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ABSTRACT

BACKGROUND AND PURPOSE: Alström syndrome is a rare inherited ciliopathy in which early progressive cone-rod dystrophy leads to
childhood blindness. We investigated functional and structural changes of the optic pathway in Alström syndrome by using MR imaging to
provide insight into the underlying pathogenic mechanisms.

MATERIALS AND METHODS: Eleven patients with genetically proved Alström syndrome (mean age, 23 years; range, 6 – 45 years; 5
females) and 19 age- and sex-matched controls underwent brain MR imaging. The study protocol included conventional sequences,
resting-state functional MR imaging, and diffusion tensor imaging.

RESULTS: In patients with Alström syndrome, the evaluation of the occipital regions showed the following: 1) diffuse white matter volume
decrease while gray matter volume decrease spared the occipital poles (voxel-based morphometry), 2) diffuse fractional anisotropy
decrease and radial diffusivity increase while mean and axial diffusivities were normal (tract-based spatial statistics), and 3) reduced
connectivity in the medial visual network strikingly sparing the occipital poles (independent component analysis). After we placed seeds
in both occipital poles, the seed-based analysis revealed significantly increased connectivity in patients with Alström syndrome toward the
left frontal operculum, inferior and middle frontal gyri, and the medial portion of both thalami (left seed) and toward the anterior portion
of the left insula (right and left seeds).

CONCLUSIONS: The protean occipital brain changes in patients with Alström syndrome likely reflect the coexistence of diffuse primary
myelin derangement, anterograde trans-synaptic degeneration, and complex cortical reorganization affecting the anterior and posterior
visual cortex to different degrees.

ABBREVIATIONS: AS � Alström syndrome; MNI � Montreal Neurological Institute; TFCE � threshold-free cluster enhancement

Alström syndrome (AS) is a rare (�1:100,000) autosomal re-

cessive monogenic ciliopathy with severe multisystem in-

volvement. Besides childhood truncal obesity, type 2 diabetes,

hypertriglyceridemia, cardiomyopathy, and progressive pulmo-

nary, hepatic, and renal dysfunction, patients with AS have cone-

rod dystrophy presenting early in infancy and leading to complete

blindness in the second decade. Unlike other ciliopathies (eg, Bar-

det-Biedl syndrome), patients with AS do not present with cogni-

tive impairment.1 However, a recent MR imaging study2 showed

that most patients with AS older than 30 years have brain atrophy,

periventricular white matter abnormalities, or lacune-like lesions.

Additionally, voxel-based morphometry revealed white and gray

matter volume decreases more evident in the posterior regions,

while diffusion tensor imaging showed diffuse supratentorial my-

elin abnormalities also involving regions that appeared normal at

conventional imaging. The pathogenesis of these changes is not

clear and might be due to genetically determined primary myelin

derangement, progressive neurodegenerative processes, early

profound sensorineural deprivation, or a combination of all these

mechanisms. The impact of these changes on brain function has

not yet been investigated. Studies on early blindness in subjects

without Alström syndrome have shown that the (visual) occipital
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cortex remodulates its function and undergoes structural changes

likely related to abnormal selective pruning of exuberant connec-

tions and/or sensory deprivation– dependent effects on normal

cortex maturation.3 Recently, resting-state fMRI has proved to be

a powerful tool for investigating functional connectivity, even in

situations in which the task execution is difficult (eg, visual tasks

in blind subjects). Resting-state fMRI might provide functional

data complementary to the information obtained from the struc-

tural MR imaging– based analyses developed for the evaluation of

white matter integrity (tract-based spatial statistics) and cortical

development (sulcation, curvature, cortical thickness analyses).

This multimodality MR imaging study on a cohort of patients

with AS aims to provide an integrated account of functional and

structural changes of the regions devoted to the visual function in

this rare disease and new insights into the pathogenic mechanisms

leading to brain changes in early blindness.

