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Abstract

The development and organization of the corpus callosum is described as well as the relationship between the
timing of insults and the type of partial agenesis of the corpus callosum are discussed. Neuropathology and callosal
damage associated with spina bifida meningomyelocele, aqueductal stenosis, and prematurity—IVH are outlined.
Relationships between corpus callostwnole brain ratios and cognitive functioning as well as interhemispheric
transfer in children with these disorders are outlined. Shortcomings of current research and future directions are
suggested.JINS 2000,6, 351-361.)
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INTRODUCTION neurodevelopmental approach to understanding relation-
Pips between callosal as well as other dysmorphologies and
ognitive dysfunction is emphasized. Research using this
proach may produce theoretically important informa-
n about callosal functioning as well as clinically rele-
nt information about cognitive deficits in children with
hydrocephalus.

Hydrocephalus generally refers to excessive cerebrospin%
fluid (CSF) in the head (Shaw & Alvord, 1995). Hydroceph-

alus is always secondary to another disorder or disease %
the brain. In its acquired form, hydrocephalus can occur al 4
any age. It can be associated with trauma, infection, or tu
mors in both children and adults and, additionally, with
dementia-like conditions in adults (Gascon & Leech, 1991).
Early-onset hydrocephalus can be the result of congenitaPEVELOPMENT AND ORGANIZATION

and perinatal disorders such as neural tube defects (e.g., spiQaF THE CORPUS CALLOSUM

bifida meningomyelocele), aqueductal stenosis, and intrathe corpus callosum is the largest of the forebrain commis-
ventricular hemorrhage associated with prematurity as We|éures_ At about 7 weeks of gestation, the dorsal part of ros-
as other disorders (Barkovich, 1995). Spina bifida (SB) me+ral wall of the forebrain known as the lamina terminalis
ningomyelocele occurs at a rate of .5 to 1 per 1,000 livepegins to thicken and form the lamina reuniens or commis-
births and the rate is approximately .05 per 1,000 live birthssyral plate. The dorsal part of the lamina reuniens folds into
for aqueductal stenosis (AS). About 20% of premature birthy median groove called the sulcus medianus telencephali
involve prematurity—intraventricular hemorrhage (IVH; medii (SMTM). A glial sling bridges the groove and helps
Volpe, 1995). Early onset hydrocephalus is often associategh guide axons across the midline by expressing surface mol-
with abnormalities of the corpus callosum. Before describecules and secreting chemicals (Barkovich, 1995). At 9
ing the neuropathology of these disorders and the assocjveeks of gestation, cells from the lamina reuniens grow into
ated callosal difficulties, the development and organizationhe SMTM. The cell mass in the SMTM eventually be-
of the corpus callosum will be discussed in order to providecomes the massa commissuralis into which fibers of the cor-
a context for later comments. The importance of taking gus callosum grow beginning at 12 weeks (Barkovich, 1995;
Barkovich & Norman, 1988). It should be noted that other
) ) _cerebral commissures have already begun to send fibers
Reprint requests to: H. Julia Hannay, Department of Psychology. Uni-p o the midline. The anterior commissure begins to de-
versity of Houston, 4800 Calhoun, Houston, TX 77204-5341. E-mail:
Jhannay@uh.edu velop at about 10 weeks of gestation followed by the hip-
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pocampal commissure at 11 weeks. The earlier developmeBarkovich, 1995; Barkovich & Norman, 1988; Rakic &
of commissures other than the corpus callosum may be imYakovlev, 1968; Figure 2).
portant to the interhemispheric transfer of children with com- Not much is known about the Probst bundles. Research
plete or partial agenesis of the corpus callosum (Jeevesyith mice having congenital agenesis of the corpus callo-
1994). For instance, the anterior commissure normally consum (Ozaki & Walsten, 1993) indicates that not all axons in
nects visual and auditory association areas in the tempordhe Probst bundles stay in the bundles. Some are able to
lobes and, in some cases of agenesis, may be enlarged traverse the midline by growing across the dorsal surface of
provide a compensatory mechanism (Fischer et al., 1992}he hippocampal commissure when it is large enough. In
The corpus callosum is basically present by 20 weekgact, patients sometimes have an enlarged hippocampal com-
(Barkovich, 1995). Development continues during gestamissure that may be mistaken for the splenium of the cor-
tion and after birth with the corpus callosum increasing inpus callosum on a sagittal view but can be seen to connect
thickness as the cortex matures. All parts of the corpus cakhe fornices on a coronal view of the corpus callosum (Bark-
losum do not develop simultaneously. The genu, the bodyyvich, 1995; Figure 3). Some axons leave the bundle and
and then the splenium develop before the rostrum (Figenter the ipsilateral white matter to form functional ipsilat-
ure 1). Because of the sequence of callosal developmengral cortico—cortical connections (Lefkowitz et al., 1991,
the regions that develop or do not develop give evidence o©zaki et al., 1989). Corpus callosum axons have been traced
the timing of the insult and, to some degree, the type of inin adult mice with partial agenesis and even a small corpus
sult (Barkovich, 1995). When there is partial agenesis frontallosum was reported to include axons from many cortical
congenital disorders, the genu is almost always present sincegions (Olavarria et al., 1988; Ozaki et al., 1987). These
it begins to develop before the body. The body, or part of it,findings raise several questions: Are there fibers from many
may be present. The rostrum and the splenium are most likelgortical areas in the remaining corpus callosum of children
to be small or absent (Barkovich, 1995). Generally, if thewith partial agenesis? If so, are these fibers sufficient to sup-
rostrum and splenium are present while the genu and bodgort callosal transfer? Are the anterior commissure and the
are hypoplastic (thinned) or absent, a destructive lesion sudhippocampal commissure involved in compensatory pro-
as secondary hydrocephalus is likely to be the cause. This isesses in humans? If so, to what degree and with what pat-
common in premature infants with IVH who require shuntstern of agenesis?
to control progressive hydrocephalus. The corpus callosum provides communication between
If there is agenesis or partial agenesis of the corpus camost regions of the cerebral hemispheres. Experimental work
losum, the cingulate gyrus or parts of it in the region of thewith monkeys and clinical research with humans (see Wi-
agenesis do notinvert as they should. Furthermore, the axomslson, 1989) have resulted in rough divisions of the corpus
of callosal neurons which would normally run interhemi- callosum. These divisions include the rostrum, genu, body
spherically may turn and run parallel to the interhemi- (rostral body, anterior midbody, posterior midbody, isthmus,
spheric fissure forming the longitudinal callosal bundles ofand splenium), going from anterior to the posterior. The ros-
Probst and producing crescent shaped lateral ventriclesum seems to connect the caudal—orbital prefrontal and in-
ferior premotor cortices. The genu connects the prefrontal
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Fornix - s SR
Region Anatomical label Cortical region : ... pellucidum
1 Rostrum Caudalorbital prefrontal. inferior premotor
2 Genu Prefrontal
3 Rostral body Premotor. supplementary motor
4 Anterior midbody  Motor
5 Posterior midbody ~ Somaesthetic, posterior parietal
6 Isthmus Superior temporal. posterior parietal
7 Spienium Occipital. inferior temporal.

