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After a review of Arthur Benton’s conceptual and methodological contributions to the understanding of

normal and pathological development, we discuss agenesis of the corpus callosum (CC), criteria for poten-

tial neuroanatomical compensatory mechanisms in CC agenesis, and the results of an examination of mag-

netic resonance imaging (MRI) data of the CC in 193 children with spina bifida meningomyelocele (SBM).

There were 26 CC regional patterns. Although complete agenesis did not occur, partial agenesis was

observed in 102 children and within 15 CC regional patterns. Only 4.1% had a normal CC. Quantitative

assessment of the area of the CC in 26 NC children and 68 children with SBM revealed that all subgroups

with CC anomalies had smaller areas than did a subgroup with a normal CC. Areas were especially small in

rostral/splenial agenesis and splenial agenesis but larger with rostral agenesis. Subgroups with normal/hypoplastic

regions or complete hypoplasia also had CC areas that were smaller than normal but larger than the areas

for the splenial agenesis groups. The relative rarity of anterior commissure enlargement (3.1%) and longitu-

dinal bundles of Probst (0.1%) suggest that these particular fiber tract anomalies are unlikely candidates for

structural compensatory mechanisms. The hippocampal commissure, enlarged in 13%, may be a more

promising candidate. Overall, however, the functionality of anomalous fiber tracts and commissures in

SBM is yet to be determined.
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This paper pays brief tribute to Arthur Benton’s

contributions to understanding both normal and

pathological development of neurocognitive func-

tions. It then develops some of the themes and

methods in his work into an investigation of a

contemporary developmental question: options for

neuroanatomical functionality after congenital

absence (partial agenesis) or thinning (hypoplasia)

of regions of the great cerebral commissure, the

corpus callosum (CC).
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2 HANNAY ET AL.

BENTON’S CONTRIBUTIONS TO NORMAL 

AND PATHOLOGICAL DEVELOPMENT

Arthur Benton’s career was unique in a number

of ways, not the least of which was his broad view

of normal and pathological development. The bio-

graphical notes for his American Psychological

Association Distinguished Professional Contribu-

tion Award for 1978 (American Psychological

Association, 1979) indicate that he studied adults

with brain injury at the Neurological Institute of

New York (1935) and children with cerebral palsy

for the Kentucky Crippled Children’s Commis-

sion (1946). Review of his publications reveals

papers on typical child function (e.g., normal chil-

dren and the Visual Retention Test; Benton &

Collins, 1949); typical adult function (e.g., young

adults and the Block Design Test; Benton, 1941);

adult brain pathologies (reaction time in adults

with cerebral lesions; Benton, 1958); childhood

developmental pathologies (developmental apha-

sia; Benton, 1964); and adult function in survivors

of childhood brain disorders (adult effects of

early bilateral frontal lesions; Ackerly & Benton,

1947).

Benton did not directly interest himself in poten-

tial compensatory mechanisms in the immature

brain, in all likelihood because the imaging capa-

bilities that make the current study possible were

not available until the later years of his life. Never-

theless, he had a broad and open-minded approach

to children’s problems that presaged not only some

of the questions we currently study in child neu-

ropsychology, but also how we study them. Four

of his insights have influenced career trajectories

for us, and for many others: (a) the theoretical

value of comparing brain-damaged children and

adults on a task on which performances of normal

children and adults have also been analyzed (and,

more recently, imaged); (b) the particular value in

studying neurocognitive function in children with

explicit brain damage but preserved intellect;

(c) functional representations in children’s brains

that might be associated with abnormal behavior;

and (d) the methodological value of analyzing

intragroup outcome variability in relation to varia-

bility in the medical manifestations of brain injury

(e.g., Dennis et al., 2005; Fletcher et al., 2005; Han-

nay, 2000). We briefly discuss each of these four

insights and how they have shaped contemporary

investigations in child neuropsychology.

1. Benton believed that significant insights into

the nature of a particular psychological func-

tion might emerge from a direct comparison of

normal children, atypical children, normal

adults, and atypical adults on the same para-

digms. For example, he conducted parallel

studies of right–left discrimination and finger

localization in normal children (Benton,

1955a), children with mental retardation

(Benton, 1955b), and abnormal and brain-

injured adults (Benton & Cohen, 1955).

2. In an era in which a key comparison was

between children with mental deficiency

deemed to have no brain damage and typically

developing groups, Benton argued that this

was the wrong comparison and questioned the

assumption that children with mental retarda-

tion had intact brains. He focused his attention

on the particular value of studying specific neu-

rocognitive deficits exhibited by children with

explicit brain damage who had intact intelli-

gence (Benton, 1962).

3. In an era in which the concept of minimal

brain damage was popularly applied to diverse

groups of children with heterogeneous behav-

ioral problems, Benton asked such penetrating

questions as why children with the most severe

quantum of cortical brain damage, those with

cerebral hemispherectomy, displayed no signs

of minimal brain damage and whether some

forms of brain damage that produced what

was then termed hyperkinetic impulse disorder

in children might arise from midbrain rather

than cortical damage (Benton, 1962). He asked

wide-ranging questions about functional brain

representation in children and was interested in

why and how some children escaped deficits

despite significant brain insult.

4. While contemporary investigations of children

with brain damage were usually concerned

with descriptions of individual groups, Benton

proposed the novel idea that intragroup varia-

bility could be used as an investigative tool, and

he sought to understand how medical variabil-

ity within the same etiology might be related to

variability in cognitive and behavioral out-

come. In his extensive review of studies of pre-

mature birth, for example, he correlated

intellectual outcome with the type and severity

of medical compromise within the group, find-

ing that both low birth weight and the presence

of intracranial hemorrhage were risk factors

for poor cognitive outcome (Benton, 1940).

