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Abstract

Background Based on previous studies and due to the characteristics of dyslexia as an auditory phonological decoding disorder, we
predicted that the shape of the posterior corpus callosum (CC) would differ between dyslexic and control dvdbjbors. Twenty
right-handed boys with developmental dyslexia were selected from a carefully screened general population sample (mean age 11 years)
and compared to a matched control group. The CC contour was manually traced on the aligned midsagittal MR slice and total callosal area
and its subregions were compared between the groups. A statistical shape analysis and subsequent CC classification was performed usin
a recently developed shape model methResults The shape analysis revealed shorter CC shape in the dyslexic group, localised in the
posterior midbody/isthmus region. This region contains interhemispheric fibers from primary and secondary auditory cortices. A shape
length difference larger than a fixed threshold in the posterior midbody region could correctly discriminate between control and dyslexic
subject in 78% of the cases, where a dyslexic CC was shorter in this region than a control CC. However, there were no significant group
differences with respect to overall CC area or subregi@osiclusion A clear shape difference in the posterior midbody of the CC was
found between dyslexic and control subjects. This fits with recent other studies that have reported a strong growth factor in this CC region
during the late childhood years, coinciding with literacy acquisition. Our results show that the dyslexic group has not undergone the same
growth pattern as the normal reading group. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction transfer and sequential processing of dyslexic 9-year-old
children was comparable to or worse than the performance
Recent genetic, brain morphology and functional imag- of 7-year-old control children.
ing studies (see [1] for review) have shed light on the  The slow anterior to posterior myelination of fibres in
neurodevelopmental origin of dyslexia. A biological the CC during childhood suggests an ongoing developmen-
basis is suggested with subsequently affected neurocognital process to establish efficient communication between the
tive processes. Due to the important role of interhemispheric hemispheres [7,8]. This maturation is consistent with the in-
transmission of visual and auditory information in reading, crement of complex neuropsychological abilities and matu-
several studies have hinted towards the role of the corpusration of the corresponding cortical areas. Light-microscopic
callosum (CC) and interhemispheric transfer of information examination of the CC has revealed a consistent pattern of
in dyslexia [2,3], see also [4] for a review. Case studies regional differentiation of the fibre types in the CC, with
have moreover indicated that patients with callosal agene-large diameter fibres showing a peak of density in the pos-
sis are more impaired in phonological reading [5]. Finally, terior midbody [9]. Fibres in this area connect the primary
Summerfield and Michie [6] reported that interhemispheric and secondary auditory cortical areas [10]. Thompson et al.
[11] investigated growth patterns in the developing brain by
* Corresponding author. Teki47-559-74500; fax:+47-559-75146. warping algorithms, and followed the CC development of
E-mail addresskple@haukeland.no (K. von Plessen). the same individuals from 7 to 11 years of age. They found
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a striking regional growth throughout the CC with peak val- of the dyslexic and the control group, respectively. The
ues occurring in this area (isthmus). shape prototypes were aligned with respect to the similar-
Several studies have looked for structural CC abnormali- ity group of planar transformations (scaling, rotations and
ties in dyslexic subjects, however with inconsistent results. A translations) in a Procrustes analysis. Such an approach has
look at these studies indicates wide variations in the subjects’been used in other CC shape comparison studies [27,28].
age, sex, handedness, and with respect to study setting (folConstructing of shape prototypes has attracted consider-
review see [4,12]). Most of the studies also only investigated able interest [29,30], but practical methods for computing
size differences of the CC. For example, Larsen et al. [13] such prototypes are somewhat scarce. This is mainly due
failed to detect structural differences in the CC of adoles- to the fact that the statistical shape theory [29,30] can
cent dyslexics and controls. Similarly, Pennington et al. [14] only be applied to sets of points of equal cardinality be-
analysed the brain morphology of 75 dyslexic adolescent tween which point correspondences have been established.
twins and controls matched for gender, handedness and IQHowever, in most instances, the data consist of a set of
No abnormality, either for overall CC size or for subregions contours with different point counts and no known point
of the CC was found in the dyslexic group. correspondences. We used a new method for automatic
Njiokiktjien et al. [15], on the other hand, compared chil- shape alignment and prototype computation that has been
dren with developmental dysphasia and dyslexia to a hetero-developed by Duta et al. [31,32] which overcomes the
geneous clinical group of children with learning disabilities. need for manual point correspondences. This allows to
They found that dyslexic subjects with a hereditary disposi- draw conclusions regarding latent morphological features
tion had an abnormally large CC compared to non-familial of the CC in a sample of CC contours in shape space
cases. Hynd et al. [16], however, found a smaller genu region[33].
in the dyslexic children compared with the control subjects.
Finally, Duara et al. [17] and Rumsey et al. [18] reported
enlarged posterior part of the CC in adult dyslexics. 2. Methods
To our knowledge, only Robichon and Habib [19] com-
pared the size and explicitly also the shape of the CC in a2 1. Subjects
group of adult dyslexics and a control group. An interest-