Fig. 1. Anatomy of the corpus callosum with divisions given by Fig. 2. lllustration of crescent shaped ventricles, longitudinal bun-
Witelson (1989). (Reprinted with permission from Klaas et al., in dles of Probst, and everted rather than inverted cingulate gyri. (Re-
press). printed with permission from Barkovich, 1995).
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Fig. 3. Enlarged hippocampal commissure mimicking agenesis (outline arrows on both sagittal and coronal views),
hippocampal commissure connecting the fornices (white arrows on the coronal view), and longitudinal bundles of
Probst (black arrows on coronal view). (Reprinted with permission from Barkovich, 1995).

cortices. The rostral body connects the premotor and sughe vertebral column do not fuse in the posterior midline
plementary motor cortices. The anterior midbody connect$eaving a bony cleft through which meninges, spinal cord
the motor cortices. The posterior midbody connects the sonparenchyma, and nerve roots protrude (Menkes et al., 1990).
esthetic and posterior parietal cortices. The isthmus conFrequently there are abnormalities of the cervical spinal cord
nects the superior temporal and posterior parietal corticess well. There may be many brain abnormalities, including
The splenium connects the occipital and inferior temporaimalformations of the brainstem, ventricular system, cerebel-
cortices. This information is particularly useful in trying to lum, and cerebral hemispheres, and agenesis of the corpus
predict which cognitive and motor functions are likely to be callosum (Menkes et al., 1990). Practically all of these chil-
affected by primary and secondary insults to the developinglren (95%) have the Arnold—Chiari Il malformation of the
brain which result in partial agenesis aiod hypoplasia of cerebellum and the hindbrain. They may have a small pos-
parts or all of the corpus callosum. terior fossa with low attachment of the tentorium (Barko-
vich, 1995). As a result, an elongated and malformed
brainstem and the unrolled vermis of the cerebellum may

NEUROPATHOLOGY OF SPINA BIFIDA extend well down into the cervical spinal cord. The fourth
MENINGOMYELOCELE, AQUEDUCTAL ventricle is compressed also and the foramina of Luschka
STENOSIS, AND PREMATURITY=IVH and Magendie are compromised obstructing flow of CSF
from the third and fourth ventricles. The superior and infe-
Spina Bifida rior colliculi may be fused and stretched posteriorly and in-

feriorly giving the tectum a beaked appearance (Leech,
SB is the most common neural tube defect producing earlyt991). The cerebral cortex may be folded into an excessive
onset hydrocephalus. SB produces several spinal dysgraphicimber of small gyri (polymicrogyri), have only four lay-
conditions, malformations of the spine resulting from de-ers, and there may be grey matter areas in the white matter
fective or delayed closure of the embryonic neural tube. Imear the ventricles (heterotopias; Leech, 1991) and there may
SB occulta there is no herniation of meninges or neural tisbe interdigitation of the gyri. Hydrocephalus that needs
sue through the cleft. SB meningocele involves herniatiorshunting is observed in 80 to 90% of these children (Reigel
of the meninges through the cleft. Children with SB men-& Rothstein, 1994). Partial agenesis is present in about 65%
ingocele infrequently show lower limb and bladder difficul- of the cases in Houston and an additional 35% of the cases
ties and changes at the level of the brain (e.g., Chiarhave hypoplasia of the corpus callosum. The fact that the
malformation) that are expected with SB meningomyelo-splenium and rostrum are most likely to be missing and the
cele. The most serious of the SB conditions is SB meningenu is usually present suggests that the partial agenesis re-
gomyelocele and occurs in about 70% of SB cases (Willssults from a disturbance of normal development rather than
1993). It is most common at the lumbosacral level but carthe secondary destructive hydrocephalus (Barkovich, 1995).
occur at any level of the spine, secondary to the failure oMoreover, the presence of agenesis suggests a prolonged
the caudal end of the neural tube to develop. Some bones disruption of neuroembryogenesis that extends beyond the
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first trimester. The variable pattern of agenesis may provide Midsagittal slices from magnetic resonance imaging
clues to the timing of some of the insults associated with(MRI) scans are useful for illustrating dysmorphologies of
SB meningomyelocele (Barkovich, 1995). the brains of hydrocephalic children. Figure 4 includes a
midsagittal slice from a normal child (upper left panel), and
children with SB meningomyelocele and shunted hydro-
cephalus (lower left panel), AS shunted hydrocephalus (up-
Early onset hydrocephalus is also the result of aqueductader right panel), and prematurity—IVH (lower right panel;
stenosis (congenital narrowing of the cerebral aqueduct). ThEletcher et al., 1995). The child with SB meningomyelocele
narrowing generally occurs at the level of the superior col-has a beaked tectum, compression of the cerebral aqueduct,
liculi and the intercollicular sulcus. There may be pure ag-dilation of the third ventricle, and partial agenesis of the
ueductal stenosis or branching of the aqueduct into dorsalorpus callosum in which the splenium and rostrum are miss-
and ventral channels (aqueductal forking). Fusion of the ining. The child with AS has an enlarged third ventricle and
ferior and superior colliculi producing beaking of the tec- thinning of the corpus callosum. The child with prematurity-
tum may be present (Barkovich, 1995; Shaw & Alvord, IVH has very noticeable hydrocephalus of the third and
1995). The cerebellum is usually normal though pressuréourth ventricles. Figure 5 depicts midsagittal slices of four
effects of the hydrocephalus may produce some downwardhildren with SB meningomyelocele (Hannay et al., 1999).
extension (Robertson et al., 1990). Partial agenesis occufBilation of the third ventricle and the Arnold—Chiari Il for-

at a lower rate than with SB meningomyelocele, possiblymation are particularly evident. Different types of partial
because aqueductal stenosis occurs later in gestation. Pagenesis of the corpus callosum as well as hypoplasia and a
tial agenesis is present in about 35% of our children andchormal corpus callosum are illustrated.