MATERIALS AND METHODS
Participants
Eleven patients (mean age, 23 years; range, 6 – 45 years; 5 females)

with Alström syndrome were recruited from our Department of

Internal Medicine. All patients met the diagnostic criteria for AS

based on genetic analysis and clinical observations1 and had a

normal intelligence quotient.

Nineteen age- and sex-matched unrelated healthy subjects or

patients referred to neuroimaging for headache with no history of

prematurity, head trauma, neurologic or psychiatric disease, and

neurosurgery represented our control group (mean age, 23 years;

range, 6 – 43; 10 females).

Two patients with AS and 1 control were left-handed accord-

ing to the Edinburgh Handedness Inventory.4 The exclusion cri-

teria were the presence of contraindications to MR imaging and

age younger than 6 years to avoid sedation. Our University Hos-

pital Ethics Committee approved the study. Written informed

consent was obtained from patients or their parents.

All subjects underwent a complete physical and neurologic

examination including neurosensory analysis (retinopathy and

hearing loss) and were investigated for cardiovascular risk factors

(obesity, diabetes mellitus type 2, cardiomyopathy, and hyperlip-

idemia). Clinical findings are summarized in the Table.

MR Imaging Acquisition
MR images were obtained at 1.5T (Achieva; Philips Medical Sys-

tems, Best, the Netherlands) with a standard quadrature head coil.

The MR imaging study protocol included the following:

1) 3D T1-weighted imaging (TR/TE, 20/3.8 ms; flip angle, 20°;

section thickness, 1 mm; acquired voxel size, 1 � 1 mm; re-

constructed voxel size, 0.66 � 0.66 mm; acquisition matrix,

212 � 210; reconstructed matrix, 320 � 320; acquisition time,

approximately 7 minutes);

2) Fluid-attenuated inversion-recovery (TR/TE/TI, 10,000/140/

2800 ms; echo-train length, 53; flip-angle, 90°; section thick-

ness, 5 mm; acquisition voxel, 0.90 � 1.15 mm; reconstructed

voxel, 0.9 � 0.9 mm; acquisition time, 3 minutes 20 seconds);

3) Diffusion tensor images acquired with single-shot echo-pla-

nar diffusion-weighted imaging (TR/TE, 11,114/80 ms; acqui-

sition matrix, 112 � 110; echo-train length, 59; reconstructed

matrix, 128 � 128; acquisition voxel, 2 � 2 mm; reconstructed

voxel, 1.75 � 1.75 � 2 mm; sensitivity encoding p reduction,

2; section-thickness, 2 mm without gap; NEX, 2; acquisition

time, 12 minutes 24 seconds). The axial sections covered the

whole brain including the cerebellum. The diffusion-sensitiz-

ing gradients were applied along 32 noncollinear gradient-

encoding directions with maximum b�800 s/mm2. One addi-

tional image without diffusion gradients (b�0 s/mm2) was

also acquired.

Epidemiologic, genetic, and clinical findings of patients with AS in the present study

No. Genotype (Axon)
Vision

Deficita
Hearing
Deficitb Overweightc Hypertensiond

Heart Ejection
Fractione Dyslipidemia DM2f

Psychiatric
Disorders

1 Heterozygosis 8 and 16 � � �� � Normal � � �
2 Heterozygosis 8 and 16 � � �� � Normal � � �
3 Heterozygosis 8 and un � � � � Normal � � �
4 Heterozygosis 8 and 10 � � � � Normal � � �
5 Heterozygosis 8 and un �� � � � Normal � �� �
6 Heterozygosis 10 and 12 � � � � Normal � � �
7 Heterozygosis 8 and 16 � � � � 25%g � �� �
8 Heterozygosis 8 and 8 �� � �� � 47% � �� Depression
9 Heterozygosis 8 and 8 �� � � � Normal � � Depression
10 Homozygosis 10 and 10 �� � � � Normal � � Anxiety, depression,