ing finding was that the two groups differed with respectto  The children were recruited from the 12 largest ele-
the shape of the CC, with the dyslexic subjects exhibiting mentary schools in the city of Bergén34,35]. Informed
a more circular and rounded callosal shape than the controlconsent was obtained from children and parents for each
subjects. See also Robichon et al. [20] who reanalysed thegccessive stage of the screening procedure according to
previous data with a new angulation technique that permits the declaration of Helsinki and the regional ethical com-
the analysis of CC position in the brain, and found a lower pjttee had approved this study before its start. All children
situated CC in dyslexics. _ _ were in the fourth grade at the beginning of the study. To
Studies also have differed with regard to the applied MR increase the number of subjects, the screening was repeated
technigue as well as analysis method (e.g. slice thickness angpe next year in four of the schools. Children who did not
determination of the midsagittal slice for CC measurement) |aarn Norwegian as their mother tongue were excluded. A
[21]. No anatomical landmarks show where fibres from the (ota| of 950 children participated in the first stage of the
corresponding cortical areas cross in the midsagittal view of screening, which consisted of a spelling test with 40 real
the CC. Therefore, methods for subdivision of the CC have \yqr(s.
varied between studies. _ . In the second stage of the screening, children with scores
Due to the inconsistent findings in previous studies, we pglow the 10th percentile on the spelling test were given
wanted to compare both shape and size in a population-baseghe KoAS reading test [36]. KOAS is a computerised
sample of 20 right handed dyslexic boys and 20 controls test-battery tapping orthographic, as well as phonologi-
from the same school classes as the dyslexic subjects, with g4, decoding strategies in reading. It is standardised for
CC manual contour tracing technique and a new shape anal Norwegian sample. A mean reading score for the five
ysis method. Thus, the groups were comparable with respeCiasis of at least 2 S.D. below the mean age level was re-
to age, gender, handedness, factors known to influence CCqyyired for a child to be classified as reading disabled in
development [22-24]. Since dyslexia may be considered athe present study. Thirty-five children met this criterion. In
phonological decoding disorder [25], we hypothesised that aqgjtion, the children had to have an IQ of at least 85, as
the region of the CC containing the auditory fibres, namely 45sessed from four verbal (information, similarities, arith-
the posterior midbody/isthmus region, would be of particu- yetic and vocabulary), and four performance subscales
lar interest. Fibers from the language areas in the superior(picture completion, picture arrangement, block design and
temporal gyrus (Wernickes’ area, planum temporale) pass

through the isthmus area [26]. ) ) 1The present study was part of a larger study on brain markers of
In order to explore differences in CC fibre growth pat- gysiexia conducted at the University of Bergen [34], headed by Prof.
terns we compared the representative (average) CC shapesugdahl.
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Table 1 2.3. Measurement of CC area
Sample characteristics, mean values (range)

In each subject, the morphometric analysis was based on

Dyslexic group, Control group, oI . ; ;

n=20 n=20 the CC outline in a midsagittal slice from the 3D FLASH
Age in months 142 (130-149) 141 (126-149) Image volume. Each 3D data set was subject to anterior
Full scale 1Q 104 (92-126) 114 (89-138) commissure—posterior commissure (AC—PC) alignment us-
Verbal 1Q 103 (87-126) 114 (91-133) ing the AFNI software package [40]. This was applied to
Performance 1Q 103 (87-120) 111 (80-136)  gliminate variability in CC shape and cross-sectional area
Number of right hand tasks 11.3 (9-12) 11.6 (9-12) b f individual diff in head it in th
Reading score (%) 68 (46-80) 96 (93-99) ecause of individual differences in head position in the