50% have hypoplasia of the corpus callosum.

Aqueductal Stenosis

. EARLY HYDROCEPHALUS AND
Prematurity—IVH CALLOSAL FUNCTIONING
Hydrocephalus associated with prematurity—IVH in pre-+
mature children results from a hemorrhage shortly after birtfb
and is a common sequela of neonatal intracranial hemorﬁ

'rhage (Menkes et al., 1990; Volpe, 1987). In the prem""turefemaining corpus callosum was correlated with cognitive
infant, the bleeding starts over the head of the caudate NUnd motor functions. More recently Klaas et al. (in press)

cleus in the capillaries of the germinal matrix (the area Indeveloped a battery of experimental tests of callosal trans-

the ventricle wall from which brain cells are generated). Thefer and we are on our second generation of tests. First, the
hemorrhage usually occurs 24 to 48 hr after a major hypoxic— ’

ischem ¢ at the ti £ birth hortly th t results of correlational studies and an experimental inves-

';IC zr_mc 'e\t/ert]h a f. ||me 0 '[j ?rTSh orhy .Zre? er'tigation will be reviewed. Then limitations of current cal-
eeding into the ventricies IS evident. The chorold pIexUs, o research will be described. Finally current and future

frequently bleeds also. Periventricular hemorrhagic infarc-

. ! : . directions will be discussed.
tions (periventricular leukomalacia) are common (Barkov-
ich, 1995). There may be blood in the subarachnoid space
of the posterior fossa. Since the effects on the corpus calerrelational Investigations
losum are secondary to the hydrocephalus and not the result
of a disorder of neuroembryogenesis, hypoplasia is mosin the first study (Fletcher et al., 1992), children with SB
likely. All of our children are shunted. None have partial meningomyeloceleN = 17), SB meningoceldN = 6), aque-
agenesis and 100% have hypoplasia. ductal stenosisN = 9), and normal childrenN = 12) of

In general, with early onset hydrocephalus there may beomparable age, SES, and race were given the Wechsler In-
reduced overall brain mass, a thinner cortical mantle, ant¢elligence Scale for Children—Revised (WISC-R; Wech-
thinning of some brain areas, particularly in the posteriorsler, 1974), and the McCarthy Scales of Children’s Abilities
regions (Dennis et al., 1981). Agenesis Andhypoplasia (McCarthy, 1972). Tests of verbal and nonverbal ability in-
of the corpus callosum may be present. White fiber tractscluding the Auditory Analysis Test (Rosner & Simon, 1971),
especially those near the midline connecting the cerebraRapid Naming (Denckla & Rudel, 1974), Word Fluency
hemispheres to the diencephalon and more caudal region@enton et al., 1983), Word-Finding Test (Dennis et al.,
may be damaged. Abnormalities of the tectum, and mei1987), the Beery Visual-Motor Integration Test (Beery,
dulla, compression of the diencephalon, defects of the opti@982), and Judgment of Line Orientation (Benton et al.,
pathways, polymicrogyri, heterotopias, and demyeliniza-1983) were administered additionally. The corpus callosum
tion of white matter may be present. Cerebellar abnormalwhole brain ratio (using cross-sectional area from a mid-
ities vary across etiologies (Barkovich, 1995; Dennis et al. sagittal MRI slice) correlated significantly with WISC-R
1981; Fletcher et al., 1995). There are large individual dif-and McCarthy verbal and performance scale measures. The
ferences in the pathology within and across etiologiegatio also correlated with additional visual-spatial but not
(Fletcher et al., in press). language measures.

he investigations of callosal functioning with early hydro-
ephalus in Houston began with the work of Fletcher and
is colleagues (Fletcher et al., 1992, 1996). The size of the
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Fig. 4. Midsagittal slice from MRI of a normal child (upper left panel), and children with shunted hydrocephalus
having spina bifida meningomyelocele (lower left panel), aqueductal stenosis (upper right panel), and prematurity
intraventricular hemorrhage (lower right panel). (Reprinted with permission from Fletcher et al., 1995.)

These findings were replicated with a larger samplelnitial Experimental Investigation
(Fletcher et al., 1996). The sample included children with
shunted hydrocephaludN(= 42), arrested hydrocephalus Klaas et al. (in press) investigated interhemispheric transfer
(N = 19), patient controls with no hydrocephaldé € 23),  of information in children with hydrocephalus having par-
and normal childrenN = 15). The same cognitive mea- tial agenesis antr hypoplasia of the corpus callosum. A
sures were administered. Tests of motor function, theeview of experimental studies of acallosals was useful for
Grooved Pegboard (Knights & Moule, 1968), and execu-generating hypotheses about the effects of partial agenesis
tive function, the Tower of London (Shallice, 1982), and but not hypoplasia since there were no experimental studies
the Wisconsin Card Sorting Test (Heaton, 1981) were addedhat they knew of examining the effects of hypoplasia. It
Corpus callosunwhole brain ratios were strongly corre- should be kept in mind that the striking disconnection ef-
lated with various nonverbal measures and also fine motofects seen in commissurotomy patients are not expected in
coordination and weakly correlated with various verbal meaindividuals with partial agenesis.
sures. They were not correlated with measures of executive Children with hydrocephalus from spina bifida meningo-
function. The lateral ventriclthemispheric and internal myelocele N = 8) or aqueductal stenosill& 5) who were
capsul¢ghemispheric ratio correlations were generally missing a splenium and had partial agengsypoplasia of
weaker or nonsignificant as they had been in the previoushe body as determined by sagittal MRI were studied. It was
study. The shunted hydrocephalic group provided the greathought that this group would be most likely to differ from
est contribution to the correlation for performance 1Q. Thesenormal children on the tasks. Normal controlé € 13) of
findings suggest that the corpus callosum plays a parsimilar age, race, sex, and socioeconomic status were tested
ticularly important role in nonverbal, perceptual-spatial-also. All were right-handed. There were 7 boys and 6 girls
constructional and motor skills. These findings could be conin each group. The age range was 10 to 17 years for the
strued as providing support for a facilitatory model of callosalchildren with hydrocephalus and 9 to 15 years for the nor-
functioning in which interhemispheric transfer of informa- mal controls. Children with prior histories of head injury,
tion is important in hemispheric activation and specializa-neurological disorders not associated with shunting, or se-
tion and presumably for the reorganization of posterior rightvere psychiatric disorders were excluded from the study. The
hemisphere function after insult (Fletcher etal., 1992, 1996)WISC-R Verbal or Performance IQ was 70 or greater for
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Fig. 5. Midsagittal slice from MRI of 4 children with spina bifida meningomyelocele. Variability in the structure of the
corpus callsum (arrows) is demonstrated and include a normal corpus callosum (upper left panel), a hypoplastic corpus
callosum (upper right panel), and partial agenesis of the corpus callosum (lower left and right panels). (Reprinted with
permission from Hannay et al., in press.)

