectual functions. The order of testing was the same for all
subjects.

2.3. Image acquisition and processing

All subjects underwent a head MRI. Images were acquired with a
3.0 T Siemens scanner (Siemens Allegra, Erlangen, Germany), using a
standard head-coil. Foam pads and headphones were used to reduce
head motion and scanner noise. Acquisition, analysis and processing of
MRI images are detailed in the SI text. Briefly, the procedure included
the steps detailed below:

a High resolution morphological 3D T1 weighted images (MPRAGE,
TR = 1840 ms; TE = 2.83 ms; matrix = 256 x 256; slices = 160;
slice thickness = 1 x 1 x 1 mm) were acquired with the Brain Voy-
ager QX software (Brain Innovation, Maastricht, The Netherlands,
http://www.brainvoyager.com) for cortical thickness analysis
(CTA). This allows measurement of individually segmented cortical
hemispheres and calculation of individual and group thickness values
within any region of interest and Brodmann areas (BAs) (Brodmann,
1909). The cortical thickness measurements were analysed following
the Laplace method (Jones, 2000). For each subject, the high resolu-
tion T1 image was routinely examined by a trained neuroradiologist
for any significant structural anomalies:

b Blood oxygen level-dependent (BOLD) fMRI data were collected by
using an Echo-planar Imaging (EPI) sequence, with axial slices parallel
to the antero-posterior commissure (EPI TR = 2500 ms; TE = 30 ms;
matrix = 64 x 64; slice = 36; slice thickness = 3.2 mm; 130 mea-
surements). To investigate the differences in the pattern of activation
of the neural circuits, a word-colour attentional Stroop task was used
(Mc Leod, 1991). Resting state fMRI (rs-fMRI, EPI TR = 2610 ms; TE =
30 ms; matrix = 64 x 64; slice = 36; slice thickness = 3 mm; 200
measurements) was used to evaluate regional interactions when the
subject was not performing an explicit task. This approach reflects
structural connectivity within the default mode network, a set of
brain regions - including the medial prefrontal cortex, medial
temporal lobes and posterior cingulate cortex/retrosplenial
cortex — implicated in episodic memory processing.

¢ Diffusion tensor imaging (DTI) was acquired in 30 directions,
using values of B = 0 (B0) and B = 700 s/mm? (TR = 9000 ms;
TE = 87 ms; matrix = 128 x 128; slices = 60; slice thickness =
1.9 x 1.9 x 1.9 mm) for an indication of the microstructure of
white matter.

DTl is sensitive to the direction and extent of the diffusion of water in
the brain, which is hindered by myelin sheaths and cell membranes and
influenced by the level of myelination and axonal density. This diffusion
is typically quantified by two derived measures: a) fractional anisotropy
(FA), an index of the directionality of diffusion in each voxel, which
reflects axonal diameter, axonal density and fibre tract complexity;
b) mean diffusivity (MD), representing apparent mobility of water
which reflects cellular density and extracellular volume and relates to
the volume fraction of the interstitial space. Parallel diffusivity (PD) and
radial diffusivity (RD) were also derived, as more specific sources of addi-
tional information concerning potential cellular impairment and spatial
orientation of fibres. The total MRI examination time was 40 min.

2.4. Statistical analysis

Demographic and clinical data were expressed as mean values (SD)
and median (range) for continuous variables, and as numbers and

frequencies for categorical variables. Comparison between the cases
and controls was done with the Mann-Whitney test (for cognitive
tests, Stroop test, cortical thickness, FA and MD); the Spearman rank-
correlation was calculated between cognitive performance and cortical
thickness/white matter clusters. For all the analyses, an a priori decided
significance level of p < 0.05 corrected (Bonferroni and FDR) was
considered to be statistically significant. Spatial pre-processing and sta-
tistical inference testing of fMRI and rs-fMRI data were carried out using
the software package Brain Voyager QX version 2.4 (Brain Innovation,
Maastricht, The Netherlands, http://www.brainvoyager.com). Analysis
was performed using the General Linear Model (GLM) for serially
auto-correlated observations (Friston et al., 1994). The fMRI and
rs-fMRI maps were submitted to a one-way repeated-measures
ANOVA, to identify the regions of interest showing a main effect of
condition. Predictors were compared, in each task on which the
two groups differed significantly (p < 0.05, false discovery rate), to
threshold statistical maps. In order to protect against false positives
due to multiple comparisons, a contiguity threshold (minimum spa-
tial extent) of 10 voxels was employed. Resting-state functional
connectivity was calculated by independent component analysis
(ICA) (Hyvarinen and Qja, 2000).

