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Abstract

Background The corpus callosum (CC) is a key brain structure. In children with neurodevelopmental delay, we com-
pared standard qualitative radiological assessments with an automatic quantitative tool.

Methods We prospectively enrolled 73 children (46 males, 63.0%) with neurodevelopmental delay at single university
hospital between September 2020 and September 2022. All of them underwent 1.5-T brain magnetic resonance imag-
ing (MRI) including a magnetization-prepared 2 rapid acquisition gradient echoes — MP2RAGE sequence. Two radiolo-
gists blindly reviewed the images to classify qualitatively the CC into normal, hypoplasic, hyperplasic, and/or dysgenetic
classes. An automatic tool (QuantiFIRE) was used to provide brain volumetry and T1 relaxometry automatically as well
as deviations of those parameters compared with a healthy age-matched cohort. The MRI reference standard for CC
volumetry was based on the Garel et al. study. Cohen k statistics was used for interrater agreement. The radiologists
and QuantiFIRE's diagnostic accuracy were compared with the reference standard using the Delong test.

Results The CC was normal in 42 cases (57.5%), hypoplastic in 20 cases (27.4%), and hypertrophic in 11 cases (15.1%).
T1 relaxometry values were abnormal in 26 children (35.6%); either abnormally high (18 cases, 24.6%) or low (8 cases,
11.0%). The interrater Cohen k coefficient was 0.91. The diagnostic accuracy of the QuantiFIRE prototype was higher
than that of the radiologists for hypoplastic and normal CC (p=0.003 for both subgroups, Delong test).

Conclusions An automated volumetric and relaxometric assessment can assist the evaluation of brain structure such
as the CC, particularly in the case of subtle abnormalities.

Relevance statement Automated brain MRl segmentation combined with statistical comparison to normal volume
and T1 relaxometry values can be a useful diagnostic support tool for radiologists.

Key points
- Corpus callosum abnormality detection is challenging but clinically relevant.

- Automated quantitative volumetric analysis had a higher diagnostic accuracy than that of visual appreciation
of radiologists.

- Quantitative T1 relaxometric analysis might help characterizing corpus callosum better.
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Graphical Abstract

» Corpus callosum
abnormality detection in
children MRl is
challenging but clinically
relevant.

* An automated quantitative
volumetric and T1-
relaxometric analysis of
the corpus callosum with
Z-score deviation color
maps available for
radiologists may improve
the diagnostic accuracy.

Hypertrophic corpus callosum on sagittal views (brain midline) in a 44-month-old girl with neurodevelopmental
delay. A: High-contrast anatomical T1-weighted uniform image showing hyperplasia of both the corpus
callosum and the sus tentorial stage. B: Volumetric deviation map, with a CC appearing in orange, Z-score =
3.18. C: T1 relaxometric deviation map, with a CC appearing in blue, Z-score = -2.40.

Automated segmentation combined with statistical comparison to normal volume
and T1 relaxometry can be a useful diagnostic support tool for radiologists.

Background

The corpus callosum (CC) is a key structure of the mid-
line brain structure. It provides interhemispheric com-
munication, including distant regions of the cerebral
cortex [1]; it also participates in several cognitive func-
tions [2] and in the integration of sensory-motor infor-
mation. The normal anatomy of the CC from anterior to
posterior is divided into the rostrum, the genu, the body,
the isthmus and the splenium [3, 4], its normal embryo-
logical development takes place during the 12th to the
20th week of gestation [5].

The morphology of the CC changes structurally dur-
ing childhood and all lifelong [6]: its thickness and sig-
nal intensity have been reported to reflect the density
and the myelination of the white matter fibers, showing
a positive correlation with intelligence [7]. Due to its
central location and role, congenital or acquired anom-
aly of the CC can have drastic effects on brain develop-
ment and its function. However, only the definition of
complete agenesis of the CC is consensual, confirmed
with indirect signs observed on ultrasound or MRI [8].
The partial agenesis of the CC, due to a lack of visuali-
zation of one of its parts, is more difficult to diagnose

despite well-defined criteria [9]. All other morphologi-
cal abnormalities of the CC, i.e., reduced (hypoplasia)
or increased thickness (hyperplasia), or an abnormal
orientation of the whole structure or of one of its parts,
have variable definitions in the fetal CC pathology lit-
erature [10]. The presence of CC anomalies in the pre-
natal period is often associated with a poor prognosis,
especially if other cerebral anomalies are present [9, 11,
12]. In the postnatal period, a reduced or increased CC
thickness is associated with a wide spectrum of clini-
cal abnormalities [13] such as developmental disorders,
epilepsy, or neurocutaneous syndromes such as neu-
rofibromatosis type 1 [14].