each child to avoid the effects of mental deficiency. All of part, visual field effects for acallosal children are similar to
the children with hydrocephalus had posterior parietal shuntghose of normal children (Ettlinger et al., 1974; Karnath et al.,
11 in the right hemisphere and 2 in the left hemisphere. 1991; Lassonde et al., 1988; Lehmann & Lampe, 1970).
All of the children were given a battery of interhemi- However, Klaas et al. (in press) hypothesized that transfer
spheric visual, auditory, tactile, and visuomotor interhemi-of visual information by other pathways such as the ante-
spheric transfer tasks. Additionally, sensory—perceptual task$or commissure should produce slower and more degraded
were administered in order to determine whether difficul-transfer of the information. It was predicted that the hydro-
ties in receiving and interpreting stimuli that did not have tocephalic children would be able to correctly identify visual
cross the corpus callosum was responsible for any unusuatimuli presented in either visual field but would show a
interhemispheric transfer task performance. larger left visual field superiority for recognition of high
complexity—low association value forms. That is, children
with hydrocephalus were expected to identify fewer of the
forms presented in the right visual field since the forms ini-
Callosal transfer of visual information was accomplishedtially went to the left hemisphere and then were transferred
with a tachistoscopic laterality task (Fontenot, 1973; Han+o the right hemisphere to be processed. The children with
nay et al., 1981). High complexity—low association formshydrocephalus showed a significant left visual field superi-
were presented unilaterally i either the left or right visual  ority for the forms, primarily because they made more errors
field and are expected to produce a left visual field superioritywhen the forms were presented in the right visual field. The
in normal adults indicative as greater right hemisphere incontrols actually obtained a small nonsignificant right vi-
volvement. Given that all of the children with hydrocepha- sual superiority.
lus were missing the splenium, it was hypothesized that some The pattern of performance for the children with hydro-
neural reorganization would have taken place. For the mostephalus can be viewed as an exaggeration of normal per-

Visual information
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formance related to poorer transfer of right visual field mal individuals usually obtain a right ear advantage for dich-
information from the left hemisphere to the right hemi- otic words. The findings for acallosals have been
sphere for processing. There did appear to be transfer afontradictory (see Chiarello, 1980, for a review). Research-
visual information, however. At the time that this study wasers have reported no ear advantage, a right ear advantage,
completed, the size of the anterior commissure was not beand a left ear advantage (Chiarello, 1980; Lassonde et al.,
ing measured. This will be done in future research. It would1990). While most of these children do show a right ear ad-
be very interesting to see if some of the children in Klaasvantage, there does appear to be a greater incidence of a left
et al. (in press) had a hyperplastic anterior commissurear advantage (Chiarello, 1980; Lassonde et al., 1990).
and/or a hyperplastic hippocampal commissure to deterStrengthening of the ipsilateral afmt subcortical path-
mine if visual field effects are related to commissural size.ways has been suggested as the compensatory mechanism
There is study of children with total agenesis of the cor-although the anterior commissure is also a possible candi-
pus callosum that does just this (Fischer et al., 1992). Undate (Risse et al., 1978). In children with hydrocephalus stud-
fortunately, only 2 children were examined and one of themed by Klaas et al. (in press), the body of the corpus callosum
was left-handed, making interpretation of the results moravas primarily hypoplastic rather than missing. It was hy-
difficult. A right-handed boy with an absent or very small pothesized that there would be greater use of ipsilateral
anterior commissure showed an exaggerated right visual fieldnd/or subcortical pathways since the remaining callosal
superiority in reaction time for naming drawings of com- auditory fibers might not be fully capable of transferring
mon objects and words because of a much reduced abilitguditory information. Specifically, it was predicted that some
to name the stimuli quickly when presented in the left vi- reorganization would result in either a reduction in the nor-
sual field. The stimuli may have been degraded in their transmal right ear advantage for fused dichotic words or even a
fer from the right hemisphere to the language-dominant lefteft ear advantage. No significant ear effects were found for
hemisphere. Alternatively, the left-handed boy with an en-either group of children. The children with hydrocephalus
larged anterior commissure had a slight left visual field su-had a slight left ear advantage for the dichotic words while
periority in reaction time for the same task. While his the controls had a slight right ear advantage. Interestingly,
hyperplastic anterior commissure might have been transfeear effect and group were related because more normal chil-
ring the verbal information successfully from the right to dren showed a right ear advantage than a left ear advantage
left hemisphere, it is possible that his language was morand more children with hydrocephalus showed a left ear ad-
bilaterally represented anyway since he was left-handed. kantage rather than a right ear advantage. This provided weak
needs to be kept in mind that approximately 10% of acalsupport for the idea that the children with hydrocephalus
losals have an enlarged anterior commissure (Rauch &nd a hypoplastic body have stronger ipsilateral/andub-
Jinkins, 1994), and so other compensatory mechanisms faortical projections. Since Klaas et al. (in press) had con-
interhemispheric transfer of visual information need to becerns about the dichotic listening task not producing
considered as well. significant ear effects with either group, we have replaced it
Klaas et al. (in press) assessed visual acuity with Clark’svith a more sensitive task in our current research program.
Eye Chart. Acuity was 2@®5 for the children with hydro- Both groups of children correctly identified a similar num-
cephalus and 220 for the normal children. The threshold ber of words presented monotonically to each ear. Thus there
duration for identifying two of three letters of a trigram in were no group differences in speech perception, at least for
central vision had been assessed in order to obtain stimuluke words presented.
exposure duration for the laterality task for each child. This
duration was only sligh_tly higher for the children with hy- Tactile information
drocephalus. The relationship of acuity and the threshold
duration to laterality task performance was determined. Thé\ tactile naming task required naming of objects felt out of
longer the threshold duration for the children with hydro- sight with the right or left hand served as the tactile inter-
cephalus, the fewer correct responses they made when tiemispheric transfer test. Tactile matching of objects in each
forms were presented in the right visual field and thus ini-hand was used as a control task for determining if the chil-
tially went to the left hemisphere. The interpretation of thisdren could make appropriate tactile discriminations with each
finding is not entirely clear. hand since it does not involve the callosal transfer of infor-
mation. Normal individuals should not show a reliable dif-
ference between the hands in tactile naming or matching
and should rarely make an error with either hand. Tactile
A fused word dichotic listening task (Halwes, 1991) wasnaming of objects appears to be intact in both hands of acal-
used by Klaas et al. (in press) to examine callosal transfelosals even though naming of objects felt by the left hand
of auditory information. In this task different three-to-five- normally requires callosal transfer of information from the
letter common words were presented simultaneously to eaatight to the left hemisphere (Ettlinger et al., 1974; Las-
ear on each trial but the child was supposed to hear onlgonde et al., 1991; Reynolds & Jeeves, 1977). Tactile nam-
one word that, in the Klaas et al. (in press) modification ofing may be longer in acallosals, however. Greater use of
the Halwes (1991) procedure, was reported verbally. Noripsilateral andor subcortical pathways has again been pro-