CORPUS CALLOSUM AGENESIS

The last question, how intragroup variability may

reveal neurocognitive function, is the primary

context for the current study. By investigating
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PARTIAL AGENESIS 3

within-group variability, we approach the general

question of how the immature brain might be reor-

ganized so as to compensate in the face of signifi-

cant brain insult. A productive forum for

discussion of this question has been the CC and

one of its signature deficits, impairment of inter-

hemispheric transfer (IHT; Hannay, 2000; Hannay

et al., in press). Acquired insult to the CC through

vascular or neoplastic damage or section of the CC

produces striking IHT impairments in various

modalities (e.g., Geschwind & Kaplan, 1962;

Pollmann, Maertens, von Cramon, Lepsien, &

Hugdahl, 2002). In contrast, neither partial nor

complete agenesis of the CC in children produces

equally severe IHT deficits on comparable tasks

(e.g., Hannay, 2000; Lehmann & Lampe, 1970).

Criteria for structural compensatory 

mechanisms

The concept of compensatory mechanisms has

been invoked to explain why children with congen-

ital CC agenesis differ so dramatically in IHT from

children and adults with acquired CC damage or

section. If a brain mechanism is compensatory, we

would expect that it should be evident in more than

a small proportion of a large sample with agenesis

of the CC and have some relation with the nature

of the CC anomaly. If these criteria hold, then the

structure in question is a candidate for a compen-

satory mechanism. Whether it is actually compen-

satory would require an additional demonstration

that its presence enhances functionality and that its

absence reduces functionality.

We do not know which changes in the brains of

children with CC agenesis are related to compensa-

tory adaptation and which are associated with

functional deficits. The first step to this end, and

the topic of this paper, is to identify and briefly

review evidence of candidates for compensatory

adaptation previously mentioned in the literature.

Candidates for compensatory mechanisms 

in CC agenesis

A number of candidates have been proposed as

possible structural compensatory mechanisms in

children with CC agenesis. From the human and

placental mammal literature, these include:

enlargement of the anterior commissure (AC; Livy

et al., 1997; Martin, 1985; Risse, LeDoux,

Springer, Wilson, & Gazzaniga, 1978); develop-

ment of longitudinal bundles of Probst (Barkovich,

2005); enlargement of the hippocampal commissure

(HC; Ozaki & Wahlsten, 1993); and strengthening of

ipsilateral and/or subcortical pathways (Dennis,

1976; Gazzaniga, Holtzman, & Smylie, 1987).

The appearance of some of these compensatory

mechanisms may depend on the temporal

sequence of development of the CC and other cer-

ebral commissures, all of which develop fairly

closely in time. Pioneer axons of the AC begin to

cross in the lamina reuniens at 10 weeks of gesta-

tion, and by Week 11 the anterior commissure is

present. Similarly, pioneer HC axons cross the

midline through another site that develops in the

lamina reuniens, the massa commissuralis, at 10

weeks following the AC axons, with the HC being

essentially complete by 11–12 weeks (Barkovich,

2005; Barkovich et al., 1992; Rakic & Yakovlev,

1968; Raybaud & Girard, 2005). The earlier devel-

opment of these pathways presumably could pro-

vide alternate routes for potential CC fibers to

cross interhemispherically when the callosal bed

does not develop, assuming the AC and HC are

sufficiently developed at the time (Barkovich,

2005). The first CC fibers cross at about 13–14

weeks in the massa commissuralis (Hewitt, 1962;

Rakic & Yakovlev, 1968; Raybaud & Girard,

2005; Ren et al., 2006), and all sections of the CC

are present by about 18–20 weeks of fetal develop-

ment, with the developmental sequence basically

being genu, body, splenium, and rostrum. When

there is callosal agenesis, the AC and HC may be

absent, small, or occasionally enlarged (Barkovich,

2005; Paul et al., 2007). In the next section, we

consider anatomical evidence for each proposed

compensatory mechanism.

Anterior commissure

In a normally developing human, the AC can be

found in the anterior wall of the third ventricle.

There is evidence that the AC connects inferior

temporal and occipital lobes, occipital convexity,

and perhaps the prefrontal convexity and central

fissure (Di Virgilio, Clarke, Pizzolato, & Schaffner,

1999; Risse et al., 1978; Rocha-Miranda, Bender,

Gross, & Mishkin, 1975). The AC is related to the

amygdaloid complex, anterior-inferior insula, pos-

terior-medial orbito-frontal cortex and some

entorhinal-perirhinal cortex (Raybaud & Girard,

2005). The connections through the AC are not

entirely clear in humans and appear to carry axons

from wider regions than those for other primates

and form homotopic and heterotopic connections

(Di Virgilio et al., 1999). Some have suggested that

fibers usually connecting visual and auditory corti-

ces (posterior body and splenium) may cross in the

AC of humans if there is complete agenesis of the

CC, in which case the AC would appear enlarged
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4 HANNAY ET AL.

and might be functionally adaptive (Fischer et al.,

1992; Paul et al., 2007), at least for some behavioral

tasks (Barr & Corballis, 2002).

To illustrate, Fischer et al. (1992) studied two

boys with complete agenesis of the CC who

showed mild abnormalities on dichotic listening

(Kimura, 1961a, 1961b) that were suggestive of

enhanced left-ear perception of the stimuli. The

child with an absent or small AC showed an exag-

gerated right visual field (RVF) superiority for

object and word naming, which correlated with a

reduced ability to name left visual field (LVF)

stimuli; the child with an enlarged AC had a slight

RVF superiority on the same task. While his

enlarged AC might have transferred verbal infor-

mation from the right to left hemisphere, it is pos-

sible that, as a left-hander, his language was more

bilaterally represented (Barr & Corballis, 2002;

Hannay, 2000).