The normal size and thickness of the prenatal CC has
been reported using two- [15] and three-dimensional
ultrasound [16, 17] as well as two-dimensional MRI [18];
these data are also available for the whole childhood
phase [15, 19, 20]. In MRI, the volumetric analysis of the
CC by the radiologist may require the use of measure-
ments in case of doubt about its normality. However, the
measurement methods vary widely with different nor-
mality thresholds and require an experienced operator
to be reproducible. The determination of the reference
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standard in MRI was based on the study performed by
Garel et al. [19], who established a biometric classifica-
tion of CCs, the reproducibility of which was limited in
current practice due to a large number of measurements.

To address this problem, an automated MRI-based seg-
mentation of the midline brain structures relying on the
magnetization prepared 2 rapid acquisition gradient ech-
oes (MP2RAGE) sequence was previously developed [21]
to provide CC volumetry and T1 mapping, the latter also
giving an indication of the microstructural tissue status.
In addition, the method incorporates a comparison with
normative values of both volumes and T1 values includ-
ing a spatial visualization of deviations from the norm
using Z-score maps.

The study aimed to compare the diagnostic accuracy of
radiological standard reading with an automatic quanti-
tative CC assessment of both volumetry and T1 relaxom-
etry in children with neurodevelopmental delay.

Methods

Study population

Following the Standards for Reporting of Diagnostic
Accuracy Studies — STARD 2015 recommendations [22],
we have prospectively and consecutively studied 75 con-
secutive children with neurodevelopmental delay aged 1
to 16 years who underwent a 1.5-T brain MRI examina-
tion at the Tours university hospital between September
2020 and September 2022. Patients with complete CC
agenesis (n=0) were initially excluded. In addition, two
children were excluded due to severe motion artefacts.
Thus, the included population consisted of 73 children
(46 males, 63.0%). The mean age was 50+ 37 months,
mean standard deviation (range 12-167). Approval by the
local Ethics Committee in Human research (n°2022_135)
was obtained prior to starting the study.

MRI protocol

All patients were scanned at 1.5-T scanner (MAG-
NETOM Sola, Siemens Healtheeners, Erlangen, Ger-
many) using a standard 20-channel head coil. Intrarectal
pentobarbital (5 mg/kg) was administrated to young
children requiring sedation or general anesthesia when
required. Whole-brain T1-weighted imaging and simul-
taneous T1 mapping were achieved with the MP2RAGE
sequence using acquisition parameters tailored to pediat-
ric applications (spatial resolution 1.33 x 1.33x 1.33 mm?;
field of view 256X 192 mm?, inversion time, /inversion
time, 643/1,960 ms; flip angles 5°, 6°, repetition time
5,000 ms, echo time 2.83 ms, acquisition time 5 min).

Reports and deviation maps creation
An automated brain segmentation was performed using
a dedicated MP2RAGE processing pipeline based on
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the MorphoBox research application [23] with a previ-
ously reported adaptation of its templates [21]. A volumic
segmentation of a total of 38 anatomical brain struc-
tures was obtained according to the standard anatomical
nomenclature, including the CC [24]. This adapted Mor-
phoBox pipeline together with the regional T1 mapping
analysis reported in [21] was integrated into a research
application referred to in this work as “QuantiFIRE”. This
integration enabled the fully automatic processing of the
input, producing a volumetric and regional T1 mapping
report embedded in a DICOM file which was automati-
cally transferred to the PACS. The segmentation quality
index appeared on the first page of the analysis report
and enabled ensuring the quality of the segmentation
with a range from 0 to 1. A value<0.7 was considered
insufficient.