scanner and the orientation of the scan plane used to gener-
ate the midsagittal image [21].
) After determining the midsagittal slice in the AC-PC
coding) from the WISC-R [37]. Handedness was deter- zjigned 3D FLASH image the outline of the CC was manu-
mined according to Annett's 12-items inventory [38]. A g)ly traced using the specially designed program in the XITE
child was, however, classified as right-handed when this goftware package [41] for outlining regions of interest. The
hand was used for at least 9 of the 12 tasks. None of thetota| area (in mr) of the CC region was calculated as the
children had a neurological disease or trauma, or had beemyumber of pixels inside the closed contour multiplied by the
diagnosed with or treated for emotional or behavioural pixel size. In order to reduce bias and operator-dependent
disorders. _ variability related to the tracing procedure, the MR images
Two children were excluded because of a hearing l0ss, yere plinded for group and two independent assessors traced
one because of a major visual impairment, and two becausezach CC twice.
of low IQ. Three children declined to participate further at  The total midsagittal callosal area was automatically sub-
this stage of the study, and one child could not enter the gjyided into seven subregions after having manually chosen
MR scanner due to manifestations of claustrophobia. Onetne jnflexion point at the anterior point of the inner con-
child with an arachnoidal cyst was excluded after the MR yexity. This subdivision was identical to that of Witelson
images had been examined by a neuroradiologist. To avoid[24]_ The maximal length of the CC was measured parallel
a possible confounding effect of gender only boys were in- 5 the AC—PC line [42] to allow inter-individual compar-
cluded. The final dyslexic group consisted therefore of 20 jsons, The CC was then divided into halves, thirds and the
right-handed boys. Four children in the dyslexia group had posterior fifth with the following regions: Al (rostrum), A2
received speech therapy in the pre-school period. The CON-(genu), A3 (rostral body), A4 (anterior midbody), A5 (pos-
trol group consisted of 20 right-handed boys recruited from igrijor midbody), A6 (isthmus), A7 (splenium), as shown in
the same school classes as the dyslexic boys, reading at ofjg, 1.
above the mean age level, otherwise meeting the same cri- Qverall brain size was controlled for by indexing the mid-
teria as the dyslexic group. The groups differed in full scale gagittal cortical brain area, as has been done in previous
IQ as well as in verbal 1Q, with the dyslexics scoring lower gy djes [17,18].

than the controls as shown in the sample characteristics in - The midsagittal area was delimited by tracing the superior

Table 1. border of the CC from the genu to the splenium and then
following the cerebrum posteriorly along the inferior border
2.2. MRI scanning of the occipital lobe and continuing anteriorly over the con-

vexity of the brain. Finally, we traced posteriorly along the

Brain |mag|ng data were obtained by MRI scans from inferior border of the frontal lobe until the genu of the CC
a Siemens Impact 1.0 T MR scanner using whole head, was reached again (see Fig. 2).
ear-to-ear, multispectral 3D gradient echo acquisitions (T1W
FLASH TR = 22ms, TE= 6ms, FA= 30°; T2W DESS
TR = 26, TE = 9.45, FA = 40; PDW FISP TR= 23,

TE = 10, FA = 15; FOV = 256 mm, 3D slab= 160 mm,

with a voxel size of 1 mnx 1 mm x 1.25mm). The selec-

tion of the three pulse sequences was based on a previous
multispectral tissue classification study [39].

From each multispectral data set, the T1-weighted 3D
FLASH channel was selected for the CC analysis because
of superior signal-to-noise ratio and grey matter/white
matter contrast. Total MR acquisition time did not exceed . 1/3 2/3 >
30min. The children had been prepared for the scan- 45
ning procedure by an experienced child and adolescent
psychiatrist. Fig. 1. Subdivision of the CC according to [24].

1/2 >
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Fig. 3. Learning the shape of the CC in midsagittal (AC—PC aligned) images. (a) Manual tracings of CC performed on three subjects; (b) isolated
CC contours; (c) shape prototype (black) along with statistical information about shape variation. The prototype vertices (coloured cirélesh have
obtained by averaging the co-ordinates of the corresponding vertices on the three examples (drawn as coloured diamonds) after they have been align
into a common co-ordinate frame (shape space). The three aligned CC shapes are shown in dotted red, green and blue lines. This method for obtainir
a prototype is called Procrustes analysis.
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2.4, Statistical analyses

The groups were compared with respect to the values
of the total area and of each of the seven subregions us-
ing Student'st-test. The level of significance was set to
0.05. The values of the total midsagittal brain area and of
the ratios (midsagittal brain area/CC area) for both groups
were also compared usirgests. The inter- and intra-rater
reliability was determined with Pearson’s intraclass
correlations.