bulimiah

11 Homozygosis 16 and un �� � � � Normal � � Paranoid personality
disorderi

12 Homozygosis 10 �� � � � Normal � �� �

Note:—un indicates unknown mutation; DM2, diabetes mellitus type 2.
a Vision Deficit: � indicates severe vision deficit (�1/20); ��, blindness.
b Hearing Deficit: � indicates normal hearing; �, hearing deficit �20 dB.
c Overweight: � indicates normal weight (body mass index, 18.5–25); �, overweight (body mass index, 25–30); ��, obesity (body mass index, �30).
d Hypertension: � indicates normotensive; �, under antihypertensive treatment.
e Heart Ejection Fraction: normal value, �55%.
f DM2: �� indicates diabetes mellitus type 2; �, insulin resistance or hyperinsulinemia or impaired glucose tolerance; –, no disorders in glucidic metabolism.
g Dilated cardiomyopathy.
h Under therapy with valproic acid, bromazepam, and olanzapine.
i Under therapy with valproic acid, quetiapine, risperidone, and paroxetine.
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4) Resting-state fMRI data with 250 continuous functional vol-

umes (TR/TE, 2216/50 ms; flip angle, 90°; 21 axial sections;

acquisition matrix, 96 � 96; reconstructed matrix, 128 � 128;

acquisition voxel, 2.4 � 2.4 mm; reconstructed voxel, 1.8 �

1.8 mm; section thickness, 5.5 mm; gap between sections, 0.5

mm; acquisition time; 8 minutes 27 seconds). For the core

dataset, subjects were instructed to remain still, stay awake,

and keep their eyes open.

Image Processing

Data Processing of Volumetric Images. We used the optimized

voxel-based morphometry protocol available in the statistical

parametric mapping software (SPM8, www.fil.ion.ucl.ac.uk/spm/

software/spm8).5 The protocol consisted of the following: A

study-specific gray and white matter template was built from the

30 segmented native images affine-registered to the International

Consortium for Brain Mapping-152 gray matter template. The

native segmented images were then nonlinearly normalized onto

this template, introducing a “modulation” for distortions due to

the nonlinear component of the transformation by dividing each

voxel of each registered gray matter volume image by the Jacobian

of the warp field. The modulated normalized gray matter volume

images were then smoothed with an isotropic Gaussian kernel

with a � of 3 mm.

For statistical analyses, we used a parametric t test as imple-

mented by SPM8, by using age as a covariate of no interest. Results

for gray matter were considered significant for P � .05, after correc-

tion for multiple comparisons by using an initial cluster-threshold at

P � .001 uncorrected (minimum size � 20 voxels). Region-of-inter-

est analyses for hippocampal regions were performed by using WFU-

PickAtlas 3.0.3 (http://fmri.wfubmc.edu/software/PickAtlas), while

contrasts were analyzed by using SPM8.6

Data Processing of DTI. The whole-brain DTI analysis method is

reported in a previous publication.2 We used probabilistic maps

of the optic pathways in the Juelich histologic atlas (http://neuro.

debian.net/pkgs/fsl-juelich-histological-atlas.html), thresholded

at 50% to create masks to be applied to the study-specific skeleton

restricted to optic radiations. The threshold-free cluster enhance-

ment (TFCE) approach was used to obtain the significant differ-

ences between the 2 groups at P � .05, after accounting for mul-

tiple comparisons by controlling for the family-wise error rate.

Data Processing of Functional Images. Resting-state scans were

preprocessed by using both Analysis of Functional Neuro-

Images (version AFNI_2010_10_19_1028; http://afni.nimh.nih.