Automated brain volumetric and T1 relaxometry
results were compared with normative ranges and dis-
played on a deviation color map and in a tabulated Digi-
tal Imaging and Communication in Medicine — DICOM
report, both available on our Picture Archiving and
Communication System. CC Z-score values above 1.3 or
below -1.3 were considered pathological, corresponding
to the 10th and the 90th percentile, as established in a
prior study [21].

CC analysis: radiologists’ interpretation, automated
analysis and reference standard

A radiology resident and a senior pediatric radiologist
with 10 years of experience blindly reviewed the MRI
exams in order to classify the CC visually into normal
(normal shape and thickness), hypoplasic (normal shape
but thinner), or hyperplasic (normal shape but thicker)
and/or dysgenetic (irregular shape) classes on the mid-
sagittal plane on the three-dimensional MP2RAGE
sequence.

Based on the volumetric and T1 mapping Z-scores of
the CC, cases were classified with respect to volumetry
(normal, hypotrophic, or hypertrophic) and T1 devia-
tions (normal, decreased, and increased T1 values). The
reference standard determination of the CC size was
obtained using the Garel et al. biometry classification
[19]. The patient’s flow chart and the analysis steps are
reported in Fig. 1.

The classification of each CC is listed in Table 1.

Statistical analysis

We calculated the interrater Cohen « coefficient between
the two radiologists. The radiologists and the Quanti-
FIRE research application’s diagnostic accuracy for each
CC abnormality were calculated and compared with the
reference standard method. All estimates were given with
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(N=75)
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P Poor segmentation
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1) Analysis of the CC by the radiologist
v v 2) Quantitative volumetric and
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y
3) Analysis of the CC according to \ y
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Fig. 1 Patient flow chart and analysis steps

Table 1 Classification of the corpus callosum in the different

groups

Groups Results

Reference standard Normal volume 42
Increased volume 11
Decreased volume 20

Radiologist Normal volume 41
Increased volume 13
Decreased volume 12
Dysgenetic CC 7

QuantiFIRE volumetric measures Normal volume 40
Increased volume 13
Decreased volume 20

QuantiFIRE relaxometric measures Normal T1 47
Increased T1 18
Decreased T1 8

their 95% confidence interval. We compared the areas
under paired receiver operating characteristic curves
with the Delong test [25].

Results

Study population

The volume of the CC was normal in 42 cases (57.5%),
hypoplasic in 20 cases (27.4%), hyperplasic in 11
cases (15.1%), illustrated in Figs. 2, 3 and 4, respec-
tively, according to the reference standard method.
T1 relaxometry values of the CC were abnormal in 26
children (35.6%); either increased (18 cases, 24.6%) or
decreased (8 cases, 11.0%). The number of children
with normal brain volumetry and isolated abnormal
T1 relaxometry values was 14 patients (Fig. 5), mainly
males (n=13; 92.3%). Focusing on the 7 dysgenetic CC
cases diagnosed by the radiologists, one had both nor-
mal volume and T1 relaxometry values, four showed
too low volumes (including three having too high T1
values) and two had normal volumes with too high T1
values.

Diagnostic accuracy
The radiologists interrater Cohen « coefficient was
0.91. The diagnostic accuracy of the radiologists and
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Fig. 2 Example of a case of normal corpus callosum (CC). Sagittal view of the brain midline in a 3-year-old girl with neurodevelopmental delay. a
High-contrast anatomical T1-weighted uniform image showing a normal CC. b Normal volumetric deviation map, with a CC appearing in green,
Z-score=0. ¢ Normal T1 relaxometric deviation map, with CC appearing in green, Z-score = -0.52