To investigate if a combination of multiple CC subregion
areas (Al, .., A7) could discriminate between dyslexic CC
and control CC, we employed a simple “leaving-one-out”
pattern classification design (e.g. [43]). For each subre-
gional combination we defined, subject by subject, a feature
vector consisting of the calculated areas of the correspond-
ing CC subregions. We thus extracted 40 labelled feature
vectors, 20 belonging to the control group and 20 to the
dyslexic group, for each set of CC subregions. Using the
“nearest neighbour classification” rule with Euclidean dis-
tance in feature space and two label categories, we com-
puted the label of each of the 40 feature vectors in turn
on basis of the known labels of the remaining 39 sam-
ples (i.e. “leaving-one-out” classification). For each run
of 40 classifications we calculated the empirical error rate
as total number of misclassifications divided by sample
size.

2.5. CC shape analysis

The differences in CC shape between the dyslexic and
the control group were investigated by comparing the proto-
types (average shapes) of the CC shapes obtained from th
available tracings. We used a method for automatic shape
alignment that overcomes the need for manual point corre-
spondences to compute shape prototypes for the two groups
This method is recently described in depth by Duta et al.
[33,32] and also shown in Fig. 3.

The shape prototypes for the dyslexic and control group
are shown in Fig. 4. The control group prototype is shown
in grey and the dyslexic group prototype is shown in black.
After aligning the rostrum of the two prototype shapes,
a four-pixel length difference was noticed (Fig. 4a). As
seen in the figure, there was an almost perfect matching
of the rostral and splenial parts of the two CC prototypes,

whereas the difference in length seems to be located in the

midbody/isthmus region. To test this further, the dyslexic
group prototype was cut into two pieces in the midbody
region, and the two parts were aligned separately to the
normal prototype (Fig. 4b). The location of the cut was
determined by allowing the ideal alignment of rostral and
splenial parts of the CC between the groups with the
following procedure. The matching rostral parts of both
prototypes were aligned and the shorter one (dyslexic)
was cut at the point where the contours began to differ
from the other one (control). The remaining splenial part

e
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a

Fig. 4. Comparing the control (shown in grey) and dyslexic (shown in
black) average CC shapes (prototypes) (a). The dyslexic prototype is cut

into two pieces that are aligned separately at rostrum and splenium (b).
The posterior midbody region in the dyslexic subjects is significantly
shorter than in the control subjects.

of the dyslexic prototype was then aligned to the control
Next, we designed a classification system which, given
a CC shape instance, computed the length of the posterior
midbody region and assigned it to one of the two groups.
Since there were no real anatomical landmarks defining this
region, we decided to measure its length with respect to
Witelson’s division of the CC (see Fig. 1). Two templates
representing the anterior half and posterior third of the CC
were computed from the control prototype in Fig. 4 by elim-
inating the remaining part of the midbody region (A5 in
Fig. 1). These two templates, shown in black in Fig. 5, were
Separately aligned to a new shape instance representing in
turn each of the 40 subjects in the study. Subsequently, we
computed the distance that separates the aligned templates
(shown in Fig. 6a for the dyslexic group and in Fig. 6b for

the control group).

Fig. 5. Two templates representing the anterior half and posterior third
from the CC control prototype (see Witelson’s subdivision Fig. 1). The
segment that lies in between these two templates was measured for
classification.