DTI images were statistically compared for regional differences
using the Diffusion Toolbox (FDT) and the Tract-based Spatial Statistics
(TBSS) package from FMRIB’s Software Library (FSL, http://www.fmrib.
ox.ac.uk/fsl/). The set of mean images for each subject was used to
construct the diffusion tensor and to create maps of FA, RD, PD and
MD, using DTIFIT from FSL. The TBSS method was used to minimize
the potential misalignment problems of other voxel-based whole-
brain analysis methods, by determining a white-matter “skeleton”
restricted to the centre of the major white matter tracts, and mapping
FA and MD values from each individual directly onto this standard
skeleton for group comparison. A region of interest mask was manually
generated for each of the significant clusters identified in the TBSS anal-
ysis. This was done by including only the voxels that showed a signifi-
cant difference in FA (p corrected < 0.05).

To further characterize the origins and pathways of the white matter
tracts in which abnormalities in FA were found, the probabilistic
tractography (PT) method within the FSL software was used. Thus we
obtained probabilistic connectivity maps representing the most likely
paths extending from the clusters with abnormal FA. The cortical origins
and endpoints of these connectivity paths were reported, based on an
anatomical labelling template.

Statistical analysis was done with SAS, version 9.2 (SAS Institute Inc.,
Cary, NC, US).

This study was approved by the Ethics Committee of the Azienda
Ospedaliera Universitaria di Verona.

3. Results

3.1. Participant characteristics, cognitive performance and behaviour

Demographic information and neurocognitive test scores are re-
ported in Table 1, where SBDS mutations are also reported. Verbal
and performance intelligence scores, as well as total score, were sig-
nificantly lower in SDS patients, compared both to controls and to
normal values. Overall, intellectual reasoning abilities of SDS
patients ranged from severely impaired (score: 65) to normal (score:
97), with four SDS subjects showing scores below 1 SD (range 65-84;
1st-10th percentiles).

On visual-motor integration tasks, there were no significant
differences.

All scores of verbal and non-verbal memory parameters were signif-
icantly lower in SDS patients.

On the executive function test (Wisconsin Card Sorting Test) eight
SDS subjects did more perseverative errors (17% vs. 7%; p = 0.05,
n.s.); one SDS child was not able to conclude the test.
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Table 1
Demographic and clinical characteristics and cognitive performance of patients with
Shwachman-Diamond syndrome (SDS) and healthy controls.

SDS (n=19) Controls (n =9)
Gender (M/F) 5/4 5/4
Age (mean =+ SD and range) 135+ 3.1 13.7 £ 3.2
(9-19) (10-18)

Schooling mainstream

Parents’ attained grade

Elementary/middle school

Junior high school

High school

College/university

SBDS mutations
258+2T>C/183-184TA>CT
258+2T>(C/258+2T>C
258+4-2T>C/352A>G
258+2T>(/183-184TA>CT+ 258 +2T>C

9 (2 with help) 9

NOA ;G
NS, IS, BN

-’

Test Median (range) Median (range)

Wechsler Scale
FSIQ 87 (65-97) 119 (92-139) 0.0002
vIQ 82 (71-103) 119 (95-145) 0.0002
PIQ 84 (65-117) 114 (85-123) 0.002

