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A B S T R A C T

The ability to temporarily maintain relevant information in mind in the presence of interference or distracting
information, also called working memory (WM), is critical for higher cognitive functions and cognitive devel-
opment. In typically developing (TD) children, WM is underpinned by a fronto-parietal network of interacting
left and right brain regions. Developmental absence (agenesis) of the corpus callosum (AgCC) is a congenital
brain malformation resulting from disruption of corpus callosum formation. This study aims to investigate
functional organisation of WM in children and adolescents with AgCC using functional magnetic resonance
imaging (fMRI). Nine children with AgCC and a comparison group of sixteen TD children aged 8–17 years
completed an fMRI WM paradigm designed to enable investigation of different WM processes, i.e., encoding,
maintenance and retrieval. We found that AgCC children recruited globally similar brain regions as the TD
comparison group during the WM task, despite significant disparity in brain development, i.e., bilateral occipito-
frontal activations during verbal encoding, and bilateral fronto-parietal executive control network during re-
trieval. However, compared to their TD peers, children with AgCC seemed less able to engage lateralised brain
systems specialised for particular memory material (i.e. less supramarginal activations for verbal material and
less fusiform activations for face processing) and particular memory process (i.e. absence of right-predominant
activations during retrieval). Group differences in the pattern of activation might also reflect different cognitive
strategies to cope with competition in processing resources with different susceptibility to concurrent tasks
(verbal vs visual), such as differential recruitment of associative visual areas and executive prefrontal regions in
the AgCC compared with the TD group depending on the concurrent task completed during maintenance. This
study provides a first step towards a better understanding of functional brain networks underlying higher
cognitive functions in children with AgCC.

1. Introduction

The corpus callosum (CC) is the largest cerebral commissure in the
brain and a major white matter pathway that connects homologous
structures between both halves of the central nervous system (Paul
et al., 2007; Raybaud, 2010). In typical development, this bundle of
fibres is a major conduit that transfers information between the two
hemispheres, and also contributes to the integration of information
across hemispheres for various cognitive and sensorimotor tasks (Bloom

and Hynd, 2005; Chiarello, 1980).
Developmental absence, or agenesis, of the CC (AgCC) is a con-

genital brain malformation that results in the complete or partial failure
of callosal fibres to form connections between cortical areas of the two
hemispheres (dos Santos et al., 2002). Diagnosis of AgCC can be made
prenatally or postnatally based on characteristic neuroimaging changes
using ultrasound, computerised tomography (postnatally) or magnetic
resonance imaging (MRI), including fetal MRI (Tang et al., 2009). Im-
provements in neuroimaging techniques, such as higher field strength
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for MRI, its growing use in paediatric populations as well as the
growing use of routine prenatal ultrasound have resulted in increased
rates in the detection of patients with AgCC (Moutard et al., 2003;
Pisani et al., 2006). In the general population, its estimated prevalence
is ~1–7 in 4000 live births (Glass et al., 2008; Wang et al., 2004). AgCC
can be complete, with interruption of callosal development occurring at
early stage in embryological development before 6 gestational weeks
(Edwards et al., 2014), or partial, with disruption occurring slightly
later in gestation (Huang et al., 2009; Paul, 2011; Richards et al., 2004).
It may present as an isolated condition with other common secondary
effects including colpocephaly, Probst bundles and cingulate gyrus
absence (Booth et al., 2011). It may also be associated with other brain
malformations including hydrocephalus, grey matter heterotopia, ho-
loprosencephaly, interhemispheric cysts, gyral abnormalities (Bedeschi
et al., 2006), and neurological sequelea such as epilepsy, macro or
microcephaly, hearing and vision impairments (Moes et al., 2009). The
causes are heterogeneous, however, genetic conditions including single-
gene and chromosomal abnormalities are reported (Edwards et al.,
2014). Consistent with the variability in presentation and aetiology of
this brain malformation, previous studies have reported cognitive
abilities ranging from “normal”, with children attending mainstream
school and adults having a conventional career (Caillé et al., 1999), to
severe cognitive difficulties, with individuals attending special devel-
opmental school and requiring assistance in daily living activities
(Graham et al., 2003, 2008). In a systematic review of neuropsycho-
logical functioning in AgCC (n = 110 patients), mean intellectual
functioning was described to be in the low average range for adults (IQ:
Mean = 88.2, SD = 15.18, n = 41) and in the borderline range for
children (IQ: Mean = 76.4, SD = 30.12, n = 48; Siffredi et al., 2013).
Therefore, studying this brain malformation has been a challenge as the
heterogeneity is inherent to this clinical population. In contrast to split-
brain patients (acquired destruction of the CC), individuals with AgCC
show very little, if any, evidence of interhemispheric disconnection, and
do not present with the typical disconnection deficits (Jea et al., 2008;
Lassonde and Jeeves, 1994; Siffredi et al., 2013; Vuilleumier, 2001).
This suggests that brain organisation and functions are capable of major
plasticity, and determine long-term neurodevelopmental outcomes
(Anderson et al., 2011).