Auditory information
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posed (Dennis, 1976; Ettlinger et al., 1974; Jeeves, 197%void fatigue in the children, a relatively small number of
Lassonde et al., 1991). The children with hydrocephalus irpractice and test sessions were included, below that tradi-
Klaas et al. (in press) had hypoplasia of the body of theionally given to normal adults. Longer practice and test ses-
corpus callosum. It was thought possible that hypoplasiaions with distributed practice have been instituted now in
might necessitate some neural reorganization involvingan effort to stabilize the reaction times of individual chil-
greater use of ipsilateral apdr subcortical pathways. In- dren. It should be noted that reaction time on our task was,
creased use of ipsilateral afat subcortical pathways could in general, significantly longer for the children with hydro-
produce equally good naming in both hands similar to thatephalus, reflecting their motor slowness.
of normals or only somewhat reduced left-hand naming. Our thinking on the pathways by which information is
Since it would take longer to transfer stimuli from one sidetransferred interhemispherically on visuomotor tasks such
of the brain to the other using ipsilateral giod subcorti- as the ITT task has changed since Klaas et al. (in press).
cal pathways, the children with hydrocephalus were exVariation in the CUD has been reported for acallosals with
pected to have longer response times for left-hand naming variation in stimulus luminance (the higher the lumi-
Both groups of children named objects presented to theinance, the lower the CUD) as might be expected if the in-
left and right hands equally well but the children with hy- formation was coded visually for interhemispheric transfer
drocephalus had longer response times with both hands néMilner, 1994). However, Lassonde (1994) reported simi-
just the left hand. This finding suggests that hypoplasidar CUDs for acallosals (51.3 ms) and a callosotomized pa-
did not affect callosal transfer. Perhaps there was no neetient with sparing of the splenium of the corpus callosum
for reorganization of tactile information or there was in- (58.3 ms) that were much longer than the CUDs for the nor-
creased use of ipsilateral and subcortical pathways. Thmal controls (3 ms). These findings support the idea that
children with hydrocephalus matched significantly fewerthe ITT task is a visuomotor task that relies upon transfer
objects than normal children with each hand, which indi-by the motor pathways and not the splenium and that the
cated overall poorer tactile perception. These children alsperformance of the acallosals on such tasks involves strength-
had significantly smaller two-point discrimination thresh- ening of ipsilateral antbr subcortical pathways.
olds. However, two-point discrimination thresholds were
not r.elat.ed to Fhe number of objects correctly named orSummary
naming time with each hand.

The Klaas et al. (in press) study has been useful to our re-
Visuomotor information search program in two ways. First, we gained information

about the effects of partial agenesis of the corpus callosum
An interhemispheric transmission time (ITT) task was basedvhen the splenium was missing and the body was hypoplas-
on studies reviewed by Bashore (1981). In ITT tasks, a vitic. Children with these callosal anomalies seem to have more
sual stimulus such as a small white square is presented ulifficulty transferring patterned visual information from one
the left or right visual field and the respondent must notehemisphere to another. Auditory and tactile transfer of in-
detection of its presence by responding as quickly as poformation was essentially similar to that reported for nor-
sible with the right or left hand as specified for a set of tri- mal children. There was a slowing of ability to name tactile
als. Reaction time is determined for crossed trials, ones istimuli with either hand as well as larger two-point discrim-
which information must cross the body of the corpus callo-ination thresholds. A longer interhemispheric transmission
sum for a motor response to be made. These are RVF-leftime was suggested but the large trial to trial variability in
hand and LVF-right-hand trials. Reaction time is determinedRT may have been, in part, responsible for a nonsignificant
for uncrossed trials, ones in which information does not havegroup difference. It is unlikely that performance on the ta-
to cross the corpus callosum for a motor response to be madehistoscopic form perception and ITT tasks was affected by
These are RVF-right-hand and LVF-left-hand trials. Theposterior parietal shunts in the hydrocephalic children. Even
crossed—uncrossed trial difference (CUD) in RT provideson the tactile matching and naming tasks, the children with
an estimate of the ITT. hydrocephalus performed similarly to controls. Secondly,

In normal individuals, the CUD is usually about 2 to 6 ms this research has led us to reconsider the characteristics of

(Bashore, 1981). The CUD is usually much longer for acal-some interhemispheric transfer tasks. Poorly chosen or poorly
losals (Clarke & Zaidel,1989; Di Stefano et al., 1992; Jeevesgesigned tasks can lead to negative findings. Since this study
1969; Milner et al., 1985). Again, Klaas et al. (in press) hy-we have refined our ITT methodology. The dichotic listen-
pothesized that hypoplasia of the body of the corpus calloing task has been replaced and several measures have been
sum in the hydrocephalic children would result in greateradded to the battery, including a verbal tachistoscopic lat-
dependence on ipsilateral afudt subcortical pathways that erality task and measures of bimanual coordination and tac-
would produce a longer CUD. The CUD was longer for thetile localization.
children with hydrocephalus (7.45 ms) than the normal chil- Practically all studies of callosal functioning document
dren (3.28 ms) but not significantly so. All of the children the handedness, sex, and age of the individuals with com-
had very large standard deviations in their reaction time thaplete and partial agenesis of the corpus callosum. With some
may have obscured the group difference. In an attempt texceptions these studies include both right-handers and left-
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handers and male and female participants, of various ages. Lassonde et al, 1981) and only occasionally does the sam-
Performance on cerebral dominance tasks (e.g., tachisto- ple size approach 10 or more (Klaas et al., in press; Leh-
scopic perception, dichotic listening) may be affected by mann & Lampe, 1970). The sample sizes are usually not
such variables (McKeever, 1986; Springer, 1986), yet the large enough to examine handedness, sex, and age effects.