Index scores

Verbal Comprehension 84 (74-106) 119 (97-128) 0.0005
Perceptual Organization 85 (69-105) 107 (83-128) 0.004
Freedom From Distractibility 88 (66-103) 115 (97-130) 0.0002
Processing Speed 85 (68-112) 97 (91-112) 0.12
Subtests
Information 7 (4-12) 12 (7-17) 0.01
Similarities 8 (7-11) 12 (9-15) 0.0008
Arithmetic 7 (5-10) 13 (7-14) 0.001
Vocabulary 9(3-12) 14 (8-17) 0.001
Comprehension 6(1-11) 13 (9-16) 0.001
Digit span 8 (3-12) 14 (9-17) 0.0003
Picture completion 8 (5-14) 11 (8-14) 0.06
Coding 6 (3-11) 9(7-12) 0.12
Picture arrangements 7 (4-11) 11 (8-15) 0.007
Block design 7(2-12) 11 (6-16) 0.02
Object assembly 9(6-11) 11 (7-14) 0.06
Symbol search 10 (6-14) 10 (9-13) 034
Mazes 9 (5-15) 10 (7-12) 0.31
VMI
Visual-motor integration 8 (6-13) 9 (6-16) 038
Visual 9 (4-13 10 (7-14) 0.62
Motor 8 (5-12 11 (7-14) 0.12
WCST
% perseverative errors 17 (3-38)° 8 (0-17) 0.11
TOMAL — centile (range)
Verbal memory 49 (23-87) 84 (32-97) 0.02
Non-verbal memory 26.5 (5-70) 79 (23-99) 0.002
Composite memory 35(19-82) 82 (27-99) 0.007
Verbal delayed recall 61 (16-84) 84 (55-91) 0.05
CBCL (T scores)
Activities” 33 (25-55) 46 (33-55) 0.04
Socialization” 42.5 (33-54) 55 (42-55) 0.009
School® 43.5 (26-51) 52 (45-54) 0.003
Total competencies” 33.5(25-41) 53 (35-80) 0.001
Internalizing problems® 51.5 (46-61) 57 (49-66) 0.05
Externalizing problems® 49 (38-57) 46 (43-69) 0.61
Total problems® 54 (43-59) 50 (45-66) 0.69

FSIQ = full scale intelligence quotient; VIQ = verbal intelligence quotient; PIQ = perceptual
intelligence quotient; VMI = visual-motor integration; WCST = Wisconsin card sort test;
TOMAL = Test of Memory and Learning; CBCL = Child Behaviour Checklist.

2 One SDS patient was not able to conclude the test, so the result was calculated on the
scores of 8 SDS subjects.

> Normal values: T score > 35.

¢ Normal values: T score < 60.

In the Child Behaviour Checklist (Table 1), patients with SDS showed
deterioration in both school activities and socialization, without signifi-
cant emotional/behavioural problems.

3.2. Cortical thickness

Colourimetric maps were superimposed to show differences in
cortical thickness between groups and hemispheres (Fig. 1A). Over-
all, cortical thickness was greater in SDS patients, both in the left
(+10%) and in the right (4+15%) hemisphere and significantly in-
creased in the temporal (left and right, p = 0.04) and right parietal
(p = 0.03) lobes. The greatest increases were observed in the left
limbic-anterior cingulate cortex (>43%, p < 0.0004). Cortical thick-
ness resulted to be increased in all the BA of the right frontal, signif-
icantly increased in BA44. Only in the left hemisphere of Broca’s area
(BA44, BA45) did SDS patients show a thinner cortical thickness
than controls (Fig. 1B).

3.3. fMRI: blood oxygen level dependent signals

3.3.1. Brain activation during the Stroop task

During fMRI the activated brain areas in SDS subjects differed from,
and were smaller than those activated in controls, both when performing
a task (Fig. 2I) and in the resting state (Fig. 2II). SDS subjects performed
the Stroop task at the same time as controls, but with more errors (for
both congruent and incongruent stimuli) (Table 2A).

3.3.2. Brain activation at-rest: the default mode network
ICA of the BOLD signal in the resting condition showed different, and
reduced, neuronal network recruitment in SDS (Table 2B).

3.4. White matter connectivity

DTI showed large, consistent and significant differences between
SDS and control subjects, in both FA and MD (in SDS, +37% and +35%
respectively, p < 0.001) (Fig. 3A; SI Table 1)

FA data were subjected to voxelwise TBSS analysis. The analysis
identified six clusters where FA was significantly higher in SDS subjects
than in controls.