Barr and Corballis (2002) studied visual inter-

hemispheric transfer in two right-handed women

with CC agenesis. The woman with an enlarged

AC had no more difficulty in matching colors and

letters between than within visual fields, in contrast

to the woman with a normal AC, who did display

interhemispheric matching problems. Two of the

latter woman’s 5 children, both girls, also had

complete CC agenesis and a normal AC and, like

their mother, showed integration of words between

visual fields but difficulty with colors (Corballis &

Finlay, 2000), suggesting that a normal AC was

sufficient to integrate form but not color.

With agenesis of the CC, AC enlargement

(hyperplasia) is relatively uncommon. For example,

a recent study of complete agenesis reported that

the AC was absent in 60% of cases and enlarged in

10% (Hetts, Sherr, Gobuty, Chao, & Barkovich,

2006). Based on autopsies of 12 children, 10 with

complete agenesis and 2 with partial agenesis of the

CC, Loeser and Alvord (1968) reported that the AC

was enlarged in 1 (11.1%) child, normal in 8

(66.7%) children, absent in 2 (22.2%), and unknown

in 1 (11.1%) of their cases. The child with the

enlarged AC had complete CC agenesis. Meyer,

Roricht, and Niehaus (1998) reported no enlarge-

ment of the AC in individuals with complete CC

agenesis, the AC being smaller than normal in 4

and normal in 2. Because of these kinds of findings,

Rauch and Jinkins (1994) had suggested that

enlargement could serve as a compensatory mecha-

nism in only a small proportion of children.

Longitudinal bundles of Probst

Longitudinal bundles of Probst are known to

develop in cases of complete CC agenesis (Barkovich,

1996; Barkovich & Norman, 1988; Pirola et al.,

1998; Rakic & Yakovlev, 1968). Indeed, Probst’s

bundles were present on both sides in 60% of

Loeser and Alvord’s (1968) 10 autopsy cases of

complete CC agenesis. One of these cases had a

Probst bundle only on the left. In the two cases of

partial CC agenesis, Probst’s bundles were present,

but only where the CC was absent. Probst’s bun-

dles are thought to contain fibers intended for the

CC that then run parallel to the interhemispheric

fissure. Associated with Probst’s bundles is an

everted (unrotated) cingulate gyrus such that the

cingulate sulcus remains unformed. These abnor-

malities are accompanied by crescent-shaped lat-

eral ventricles and are more easily seen on coronal

magnetic resonance imaging (MRI; Barkovich,

2005; Rauch & Jinkins, 1994).

In acallosal mice some fibers have been shown to

leave Probst’s bundles and form ipsilateral cortico-

cortical connections (Ozaki, Iwahashi, & Shimada,

1989; Ozaki, Murakami, Toyoshima, & Shimada,

1987) while others cross over on the dorsal HC

(Ozaki & Shimada, 1988). The one child with com-

plete agenesis of the CC and spina bifida meningo-

myelocele (SBM) in the Loeser and Alvord (1968)

study did not have Probst’s bundles, and her AC

was absent. Rauch and Jinkins (1994) suggested

that Probst’s bundles are evident with partial CC

agenesis but that they are frequently smaller and

form segmental bundles in the region of agenesis

because fewer fibers would need an alternative

pathway (see also Paul et al., 2007, and Tovar-

Moll et al., 2007).

Hippocampal commissure

The HC, which is part of the fornix, crosses

under the caudal body and rostral splenium of the

CC and connects the hippocampi. It has been sug-

gested that enlargement of the HC might be an

indicator of CC fibers using the HC as an inter-

hemispheric conduit. The CC agenesis literature

provides little support for this. As Rauch and

Jinkins (1994) noted, the HC is quite small and is

usually difficult to visualize on MRI. Although

they do not provide data on the status of the HC

from their autopsied children, Loeser and Alvord

(1968) suggest that the HC in CC agenesis is usu-

ally absent, occasionally present, but never

enlarged. The CC carries fibers from neocortical

areas of the brain, and the HC carries fibers from

the hippocampus, so Rauch and Jinkins (1994)

also considered it unlikely that the HC would be

enlarged by aberrant CC fibers. Several studies of

mice with congenital CC agenesis, however, report

that fibers in Probst’s bundle fibers traverse the
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PARTIAL AGENESIS 5

midline by growing across the dorsal surface of the

hippocampal commissure when it is large enough

(Ozaki et al., 1987; Ozaki & Wahlsten, 1993). In

fact, an enlarged hippocampal commissure may be

mistaken for the splenium of the corpus callosum

in humans on a sagittal view, but can be seen to

connect the fornices on the coronal view (Barkovich,

2005).

Ipsilateral and/or subcortical pathways

Strengthening of the ipsilateral and/or subcorti-

cal pathways has been suggested as a compensa-

tory mechanism (Risse et al., 1978), and there is

some evidence for subcortical transfer from callos-

otomy studies (Gazzaniga et al., 1987; Gazzaniga,

Kutas, Van Patten, & Fendrich, 1989). Prior to the

use of MRI, however, it was not possible to rule

out transfer by spared callosal fibers. However,

Funnell, Corballis, and Gazzaniga (2000) argued

that even since the advent of MRI, few studies of

these patients have checked for callosal sparing in

their patients so there currently is little evidence for

subcortical transfer.

Compensatory mechanisms in spina bifida 

meningomyelocele

The evaluation of the aforementioned CC compen-

satory mechanisms has been complicated not only

by the relative paucity of individuals with congeni-

tal complete CC agenesis as their primary disorder,

but also by the inability to visualize both the CC

and putatively compensatory commissures. With

the discovery of a population with homogeneous

etiology and variable patterns of partial CC agene-

sis whose brains can be imaged in vivo with MRI

procedures, it is possible to revisit the issue in a

systematic manner.