data often are not examined as a function of these variable§. Some studies have included both patients with complete
Including handedness-, sex-, and age-matched controls does and partial agenesis of the corpus callosum without con-

not reaI_Iy address this issue unless thesg variables are in- sidering possible differences in their functioning (Leh-
cluded in the analyses and the sample sizes are generally

) mann & Lampe, 1970).
too small to do so. Klaas et al. (in press) addressed the prob- _ o _
lem by studying only right-handers in a restricted age range3- Few studies of callosal functioning (Fischer et al., 1992;
Both male and female children were included and sex proved Geffen et al., 1994) have documented the nature of the
not to be a factor in any of the analyses. Whether their re- callosal dysmorphologies with a MRI because this meth-
sults can be generalized to all left-handers with similar ab- 0dology has been available only in recent years.

normalities of the corpus callosum remains to be answeredj. Avariety of callosal transfer tasks have been used across
We are collecting data on a large number of children with sty dies, making it difficult to compare and interpret
various dysmorphologies of the corpus callosum and other findings.

structures in order to address issues such as this.

In order to fully understand the effects of various dys-
morphologies of the corpus callosum and to determine the
CONCLUSIONS AND mechanisms involved in functional reorganization in chil-
FUTURE RESEARCH dren with early hydrocephalus, a large sample of children

More than one mechanism is probably involved in the re-With hydrocephalus and normal children needs to be stud-
organization of the developing nervous system in order tded. The children need to be given a single set of |nterhem|.—
compensate for partial agenesis godhypoplasia of the spherllc transfer tasks and a broadly paseq psychometric
corpus callosum. For some children with hydrocephalus wh&*amination. The sample should be divided into subgroups
are missing the splenium, the anterior commissure or hipon the basis of callosal dysmorphology as determined by
pocampal commissure may be enlarged and serve as the pafigdittal MRI. Qualitative and quantitative measures of the
way for interhemispheric transfer of visual information COrpus callosum and its various regions should be made to
(Fischer et al., 1992). A significant correlation between theN€ extent that it is possible. Additionally, the size of the
size of the anterior commissure or possibly the hippocamanter'or commissure and other structures need to be deter-
pal commissure and performance on the visual interhemitined. Interhemispheric transfer task performance as well
spheric transfer tasks would provide further evidence fo@S Sensory—perceptual performance should be related to psy-
this interpretation of the data (Hannay et al., in press). Anchometric task performance, handedness, sex, age, and to
other mechanism for functional reorganization is the strengthMR! findings. Ideally, we would like to be able to deter-
ening of ipsilateral angbr subcortical pathways (Dennis, MiNe whether and where stimuli cross fro.m one hemisphere
1976). This mechanism is a likely candidate for the inter-{0 @nother to be processed but that awaits further develop-
hemispheric transfer of auditory, tactile, and visuomotor in-ments in methodology and imaging techniques.
formation. Less lateralized or reversed ear, tactile, and motor !Ntellectual, academic, cognitive, and motor difficulties
performances and a relationship between these effects af§ Well as psychosocial problems have been reported in early
the size of particular callosal regions transferring this infor-nydrocephalus (see Baron etal., 1995; Fletcher et al., 1995,
mation would provide evidence for this mechanism (Han-IN Press; Wills, 1993; for reviews of this literature). We do
nay etal., in press). Bilateral representation of function seem80t guestion the major role of the primary brain malforma-
to be a less likely compensatory mechanism (Jeeves, 1994Jons in the difficulties displayed by hydrocephalic chil-
In some cases, more than one mechanism may be respongf-en- However, the role of abnormalities in interhemispheric
ble for the functional reorganization that permits interhemi-transfer in the long-term outcome of these children and their
spheric transfer of information in a given child. ability to succeed in academic endeavors, in leisure pur-
As mentioned earlier, we reviewed experimental studie$Uits, and in the workplace need to be determined. As we
of children and adults with complete or partial agenesis of12ve said previously, the key to such a research program is
the corpus callosum in order to derive predictions for our@ving a sufficiently large number of participants in the var-
research on callosal functioning in hydrocephalic childrenioUs groups with callosal dysmorphology to have the power
These studies provided us with very useful information butl® 2ssess some rather complex relations (Hannay etal., 1999).
clearly have limitations which we expect to avoid in re- W& have embarked on just such a program.
search that we currently have underway (Hannay et al., in

press): ACKNOWLEDGMENTS

1. Many of the studies are really case studies involving onlyPresidential address given at the Twenty-First Annual Inter-
1 or 2 individuals (Bryden & Zurif, 1970; Dennis, 1976; national Neuropsychological Society Mid-Year Conference, Bu-



360 H.J. Hannay

dapest, July 10, 1998. Preparation of this paper was supported in Nonverbal learning disabilities: Neurodevelopmental manifes-
part by NINDS Grant RO1 NS25368, Neurobehavioral Develop- tations(pp. 206—238). New York: Guilford.
ment of Hydrocephalic Children, and NICHD Grant P01 HD35946, Fletcher, J.M., Bohan, T.P., Brandt, M.E., Kramer, L.A., Brook-

Spina Bifida: Cognitive and Neurobiological Variability. shire, B.L., Thorstad, K., Davidson, K.C., Francis, D.J., Mc-
Cauley, S.R., & Baumgartner, J.E. (1996). Morphometric
REFERENCES evaluation of the hydrocephalic brain: Relationships with cog-

nitive developmentChild’s Nervous System2, 192-199.
Baron, I.S., Fennell, E.B., & Voeller, K.S. (199Bediatric neuro-  Fletcher, J.M., Dennis, M., & Northrup, H. (in press). Neuropsy-

psychology in a medical settinyew York: Oxford University chology of early hydrocephalus: Sources of variability in out-
Press. come domains. InK.O. Yeates, M.D. Ris, & H.G. Taylor (Eds.),

Barkovich, J.A. (1995)Pediatric neuroimaging2nd ed.). New Pediatric neuropsychology: Research, theory, and practice
York: Raven Press. Hillsdale, NJ: Erlbaum.