For the six clusters identified, the higher FA values in the SDS group
resulted from increased diffusion not only along the primary direction,
but also along the secondary and tertiary directions.

The connectivity maps representing the most likely pathways
extending to and from each cluster identified in the TBSS analysis are
shown in Fig. 3B.

3.5. Brain anomalies and cognitive performance

SDS subjects showed several cortical areas whose thickness shows a
significant negative correlation with cognitive performance. This was
particularly evident in the temporal, parietal and cingulate regions,
whose thickness correlated negatively with performance in verbal
reasoning, perceptual reasoning and memory. With regard to the
six clusters where white matter was significantly altered, FA values
in cluster 1 (fronto-callosal) correlated with a worse performance in
executive functions; cluster 2 (frontal/external capsulae) and clus-
ter 5 (anterior/medial/temporal) correlated negatively with verbal
performance; cluster 3 (fronto-parietal) negatively correlated with
perceptual skills, verbal/non-verbal memory and executive func-
tion; FA values in cluster 4 (pontine) correlated negatively with
visual-motor integration function and cluster 6 with perceptual
skills (Table 3; SI Table 2).

4. Discussion

The results of this study show diffuse alterations in grey and white
matter associated with cognitive impairment in SDS subjects. To our
knowledge, this is the first study that concurrently investigates brain
structure and cognitive performance in SDS patients and healthy sub-
jects, matched for age and gender.
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Fig. 1. Differences in cortical thickness between groups and hemispheres. A) Right and left hemispheres, 3D reconstruction in SDS and control subjects. Upper row: lateral views. Lower
row: mesial views. Colourimetric maps show differences in cortical thickness between groups and hemispheres (dark blue: 0.5 mm; green: 5 mm). B) The graphs show the mean values of
the cortical thickness registered in all the Brodmann areas (BAs) in SDS and in controls. The following BA resulted to be significantly increased in SDS: in the frontal lobe—right BA44 +12%
(p = 0.04); in the parietal lobe—right BA2 +18% (p = 0.03), BA3 +30% (p = 0.005), BA5 +26% (p = 0.02), BA39 +20% (p = 0.03), BA40 +39% (p = 0.03); in the temporal lobe—right
BA20 +24% (p = 0.007), BA21 +27% (p = 0.007), BA37 +17% (p = 0.02), BA42 +36% (p = 0.02); in the temporal lobe—left BA21 +22% (p = 0.01), BA22 +29% (p = 0.02), BA37 +14%
(p = 0.01), BA42 +33% (p = 0.02); in the occipital lobe—left BA18 +16% (p = 0.04); and in the limbic—left BA23 +33% (p = 0.0001), BA31 +22% (p = 0.003), BA32 +49% (0.0001),

BA33 +43% (0.0004). Only in the frontal lobe—left BA45 showed a thinner cortical thickness in SDS subjects (—

Cognitive function in SDS subjects was confirmed to be impaired,
scoring in the lower normal range as regards both verbal and perceptual
reasoning. Only some basic functions were found to be relatively well
preserved (e.g. geometric forms to be pencil-copied in the visual-
motor integration test, picture completion, puzzle construction in the

18%, p = 0.01), than that in controls.

object assembly subtest), while higher level functions dependent on
planning and sequential responses were significantly impaired, both
in the verbal and non-verbal tasks (like the picture arrangement sub-
test, which requires the integration of visual perceptual ability, social
understanding and higher order thinking and planning). Attention and
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Fig. 2. SDS vs. control subject pattern of activation in the Stroop effect and in resting state. fMRI maps superimposed on 3D T1 weighted anatomical images (p < 0.05) (radiological view:
R = L). L. The upper row represents findings of random effect group analysis (SDS vs. controls) in SDS subjects, i.e. brain activation in the middle left frontal gyrus, left precuneus and left
hippocampus. In the lower panel random effect group analysis (controls vs. SDS) in control subjects shows brain activation in the anterior cingulate cortex, in the orbital cortex and in the
left inferior frontal gyrus. IL. The panel represents findings of independent component analysis (ICA) of BOLD fMRI signal in resting state activity (panel A: SDS; panel B: controls). ICA maps
are superimposed on a T1 weighted anatomical template. SDS subjects show different and reduced functional connectivity networks within the default mode network (DMN) in resting

state activity (p < 0.001).

memory were also found to be impaired. As reported by parents, school
performance and socialization were low in relation to age, while emo-
tional or behavioural problems were not present.

