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Article abstract
 

Objective: To detect anatomic abnormalities of auditory association cortex in
dyslexia by measuring the area of the perisylvian region known as the caudal
infrasylvian surface(s) (cIS) in dyslexic and control subjects.

 

Background: Several quantitative morphometric investigations of cortical areas
in dyslexia have focused on the cIS, which encompasses the supratemporal plane
and the inferior bank of the posterior ascending ramus of the sylvian fissure.
Inconsistencies in the results of these studies may be attributable in part to the
use of measurement methods that do not account fully for surface undulations of
the cIS.

 

Methods: The authors used an MRI-based surface reconstruction technique
that models the curvature of the cerebral cortex in three dimensions to obtain
whole-hemisphere and regional surface area estimates. Measurements were
obtained in both hemispheres of eight right-handed male dyslexic subjects and
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eight right-handed male control subjects.

Results: The cIS area of dyslexic subjects was significantly larger than that of
control subjects, and this result was not attributable to a difference in whole-
hemisphere surface area. Neither the dyslexic nor control subjects showed a left
or right asymmetry in this region, although there was a trend toward less variance
of the asymmetry scores in dyslexic subjects.

 

Conclusions: The gross anatomic organization of this region is different in
dyslexic subjects, and elucidation of the precise nature of these differences may
be aided by surface modeling techniques.

 

 

To date, 10 in vivo MRI-based investigations of dyslexia have sought to
identify anatomic anomalies in the perisylvian region.1-10 Portions of this region
comprise the auditory association cortex, which subserves auditory processes
thought to be disturbed in dyslexia.11 Against the benchmark finding in most of
the general population of leftward asymmetry of one perisylvian region, the
planum temporale (PT),12 a major focus in neuroanatomic studies of dyslexia has
been on PT hemispheric asymmetry patterns. As addressed by Galaburda,13 varying
approaches to delineating and measuring this region have frustrated comparisons
across these studies.

 

The caudal infrasylvian surface (cIS),14 a region referred to by Steinmetz et
al.15 as planum plus (the planum plus also includes a very small region-the
posterior descending ramus of the sylvian fissure), encompasses the PT and planum
parietale (PP).16 The PP is the surface of the supramarginal gyrus that covers the
inferior bank of the posterior ascending ramus (PAR) of the sylvian fissure. In an
early cytoarchitectonic study, Galaburda and Sanides 17 noted that area Tpt
(temporoparietal), a region of the auditory association cortex, "spills," to varying
degrees, from the temporal bank of the PT onto the PP, and, more recently,
Witelson et al.18 reported that cytoarchitectonically identical cortex lines the
posterior aspect of the PT and the PP. These observations support combining the
PT and PP into one region, the cIS, when attempting to measure the full extent of
the auditory association cortex.

 

To date, five studies have examined the cIS in dyslexia.6-10 Two found
differences in cIS hemispheric asymmetry patterns or cIS area between control and
dyslexic subjects,6,9 and three did not.7,8,10 Furthermore, among the three
studies that showed no cIS differences between dyslexic and control subjects, two
found cIS symmetry for both groups 7,10 and one reported cIS leftward asymmetry
for both groups.8 These discrepant findings may be attributable in part to the
method used to measure surface area, and to the fact that the plane of MRI
sections used for measurement varied across studies. The measurement technique
used in these previous studies is a standard algorithm, which we have termed the
"quasi-three-dimensional (3D) method,"14 in which contours are drawn across a
region of interest as it appears in successive MRI scans. A surface area estimate is
obtained by multiplying each contour by the MRI slice thickness, and then summing
them.

 

We have shown previously that the quasi-3D method does not account as fully
for cIS area as does another MRI-based technique, the 3D method.14 This latter
method accounts for surface curvature in three dimensions regardless of the MRI
plane of section used for measurement. In the 3D technique, surface contours of
each hemisphere are used to construct a 3D model of the cerebral cortex.
Estimates of the surface area of each hemisphere and its component regions of
interest are taken from the model (see the Methods section for a full description
of the 3D method).