Barkovich, JA. & Norman, D. (1988). Anomalies of the corpus Fontenot, D.J. (1973). Visual field differences in the recognition
callosum: Correlation with further anomalies of the bréimer- of verbal and nonverbal stimuli in madournal of Compara-
ican Journal of Neuroradiology9, 493-501. tive and Physiological Psycholog§5, 564—569.

Bashore, T.R. (1981). Visual and manual reaction time estimate§ascon, G.C. & Leech, R.W. (1991). Medical evaluation. In
of interhemispheric transfer tim@sychological Bulletin89, R.W. Leech & R.A. Brumbeck (Eds.lydrocephalus: Cur-
352-368. rent clinical conceptgpp. 105-128). St. Louis, MO: Moshy

Benton, A.L., Hamsher, K. deS., Varney, N.R., & Spreen, O. (1983).  Year Book.
Contributions to neuropsychological assessment: A clinical manGeffen, G.M., Nilsson, J., Simpson, D.A., & Jeeves, M.A. (1994).
ual. New York: Oxford University Press. The development of interhemispheric transfer of tactile infor-

Beery, K. (1982) Revised administration, scoring, and teaching  mation in cases of callosal agenesis. In M. Lassonde and M.A.
manual for the deVelOpment of visual-motor integra,tibllew Jeeves (Eds_y;a||osa| agenesis: A natural Sp||t bra(rp)p 185—
York: Modern Curriculum Press. 206). New York: Plenum Press.

Bryden, M.P. & Zurif, E.B. (1970). Dichotic listening perfor- Hannay, H.J., Dee, H.L., Burns, JW., & Masek, B.S. (1981). Ex-
mance in a case of agenesis of the corpus collostenropsy- perimental reversal of a left visual field superiority for forms.
chologia 8, 371-377. Brain and Languaggel3, 54— 66.

Chiarello, C. (1980). A house divided? Cognitive functioning with Hannay, H.J., Fletcher, J.M., & Brandt, M.E. (1999). The role of
callosal agenesi®rain and Languagell, 128-158. P ' ! .

Clarke, J.M. & Zaidel, E. (1989). Simple reaction times to later-
alized light flashes: Varieties of interhemispheric communica-
tion routes Brain, 112, 849-870.

Denckla, M.B. & Rudel, R.G. (1993). Rapid ‘automatized’ nam-
ing of pictured objects, colors, letters, and numbers by norma
children.Cortex 10, 186—202.

Dennis, M. (1976). Impaired .se.nsory and motordlffer.entllatlon Wlth Test Odessa, FL: Psychological Assessment Resources.
corpus callosum agenesis: A lack of callosal inhibition during

ontogenyNeuropsychologiald, 455—469. Jee\(es, .M.A. .(1969). A comparison of interhemis.pher.ic transmis-

Dennis, M., Hendrick, E.B., Hoffman, H.J., & Humphrey, R.P. ;fg_tl;;gSln acallosals and normasychonomic Sciences,
(1987). The language of hydrocephalic childréournal of Clin- ’ o . . o .
ical and Experimental Neuropsycholagly 593—621. Jegves, M.A. (1979). Some I|m_|ts to mterh_emlspherlc integration

Dennis, M., Fitz, C.R., Netley, C.T., Sugar, J., Harwood-Nash, in cases of callosal agenesis and partial _commlssurotomy. In
D.C.F., Hendrick, E.B., Hoffman, H.J., & Humphreys, R.P. |.S. Russgll, M.W. Van Hof, & G. .Berlucm (Eds.ptructure
(1981). The intelligence of hydrocephalic childréfeurology and function of the cerebral commissu(gp. 449-474). Lon-

38, 607—615. don: McMillan.

Di Stefano, M., Sauerwein, H.C., & Lassonde, M. (1992). Influ- Jeeyes, M.A. (1994). Callosal agenesis—A natural split brain: Over-
ence of anatomical factors and spatial compatibility on the ~VieW. In M. Lassonde and M.A. Jeeves (Ed€pllosal agen-
stimulus—response relationship in the absence of the corpus cal- €SiS: A natural split brain(pp. 285-299). New York: Plenum
losum.Neuropsychologia30, 177-185. Press.

Ettlinger, G., Blakemore, C.B., Milner, A.D., & Wilson, J. (1974). Karnath, H.O., Schumacher, M., & Wallesch, C.W. (1991). Limi-
Agenesis of the corpus callosum: A further behavioural inves- tations of interhemispheric extracallosal transfer of visual in-
tigation. Brain, 97, 225—234. formation in callosal agenesi€ortex 27, 345-350.

Fischer, M., Ryan, S.B., & Dobyns, W.B. (1992). Mechanisms ofKlaas, P., Hannay, H.J., Caroselli, J., & Fletcher, J.M. (in press).
interhemispheric transfer and patterns of cognitive function in  Interhemispheric transfer of visual, auditory, tactile, and visuo-
acallosal patients of normal intelligencérchives of Neurol- motor information in children with hydrocephalus and partial
ogy, 49, 271-277. agenesis of the corpus callosudnurnal of Clinical and Ex-

Fletcher, J.M., Bohan, T.P., Brandt, M.E., Brookshire, B.L., Bea- perimental Neuropsychology
ver, S.R., Francis, D.J., Davidson, K.C., Thompson, N.M., & Knights, R.M. and Moule, A.D. (1968). Normative data on the Motor
Miner, M.E. (1992). Cerebral white matter and cognition in hy-  Steadiness BatterlPerceptual and Motor Skil|£26, 643—650.
drocephalic childrenArchives of Neurology49, 818—824. Lassonde, M. (1994). Disconnection syndrome in callosal agen-

Fletcher, J.M., Brookshire, B.L., Bohan, T.P., Brandt, M.E., & Da-  esis. In M. Lassonde & M.A. Jeeves (Ed<hllosal agenesis:
vidson, K.C. (1995). Early hydrocephalus. In B.P. Rourke (Ed.), A natural split brain(pp. 275—-284). New York: Plenum Press.

the corpus callosum in the cognitive development of children
with congenital brain malformation. In S.H. Broman & J.M.
Fletcher (Eds.)The changing nervous systeNew York: Ox-
ford University Press.
|—|alwes, T. (1991)User’s manual for the Fused Words Dichotic
Listening TestNew Haven, CT: Precision Neurometrics.
Heaton, R.K. (1981)A manual for the Wisconsin Card Sorting



Functioning of the corpus callosum 361

Lassonde, M., Bryden, M.P., & Demers, P. (1990). The corpus cal- absence of the corpus callosum: A study with the horseradish
losum and cerebral speech lateralizatiBrain and Language peroxidase techniqu®rain Research493 66-73.