gov/afni) and fMRI of the Brain Software Library (FSL, Version

4.1.6; http://www.fmrib.ox.ac.uk/fsl). Preprocessing was per-

formed as described in Biswal et al7 and Neuroimaging Informat-

ics Tools and Resources Clearinghouse (www.nitrc.org/projects/

fcon_1000). The first 5 volumes of every scan were discarded to

remove possible stabilization effects. Preprocessing consisted of

motion correction by using Fourier interpolation (volume regis-

tration by using least-squares alignment of 3 translational and 3

rotational parameters); spatial smoothing by using a 6-mm full

width at half maximum Gaussian kernel; mean-based intensity

normalization of all volumes; linear and quadratic detrending;

and spatial normalization via estimation of a linear transforma-

tion from the individual functional space to Montreal Neurolog-

ical Institute-152 (MNI152) standard brain space according to

each individual’s high-resolution anatomic image. A high-pass-

filter setting of 200 seconds (�0.005 Hz) was used to reduce very

low-frequency artifacts such as scanner draft. During scanning

acquisition, 2 patients with Alström syndrome and 1 control sub-

ject displayed a single brief movement of head displacement of �3

mm or 3°. Given the type of networks in which we were interested,

we decided to remove the interested volumes (20–30 volumes) be-

fore preprocessing (these subjects were then excluded from indepen-

dent component analysis, [http://en.pudn.com/downloads226/

sourcecode/math/detail1062122_e] but not from dual regression

analyses). No major scanner artifacts were detected.

Temporal-concatenation group independent component

analysis was used in the whole group of patients and controls to

generate group-level components of the dataset by MELODIC

(FSL).8 Before statistical inference, the networks of interest (me-

dial, lateral, and ventral visual networks) were identified on visual

inspection and by comparison with available maps in the litera-

ture.9 The dual-regression approach was used to obtain a connec-

tivity map for each of the 3 components and for each subject. The

standardized maps obtained by dual regression were used to per-

form group comparisons and correlations with age, education,

and hand lateralization as nuisance variable covariates of interest.

Nonparametric permutation testing (5000 permutations) was

used for statistical analysis of spatial maps, by the TFCE method for

multiple comparisons and thresholding at P � .05. To control for the

effects of brain atrophy on functional connectivity, we used the seg-

mented anatomic images of all subjects to obtain voxelwise probabil-

ity maps of gray matter, for use as a nuisance variable in statistical

analyses.10,11Additionally, a seed-based analysis was performed. We

selected 2 symmetric seeds in the occipital pole (MNI coordinates:

MNI 9, �96, 9 and MNI �9, �96, 9). Regions of interest were drawn

in the occipital pole (1 on the left and 1 on the right occipital pole) to

unveil eventual connections with other regions of the brain.

To perform the seed-based analysis, we removed nuisance sig-

nals by multiple regression. Each individual’s 4D time-series was

regressed on 9 predictors, consisting of white matter, CSF, the

global signal, and 6 motion parameters (3 cardinal directions and

rotational movement around 3 axes). The time-series of the nui-

sance signals were extracted by the following methods:

● Averaging all voxels in the brain (global signal) across the

time-series

● Segmenting each individual’s high-resolution structural image,

applying a threshold at 80% tissue type probability, and aver-

aging all voxels within the thresholded mask (white matter and

CSF) across each time-series and

● Using the residuals obtained from motion correction by the

FMRIB Linear Image Registration Tool (http://www.fmrib.

ox.ac.uk/).

Each participant’s residual 4D time-series was transformed

into Montreal Neurological Institute space by a linear affine

transformation implemented in FSL, and the time-series was ex-

tracted for each seed. Time-series were averaged across all voxels

in the seed region of interest; then, for each participant, the cor-

relations between the time-series of the seed region of interest and
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of each voxel in the brain were determined. Last, correlation maps

were converted to Z-value maps. The resulting standardized maps

were then used to perform group comparisons and correlations

by using age and hand lateralization as nuisance variables.

RESULTS
Conventional MR Imaging
Conventional MR imaging findings have been reported in a pre-

vious study on the same study group.2 In particular, mild enlarge-

ment of the atria and the posterior horns

of the lateral ventricles was observed in 3

patients bilaterally and in 1 patient on the

left side. Images of the 3 patients older

than 30 years with AS showed periven-

tricular white matter hyperintensity also

involving the optic radiations. None of

images of the patients with AS showed sig-

nal abnormalities at the level of the lateral

geniculate bodies.