 

Given that 1) the use of 3D reconstructions of the cIS yields more accurate
measures of the cIS than the quasi-3D method, 2) previous studies of cIS in
dyslexia have not relied on a true 3D approach to surface area measurement, and
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3) the 3D method provides a reference for assessing the specificity of regional
differences by allowing computation of whole-hemisphere surface area, we used
the 3D method to compare the area of cIS in dyslexic and control subjects.

Methods. Subjects. We studied eight right-handed male dyslexic Dartmouth
College undergraduate and graduate students (age range, 19 to 32 years; mean:
23.5 years) who met Diagnostic and Statistical Manual of Mental Disorders, 4th
ed.19 criteria for developmental reading disorder, but no other disorders. They
reported significant difficulties in elementary and secondary school in areas
including reading, writing, spelling, learning languages, and recalling names. They
compensated sufficiently, however, to graduate high school and matriculate at
college.

 

The results of psychoeducational testing, performed on these subjects by a
certified learning disability specialist (AWS), are available from the National
Auxiliary Publication Services (NAPS) (see Note at end of article). A diagnosis of
dyslexia was based on test results that demonstrated a pattern of deficits in
reading rate, writing rate, phonologic awareness, and auditory retrieval that
contrasted with superior verbal IQs, in conjunction with their history of significant
difficulties learning in school.

 

All dyslexic subjects were also evaluated by a neurologist (R.E.N.), who
performed a neurologic history and physical examination and contacted the
mothers of the subjects for additional history. All of the subjects were of normal
birth weight. Their mothers had no problems with pregnancy, labor, or delivery,
and none of them had any neonatal problems. None of the subjects had any
serious illness, and specifically the neurologic review of systems was negative for
any conditions such as seizure, stroke-like episodes, complicated migraine, or
serious head injuries. One patient reported a mild concussion as a child and
another had several mild concussions during high school. Four of the eight reported
first-degree relatives with either learning disabilities or reading difficulties.
Neurologic examination, including mental status, cranial nerves, and motor,
cerebellar, and sensory examination were normal for all subjects, except that one
had a mild pupil asymmetry and one had a mild essential tremor. All subjects
scored right-handed on the Edinburgh Laterality Quotient 20 (range, 45 to 92;
mean, 75).

 

An age-, handedness-, and educationally matched control sample of eight
male students (age range, 19 to 29 years; mean, 24 years) was recruited by
advertising among Dartmouth College undergraduate and graduate students. Each
control subject was administered the Dartmouth Dyslexia Screening Questionnaire
(a semistructured instrument available on request). The questionnaire addresses a
wide range of issues related to dyslexia, including queries regarding slow rate of
reading or writing; weak spelling and grammar skills; difficulty recalling names;
history of poor performance on standardized tests; early history of difficulty
learning to read, write, or compute; auditory perceptual deficits (difficulty
hearing in a noisy environment; inability to retain oral directions; difficulty
learning phonics); slow clerical speed; and a clinical history of specific difficulty
with language-associated academic tasks. The control subjects were free of any
such history. They were also questioned for any evidence of other neurologic
disorders or psychiatric disorders. One control subject had seasonal affective
disorder, but the remainder had no history of psychiatric or neurologic disorders.
All control subjects scored right-handed on the Edinburgh Laterality Quotient 20
(range, 63 to 92; mean, 75). All subjects in this study gave written informed
consent for all procedures.

 

Image acquisition. T1-weighted MRIs were acquired in the coronal plane
(section thickness 3.0 mm, no gap) using a General Electric 1.5-T Signa
(Milwaukee, WI) system that yielded 256 × 256 images with an in-plane pixel
resolution of either 1.17 or 0.937 mm. Images were obtained using 3D FLASH with
TE/TR = 9 milliseconds/50 milliseconds. The head was positioned in the scanner so
that a horizontal laser marked the intercanthal line and a vertical laser
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intersected the midpoint of the nasion and philtrum. Sagittal sections were imaged
(section thickness 5.0 to 8.0 mm, gap, 1.0 mm, in-plane resolution = 1.07 mm)
and inspected for rotational tilt by observing whether the rostrum and splenium of
the corpus callosum, optic chiasm, and fourth ventricle were evident on the same
(mid-sagittal) image. The images were stored on magnetic tape and transferred to
a Silicon Graphics (Mountain View, CA) workstation.