Spina bifida meningomyelocele

Spina bifida meningomyelocele (SBM) is a neural

tube defect that is the product of a complex pattern

of gene–environment interactions and is associated

with distinctive physical, neural, and cognitive

manifestations (Fletcher et al., 2005). It is a com-

mon, severely disabling birth defect, with current

prevalence levels in North America of 0.3–0.5 per

1,000 births (postdietary fortification data;

Williams, Rasmussen, Flores, Kirby, & Edmonds,

2005). Children with SBM sustain a disruption of

neuroembryogenesis that initiates a cascade of

brain events that includes primary central nervous

system (CNS) malformations such as CC agenesis

and a secondary destructive process (hydrocepha-

lus) that can produce, among other things, CC

hypoplasia and changes in brain microstructure

(Detrait et al., 2005).

The regions of the CC that do or do not develop

give some evidence of the nature and timing of the

insult during gestation and, to some degree, the

type of insult (Barkovich, 2005). The sequence of

CC development may be suggested by the pattern

of partial agenesis. If the genu and body are

present while the splenium and rostrum are absent,

partial agenesis from a congenital genetic disorder

may be inferred; if the rostrum and splenium are

present while the genu and body are hypoplastic or

absent, a destructive lesion due to secondary

hydrocephalus is more likely (Barkovich, 2005).

However, the basis of CC abnormalities is not

always clear in children with SBM, who may have

a combination of congenital and acquired effects

on the cerebral white matter (Miller, Widjaja,

Blaser, Dennis, & Raybaud, 2008).

We have studied a very large sample of children

with a variety of patterns of partial agenesis of the

CC that come from a single congenital etiology,

SBM. This permits us to examine the likelihood of

potential structural compensatory mechanisms.

Although these children rarely show complete

agenesis of the CC, Fletcher et al. (2005) reported

in a large sample of children with SBM that only

4% had a normal CC, 52% had partial agenesis,

and 44% had only hypoplasia of the CC. In this

sample, we can determine the likelihood of specific

potential compensatory mechanisms involving the

enlargement of the AC, the development of

Probst’s bundles, and the enlargement of the HC in

relation to partial CC agenesis to determine

whether any of them meet the proposed criteria for

potential compensatory mechanisms. Our imaging

technology does not permit evaluation of the

strengthening of ipsilateral and/or subcortical

pathways. The hypotheses are as follows:

1. The AC should be normal in typically develop-

ing children. In children with SBM, AC

enlargement should occur more frequently

with partial agenesis of the CC. The greater the

partial agenesis, the more frequent AC enlarge-

ment should be, especially if the agenesis

involves the splenium and body, because the

AC is known to carry fibers connecting occipi-

tal and temporal lobe cortices.

2. While longitudinal bundles of Probst been

reported with partial agenesis of the CC, they

may not be present with even complete agene-

sis of the CC, so we expected to find very few

cases with our population.
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6 HANNAY ET AL.

3. The HC should be normal in our typically

developing children. The prediction about the

relation between HC status and partial CC

agenesis was less clear. A possible prediction is

that HC enlargement should occur more fre-

quently with more extensive partial agenesis of

the CC in children with SBM. However, it was

not clear whether HC enlargement would

occur in the absence of Probst’s bundles, and

we were not expecting to find many cases with

Probst’s bundles.

4. An area measurement of the CC will demon-

strate differences in subgroups defined by the

pattern of dysmorphology, such that area

measures will be largest in controls, next larg-

est in children with hypoplasia of the CC, and

then in those with agenesis of the CC, in partic-

ular the rostrum, splenium, and rostrum/sple-

nium. The difference hypothesized between

hypoplastic and agenesis subgroups reflects the

congenital nature of agenesis, which leads to

failure of the CC to fully develop and is also

usually associated with some secondary hydro-

cephalus and hypoplasia. In addition, showing

these predicted quantitative differences would

essentially test the validity of the regional qual-

itative coding by the radiologists and also

would validate our implicit hypothesis that

children identified with agenesis on this coding

have more extensive loss of the CC.

METHOD

Participants

The data for this research were collected in compli-

ance with regulations of the University of Houston,

the University of Texas–Health Science Center at

Houston, and The Hospital for Sick Children in

Toronto and their committees for the protection of

human subjects. Typically developing controls

(NC; n = 46) and school-aged children with SBM

and shunted hydrocephalus (n = 193) underwent

an MRI study. Children in the NC group were vol-

unteers who responded to local advertising. Chil-

dren with SBM were medically stable, recruited

from clinics serving children in Houston (n = 126)

and The Hospital for Sick Children in Toronto (n =

67). Exclusion criteria were neurological disorders

unrelated to SBM, severe psychiatric disorder,

uncontrolled seizure disorder, and an inability to

control the upper limbs.

NC children were just over a year older (M =

12.8 years; SD = 3.33) than children with SBM (M =

11.5 years; SD = 3.22), F(1, 237) = 5.87, p = .016.

The groups did not differ in sex, with females rep-

resenting 43.5% of the NC group and 46.5% of the

group with SBM. The chi-square for ethnicity

could not be computed because of small samples of

Blacks (NC = 3; SBM = 16) and Asians/other eth-

nicities (NC = 3; SBM = 7). Only one of the 46 NC

children was Hispanic. In the children with SBM,

the ratio of Hispanics (n = 17) to non-Hispanics

(n = 176) was much higher (1:9.7). Hispanics have

a higher incidence of SBM than do other ethnici-

ties and also tend to show more severe neural phe-

notypes (Fletcher et al., 2005) and differences in

heritability (Volcik et al., 2001), so this difference

is not surprising. Handedness could not be estab-

lished on 4 children with SBM. As expected, the

children with SBM had a significantly higher rate

of left handedness, χ
2(1) = 5.63, p < .018. Non-

right-handedness is associated with variations in

interhemispheric transfer in typically developing

people (Cherbuin & Brinkman, 2006) and in SBM

(Hannay et al., in press), as well as variations in the

neural phenotype of SBM (Fletcher et al., 2005).