Voxel-Based Morphometry of the
Occipital Regions
Patients with AS showed significantly

lower gray and white matter volume com-

pared with controls in the occipital region

(Fig 1A and On-line Fig 1). The analysis re-

vealed the symmetric decrease of gray mat-

ter, more evident in the anterior part of the

calcarine cortex and the fusiform gyri, with

relative sparing of the occipital poles.

On the other hand, the decrease of white

matter involved the optic radiation entirely,

including the most posterior portion.

DTI Analysis of the Occipital Regions
Tract-based spatial statistics analysis

showed significant reduction of fractional

anisotropy and increased radial diffusiv-

ity in the optic radiations of patients with

AS compared with controls (Fig 1B, -C).

Axial diffusivity and mean diffusivity

analysis did not reveal any differences be-

tween patients with AS and controls.

Resting-State fMRI: The Visual
Networks
All the resting-state functional networks

were detected in both patients and con-

trols. After including gray matter proba-

bility maps as a nuisance variable to con-

trol for brain atrophy, among the visual

networks (medial, lateral, and ventral),

we found reduced connectivity in patients

with AS in the medial visual network

(2189 voxels; peak, 21; �54, �3) and in

the lateral visual network (53 voxels; peak,

33, �87, 18). The large cluster of reduced
connectivity in the medial visual network

involved the anterior portion of the calcarine region with sparing
of the occipital poles (Fig 1D). If we set a seed in each occipital
pole (On-line Fig 2A), the seed-based analysis revealed signifi-
cantly increased connectivity in patients with AS toward a small
region in the anterior portion of the left insula (right seed,
On-line Fig 2B) and toward large cortical regions of the left
anterior insula, frontal operculum, inferior and middle frontal
gyri, and with the medial portion of both thalami (left seed,
On-line Fig 2C).

FIG 1. A, Gray matter voxel-based morphometry analysis: areas of significant difference (TFCE-
corrected P � .05) between subjects with AS and healthy controls within the occipital pole (5386
voxels; peak, �16, �68, 6). Analysis was conducted with age as a covariate. B and C, Tract-based
spatial statistics analysis: areas of significant difference (TFCE-corrected P � .05) between subjects
with AS and healthy controls. Analyses were conducted with age as a covariate and showed diffuse
decrease of fractional anisotropy (peaks, 33, �65, �2 and 28, �60, �1) and diffuse increase of radial
diffusivity (peaks, 31, �65, 11 and �25, �68, 0). D, Resting-state fMRI analysis: areas of significant
differences (TFCE-corrected P � .05) between subjects with AS and healthy controls within the
medial visual networks (2189 voxels; peak, 21, �51, �3). Analysis was conducted with age as a covariate.
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DISCUSSION
This multimodality MR imaging study of patients with Alström

syndrome disclosed a diffuse occipital ultrastructural white mat-

ter derangement and atrophy and an inhomogeneous visual cor-

tex involvement that spared the occipital pole in terms of both

atrophy and connectivity. These findings are relatively unex-

pected in a condition in which the main mechanism of blindness

resides in a precocious cone-rod dystrophy,12 which should affect

primarily the retinal neurons projecting to the occipital poles.

Among the several pathogenic mechanisms that might affect the

optic pathway in AS, the following may play a role in determining

the observed parenchymal structural and functional changes: 1)

anterograde trans-synaptic degeneration following cone-rod dys-

trophy, 2) primary myelin derangement, 3) neural occipital reor-

ganization due to chronic visual deafferentation.