Anatomic designations. The dorsal end point of the PAR was chosen as the
posterior boundary of the cIS because of the evidence provided by Galaburda and
Sanides 17 and Witelson et al.,18 which documented extension of the posterior
auditory association cortex into the PP. The rostral boundary was that portion of
the superior temporal plane just lateral and posterior to the most posterior
Heschl's gyrus (HG) on each coronal image on which it is visualized.

 

No subjects in this study had more than two HG in either hemisphere (of the
eight control subjects, one had two HG in the left hemisphere and one had two
HG in the right hemisphere. Of the eight dyslexic subjects, two had two HG in the
left hemisphere, and two had two HG in the right hemisphere). When two HG
were present, we excluded both from cIS measurements, based on von Economo's
observation that when there are two HG, the primary auditory cortex spreads over
the most anterior HG and partially covers the posterior HG.21 The fact that the
primary auditory cortex does not fully cover the posterior HG could also be used
to justify including the posterior HG in cIS measurements. We could not explore
this alternate possibility because our methodology did not permit delineation of
the entire boundary of the posterior HG. Specifically, we could not identify the
full extent of the sulcus that separates the anterior and posterior HG (i.e., the
intermediate sulcus of Beck). As addressed in the Discussion section, we do not
believe this limitation compromised this study's conclusions.

 

We recognize that choice of the anterior boundary of the cIS remains
controversial.22 Nonetheless, the issue of excluding the primary auditory cortex
from cIS measurement is a fundamental one because primary cortex is involved in
auditory functions such as sound localization (for review, see Mesulam 23), and not
the phonologic and other language processes that are disturbed in dyslexia.11

 

On coronal images, the landmarks of the lateral and medial borders of the cIS
vary along their rostral-caudal extents. The lateral border commences anteriorly
where the lateral-most aspect of the most posterior HG intersects with the lateral
margin of the superior temporal plane. Posterior to this intersection, the lateral
border of the cIS continues as the lateral margin of the sylvian fissure and ends
posteriorly when the sylvian fissure is no longer visible. In cases where a single HG
or a posterior HG did not extend to the lateral margin of the superior temporal
plane, the rostral boundary was that portion of the superior temporal plane
between its lateral margin and its junction with HG, on the anterior-most image
where a single or a posterior HG first appears.

 

In viewing serial coronal images in an anterior-to-posterior sequence, the
anterior aspect of the medial border of the cIS originates, on the first image
where HG is no longer visible, at the intersection of the superior temporal plane
with the inferior margin of the circular sulcus of the insula. The medial border
continues posteriorly in this position until the insula is no longer visible. The
medial border then becomes the medial border of the sylvian fissure, and ends
when the sylvian fissure is no longer visible.

 

Image analysis and measurement methods. The image analysis and
measurement techniques we used are identical to those used in a previous
study.14 Coronal MRI scans were displayed on a monitor and the pial surface of
one hemisphere was manually traced with a cursor. This yielded a contour for
every slice in the MRI data set. For each pair of adjacent contours, a mesh of
triangles was interpolated across the 3-mm gap between them. The surface
reconstruction algorithm used a dynamic programming technique 24 to compute
the mesh having minimal surface area. This process was performed for each
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consecutive pair of contours to yield a model of the hemisphere (figure 1). The
surface area for the hemisphere and the area of the cIS (figure 2) were quantified
by summing the area of the component triangles. This procedure was carried out
for both hemispheres.

The reliability of performing regional surface area measurements in this
manner was ascertained in the context of an earlier study 25 in which the whole
hemisphere and 27 component regions (i.e., the named cortical gyri) were
examined. The methods for determining boundaries between regions were
reviewed in that study, and interrater and intrarater measures of reliability, in the
form of coefficients of variation (CV), were obtained for the whole hemisphere
and each region. The CV for hemisphere surface area measurements was 2.7%
based on three separate tracings by one rater, and 5.4% based on one tracing by
four raters. The interrater and intrarater CVs for individual regions ranged from 3%
for the pars triangularis, a readily identifiable region on coronal MRI, to 28% for
the superior lateral occipital gyrus, a highly varied and convoluted region. The
median CV was 9.4%. Although the cIS was not parceled separately in this earlier
study, the MRI landmarks for this region are relatively easy to identify compared
with other cortical locations. We expect, therefore, that the CV for the cIS is
close to the lower-bound CV of 3% in the previous study, because delineation of
the boundaries of the cIS on coronal MRI is as straightforward as delineation of the
boundaries of the pars triangularis.