Fig. 3 Example of hypotrophic corpus callosum (CC). Sagittal views of the brain midline in a boy aged 2 years and 11 months

with neurodevelopmental delay. a High-contrast anatomical T1-weighted uniform image showing a hypoplasia of the corpus callosum. b Abnormal
volumetric deviation map, with a CC appearing in light blue, Z-score =-2.86. c Increased T1 relaxometric deviation map, with a CC appearing

in purple, Z-score=3.20

Fig. 4 Example of hypertrophic corpus callosum (CC). Sagittal views of the brain midline in a 44-month-old girl with neurodevelopmental delay. a
High-contrast anatomical T1-weighted uniform image showing a hyperplasia of both the corpus callosum and the sus tentorial stage. b Abnormal
volumetric deviation map, with a CC appearing in orange, Z-score =3.18. ¢ Decreased T1 relaxometric deviation map, with a CC appearing in blue,
Z-score =-2.40

QuantiFIRE for classification of the CC volume is with hypoplasic and normal CC. Delong’s test p values
reported in Table 2. The diagnostic accuracy for Quanti- for the comparison of hypoplasia, normal and hyper-
FIRE was higher than that of the radiologists in patients  trophic CC were 0.003, 0.003, and 0.274, respectively.
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F|g 5 Example of a 2-year- oId and 7-month-old child with neurodevelopmental disorders with an isolated T1 relaxometry anomaly. Midline sagittal
reconstructions. a High-contrast uniform T1-weighted anatomical sequence showing a corpus callosum of normal shape and thickness. b Map
of normal volumetric deviations, with CC appearing in green, Z-score =0.49. ¢ Map of abnormally increased T1 relaxometric deviations, with CC

appearing purple, Z-score =2.20

Table 2 The diagnostic accuracy of the radiologists and QuantiFIRE for classification of the CC volume

Hypoplasia (n=20)

Normal (n=42)

hypertrophic CC (n=11)

Radiologists QuantiFIRE Radiologists QuantiFIRE Radiologists QuantiFIRE
Sensitivity 0 (36to 81) 5 (75 to 100) 83 (69 to 93) 93 (8110 99) 91 (59 to 100) 100 (72 to 100)
Specificity 2 (82 t0 98) 98 (90 to 100) 71 (52 to 86) 97 (83 to 100) 95 (87 to 99) 97 (89 to 100)
Positive predictive value 5 (48 to 93) 5 (75 to 100) 80 (65 to 90) 98 (87 to 100) 77 (46 to 95) 85 (55 to 98)
Negative predictive value 86 (74 to 94) 98 (90 to 100) 76 (56 to 90) 91 (76 to 98) 98 (91 to 100) 100 (94 to 100)
False positive rate 5(7to52) 5(0to 25) 20 (10to 35) 2(0to13) 23 (5to 54) 15 (2 to 45)
False negative rate 4 (610 26) 2(0to10) 24 (10to 44) 9(21to24) 2(0to9) 0(0to6)
Incidence 7 (18t0 39) 58 (45 to 69) 15 (8 to 25)

Data are given as percentages with their 95% confidence intervals in parentheses

Discussion

Corpus callosum abnormalities were frequent in our
cohort of children with neurodevelopmental delay, mani-
festing either in volumetry and/or in T1 relaxometry
deviations.

A non-negligible number of hypoplasic CC was missed
by radiologists (8/20, 40%), despite a high interrater reli-
ability, because only visual inspection was used. With a
more appropriate and accurate approach they would
not have been missed, but with longer time for images
analysis with respect to automatic software. Indeed, the
interpretation of CC shape and thickness by the radiolo-
gists is time demanding. The wrong appreciation of the
size of the pediatric brain due to the partial subjectivity
of the visual analysis by radiologists was shown by Serru
et al. [26]. This is similar to the difficulty in distinguish-
ing brain signal intensity variation by the human eye
[27], the heterogeneity in the volume analysis constitutes
an invitation to use automated software analysis to help
radiologists not to be mistaken. In our study, the radiolo-
gists were mainly able to detect the most severe thickness

variations, which were confirmed by the abnormal
Z-scores provided by the QuantiFIRE software. Focus-
ing on the volumetric analysis, the software had a higher
diagnostic accuracy compared with that of the radiolo-
gists for normal and hypoplastic CC. It could help radiol-
ogists to obtain in a few seconds an extensive volumetry
analysis, with high reproducibility at 3 T [28]. As the seg-
mentation relied on a pediatric tailored atlas-based Mor-
phobox pipeline, based on a normal anatomical brain, the
QuantiFIRE software might have been led to default in
some pathological cases or severe variation of the shape
of the CC. The same MP2RAGE sequence was used at
1.5 T to obtain our pediatric normative data.