4.1. Abnormal cortical thickness

Cortical thickness is considered to be a good indicator of grey matter
maturation, sensitive to developmental change in typically developing
and clinical populations. Cortical thickness correlates with intelligence,
shifting from a negative correlation in early childhood to a positive
correlation in late childhood and beyond (Shaw et al., 2006; Shaw
et al., 2008; Luders et al., 2009). Grey matter maturation is ac-
complished after a thinning of the cortical mantle and is probably due

to synaptic pruning (Shaw et al., 2008; Tamnes et al., 2010), adolescence
being the time when the greatest cortical thinning occurs (Shaw et al.,
2006; Tamnes et al., 2010). Previous studies have shown a correlation
between cortical thickness and development disorders such as attention
deficit hyperactivity disorder (Batty et al., 2010), autism (Wallace et al.,
2010) and heavy prenatal alcohol exposure (Sowell et al., 2008).

With the combined use of MRI, functional MRI and DTI, we ex-
plored several aspects of brain structure. In SDS patients we found
that cortical thickness was generally increased in all areas on both
sides, significantly so in several areas of the right parietal, right
and left temporal, left limbic, left occipital and right frontal lobes.
The only exception to this trend was found in Broca’s area of the
left frontal lobe, where it was significantly reduced (—18%). The
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Table 2

Functional brain activity differences in SDS and controls. The region of activation is shown as well as the side, the peak location in Talairach coordinates (x,y,z) and the number of activated
voxels. The activation clusters were identified after carrying out a t-test (p < 0.05) and a Z-test (p < 0.001, Z = 3.3).

A. Functional MRI BOLD signal and performance (errors, reaction time) during the Stroop test

SDS BA Side Peak (xy,z) t k

Total errors median (range)

Incongruent tasks median (range) Reaction time (msec.) mean (sd)

Inferior parietal gyrus 7 R 31,—51,29 637 602

Medial frontal gyrus 9 L —20,33,23 6.43 1741
Precuneus 31 L —17,—-4541 651 3121
Hippocampus 38 L —-19,—8,—12 6.31 452

9 (3-13)* 6(2-11)° 706.65 (331.56)
Controls
Anterior cingulate 32 R 751,14 947 2991
Superior frontal gyrus 8 R 1,27,—10 834 368
Orbital gyrus 1 L —11,21,—10 851 1247
Superior parietal gyrus 5 L —29,—63,53 721 582
Inferior frontal gyrus (Broca) 44 L —50,39,2 938 1933

5(2-7) 2(1-6) 766.63 (392.9)
B. Functional MRI BOLD signal during “resting state” condition and ICA analysis
SDS Side Peak (x,y,z) z.ica k
Lingual gyrus 18 R 21,—68,—12 —3.2 678
Superior frontal gyrus 8 R 15,55,3 2.7 358
Cerebellum - L —3,—74,—42 -3.1 1575
Inferior occipital gyrus 19 L —42,—59,—3 —2.71 601
Controls
Inferior occipital gyrus 19 R 33,—74,—12 —4.01 6306
Inferior frontal gyrus 45 R 36,7,27 —2.84 710
Medial frontal gyrus 9 R 39,46,12 —2.6 1178
Superior parietal gyrus 5 R 21,—68,51 —5.8 6596
Cerebellum — R 12,-59-21 32 613
Cerebellum — L —3,-86,—15 4.26 4748
Superior frontal gyrus 8 L —3,49,9 2.75 773
Retrosplenial cingulate cortex 23 L —6,—50,18 242 404
Inferior parietal gyrus 7 L —24,—77,33 -3 2855

BA = Brodmann area; BOLD = blood oxygen level dependent; R = right; L = left; k = number of activated voxels; ICA = independent component analysis.