 

In the current study, two raters were randomly assigned to perform cIS
measurements on dyslexic and control subjects. The raters were blind to study
hypotheses, and to whether they were rating dyslexic or control subjects.

 

An asymmetry coefficient was computed for all surface area measurements
using the formula (L - R)/(0.5 × [L + R]), where R and L are the surface areas (in
square centimeters) of the right and left homologues, respectively. In accordance
with previous studies (e.g., Galaburda et al.26), a structure with a coefficient
magnitude of 0.100 or greater was classified as asymmetric, with a positive value
indicating leftward asymmetry, and a negative value indicating rightward
asymmetry.

 

Data analysis. To determine if the distribution of cortical surface area differs
between control and dyslexic subjects, measurements of each hemisphere and
each cIS were made for every subject. From these initial measures, we also
calculated cIS areas that were normalized for hemisphere surface area. We also
computed hemispheric asymmetry coefficients, and asymmetry coefficients for the
cIS.

 

Surface area measures of the hemispheres and the cIS were first subjected to
univariate analyses of variance with subject group (control versus dyslexic
subjects) treated as a between-groups factor and hemisphere (left versus right)
treated as a repeated measure. Asymmetry scores of the two groups were
compared with each other using t-tests for two means and were also compared
with symmetry (zero) using t-tests for single means. Differences in the distribution
of the asymmetry scores between the two groups were assessed by comparing their
absolute magnitudes using a t-test for two means, and by testing directly for
homogeneity of variance between the two groups using Levene's test.

 

Results. Cortical surface area differences between dyslexic and control
subjects. Table 1 displays cIS and hemisphere surface area measurements for all
subjects. A comparison of the two subject groups revealed no difference between

the whole-brain surface areas of dyslexic subjects (mean = 1700.75 ± 47.37 mm2)

and control subjects (mean = 1603.58 ± 51.31 mm2, p = 0.19). Analysis of the
hemisphere surface area measurements revealed no differences between the left
and right hemispheres (p = 0.46) and no interaction between subject group and
hemisphere (p = 0.19; figure 3A).

Table 1 Figure 3
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A comparison of the area of the cIS showed a significant difference between
dyslexic and control subjects (p = 0.02), but no difference between the
hemispheres (p = 0.61) and no interaction (p = 0.61; figure 3B). The cIS surface
area difference between dyslexic and control subjects was not attributable to
overall differences in brain size because the pattern of results was unchanged if
the area of the cIS was normalized to the total surface area of the hemisphere in
which it resides by expressing its value as a percentage of the hemisphere surface
area (subject group: p = 0.01; hemisphere: p = 0.35; subject group × hemisphere:
p = 0.778).

 

Asymmetry scores. Table 2 lists cIS and hemisphere asymmetry coefficients
for all subjects. Asymmetry coefficients for the cIS of all the subjects did not
differ significantly from zero (mean = -0.0633, t = -0.81, df = 15, p = 0.43). The
average asymmetry coefficients for control subjects (mean = -0.0977, t = -0.65, df
= 7, p = 0.54) and dyslexic subjects (mean = -0.0289, t = -0.54, df = 7, p = 0.60)
also did not differ appreciably from zero. In addition, these asymmetry
coefficients did not differ between the two groups (t = -0.43, df = 14, p = 0.67).
Coefficients generated for the whole hemispheres also showed no asymmetries for
control subjects (mean = -0.0164, t = -1.37, df = 7, p = 0.21) or dyslexic subjects
(mean = 0.0048, t = 0.68, df = 7, p = 0.52), as well as no difference between the
mean asymmetry scores of the two groups (t = -1.52, df = 14, p = 0.15). Thus,
both the cIS and the hemispheres are symmetric when asymmetry coefficients are
averaged across subjects.