However, to diagnose any CC hypo or hyperplasia
efficiently is a priority, and to look for any other associ-
ated brain anomaly that might help identify an under-
lying pathology [13]. Guo et al. [29] observed that the
total brain volume in patients with dysgenesis of the
CC was normal and that left hemisphere gyrification
index abnormality was a specific predictive factor of CC
dysgenesis. Alteration of the CC morphology has been
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reported in children under 2 years with autism [30], dur-
ing youth in children with psychosis spectrum [31], in
attention deficit hyperactivity disorder [32] or in dyslexia
[33]. Difficulty in diagnosing hypoplastic or hypertrophic
CC might be partially explained by the variation of the
speed of growth during childhood [34], associated with
selective increase in thickness of some part of the CC
[35] and individual variability [36]. Depending on the
time of the MRI acquisition and of the age of the chil-
dren, the anomaly of development of the CC requires a
radiologist’s expertise to be identified.

Concerning the definition of normal biometric findings
based on two- or three-dimensional [16] ultrasound or
MRI in both fetuses and in children, a wide heterogeneity
of methods exists, varying in the number and the orienta-
tion of the measures [6, 15, 18-20, 31, 37]. A dedicated
automated algorithm enables multiple measurements of
the CC to obtained but with the potential inconvenience
of complicating the availability and the use of the method
when a lot of measures have to be compared with refer-
ence ranges [32]. It highlights the interest of developing
automatic quantitative evaluation. The review of Rosen-
bloom et al. [38] also observed the need for the homog-
enization and clear definition of the criteria in order to
determine normal biometric ranges [38]. Many studies
have defined different thresholds to consider a pathologi-
cal size of the CC: from the 3rd [18, 19], 5th [15, 17] to
the 10th centile [9, 39], while stricter thresholds increase
specificity.

The additional quantitative characterization provided
by the automated assessment with the QuantiFIRE soft-
ware is the T1 relaxometry, which includes a comparison
with normative values. Both this and the morphometry
results were directly available in the radiological read-
ing environment. We interpreted the findings so that
a normal CC T1 relaxometry was complementary evi-
dence of the normality of the CC. Kiihne et al. [40] have
noticed also that the CC has the fastest myelination rate
in the brain and was a reflection of the normal brain
maturation. The measurement of T1 relaxometry val-
ues from different brain structures is an emerging tech-
nique. Published results suggest that the T1 relaxometry
value reflects the normality of myelination in the brain
[40] and cerebral tissues in general [41]. Although this
requires future confirmation, particularly with anato-
mopathological correlations, it is possible that abnor-
mal relaxometry values may be associated with organic
abnormalities of cerebral tissue, potentially affecting
brain function. This discovery is particularly interesting
in the context of studying neurodevelopmental disorders.
Conversely, we found that approximately one third of the
children showed abnormal T1 values. This quantitative
analysis could help to understand and to identify subtle
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non-morphologic abnormalities of the CC tissue and
potentially better characterize neurodevelopmental delay
better. In our study, the whole CC was segmented and its
median T1 value was available. To be more precise and
efficient, a segmentation of the CC into anatomical sub-
compartments could be a way to depict some regional
variation better, as described by Hofer et al. [42]. Brain
T1 relaxometry still requires some research to determine
its significance clearly. Eminian et al. [41] have consid-
ered that T1 relaxometry and apparent diffusion coeffi-
cient were complementary quantitative values that both
enable the study of the brain maturation and growth with
two different aspects. In our cohort, we observed that a
quarter of the patients had increased T1 relaxometry val-
ues. A potential cause could be a myelination retardation
or another brain tissue pathology, particularly if these
children were under 2 years old.