¢ Comparison SDS vs. controls: p = 0.002

areas with the greatest differences were in the cingulate cortex, in
the parietal and temporal lobes. The thickening correlated negative-
ly with cognitive performance scores.

Cognitive development, as well as cortical development, in children
with SDS seems to lag behind that of normal children, but we cannot
say whether this difference is related to delay in cortical maturation
(alterations of neuronal pruning) or is the endpoint of the disease.

4.2. Lack of activation in cingulate cortex during an attentional task and at
rest

The BOLD signal also showed differences between the two groups of
subjects: the brain areas activated during the Stroop task, and remain-
ing active in the resting state, were different, fewer in number and
smaller in SDS subjects. While control subjects showed extensive
activation of the prefrontal areas known to be important in executive
control and selective attention (prefrontal areas) (Vloosvijk et al.,
2010), in SDS children the dorsolateral prefrontal cortex and the anteri-
or cingulate cortex were not activated at all and activation of the
prefrontal areas was rather low. This correlates with the Stroop test re-
sults, where SDS subjects made more errors, although their speed of ex-
ecution was comparable to that of normal subjects.

In rs-MR], the posterior cingulate cortex was activated in controls
but not in SDS patients. The posterior cingulate cortex shows increased
activity when individuals retrieve autobiographical memories or plan
for the future, as well as during unconstrained ‘rest’ when activity in
the brain is ‘free-wheeling’, and seems to be a key node in the default
mode network. Our results are similar to those shown in a range of neu-
rological disorders, both in adults and in children, including Alzheimer’s

disease, schizophrenia, autism, depression and attention deficit hyper-
activity disorder (Leech and Sharp, 2013).

4.3. Diffusion abnormalities in white matter fibres

As regards white matter integrity, age-related changes in its micro-
structure have been well documented: they most consistently show
linear increases in FA and decreases in MD with age during adolescence
(Catani et al., 2006; Bava et al., 2010). This trend correlates with cogni-
tive level.

In several diseases during adolescence, FA was found to progressive-
ly decrease: in Sturge-Weber syndrome (Alkonyi et al.,, 2011), in myo-
tonic dystrophy type 1 (Wozniak et al., 2011) and in autism (Shukla
et al, 2011), as well as in children suffering from early deprivation
(Govindan et al., 2010a). In Tourette syndrome, FA has been seen to
increase with tics (Govindan et al., 2010b).

We measured FA, MD, RD and PD. All these parameters, and particu-
larly FA and MD, were significantly and homogeneously increased
(+30%) in SDS subjects. The biophysical meaning of diffusion abnor-
malities in white matter is not yet fully understood. Values of FA can
be affected by many variations in the white matter structure, including
changes in intra- and extra-cellular volume, permeability of cell mem-
branes, fibre coherence, and axonal loss (Pierpaoli and Basser, 1996).
DTI studies commonly attribute an increase in FA to an increase in den-
sity, more coherent organization, and greater myelination of fibres
(Mori and Zhang, 2006). The increase in FA observed in our SDS group
was also associated with an increase in diffusion along the secondary
and tertiary directions (data not shown). This rise in diffusion along
the secondary and tertiary directions may represent an abnormally
higher degree of neuronal branching within the white matter pathways
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Fig. 3. Diffusion tensor imaging (DTI) and Tract-based Spatial Statistics (TBSS) analyses. A. DTI analysis: differences in fractional anisotropy (FA) and mean diffusivity (MD) between SDS
and control groups (LH = left hemisphere; RH = right hemisphere). B. a) TBSS analysis showing the mean FA skeleton (green) and regions with statistically significant differences be-
tween SDS and control groups (red), displayed on the MNI152 brain (radiological view: R = L). b) Detailed view. c) Slices showing the connectivity distribution of fibres originating
from each of the areas of FA difference shown immediately above. Connectivity maps representing the paths extending to and from each cluster identified in the TBSS analysis. Fibre
paths are displayed on the representative target FA image to which all other images are registered. 1) The cluster in the fronto-callosal region [anterior cingulated, peak (x,y,z)
17,31,16; k 785, p < 0.02] formed part of the bilateral white matter connections in the pre-frontal regions, through the genu of the corpus callosum and the anterior cingulum. 2) The cluster
in the right frontal-external capsulae [fronto-occipital fasciculus, peak (x,y,z) 23,35,—1; k 4435, p < 0.02] formed part of the pathways interconnecting the ipsilateral frontal and occipital
regions through the fronto-occipital fasciculus. 3) The cluster in the left fronto-parietal region [arcuate fasciculus, peak (x,y,z) —42,—44,32; k 375, p < 0.03] formed part of the pathways
interconnecting the frontal and temporal lobes, which give rise to the arcuate fasciculus. 4) The cluster in the right pontine region [ponto-cerebellar fasciculus, peak (x,y,z) 18,—32,—32; k
785, p < 0.03] formed part of the pathway interconnecting the right cerebellar hemisphere through the ponto-cerebellar fasciculus. 5) The clusters in the anterior medial temporal lobes
[inferior longitudinal fasciculus, peak (x,y,z) —29,—3,—24; k 139, p < 0.03] formed part of the pathways interconnecting the hippocampus, the amygdala and the inferior longitudinal
fasciculus. 6) The cluster in the left anterior medial temporal lobe [limbic, peak (x,y,z) —27,—4,—23; k 139, p < 0.02] formed part of the pathway interconnecting the hippocampus
and amygdala to the ipsilateral thalamus.