(a)

Fig. 6. Template pieces of the control prototype CC were separately aligned to all CC shapes and the distance between them was measured in the dyslexic group (6a) and the control group (6b).
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Table 2 minimises the overall error rate was set at a pixel length of
Mean values (SD) for CC area measurements 11 and all shapes with an inter-template distance smaller
Dyslexic group,  Control group, than 11 were classified as dyslexic while the ones with a
n =20 (mn¥) n =20 (mn?) greater distance were classified as controls. There were nine
Total CC area 662.6 (79.9) 659.85 (99.9)  misclassifications (five controls classified as dyslexic and
Midsagittal cortical brain area 10582 (781) 10999 (838) four dyslexic classified as controls). Thus, 78% of the CC
Anterior third 294.9 (41.9) 288.3 (49.1) s :
Mid-third 135.2 (20.1) 138.8 (23.7) shapes could be accurately classified by this method.
Posterior third 225.6 (34.5) 232.9 (38.5)
4. Discussion
3. Results

Using new methods for statistic shape analysis we found

3.1. Area measurements reliable differences in the length of the CC in shape space,
with a shorter posterior midbody in the dyslexic group. This

Inter-rater reliability for the CC perimeter measurement shape abnormality was confirmed by an automatic classifi-
was 0.92. The intra-rater reliability was 0.93 and 0.94. cation procedure with an accuracy of 78% over the entire
There were no statistically significant differences between sample. Although this accuracy may not be considered high
the groups with respect to overall CC area, areas of the severenough for an “automatic screening tool”, we believe that
subregions, thirds, or midsagittal cortical brain areas (seeit provides evidence that the CC midbody shape of dyslexic
Table 2). children actually is shorter. There were no significant group

The outcome of the multivariate nearest neighbour clas- differences for overall CC size.

sification study confirmed the previous result of no CC area  To our knowledge, the present study is the first attempt to

differences between the dyslexic and the control group. No set up a prediction model for dyslexia based on CC shape

combination of subregion areas (A1, , A7) could discrim- differences. The model measures the length of the region

inate the dyslexic and control group. which remains after removing the anterior half and the pos-
terior third of the CC. Thus, our region of interest lies ac-

3.2. Shape analysis cording to neuro-anatomical conventions in the posterior

midbody, the region adjacent to the isthmus. Fibres that are

By computing the two CC prototypes, we found a four thought to cross over in this area are the sensorimotor ones
pixel length difference between the groups, that was bestas well as fibres from the superior and posterior parietal re-
located at the posterior midbody/isthmus area in shape spacegion and from the superior temporal region [9,10,26]. Tem-
poral and parietal lobe regions are crucial for the develop-

3.3. Classification ment of language and language processing, since they con-
tain the primary, secondary and tertiary auditory cortical ar-

The distributions of the inter-template distances for the eas. It is known that the posterior CC undergoes a massive
20 dyslexic and 20 control subjects are shown in Fig. 6a myelination in normal readers during the years of reading
and b. The two distributions are well separated though someacquisition [11]. Our shape analysis indicates that the CC in
overlap is present, as shown in Fig. 7. A threshold which the dyslexic group fails to undergo this development, which

# of observations

4

0 e BRI s e T e 13 1415 67 16 19 (20 20 220 23 24 2526 2T (2B 29| 30
—

Number of Pixels

Fig. 7. Distribution of the between-template distances for the control subjects (black) and dyslexic subjects (grey). A threshold was setetgthpixel-
of 11 (the vertical segment) and all shapes with a smaller between-template distance were classified as belonging to the dyslexic subjecteswhile shap
with a greater distance were classified as belonging to the control subjects (78% accuracy).
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results in a shorter CC, Castro-Caldas et al. [44], who stud- asymmetry of the planum temporale does have functional
ied the influence of learning to read and write on the mor- significance. Recent studies have found a reduction in PT
phology of the CC in illiterate and literate subjects found asymmetry [50] in dyslexic subjects, particularly involving
significant differences in the posterior midbody section with the left PT [34,35]. In further research it would be useful to
a thinner CC in the illiterate group. explore the relationship between PT asymmetry reduction

It is important to keep in mind that our method reports and CC shape in the critical regions.
characteristics detected by a shape analysis and the differ- It has also been shown that CC development is dependent
ence between the prototypes hence is found in shape spaceon environmental factors [44,51]. The anterior to posterior
Concerning our finding of no overall area differences, we myelination of the CC follows exactly the motor develop-
found that there were nevertheless inter-individual area dif- ment. This means that a developmental abnormality of the
ferences in both groups (see S.D. in Table 2). It almost seemsposterior midbody of the CC could be a consequence of
as if there was a group of individuals with small and others lacking stimulation due to delayed reading acquisition. To-
with large CC area within both groups. The spatial distri- day we cannot decide whether the less developed CC is a
bution of these area differences once more supports a shapeause for or a consequence of developmental dysfexia.
analysis as a promising method to look upon the fibre distri-
bution of the CC without solely focusing on area measure-
ments. The fibre distribution and shape of the CC may to a Acknowledgements
greater extent mirror its development.