MRI acquisition procedures

Each child received a MRI scan of the brain on

comparable magnets (General Electric, Milwau-

kee, WI) in Houston and Toronto. After a sagittal

localizer, two whole brain coronal sequences were

completed. One series involved 3D fast spin-echo

T2-weighted images, field of view (FOV) 24 cm,

time to repetition (TR) 4,000 ms, echo time (TE)

102 ms, echo train length (ETL) 16, 256 × 256

matrix, 1 repetition with contiguous 1.7 mm coro-

nal images. The other series was a 3D-spoiled

gradient-echo with contiguous 1.7-mm coronal

images, FOV 24 cm, TR 18 ms, TE 3 ms, flip angle

25 degrees, 124 locations, 256 × 256 matrix, 1 repe-

tition. Separate T1 and T2 acquisitions were neces-

sary to ensure adequate visualization of

cerebrospinal fluid (CSF) versus gray and white

matter.

Each scan was coded by radiologists in Houston

and Toronto blinded to etiology. The coding

scheme was broad, including coding for the nature

and severity of hydrocephalus, the range of abnor-

malities associated with the characteristic Chiari II

malformation, other specific abnormalities, and

the status of the CC, AC, HC, and Probst bundles.

The research team developed conventions and a

detailed coding form that was applied to each scan.

Each MRI film was displayed simultaneously in

axial, coronal, and sagittal planes in a large view-

ing room. The radiologist walked around the view-

ing screens, identifying the different codes from the
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PARTIAL AGENESIS 7

form upon prompting by a research assistant, who

recorded the findings. The radiologists, who were

blinded to patient histories and behavioral data,

agreed on conventions and coding criteria based

on independent dual coding of MRIs early in the

grant.

In addition to the qualitative coding, an area

measurement of the CC was calculated from the

midsagittal slice depicting the CC (Fletcher et al.,

1996). A region-filling algorithm was used to

count the total number of pixels enclosed within

the irregularly shaped boundaries. The total area

of the slice (excluding the CC) was computed, so

that the CC measure is a ratio of the CC area/

whole brain slice area. This ratio permits control

of individual differences in brain size due to varia-

tions in age and the effects of the disorder.

Although the regions of the corpus callosum can be

quantified based on anatomical subdivisions pro-

posed, for example, by Witelson and Goldschmidt

(1991), landmarks that might be used for such a

regional quantification are not reliably visualized

on a malformed CC. Moreover, it does not seem

meaningful to estimate the area of the rostrum, for

example, when it is absent. The value would be

expressed as 0, which violates assumptions of par-

ametric statistics. We find it most productive to

measure the entire area and to qualitatively code

regions of the corpus callosum. This measure was

available on 68 children with SBM and 26

controls. Problems related to shunt artifacts,

movement, and difficulties with scan transfer

reduced the number of available scans suitable for

quantification.

RESULTS

Patterns of agenesis of the CC

The CC was normal in all but 1 of the 46 NC chil-

dren; 1 had a completely hypoplastic CC for no

apparent reason. There were 26 patterns of CC

development in children with SBM (Table 1).

Regions that are absent (or not visualized) are

printed in italics. Patterns in which the splenium

and rostrum are absent (n = 42; 21.8%), the ros-

trum is absent (n = 40; 20.7%), and then the sple-

nium is absent (n = 19; 9.8%) are given first. These

patterns (1–14) likely involve congenital absence of

a region (n = 101; 52.3%) although this cannot be

known for certain. In only 3 of these children were

the genu and body both normal so the rate of some

form of acquired dysmorphology of the body and

TABLE 1 

Patterns of dysmorphology of the corpus callosum in children with SBM

Rostrum Genu Body Splenium N %

1 Absent Absent Hypoplastic Absent 3 1.6

2 Absent Hypoplastic Absent Absent 1 0.5

3 Absent Normal Absent Absent 1 0.5

4 Absent Hypoplastic Hypoplastic Absent 30 15.5

5 Absent Normal Hypoplastic Absent 7 3.6

6 Absent Absent Hypoplastic Hypoplastic 2 1.0

7 Absent Normal Hypoplastic Hypoplastic 11 5.7

8 Absent Hypoplastic Hypoplastic Hypoplastic 24 12.4

9 Absent Normal Normal Normal 3 1.6

10 Normal Absent Hypoplastic Absent 1 0.5

11 Hypoplastic Hypoplastic Hypoplastic Absent 10 5.2

12 Hypoplastic Normal Hypoplastic Absent 1 0.5

13 Normal Hypoplastic Hypoplastic Absent 1 0.5

14 Normal Normal Hypoplastic Absent 6 3.1

15 Normal Hypoplastic Absent Hypoplastic 1 .5

16 Hypoplastic Hypoplastic Hypoplastic Hypoplastic 39 20.2

17 Hypoplastic Normal Hypoplastic Hypoplastic 9 4.7

18 Hypoplastic Hypoplastic Normal Hypoplastic 1 0.5

19 Hypoplastic Normal Normal Hypoplastic 1 0.5

20 Hypoplastic Hypoplastic Hypoplastic Normal 1 0.5

21 Hypoplastic Normal Normal Normal 1 0.5

22 Normal Hypoplastic Hypoplastic Hypoplastic 5 2.6

23 Normal Normal Hypoplastic Hypoplastic 16 8.3

24 Normal Normal Normal Hypoplastic 3 1.6

25 Normal Normal Hypoplastic Normal 7 3.6

26 Normal Normal Normal Normal 8 4.1

Note. Regions that are absent (or not visualized) are printed in italics. SBM = spina bifida meningomyelocele.
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8 HANNAY ET AL.

genu in combination with congenital partial agene-

sis was high (98/101). The genu was absent in 6

(3.1%) children with SBM while the body was

absent in 3 (1.6%). Only 8 (4.1%) children with

SBM had a completely normal CC.