Table 2

Homogeneity of variance. Although the mean cIS asymmetry coefficients did
not differ between control and dyslexic subjects, control subjects showed a trend
toward greater variance in their asymmetry coefficients (Levene's = 4.175, p =
0.06). In contrast, the variance of the overall hemispheric asymmetry coefficients
did not differ significantly between dyslexic and control subjects (Levene's =
2.665, p = 0.12). The range of asymmetry scores was broader in control subjects (-
0.568 to 0.753) than dyslexic subjects (-0.204 to 0.208), and four of the control
subjects had marked asymmetry (-0.568, -0.471, -0.462, and -0.753). This effect
was also apparent when the absolute magnitude (i.e., direction of asymmetry
ignored) of the asymmetry coefficients were considered. Dyslexic subjects had
significantly lower absolute asymmetry scores (mean = 0.129 ± 0.064) than control
subjects (mean = 0.342 ± 0.064, t = 2.368, df = 14, p = 0.03; figure 4). Although
several of our control subjects did not show a prominent asymmetry in the cIS,
these results indicate that as a group, control subjects may have a greater degree
of cIS asymmetry compared with dyslexic subjects, but no preferred direction of
asymmetry.

Figure 4

Discussion. In this study, dyslexic and control subjects had overall cIS
symmetry, a result consistent with that of Leonard et al.7 and Rumsey et al.,10
and approximate to that of Gauger et al.9 who found that control subjects had a
symmetric cIS and that dyslexic subjects had only slight rightward asymmetry. We
suggest that the concordance of these four studies may be due largely to the
ability of their respective methodologies to account for the surface of the PAR. In
the three previous studies,7,9,10 measurement of the PAR may have been
optimized by the use of sagittal images that capture the obliquity of the PAR
surface with respect to the coronal plane; in the current study, this was achieved
by reconstructing this tilted surface from a sequence of coronal images.

 

In contrast to the current study, Larsen et al.6 found that the cIS was more
commonly leftward asymmetric in control subjects (70%) than dyslexic subjects
(30%), and Schultz et al.8 reported that 70% of both dyslexic and control subjects
had a leftward-asymmetric cIS. These two studies used coronal MRIs in conjunction
with the quasi-3D method. This combination results in foreshortened measures of
the cIS, a problem which is more acute in the right hemisphere where the PAR
makes up a larger proportion of the cIS surface.14 Therefore, we speculate that
the discordance of the current findings with those of Larsen et al.6 and Schultz et
al.8 is due to spurious findings of leftward asymmetry in the latter.
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In addition to avoiding anteroposterior foreshortening of the PAR, the 3D
method also accounts for surface curvatures in the other two orthogonal
dimensions. None of the measurement methods used in the five prior studies of the
cIS in dyslexia 6-10 accomplishes this. The one study that used a surface rendering
technique to model the PT portion of cIS 10 used a two-dimensional technique for
surface measurement.

The use of 3D methodology, which has now been adopted in other
investigations,22,27,28 may explain two novel findings in the current study. First,
the cIS area of dyslexic subjects was significantly larger than that of control
subjects. Whole-hemisphere surface area of dyslexic subjects was not significantly
larger than in control subjects, and, in a prior study examining lobar surface area
in the same dyslexic and control subjects as in the current study, we found no
significant differences in left or right whole temporal or parietal lobe surface
areas between the groups.29 In addition, in the current study, normalizing the
area of the cIS to whole-hemisphere surface area did not change this result.
Therefore, the larger cIS of dyslexic subjects in this study was not a consequence
of larger temporal lobes, parietal lobes, or hemispheres. Larger cIS measures in
dyslexia could either be the result of more exuberant growth of neuropil or the
addition of cortical columns, or larger regions could result from less involution in
the course of corticogenesis. Studies by Galaburda et al.26,30 support the latter
possibility.

 

Barta et al.28 recently reported that the surface area of the right hemisphere
temporal bank of cIS (i.e., PT) is larger in schizophrenia, another disorder
associated with language-related symptoms and possible neurodevelopmental
origins.31 In the schizophrenia cohort of Barta et al.,28 however, the volume of
the right PT was also reduced, indicating thinning of the cortical ribbon. To our
knowledge, cortical thinning has not been assessed in dyslexia.