Anterograde Trans-Synaptic Degeneration
Neural injury might induce axonal degeneration in the direction

of its terminal (anterograde degeneration) and toward the cell

body (retrograde degeneration). In addition, neural injury might

also lead to trans-synaptic degeneration of neurons that are

downstream or upstream connected with the injured neuron.13

Trans-synaptic degeneration of the visual pathway has been

well-documented in pathologic studies. Cellular death of the lat-

eral geniculate bodies has been observed in patients with lesions

occurring from the retina to the optic tract (eg, eye enucleation).14

Trans-synaptic degeneration may also occur in a retrograde fash-

ion because lesions of the optic radiation or calcarine cortex might

cause degeneration of retinal ganglion cells.15 Retinal thinning at

the optical coherence tomograph16 and optic tract atrophy at MR

imaging have been demonstrated following acquired unilateral

occipital damage in humans.17 Lesions along the optic pathway

can lead to lateral geniculate body T2 hyperintensity,17 and optic

radiation abnormalities have been documented in patients af-

fected with glaucoma by DTI.18 In these cases, a decreased frac-

tional anisotropy concomitant to increased radial diffusivity and

mean diffusivity was consistent with axonal loss due to retro-

grade trans-synaptic degeneration of the lateral geniculate

bodies. In patients with AS, the lateral geniculate bodies did

not present with signal abnormalities on conventional imaging.

Furthermore, the pattern of DTI changes observed in the optic

radiation of patients with AS was not consistent with axonal loss

because the mean diffusivity and the first eigenvalue were not

significantly increased.

Primary Myelin Derangement
Previously, whole-brain tract-based spatial statistics analysis

showed that patients with AS present with diffuse myelin derange-

ment characterized by decreased fractional anisotropy and in-

creased radial diffusivity.2 The same pattern was detected in the

occipital white matter including the optic radiation. This DTI

pattern has been reported in other diseases characterized mostly

by myelin derangement such as relapsing-remitting multiple scle-

rosis and in animal models of dysmyelination. Primary myelin

issues have already been reported in both the central and periph-

eral nervous system of patients with AS. The primary cilia of

Schwann cells seem to be the regulators of their hedgehog signal-

ing–mediated myelination,19 while genetic studies have shown

that sonic hedgehog signaling at the level of primary cilia is essen-

tial for patterning the embryonic stem cells into oligodendrocytes.

Delamination of the myelin sheaths was detected by transmission

electron microscopy at the level of the gingiva in AS.20 Notably, by

voxel-based morphometry and functional analyses, only the an-

terior part of the calcarine cortex presented with significant vol-

ume and functional impairment. On the contrary, the occipital

poles did not present with significant atrophy, suggesting that the

diffuse myelin derangement does not lead to uniform structural

and functional cortical changes.

Neural Occipital Reorganization due to
Chronic Visual Deafferentation
The most striking finding in this study was the preserved connec-

tivity and gray matter volume of the occipital pole despite its role

in the foveal binocular vision, while the remaining calcarine cor-

tex showed both atrophy and impaired connectivity.

Most intriguing, the functional connectivity between the pos-

terior occipital poles and the inferior frontal triangular areas (part

of Brodmann Areas 44, 45, 47) was increased in patients with AS

compared with controls. The inferior frontal triangular area is

classically considered as a motor speech-production area and is

involved in action understanding and imitation.21 In blind indi-

viduals, the occipital visual and frontal language areas are simul-

taneously activated when performing a Braille-reading task.22 In

patients with AS, the early degeneration of the retinal cones, pro-

jecting to the occipital poles, might reduce the visual input before

the stage of synaptic revision (which occurs during the first 8 months

of postnatal life and is critically dependent on the activity of visual

afferent inputs),23 likely redirecting the process of connectivity mat-

uration. The subsequent degeneration of the rods might occur at a

stage of decreased cortical plasticity, leading to atrophy and reduc-

tion of connectivity. In patients with AS, the timing of retinal degen-

eration might therefore influence differently the stimuli-driven de-

velopment of the tuning visual cortex.24

CONCLUSIONS
Several pathogenic mechanisms such as anterograde trans-synap-

tic degeneration, primary myelin derangement, and differential

cortical reorganization seem to contribute to the optic pathway

derangement in AS. Increased understanding of these mecha-

nisms might help identify targeted therapies aimed at slowing or

reversing the neurodegenerative phenomena that are part of Al-

ström syndrome.
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