Anterior commissure

The AC was normal in all of the NC children. It

was enlarged in only 3.1% (n = 6) of the children

with SBM and then only when the splenium of the

CC was absent or hypoplastic (Table 2). Among

the 6 children with an enlarged AC, 3 had a com-

pletely hypoplastic CC. One had a CC that was

hypoplastic but was missing the splenium. One

child was missing the rostrum, but had a normal

genu and hypoplasia of the body and splenium.

The remaining child was missing the rostrum and

splenium and had a normal genu and hypoplasia of

the body.

Probst’s bundles

None of the NC children showed Probst’s bundles.

No child with SBM had complete agenesis of the

CC. Probst’s bundles were evident in 2 children

with SBM (0.1%) who were missing three regions of

the CC (Table 3). Child 1 had a normal genu, but

was missing the rest of the CC, and the AC and HC

were absent or too small to be visualized (Figure 1).

Child 2 had hypoplasia of the body and was miss-

ing the other regions of the CC, although the AC

and HC were normal (Figure 2). A total of 3 other

children with SBM were missing all but one part of

the CC (Table 3; Children 3–5); 1 had hypoplasia of

the genu, and 2 had hypoplasia of the body. Their

other cerebral commissures were either both hypo-

plastic (n = 2) or all normal enlarged (n = 1).

Hippocampal commissure

The HC was normal in 69.5% (n = 32) of the NC

children and absent/not visualized in the remainder

30.5% (n = 12). The HC was enlarged in 13% (n =

25) of the children with SBM, hypoplastic in 27.5%

(n = 53), absent or too small to be visualized in

52.3% (n = 101), and normal in 0.02% (n = 4). The

status of the HC was significantly related to the

frequency of partial CC agenesis, χ2(3) = 26.45, p <

.001, with SBM (Table 4). Partial agenesis was

most frequent when the HC was enlarged (18/25;

TABLE 2 

The relation between the status of the splenium and status of the anterior commissure 

in children with SBM

Splenium

Anterior commissure

Absent Hypoplastic Normal

n % n % n %

Enlarged 2 3.3 4 3.6 0 0

Normal 30 49.2 71 63.4 14 70.0

Hypoplastic 26 42.6 35 31.3 6 30

Absent or not visualized 3 4.9 2 1.8 0 0

Total 61 100 112 100 20 100

Note. SBM = spina bifida meningomyelocele.

TABLE 3 

Status of several cerebral commissures and the occurrence of Probst’s bundles in children with SBM and almost 

complete agenesis of the corpus callosum

Child 1 Child 2 Child 3 Child 4 Child 5

Corpus callosum Rostrum absent absent absent absent absent

Genu normal absent hypo absent absent

Body absent hypo absent hypo hypo

Splenium absent absent absent absent absent

Probst’s bundles yes yes no no no

Other cerebral commissures Anterior absent normal hypo normal hypo

Hippocampal absent normal hypo enlarged hypo

Note. hypo = hypoplastic. SBM = spina bifida meningomyelocele.
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PARTIAL AGENESIS 9

Figure 1. a. Midsagittal magnetic resonance imaging (MRI)

scan of the brain of Child 1 with spina bifida meningomyelocele

(SBM) and partial agenesis of the corpus callosum (only genu

present, anterior and hippocampal commissures absent).

b. Probst’s bundles indicated by black arrows on coronal MRI

of brain.

a.

b.

TABLE 4 

The relation between status of the splenium and status of the hippocampal commissure 

in children with SBM

Splenium

Hippocampal 

commissure

Absent Hypoplastic Normal

n % n % n %

Enlarged 15 24.6 10 8.9 0 0

Normal 1 1.6 6 5.4 7 35.0

Hypoplastic 15 24.6 31 27.7 7 35.0

Absent or not visualized 30 49.2 65 58.0 6 30.0

Total 61 100 112 100 20 100

Note. SBM = spina bifida meningomyelocele.

Figure 2. a. Midsagittal magnetic resonance imaging (MRI)

scan of the brain of Child 2 with spina bifida meningomyelocele

(SBM) and partial agenesis of the corpus callosum (only body

present, anterior and hippocampal commissures present).

b. Probst’s bundles indicated by black arrows on coronal MRI

of brain.

a.

b.
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10 HANNAY ET AL.

72%), less frequent with an absent/not-visualized

HC (n = 55; 54.4%) or a hypoplastic HC (26/53;

49.1%), and least frequent (3/14; 21.4%) with a

normal HC. Probst’s bundles were not associated

with enlargement of the HC.

Area measurement of the CC

Based on the qualitative coding of the MRI, six

subgroups were created based on the primary pat-

tern of CC anomaly, with some participants in the

agenesis subgroups also demonstrating hypoplasia:

normal CC (n = 31), including 26 NC and 5 SBM;

complete hypoplasia of the CC with no agenesis

(n = 14), all SBM; hypoplastic/normal CC (n = 16),

all SBM; agenesis of the rostrum, all SBM (n = 9);

agenesis of the rostrum and splenium, all SBM

(n = 14); and agenesis primarily of the splenium,

all SBM (n = 10). In a one-way analysis of variance

(ANOVA), the main effect of the CC/whole brain

ratio was significant, F(5, 88) = 39.90, p < .0001

(Figure 3). Follow-up comparisons using Tukey’s

LSD procedure to control the overall alpha level at

p < .05 showed that children with a normal CC had

significantly larger CC/whole brain ratios than did

all other groups: normal CC, hypoplasia/normal,

complete hypoplasia, agenesis of the rostrum,

agenesis of the splenium, and agenesis of rostrum

and splenium. The hypoplasia/normal, complete

hypoplasia, and rostrum agenesis groups did not

differ significantly, nor did the rostrum/splenium

and splenium agenesis groups differ reliably from

each other. However, the hypoplasia/normal, com-

plete hypoplasia, and rostrum agenesis groups had

significantly larger CC/whole brain areas than did the

groups with rostral/splenial and splenial agenesis.