 

The study's second finding was that although the mean asymmetry coefficient
for the cIS in control and dyslexic subjects indicated no directional asymmetry, the
dyslexic subjects had a significantly smaller mean absolute magnitude of
asymmetry and showed a trend toward less variable asymmetry scores than control
subjects. This effect was apparent in the markedly narrower range of asymmetry
scores in the dyslexic subjects. To the extent that normal reading facility may
correlate with a genetically based capacity to specify greater range (leftward as
well as rightward), variability, and absolute magnitude of cIS asymmetry than is
present in dyslexic subjects, the current findings resonate with observations that
mice can be bred for strength of pawedness but not which paw, left or right, will
become stronger,32 and with the suggestion of Habib et al.33 that degree of
handedness and not its direction determines the relationship of handedness to
planum asymmetry patterns.

 

The cIS differences we have identified in dyslexia may be part of a broader
pattern of cortical and subcortical disturbances in this disorder. Functional
disturbances have been implicated in all four cortical lobes in dyslexia,11,34 and
abnormalities have been identified in the medial geniculate body.35 These
abnormalities may suggest perturbed neurodevelopment responsible for widespread
brain differences between dyslexic subjects and unimpaired people. A similar story
is unfolding in schizophrenia.31

 

It is important to consider whether morphometric differences between
dyslexic and control subjects are epiphenomena, not related to disturbances in
reading ability. A functional MRI study by Binder et al.36 raises this possibility by
demonstrating that the region of the PT was activated by tones and words,
whereas the region encompassing the superior temporal sulcus, which divides the
superior temporal gyrus from the middle temporal gyrus, had a larger activation by
words relative to tones. The superior temporal sulcus region has not been
measured specifically in dyslexia except indirectly by whole temporal lobe
measurements.8,29 This finding and similar findings in other functional imaging
studies sound a cautionary note that should be heeded in efforts to interpret the
significance of regional cortical measurements in dyslexia.
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Although much emphasis has been placed on the importance of regional size
differences between the two hemispheres, recent evidence indicates that
functional specializations for language may also be due, in part, to differences in
the microanatomic organization of these regions. Language-related cortical areas
show significant differences in the organization of intracortical connectivity 37 and
in the structure of layer III pyramidal cells.38 In addition, the distribution of
neuroactive substance may also vary between homotopic cortical regions that are
functionally distinct.39 Much remains to be studied regarding other aspects of
microanatomic cortical organization and how these regional differences relate to
specification of cortical regions and the performance of cortically mediated
behaviors (see Hutsler and Gazzaniga 40 for a review).

 

The current study raises several methodologic issues. The first is our exclusion
of a second HG from cIS measurements. Barta et al.,22 in a review of the
literature on this issue, concluded that additional HG should be included in
measures of the PT. As we pointed +out earlier, however, the cytoarchitectonic
studies of von Economo 21 reported that primary auditory cortex "partly covers" a
second HG when present, justifying its exclusion from cIS measurements. It is
unlikely that our asymmetry findings would have been altered by including a
second HG in the cIS because both dyslexic and control subjects in the current
study had equal numbers of HG in both hemispheres.

 

Second, because we did not obtain serial sagittal images, we were unable to
parse the cIS into the PT and PP. Therefore, we cannot comment on whether the
study findings might have been related more to differences in one of these
subdivisions than the other, or on whether additional differences between control
and dyslexic subjects would have emerged had the PT and PP been measured
separately.

 

Third, our use of univariate tests to compare both the overall surface area of
the hemispheres, as well as a subcomponent of each hemisphere (the cIS), may
result in an inaccurate assessment of differences in cortical surface area between
the two groups because these measures are intercorrelated. The p value that
demonstrated the difference between the two groups was not adjusted for
multiple testing. The finding requires replication by a study designed specifically
to address this issue.

 

Finally, our findings are tempered by the nature of our subject pool. Our
conclusions are confined to right-handed male college students with dyslexia, so
they may not be applicable to women, those with mixed or left handedness, or
dyslexic people who do not seek a college education. Furthermore, an increased
sample size could demonstrate other differences between the two groups that we
were unable to detect.

 

Note. Readers can obtain 3 pages of supplementary material from the National
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