underlying the fronto-temporal and occipito-parietal regions. It may
also be representative of the clusters’ location, i.e. a region with a high
density of crossing fibres.

4.4. Neural connections between prefrontal and parieto-occipital areas
with the striatum and the cerebellum

We then used TBSS to assess connectivity. This method has been
shown to be sensitive to changes in white matter diffusion, even in rel-
atively small samples (fewer than 30 subjects) like ours (Focke, 2008).
In SDS patients, we identified six clusters of altered fibres interfering
with inter- and intra-hemispheric connections. All the regions involved

in these clusters are associated with neural connections that link the
prefrontal and parieto-occipital areas with the striatum and the cerebel-
lum. The mean fractional anisotropy values of these tracts show a signif-
icant negative correlation with the cognitive performance of SDS
patients. FA values in the right frontal-external capsulae (inferior
fronto-occipital fasciculus—cluster 2) and in the anterior-medial-tem-
poral lobe (inferior longitudinal fasciculus—cluster 5) are negatively
correlated with verbal performance; these bundles functionally connect
the occipital and the orbito-frontal cortex, through the uncinate fasciculus
and the occipital cortex, with the amygdala and temporal lobe respective-
ly. These circuits play an important role in the feed forward sequence
transmitted from the visual to the fronto-temporal areas (language) and
limbic system (memory and emotion) (Han et al,, 2013).



Table 3
Main effects of increased cortical thickness and altered connectivity on cognitive performance in Shwachman-Diamond patients. Correlation analysis was performed between cognitive test scores, cortical thickness and altered clusters of white
matter. Only correlations greater than 0.70 were reported.The results indicate the lobe, Brodmann area (BA) and hemisphere (R = right; L = left) where a negative correlation was found.

Frontal Parietal Temporal Limbic Cluster n.1 Cluster n.2 Frontal/Ext. Cluster n.3 Cluster n.4 Cluster n.5 Anterior Cluster n.6
Fronto-callosal capsulae Fronto-parietal Pontine medial temporal Anterior medial
(anterior (fronto-occipital (arcuate (ponto-cerebellar (inferior longitudinal temporal (limbic)
cingulate) fasciculus) BA11-20-18 fasciculus) fasciculus) BA4-6 fasciculus) BA20-21-38  BA45-38
BA24-32 BA7-37-39
Cognitive skills
Verbal BA44—RH—0.76 BA20—RH—0.74 —0.71 (0.04) —0.71 (0.04)
(0.03) (0.03)
Perceptual BA5- RH-0.77(0.02) BA37—RH BA32-LH—0.76 —0.81 (0.02) —0.69 (0.04)
-0.87(0.01) (0.03)
BA39-LH-0.71(0.04) BA20—RH
-0.86(0.01)
BA21—RH
-0.86(0.01)
BA42—RH
-0.70(0.04)
Visual-motor integration —0.87 (0.03)
Memory skills
Composite memory BA23-LH—0.79 —0.74 (0.03)
(Verbal/non verbal) (0.03)
Working memory BA42-LH—0.89
(0.01)
Executive functions % 0.72 (0.04) 0.80 (0.03)

perseverative errors
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4.5. Impact of altered thickness and connectivity on cognition

