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Abstract—An in vivo anatomic study of gray matter volume was performed in a group of familial dyslexic individuals,
using an optimized method of voxel-based morphometry. Focal abnormalities in gray matter volume were observed
bilaterally in the planum temporale, inferior temporal cortex, and cerebellar nuclei, suggesting that the underlying
anatomic abnormalities may be responsible for defective written language acquisition in these subjects.
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There is increasing evidence for a genetic basis of
dyslexia. Although the condition occurs frequently in
members of the same family, neuropsychological profiles are highly variable among dyslexic individuals
belonging to the same family and at different developmental stages.1
The presence and location of structural brain
anomalies in dyslexia are controversial. Postmortem
studies have shown multiple cortical abnormalities
in dyslexic individuals’ brains.1 In vivo MRI volumetric studies that have compared the size of brain
structures of interest between dyslexic and control
subjects have shown structural abnormalities involving temporal regions such as the planum temporale,
the insula, and the cerebellum. However, there is
lack of consistency among studies. Several methodologic factors may account for this discrepancy. In
the first place, some studies are based on the a priori
positioning of large regions of interest in each subject’s brain (often the entire hemisphere or a lobe),
without segmenting gray (GM) from white (WM)
matter in the calculation of the volume of interest.
Furthermore, the comparison between dyslexic and
control subjects was often based on absolute volumetric regional differences, without taking into account important sources of variability such as wholebrain volume, age of the subjects, or differences in
brain shape.1-4
Voxel-based morphometry (VBM) is a useful tool
to overcome these methodologic limitations. VBM is
not biased to one particular structure but is a wholebrain technique for the detection of GM/WM tissue
volume or density differences. In the case of volume,
the regional size of GM or WM is measured and
tested, whereas in the case of density, the measurement refers to the relative amount of a particular

tissue in relation to other tissue types. The recent
development of an optimized method of VBM5 has
further improved the reliability and the objectivity of
this technique. A previous VBM study in sporadic
dyslexia found decreases in GM density, most notably in the left temporal lobe and bilaterally in the
temporo-parieto-occipital juncture, but also in the
frontal lobe, caudate, thalamus, and cerebellum.6
We sought to assess focal GM volumetric differences between familial dyslexics and normal readers
that cannot be explained by differences in age or
global amount of GM. On the basis of previous functional1,8,9 and anatomic1-4 findings, we expected to
find GM reductions in brain areas associated with
reading.
Methods. We recruited 10 dyslexic subjects (5 females, 5 males;
age range 13 to 57 years, mean 31.6 years) belonging to four
different families characterized by the presence of a proband with
persistent, severe developmental dyslexia (according to International Classification of Diseases [10th ed.] criteria) and at least
one first-degree relative with either clinically evident or compensated dyslexia. Compensated dyslexic subjects were characterized
by a positive history of reading problems. Although they obtained
normal scores on reading tests, they had difficulties and discomfort in reading and showed, as is often the case in dyslexia, associated impairments in meta-phonologic skills and in short-term
memory (table 1).
The control group was composed of 11 non-reading-impaired
subjects (6 females, 5 males; age range 14 to 55 years, mean 27.4
years). All participants were right handed and had no history of
neurologic or psychiatric disorders. All subjects were administered
an extensive battery of neuropsychological tests to delineate the
cognitive phenotype.
T1-weighted volumetric spoiled gradient echo MRI scans were
acquired with a 1.5 T GE Signal Horizon System (GE, Milwaukee,
WI) using the following parameters: number of slices ⫽ 124, slice
thickness ⫽ 1.5 mm, repetition time ⫽ 14.4 milliseconds, echo
time ⫽ 5.5 milliseconds, inversion time ⫽ 700 milliseconds.
Anatomic images including GM, WM, and CSF were created
from the acquired brain volumes of the participants to provide a
final template appropriate to our population sample.
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Table 1 Performance of dyslexic and control subjects in neuropsychological assessment
Intelligence

Reading tests

Short-term memory

Raven’s
Progressive Word Non word Short story
Matrices reading reading
reading
Digit Words Visuospatial

WAIS-R/WISC-R

Metaphonologic tests

Fusion

Segmentation

Token
Test

PIQ

Total
IQ

Z score

112

120

119

⫹0.68

⫺6.49*

⫺6.97*

⫺11.36*

2

4

4

0/26

1/26*

2

66

90

74

⫹0.68

⫺12.29*

⫺9.63*

⫺13.46*

2

2

3

15/26*

26/26*

2

VIQ

Z scores

Scores

Errors

Scores

Family 1

Family 2
122

106

116

⫹0.68

⫺1.57

⫺2.04*

⫺2.06*

4

3

4

0/26

6/26*

4

104

110

114

⫹1.65

⫹0.60

⫺0.48

⫹1.36

4

1*

4

16/26*

3/26*

2

95

101

⫹0.68

⫺4.35*

⫺3.84*

⫺6.43*

3

3

1*

6/26*

9/26*

3

Family 3
106
113

115

114

⫹1.65

⫺1.34

⫺0.71

⫹0.83

4

3

4

2/26*

1/26*

0*

112

110

112

⫹1.65

⫺0.5

⫺1.45

⫹1.18

4

4

4

1/26*

2/26*

4

106

116

111

⫹1.65

⫺0.89

⫺0.73

⫺0.5

1*

1*

1*

8/26*

0/26

3

Family 4
105

106

106

⫹0.68

⫺3.08*

⫺2.62*

⫺3.6*

4

4

4

1/26*

1/26*

4

107

100

104

⫹0.68

⫹0.52

⫹0.41

⫹5

4

4

4

22/26*

21/26*

2

⫹1.65

⫹1.09

⫹1.26

⫹6.3

4

4

4

0/26

0/26

4

Control group
(11 subjects),
mean score

The scores in the control group are given as means of the results. Results of short-term memory tests and Token Test are scored in a
range of 0 (pathologic performance) to 4 (highest score), according to available norms.
* Insufficient performance in the test.
WAIS-R ⫽ Wechsler Adult Intelligence Scale–Revised; WISC-R ⫽ Wechsler Intelligence Scale for Children–Revised; VIQ ⫽ Verbal IQ;
PIQ ⫽ Performance IQ.