38, 195-206. Ozaki, H., Murakami, T.H., Toyoshima, T., & Shimada, M. (1987).

Lassonde, M.C., Lortie, J., Pitito, M., & Geoffroy, G. (1981). Hemi-  The fibers which leave the Probst’s longitudinal bundle seenin
spheric asymmetry in callosal agenesis as revealed by dichotic the brain of an acallosal mouse: A study with the horse radish
listening performanceNeuropsychologial9, 455—458. peroxidase techniqu®rain Research400, 239-246.

Lassonde, M., Sauerwein, H., Chicoine, A.J., & Geoffroy, G. (1991).0zaki, H. & Walsten, D. (1993). Cortical axon trajectories and
Absence of disconnexion syndrome in callosal agenesis and growth cone morphologies in fetuses of acallosal mouse strains.
early callosotomy: Brain reorganization or lack of structural  Journal of Comparative Neurolog®36, 595—604.
specificity during ontogenyNeuropsychologia?9, 481-495.  Rakic, P. & Yakovlev, P.I. (1968). Development of the corpus cal-

Lassonde, M., Sauerwein, H., McCabe, N., Laurencelle, L., & Geof- losum and cavum septi in madournal of Comparative Neu-
froy, G. (1988). Extent and limits of cerebral adjustmentto early  rology, 132 45-72.
section or congenital absence of the corpus callo®ehav-  Rauch, R.A. & Jinkins, J.R. (1994). Magnetic resonance imaging
ioural Brain Research30, 165-181. of corpus callosum dysgenesis. In M. Lassonde & M.A. Jeeves

Leech, R.W. (1991). Myelodysplasia, Arnold-Chiari malforma-  (Eds.),Callosal agenesis: A natural split brai(pp. 83-95).
tion, and hydrocephalus. In R.W. Leech & R.A. Brumback  New York: Plenum Press.

(Eds.), Hydrocephalus: Current clinical concep{pp 129—  Reigel, D.H. & Rothstein, D. (1994). Spina bifida. In W.R. Cheek
155). St Louis, MO: Mosby Year Book. (Ed.), Pediatric neurosurgery3rd ed., pp. 51-76). Philadel-

Lefkowitz, M., Durand, D., Smith, G., & Silver, J. (1991). Elec- phia: W.B. Saunders.
trical properties of axons within Probst bundles of acallosal miceReynolds, D.M. & Jeeves, M.A. (1997). Further studies of tactile
and callosi that have reformed upon glial-coated polymer im-  perception and motor coordination in agenesis of the corpus
plants.Experimental Neurologyl13, 306—314. callosum.Cortex 3, 257-272.

Lehmann, H.J. & Lampe, H. (1970). Observations on the inter-Risse, G.L., LeDoux, J., Springer, S.P., Wilson, D.H., & Gazzaniga,
hemispheric transmission of information in 9 patients with cor-  M.S. (1978). The anterior commissure in man: Functional

pus callosum defecEuropean Neurology, 129-147. variations in a multisensory systemeuropsychologial6,
McCarthy, D. (1972)McCarthy Scales of Children’s Abilitieslew 23-31.
York: The Psychological Corporation. Robertson, I.S.A., Leggate, J.R.S., Miller, J.D., & Steers, A.J.W.

McKeever, W.F. (1986). Tachistoscopic methods in neuropsychol- (1990). Aqueductal stenosis—Presentation and progridisis.
ogy. In H.J. Hannay (Ed.Experimental techniques in human ish Journal of Neurosurgery, 101-106.
neuropsychologgpp. 167—211). New York: Oxford University Rosner, J. & Simon, P. (1971). The Auditory Analysis Tdstur-

Press. nal of Learning Disabilities8, 24—-37.

Menkes, J.H., Till, K., & Gabriel, R.S. (1990). Malformations of Shallice, T. (1982). Specific impairments of plannifdilosophi-
the central nervous system. In J.H. Menkes (EBektbook of cal Transactions of the Royal Society of Lond2®8, 199-209.
child neurology(4th ed., pp 209-283). Philadelphia: Lea & Shaw, C.M. & Alvord, E.C. (1995). Hydrocephalus. In S. Duckett
Febiger. (Ed.),Pediatric neuropathologgpp. 149-211). Baltimore: Wil-

Milner, A.D. (1994). Visual integration in callosal agenesis. In M.  liams & Wilkins.

Lassonde & M.A. Jeeves (EdsQallosal agenesis: A natural  Springer, S.P. (1986). Dichotic listening. In H.J. Hannay ( Hel},
split brain (pp. 171-183). New York: Plenum Press. perimental techniques in human neuropsychol¢gp. 138—

Milner, A.D., Jeeves, M.A., Silver, P.H., Lines, C.R., & Wilson, J. 166). New York: Oxford University Press.
(1985). Reaction times to lateralized visual stimuli in callosal Volpe, J.J. (1995). Neural tube formation and prosencephalic de-
agenesis: Stimulus and response factdesiropsychologig23, velopment. In J.J. Volpe (Ed.Neurology of the newbor(8rd
323-331. ed., pp. 3—42). Philadelphia: W.B. Saunders.
Olavarria, J., Serra-Oller, M.M., Yee, K.T., & Van Sluyters, R.C. Wechsler, D. (1974)Wechsler Intelligence Scale for Children—
(1988). Topography of interhemispheric connections in neo- RevisedNew York: The Psychological Corporation.
cortex of mice with congenital deficiencies of the callosal com-Wills, K.E. (1993). Neuropsychological functioning in children with
missure Journal of Comparative Neurolog®70, 575-590. spina bifida andor hydrocephaluslournal of Clinical Child
Ozaki, H.S., lwahashi, K., & Shimada, M. (1989). Ipsilateral cor-  Psychology?22, 247-265.
ticocortical projections of fibers which course within Probst’s Witelson, S.F. (1989). Hand and sex differences in the isthmus and
longitudinal bundle seen in the brains of mice with congenital  genu of the human corpus callosuBrain, 112, 799-835.