The CC is a major structure of the midline brain, and
its volume variation might explain several neurologi-
cal symptoms. We have to see that a prenatal hypoplasia
or a complete or partial agenesis of the CC diagnosis
was associated with severe neurological outcomes from
developmental delay and epilepsy [43]. Further to that,
it is also very important to diagnose hyperplasia of the
CC, either prenatally [39, 44] or postnatally [13]. This
is because a genetic or syndromic association has been
reported, such as megalencephaly-capillary malforma-
tion-polymicrogyria syndrome [45], in which in half of
the cases a thick CC was described, or in neurofibroma-
tosis [14, 29]. A particular improvement should be made
in this context to take care of children better, with the
help of an automatic comparison of CC size.

A limitation of our study is the limited number of cases
and the need for further correlation with genetic or syn-
dromic pathologies. It is important to acknowledge that
the reference standard was not always employed in clini-
cal practice. Therefore, we chose to conclude our study
by focusing on the radiologists’ initial analysis, as it is
more applicable to routine practice and can be extrapo-
lated more easily.

It would be interesting in a next study to compare the
volumetric results of the CC of each patient, to the total
cerebral volume, and to consider potential cranio-facial
malformations. The segmentation of the CC was global
with our automated tool. We do not distinguish the dif-
ferent segments and the variations in volume and mye-
lination. However, the children included in our study
were mostly over 2 years old. We can consider that
myelination was normally complete. Our normative
values of relaxometry evolve according to age between
1 and 15 years. It would indeed be interesting to seg-
ment each subpart of the CC more precisely and to
obtain normal values. This could be done in the future.
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To confirm that the CC volume analysis is valid, a visual
validation of the segmentation should be performed
before considering the quantitative results and their
interpretation. Further research on the brain volumetry
and T1 relaxometry is still mandatory to understand
the physiology and pathological process better. Indeed,
the value of T1-relaxation measurements is difficult to
interpret without correlations with clinical data.

We found that a number of boys of our cohort showed
isolated abnormal T1 values. As the normal reference
values used for volumetry and T1 relaxometry were
based on a limited population of children, we must con-
firm the results by a larger prospective multicentric
study to validate the possibility of extending the use of
the established norms to different centers. With a larger
cohort, we will have to verify in a future study whether
our normative values should consider gender as a covari-
ate, as some transient discrepancy in size between boys
and girls has been previously reported [3, 15, 46]. These
were however not observed in T1 relaxometry [47]. After
this verification, it should be investigated whether there
may be a specific underlying pathology responsible for
the abnormal T1 relaxometric values.

In conclusion, an automated quantitative analysis of
the midline brain structures such as the CC with Z-score
deviation color maps available for radiologists may
improve the diagnostic accuracy of subtle abnormalities.

Abbreviations

cC Corpus callosum
MP2RAGE  Magnetization prepared 2 rapid acquisition gradient echoes
MRI Magnetic resonance imaging

Acknowledgements

We thank the children and their parents for agreeing to participate in the
study. The authors acknowledge Mr. Laurent Arnould for his invaluable techni-
cal support. Thanks to the friendly support of Mr. John Sheath and the MR
technologists'team at Clocheville Hospital.

Authors’ contributions

NM, ET, and BM conceived and designed the analysis, collected the data,
contributed data or analysis tool, performed the analysis, and wrote the paper.
TH, BM, and TK contributed data and wrote the paper. MG, CT, and PC wrote
the paper. All authors read and approved the final manuscript.

Funding
The authors state that this work has not received any funding.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

We declare that all human studies have been approved by the local institu-
tional review board and have therefore been performed in accordance with
the ethical standards laid down in the 1964 Declaration of Helsinki and its
later amendments. We declare that all patients gave informed consent prior to
inclusion in this study. We obtained approval by the local Ethics Committee in
Human research (RNI- 2022_135).

Page 8 of 9

Consent for publication
Consent for publication was given.

Competing interests
BM, NM, ET, CT, MG, and PC declare that they have no competing interest. TH,
BM, and TK are fulltime employees Siemens Healthcare AG Switzerland.