DISCUSSION

In children with SBM, complete agenesis of the CC

is rarely present, in agreement with recent view-

points that CC agenesis in conditions like SBM dif-

fers in important ways from classical callosal

agenesis (Miller et al., 2008). Two processes are

operative in the CC anomalies of children with

SBM. The first is a disorder involving prolonged

disruption of neuroembryogenesis that results in

partial agenesis and hypoplasia of the CC, primarily

Figure 3. Ratio of the area measurement of the corpus callosum (CC): whole brain in children with normal CC, hypoplasia/normal

regions, complete hypoplasia, rostrum agenesis, splenium agenesis, and rostrum and splenium agenesis.
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PARTIAL AGENESIS 11

in the rostrum and splenium (Barkovich, 2005). In

some forms of callosal agenesis, termed partial seg-

mental agenesis of the corpus callosum, a two-

stage mechanism has been identified that, while a

developmental defect, produces an absent body

but present splenium (Raybaud & Girard, 2005).

The second is a destructive process, involving sec-

ondary hydrocephalus that tends to produce hypo-

plasia, but not absence, of the genu and body, in

agreement with earlier evidence from the SBM

population (Fletcher et al., 2005).

The new information contributed by the present

study is the identification of 14 CC patterns indica-

tive of congenital partial CC agenesis in just over

half of the children that involved the absence of the

rostrum and/or the splenium. These children also

showed the effects of secondary hydrocephalus.

Most of the other children had 1 of 12 patterns of

dysmorphology of the CC that might be related to

the effects of secondary hydrocephalus involving

hypoplasia of one or more regions of the CC and

absence of the body in one case. Very few children

had a completely normal CC. In addition, the sub-

divisions of the CC completed through qualitative

coding of the MRI were supported by area meas-

urements of the CC in a subset of this population,

helping to validate the radiological qualitative cod-

ing. As hypothesized, Figure 3 shows that children

identified with a normal CC have larger area meas-

urements than all five groups with an abnormal

CC. Children with SBM and rostrum/splenial or

splenial agenesis, which often involves some degree

of the posterior body, also had smaller area meas-

urements than did children with hypoplasia/nor-

mal regions of the CC and complete hypoplasia.

These are the regions of the CC that develop last

(splenium and then rostrum) and sustain a disrup-

tion of neuroembryogenesis. It is, perhaps, not sur-

prising that agenesis of the rostrum was not

associated with as small a CC/whole brain ratio as

the splenial and rostrum/splenial agenesis groups

since the rostrum by itself is not a very large region

of the CC. The children with hypoplasia/normal

region CCs and completely hypoplastic CCs had

similar area ratios probably because 50% of the

former group had three regions of hypoplasia

while an additional 31.3% had two regions of

hypoplasia.

Given the high rate of partial agenesis of the CC

in children with SBM, it is important to evaluate

the likelihood of various proposed neuroanatomi-

cal compensatory mechanisms with this disorder.

It has been proposed that enlargement of other

commissural pathways, specifically the AC and

HC, may provide compensatory pathways for

interhemispheric transfer of some auditory and vis-

ual information (Martin, 1985; Ozaki & Walsten,

1993; Risse et al., 1978). The splenium was absent

in one third of the children with SBM, so IHT

abnormalities in this population, such as those

observed by Hannay et al. (in press), are not

unexpected.

On the basis of the current MRI findings, we can

rule out enlargement of the AC as a major com-

pensatory mechanism for partial agenesis of the

CC involving the splenium, at least in SBM,

because only a small percentage had an enlarged

AC. Few of those were missing the splenium.

Indeed, no particular pattern of CC partial agene-

sis was related to enlargement of the AC. Absence

of the body was rare, so any compensatory mecha-

nisms must involve hypoplasia.

Because it occurred in more children, enlarge-

ment of the HC cannot be ruled out as a potential

structural compensatory mechanism for partial CC

agenesis. It is possible that secondary hydrocepha-

lus destroys not only central regions of the CC, but

also the AC and HC. However, the rate of enlarge-

ment of the AC has always been rather small even

with complete agenesis produced by other disor-

ders (Loeser & Alvord, 1968; Meyer et al., 1998;

Rauch & Jenkins, 1994).

Probst’s bundles were clearly evident in 2 indi-

viduals with partial CC agenesis. In Case 1, it

seemed reasonable that Probst’s bundles might

develop because the genu of the CC was the only

region present, and the other commissures derived

from the same plate (AC and HC) were missing (or

not large enough to be visualized). No such ration-

ale could be applied to the finding of Probst’s bun-

dles for Case 2 because the AC and HC appeared

to be normal. Case 2 is also difficult to explain

because 3 other children who have what appear to

be similar commissural development—namely,

three regions of the CC absent along with a hypo-

plastic, normal, or enlarged AC and HC—did not

develop Probst’s bundles. Probst’s bundles were

reported by Rauch and Jinkins (1994) in 60% of

their sample of 10 children with complete agenesis

of the CC and in both of their children with partial

agenesis of the CC. Tovar-Moll et al. (2007) also

identified structures as Probst bundles in cases of

complete and partial agenesis and, additionally,

identified a commissural tract within Probst bun-

dles connecting the left frontal and right occipital

cortices. In contrast, using diffusion tensor imag-

ing (DTI), Lee et al. (2004) reported Probst’s bun-

dles with 2 cases of complete CC agenesis but no

bundles with a case of partial agenesis of the CC in

which fibers from the parieto-occipital lobe and

the frontal lobe crossed in the remaining genu. It is

difficult to explain these apparent inconsistencies.
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12 HANNAY ET AL.