In a Procrustes analysis, the data processing also involves This study was financially supported by the Regional
rescaling of the CC contours (here not more than 4%) to Competence Centre for Child and Adolescent Psychia-
allow a comparability of the data in shape space. Our main try (K.v.P.), the Norwegian Research Council (A.L., E.H.,
finding detects “latent” morphological features of the CC, K.H.), the Nyquist legacy (E.H., K.H.), the Innovest Foun-
which involved mostly length and to a lesser extent also dation Haukeland University Hospital (A.L., A.l.S., L.E,,
thickness. It thus seems that it is a combination of thicknessK.H.) and Siemens Corporate Research, Princeton, USA
and length that differentiates the two groups. This finding (N.D.). We thank the Department of Radiology, Haukeland
matches well with the study of Robichon and Habib [19] University Hospital, for providing access to the MR scan-
who reported more curvature of the CC midbody in the ner, and especially Roger Barndon and Anne Marie Kira for
dyslexic group. It also fits with the findings of other studies technical assistance with the MR scanning. We are grateful
concerning the development of the CC, which have reportedto the children, parents and teachers who participated in the
a thinning and lengthening of the CC with age. Our findings present study.
suggest that this development may be retarded or not taking
place at all in dyslexia.

A less developed CC in the dyslexic group may be due to
several factors. It could be part of a biological syndrome with . .

. . L . . [1] Eden GF, Zeffiro TA. Neural systems affected in developmental

a gengncglly d?termmed dev!atlon in the br.a'n development dyslexia revealed by functional neuroimaging. Neuron 1998;21:
resulting in an impaired function of the auditory system and 279-82.
subsequently minor growth of the part of the CC containing [2] Hines M, Chiu L, McAdams LA, Bentler P, Lipcamon J. Cognition
auditory fibres. This in turn would resultin a dysfunction of B o o ideagitalsurace aveas of calosal
phonological de(?Odmg' From.thls perspectl\_/e our findings sétjnbgiiggoens. Behavioral Neuroscience 1%92;106:3—14.
relate well to a view of dyslexia as due to failure of acous- |3} voore LH, Brown WS, Markee TE, Theberge DC, Zvi JC. Callosal
tic discrimination [45,46]. Tallal and coworkers suggested transfer of finger localisation information in phonologically dyslexic
that dyslexia involves impairment of temporal processing of adults. Cortex 1996;32:311-22.
rapid acoustic events. Such impairment could be related to [4] Beaton AA. The relation of planum temporale asymmetry and
reduced trafficking across the CC midbody/isthmus area in g‘orph.o'_ogy of the corpus callosum to handedness, gender, and

. yslexia: a review of the evidence. Brain and Language 1997;60:
dyslexic individuals. 255_322.

The areas in the superior temporal gyrus and in the [5] Temple CM, Jeeves MA, Vilarroya OO. Reading in callosal agenesis.
temporo-parietal junction are considered critical for speech Brain and Language 1990;39:235-53.
understanding and phonological decoding [47]. The planum [6] Summerfit_eld . BC, Michie PT. _Proce?ssing of tactile stimuli_

. . . . and implications for the reading disabled. Neuropsychologia
temporale (PT) area in the superior temporal gyrus is typi- 1093:31:965-76.
cally larger on the left side in normal readers [48,49]. The [7] Giedd JN, Rumsey JM, Castellanos FX, Rajapakse JC, Kaysen D,
results of brain imaging studies of the planum temporale Vaituzis AC, et al. A quantitative MRI study of the corpus callosum
have been inconsistent, perhaps due to diagnostic uncer- in children and adolescents. Brain Research. Developmental Brain
tainty, technical differences, and lack of control of handed- ~ Research 1996;91:274-80.

ness, sex, and cognitive ability. Although structural imaging 7=, interesting follow-up to the findings, as suggested by an anonymous

studies have not fully clarified the neurobiology of reading reviewer, would be to compare dyslexic children with perceptual and
disability, converging evidence suggests that variation in phonological problems.
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