The tract in the fronto-parietal region identified as cluster 3 nega-
tively correlated with verbal and non-verbal memory, perceptual skills
and executive functions. Several clinical manifestations have been relat-
ed to alterations in cortical areas and white matter tracts of the parietal
lobes. Reduced FA in anterior segment of arcuate fasciculus correlates
with the severity of reading difficulties in children with dyslexia and re-
duced FA in the parietal connections was associated with developmen-
tal dyscalculia in normal developing children (Catani et al., 2012). SDS
subjects seem to suffer from a diffuse (rather than a focal) anomaly, in
areas that are important for global intellectual functioning. What we
found in SDS subjects is consistent with the Parieto-Frontal Integration
model (Jung and Haier, 2007). Altered thickness and connectivity im-
pairment occurred in areas that are essential for the processing of visual
and auditory inputs: the extrastriatal cortex (Ba18), the fusiform gyrus
(BA37) and the middle temporal gyrus (BA21). We also found white
matter anomalies in the angular gyrus of the parietal cortex (BA39)
and in the upper parietal gyrus (BA7), where symbolic interpretation
and abstract thinking take place. The ability to recognize future conse-
quences resulting from current actions, and to choose between actions,
resides in the frontal lobes. Here we found two areas crossed by abnor-
mal white matter fascicles, which showed thickening in one case (ante-
rior cingulate, BA32) and thinning in the other (Broca’s area, BA45). This
thinning seems to be particularly important, for two reasons: it is the
only area of thinning, all the other areas being thickened, and it is the
area within the frontal lobe which is still in the maturation stage in
healthy adolescents, while the other brain areas are already becoming
thinner. These results point to a developmental anomaly in SDS children
and add new information on brain abnormalities. None of the previous
studies chose cortical thickness to explore grey matter status, and DTI
and TBSS to investigate white matter integrity. Two previous MRI stud-
ies used volumetric measures and reported reduced brain volume in
SDS (Toiviainen-Salo et al., 2008; Booij et al., 2013). These and our re-
sults, although difficult to compare, are not in disagreement. Even if
grey matter volume (GMV) is a composite of two traits — surface area
(SA) and cortical thickness (CT) - it has been shown that CT and SA
are independent, heritable but not genetically correlated and arise
from different progenitor cells which create glial cells and neurons at
distinct points in corticogenesis (Jalbrzikowsky et al., 2013). GMV is influ-
enced more by SA than by CT, which provides a possible explanation for
the findings of increased CT and decreased volume in the same brain re-
gion, as showed by imaging genetics studies and in neurodevelopmental
disorders, such as dyslexia (Panizzon et al., 2009; Winkler et al., 2010; Ma
et al, 2015).

4.6. Limitations

The lack of longitudinal data represents a significant limitation of this
study. Undoubtedly more detailed knowledge regarding the evolution of
these dysfunctions would make it possible to address them better, with
specific intervention programmes aimed at reducing the impairment.

Moreover, our group of patients is relatively small, though it ac-
counts for 50% of this age group in the Italian SDS Registry. In the pres-
ence of so rare disease, a larger study could be feasible only as a
multicentre international trial.

It would be relevant to know the relationship between the genetic de-
fect and the identified brain anomalies. This might provide a means to
elucidate some of the biological mechanisms underlying this syndrome.

5. Conclusions

Our study thus provides new information about cognitive and
cerebral dysfunctions in SDS. We assessed pre-adolescent patients and

we cannot say whether brain maturation lags behind, or whether the
defects that we found are stable.

We still do not know what links the SBDS gene with the cerebral ab-
normalities that we found. We may only speculate that a link exists, and
confirm that cerebral abnormalities originate from the altered gene
function.
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