These studies had small samples in which agenesis

was associated with a variety of etiologies. It would

be interesting to reexamine our 5 cases of almost

complete regional CC agenesis with DTI to deter-

mine which cortical regions are connected through

their remaining CC and how this relates to the sta-

tus of their AC and HC and the presence of

Probst’s bundles. Our rate of HC enlargement was

much higher than the rate of Probst’s bundles. This

may occur because some potential CC axons are

crossing the midline on the dorsal surface of the

HC in the absence of distinct Probst’s bundles.

As forebrain neuroanatomical anomalies are

investigated in more detail in children with SBM,

other structures may emerge as candidates for

functional compensatory mechanisms. Miller et al.

(2008) reported structural abnormalities that might

be potentially relevant to IHT function in individu-

als with meningomyelocele and Chiari II malfor-

mation. In half of their large sample, they

identified an abnormal gray matter structure that

they termed hypothalamic adhesion crossing the

anterior-inferior portion of the third ventricle and

unrelated to the AC. An abnormal bundle of white

matter forming a callosal ridge was noted on the

dorsal callosal surface in two thirds of the cases,

which was believed to be an aberrant crossing cin-

gular bundle that represented dysplasia and not the

effects of hydrocephalus. The relation between this

bundle and Probst’s bundles remains to be estab-

lished. In the normally developing brain, the first

axons crossing the commissural midline appear to

arise from the cingulate gyri and are followed by

neocortical commissural axons.

Future directions

In neurodevelopmental disorders, it cannot be

assumed that a larger brain area is functionally

compensatory. In some instances, it is maladap-

tive; for example, in autism, increased white matter

volume predicts poorer motor function (Mostofsky,

Burgess, & Larson, 2007). Typical development

involves calibration of relative thickness of gray

and white matter with age, so that thinner gray

matter in the frontal polar cortex and other frontal

regions is actually normal and adaptive (O’Don-

nell, Noseworthy, Levine, & Dennis, 2005). The

brains of children and adults with SBM show a

complex pattern of reorganization. Some of this

involves missing brain, some involves present but

dysmorphic brain, and some involves anomalous

fiber tracts (Miller et al., 2008; Tovar-Moll et al.,

2007). An important area for future investigation is

identification of which brain changes in SBM

promote, and which impair, functionality. Fibers

in anomalous tracts such as Probst’s bundle may

be functional electrically (Lefkowitz, Durand,

Smith, & Silver, 1991) but that does not necessarily

mean that the tracts promote behavioral, cogni-

tive, and motor function.

The early studies on CC agenesis focused on

comparison with adult CC section and empha-

sized the benefits of a congenital, rather than

acquired, loss of the CC. Subsequent studies con-

sidered that whatever brain reorganization occurs

in CC agenesis might have costs as well as bene-

fits. For example, although CC agenesis permits

the transfer of information from one hand to the

other, it prevents the normal development of fine

motor control within each hand, so that synkine-

sias (associated or overflow movements in one

hand while the other hand is being moved) persist

into the teen years when they would normally

have disappeared by age 7 (Dennis, 1976). In chil-

dren with SBM, CC partial agenesis and/or hypo-

plasia are associated with anomalous lateral

asymmetries. For instance, these children differ

from age peers in accuracy and variability of line

bisection; they attend more to left or inferior hem-

ispace and show more intrasubject variability

(Dennis et al., 2005). Of interest, CC agenesis or

hypoplasia both result in an exaggerated, abnor-

mal attentional bias to left hemispace (pseudone-

glect). Hypoplasia of the splenium is associated

with a right-ear advantage for perception of con-

sonant–vowel (CV) syllables while agenesis of the

splenium is not (Hannay et al., in press). An

important area for future studies is the delineation

of both costs and benefits of congenital CC agene-

sis in relation to patterns of presence and absence

of the other cerebral commissures. In particular, it

would be useful to examine visual and auditory

IHT in children with SBM without these particu-

lar dysmorphologies during functional imaging

techniques such as functional magnetic resonance

imaging (fMRI) and magnetic source imaging

(MSI; Papanicolaou, 1998).

FINAL THOUGHTS ABOUT OUR MENTOR, 

COLLEAGUE, AND FRIEND

Benton had an implicit methodology in many of

his studies of children that was unusual for its day,

in that he considered that individual differences

inform outcome, rather than obscure it. We believe

he would have approved our method of analyzing

intragroup outcome variability in relation to varia-

bility in normal and aberrant brain patterns of

development. Benton found value in analyzing
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PARTIAL AGENESIS 13

neurocognitive function in children with explicit

brain damage but preserved intellect. Assuming

that this mindset would have continued, he would

have found compatible our strategy of looking at

neurodevelopmental disorders in terms of specific

neurocognitive deficits in children with overall pre-

served cognitive development. In continuing to

choose tasks of basic functions for which perform-

ances of typically developing children and adults

were available, he would have found himself in

harmony with recent approaches to neuroimaging.

fMRI studies, for example, demand well-specified

tasks of basic functions, rather than measures such

as IQ, that represent the final common path of

gene, environment, and experiential and learning

history.

We do not know how Arthur Benton would

have approached the problem that we address in

this paper, had his active research career been

extended into the current era of sophisticated neu-

roimaging. On the basis of his earlier interests in

pediatric issues, however, we can infer at least

some of the directions he might have taken to

address the issue explored in this paper.

We would like to believe that Benton would

have read the present study with a critical but

approving eye and then planned a functional neu-

roimaging experiment of some basic aspect of

interhemispheric transfer that compared the sub-

groups of compensatory patterns of CC agenesis.

That he is not our current collaborator in that

endeavor is our loss.

First published online day month year
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