In children and adolescents, working memory (WM) is a funda-
mental cognitive system that involves actively storing and manipulating
information over brief periods of time (Baddeley, 1986) and relies on
distributed brain networks across the two hemispheres. WM is con-
sidered a building block for the development of other higher cognitive
functions, such as reasoning, language, social cognition and academic
performance (e.g., Alloway et al., 2004; Barrouillet et al., 2008;
Gathercole et al., 2004). WM capacity, as measured by the amount of
information that can be retained and transformed in complex memory
span tasks, develops dramatically across childhood and adolescence
(Klingberg et al., 2002). In typically developing (TD) children and
adolescents, a core bilateral fronto-parietal network is known to un-
derpin verbal and visuo-spatial WM (e.g., Kwon et al., 2002; O'Hare
et al., 2008; Spencer-Smith et al., 2013; van den Bosch et al., 2014).
Intrahemispheric as well as interhemispheric connectivity, mostly
supported by the CC, is likely to play a crucial role in WM processes by
promoting efficient functional integration between brain areas (Hillary
et al., 2011; Koshino et al., 2005; Schlösser et al., 2006). Indeed, in
typically developing children, a significant correlation between visual
WM performance and development of white matter in the anterior
corpus callosum has been described (Nagy et al., 2004). In brain-injured
children, microstructural integrity of the CC has been associated with
variance in verbal and visuospatial WM capacity (Treble et al., 2013).
As a consequence, in AgCC a disruption of normal functional con-
nectivity between the two hemispheres would be expected to impact on
WM processes (Quigley et al., 2001). However, WM and concomitant
interhemispheric interactions have not previously been studied in AgCC
individuals. To our knowledge, two case studies have been published

examining WM abilities in AgCC, both adults. However, results are
contradictory, with impaired performance on a 2-back task in one case
(Simon et al., 2008), and average performance on auditory-verbal and
visual WM tasks in the second case (Reddy et al., 2010). In addition,
Sauerwein and Lassonde (1994) reported working memory perfor-
mance below the average range but not significantly different from the
control group in 9 individuals with AgCC from 10 to 29 year-old.

Our study aimed to investigate the functional organisation of WM in
children and adolescents with AgCC compared with TD children using
fMRI. We designed an fMRI WM paradigm developmentally appropriate
for participants across a wide age range and with different WM capa-
cities (Siffredi et al., 2017). Specifically, our paradigm was adapted
from the Brown-Peterson task (Brown, 1958; Peterson and Peterson,
1959), which allows us to: 1) explore brain systems recruited by dif-
ferent verbal WM processes: encoding, maintenance and retrieval; and
2) investigate the effect of different concurrent tasks (verbal and visual)
during maintenance and retrieval. As hemispheric lateralisation of
verbal versus visual processing and communication between hemi-
spheres might differ in the context of AgCC, we expect that brain net-
works in AgCC children will show different patterns of activation
compared with TD children during the fMRI WM paradigm.

2. Materials and methods

2.1. Participants

Nine participants with AgCC diagnosed on MRI were recruited from
clinics and radiology records at The Royal Children's Hospital in
Melbourne, Australia, as part of the “Paediatric Agenesis of the Corpus
Callosum Study” at the Murdoch Children's Research Institute.
Individuals with a diagnosis of AgCC confirmed on MRI were aged 9–17
years at assessment. In addition to a diagnosis of AgCC on MRI. Further
inclusion criteria were: English speaking, and ability to engage in the
assessment. A comparison group of 16 typically developing (TD) chil-
dren and adolescents was recruited through advertisement in local
schools and through staff at The Royal Children's Hospital. TD partici-
pants were aged 8–16 years at assessment, English speaking, with no
documented history of a brain lesion, neurological disability or neu-
rodevelopmental disorders. Participants from the AgCC and TD groups
had normal or corrected-to normal vision and hearing.

2.2. Descriptive measures

Verbal working memory capacity was estimated using the standard
scores of the Digit Span Backward subtest from the Wechsler
Intelligence Scale for Children 4th edition (WISC-IV; Wechsler, 2003)
and from the Wechsler Adult Intelligence Scale 4th edition for the 17
year-old participant (WAIS-IV; Wechsler, 2010; M = 10, SD = 3).
Participants listened to a sequence of digits, which they were required
to repeat in the reverse order. Full-Scale Intelligence Quotient (IQ) was
estimated using the 4-subtests version of the Wechsler Abbreviated
Scale of Intelligence (Wechsler, 1999). Handedness was estimated using
the Edinburgh Handedness Inventory (EHI), a ten-item self-report
questionnaire assessing preferred hand for daily life activities (Oldfield,
1971).

2.3. Neuroimaging

2.3.1. Image Acquisition
MRI was performed on a Siemens 3T MAGNETOM Trio scanner

(Siemens, Erlangen, Germany) at the RCH. The scanner was equipped
with the Syngo MR B17 software release, and a 32-channel receive-only
head coil was used. T1-weighted MP-RAGE sequence (Magnetisation
Prepared Rapid Gradient Echo) were obtained, TR = 1900 ms, TE =
2.71 ms, TI = 900 ms, FA = 9°, FoV = 256 mm, voxel size = 0.7 ×
0.7 × 0.7 mm. Functional images were acquired using a T2*-weighted
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