Figure. Maps of significant voxels
representing regions of reduction in
gray matter volume in familial dyslexic subjects superimposed on the
mean dyslexics’ anatomic MRI. The y
and z values indicate the position of
coronal and axial slices in the
Talairach stereotaxic space.
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Table 2 Location of regional reduction of GM volume in group of familial dyslexics compared with control group
Regional GM reduction

x

Left planum temporale

⫺27

⫺30

13

3,01

283

36

⫺21

18

3,33

2,809

⫺47

⫺19

⫺25

3,18

183

38

⫺29

⫺25

2,80

329

Right planum temporale
Left fusiform gyrus, BA 37
Right fusiform gyrus, BA 37

y

z

Z score

k

Left inferior temporal gyrus, BA 20/21

⫺48

⫺14

⫺14

2,80

74

Left superior temporal gyrus, BA 22

⫺41

⫺55

14

2,88

91

Right middle temporal gyrus, BA 21
Left cerebellar nuclei
Right cerebellar nuclei

43

⫺45

3

3,41

282

⫺22

⫺46

⫺31

2,92

148

16

⫺45

⫺34

2,76

106

p ⬍ 0.05 corrected for small brain volume, minimum cluster size ⫽ 25 voxels, voxel size ⫽ 1 ⫻ 1 ⫻ 1 mm. x, y, and z values localize the
areas of gray matter (GM) reduction according to the Talairach stereotactic coordinates. k ⫽ cluster extent expressed in number of voxels; BA ⫽ Brodmann area.

Subsequently, we followed the procedures of the optimized
VBM method.5 The first step of the analysis consists of the segmentation of the MR images in GM, WM, and CSF, removing
nonbrain tissue (skull, scalp tissue, etc.). The segmented images
were normalized to the customized templates, and then the normalization parameters identified for the segmented images were
applied to the initial anatomic volume. Next, the normalized anatomic images were partitioned into GM, WM, and CSF and the
nonbrain voxels removed. Jacobian modulation was applied to GM
normalized segments to restore the original absolute volume of
GM altered by the normalization process. Each optimally normalized, segmented, and modulated image was smoothed with a
12-mm full width at half-maximum kernel.
All the image-processing procedures were performed using
SPM2 (Wellcome Department of Cognitive Neurology, London,
UK). To detect regional loss of GM in dyslexic subjects, which was
unexplained by the age of the subjects and by global differences in
total amount of GM, we introduced the values of age and total
amount of GM for each subject as confounding covariates in an
analysis of covariance. The critical threshold for analysis was p ⬍
0.05 corrected for small brain volume.

Results. We observed significant regional reductions of
GM volume in the group of familial dyslexic subjects in
comparison with controls (figure). Regional GM abnormalities were located bilaterally in the planum temporale, inferior temporal cortex, and cerebellar nuclei, in the left
superior and inferior temporal gyrus, and in the right middle temporal gyrus (table 2).

Discussion. We found localized GM volume reductions in critical functional components of the posterior reading network in familial dyslexic subjects.
Psycholinguistic models describe two main stages in
reading development. In novel readers, grapheme-tophoneme conversion mechanisms play a central role
in the decoding of written language. On the other
hand, in expert readers, the recognition of the abstract orthographic representation of familial words
is crucial for the rapid access to the meaning and
phonologic representations. Parieto-occipital regions
play an important role in the first stage of reading
acquisition, allowing the novel readers to perform a
phonologic analysis of the words. On the other hand,
inferotemporal regions are related to whole-word recognition and are recruited by expert readers in later
744
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stages of acquisition.7 Also, the cerebellum has been
suggested to play a key role in reading, both at the
peripheral (eye movements) and at the central level
of written language processing.8
The evidence from functional neuroimaging studies is consistent with our findings of GM volume
reductions located in the critical regions of the reading network. Previous PET and fMRI studies in dyslexic subjects engaged in reading or in phonologic
tasks have revealed an anomalous pattern of activation in the left parietotemporal and inferotemporal
regions as well as in the cerebellum, all components
of the neural system dedicated to reading. This set of
regions is less active in dyslexic than normal control
subjects.1,8,9 It is noteworthy that a magnetic source
imaging study has suggested that successful intensive remedial training results in the normalization of
the activation profile in the posterior portion of the
left superotemporal gyrus,10 that is, a region that we
found affected in our study. The consistency between
the current structural data and functional imaging
results supports the reliability of the technique used
in this study.
Further studies are required to generalize the current findings to sporadic cases of dyslexia. In addition, as the contribution of familial differences in the
volume of GM, independent of the presence of dyslexia, cannot be ruled out, the specificity of the current anatomic findings for familial dyslexia needs
studies within individual families.
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