Author details

'Pediatric Radiology Department, CHRU of Tours, Clocheville Hospital, Tours,
France. *Clinical Investigation Center, INSERM 1415, CHRU Tours, Tours, France.
®Advanced Clinical Imaging Technology, Siemens Healthineers International,
Lausanne, Switzerland. *Department of Radiology, Lausanne University Hospi-
tal and University of Lausanne, Lausanne, Switzerland. °LTS5, Ecole Polytech-
nique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. ®UMR 1253, iBrain,
Université de Tours, Inserm, Tours, France. ’Pediatric Neurology Department,
CHRU of Tours, Clocheville Hospital, Tours, France.

Received: 15 March 2023 Accepted: 7 August 2023
Published online: 13 October 2023

References

1. Wahl M, Lauterbach-Soon B, Hattingen E et al (2007) Human motor cor-
pus callosum: topography, somatotopy, and link between microstructure
and function. J Neurosci 27:12132-12138. https://doi.org/10.1523/JNEUR
0SC1.2320-07.2007

2. Paul LK, Van Lancker-Sidtis D, Schieffer B et al (2003) Communicative defi-
cits in agenesis of the corpus callosum: nonliteral language and affective
prosody. Brain Lang 85:313-324. https://doi.org/10.1016/50093-934x(03)
00062-2

3. Witelson SF (1989) Hand and sex differences in the isthmus and genu of
the human corpus callosum. A postmortem morphological study. Brain
112(Pt 3):799-835

4. Raybaud C (2010) The corpus callosum, the other great forebrain com-
missures, and the septum pellucidum: anatomy, development, and
malformation. Neuroradiology 52:447-477. https://doi.org/10.1007/
500234-010-0696-3

5. Kier EL, Truwit CL (1996) The normal and abnormal genu of the corpus
callosum: an evolutionary, embryologic, anatomic, and MR analysis. AJNR
Am J Neuroradiol 17:1631-1641

6. Luders E, Thompson PM, Toga AW (2010) The development of the corpus
callosum in the healthy human brain. J Neurosci 30:10985-10990. https://
doi.org/10.1523/JNEUROSCI.5122-09.2010

7. Luders E, Narr KL, Bilder RM et al (2007) Positive correlations between
corpus callosum thickness and intelligence. Neuroimage 37:1457-1464.
https://doi.org/10.1016/j.neuroimage.2007.06.028

8. Moradi B, Taherian R, Tahmasebpour A-R et al (2022) Fetal corpus cal-
losum abnormalities: ultrasound and magnetic resonance imaging role. J
Clin Ultrasound 50:989-1003. https://doi.org/10.1002/jcu.23212

9. GhiT, Carletti A, Contro E et al (2010) Prenatal diagnosis and outcome
of partial agenesis and hypoplasia of the corpus callosum. Ultrasound
Obstet Gynecol 35:35-41. https://doi.org/10.1002/uog.7489

10. Mahallati H, Sotiriadis A, Celestin C et al (2021) Heterogeneity in defining
fetal corpus callosal pathology: systematic review. Ultrasound Obstet
Gynecol 58:11-18. https://doi.org/10.1002/u0g.22179

11. D'’Antonio F, Pagani G, Familiari A et al (2016) Outcomes associated with
isolated agenesis of the corpus callosum: a meta-analysis. Pediatrics
138:220160445. https://doi.org/10.1542/peds.2016-0445

12. Moutard M-L, Kieffer V, Feingold J et al (2012) Isolated corpus callosum
agenesis: a ten-year follow-up after prenatal diagnosis (how are the
children without corpus callosum at 10 years of age?). Prenat Diagn
32:277-283. https://doi.org/10.1002/pd.3824

13. Andronikou S, Pillay T, Gabuza L et al (2015) Corpus callosum thickness in
children: an MR pattern-recognition approach on the midsagittal image.
Pediatr Radiol 45:258-272. https://doi.org/10.1007/500247-014-2998-9

14. Wang S, Mautner V-F, Buchert R et al (2021) Alterations in brain morphol-
ogy by MRl in adults with neurofibromatosis 1. Orphanet J Rare Dis
16:462. https://doi.org/10.1186/513023-021-02097-5

15. Chang C-L, Chiu N-C, Yang Y-C et al (2018) Normal development of the
corpus callosum and evolution of corpus callosum sexual dimorphism


https://doi.org/10.1523/JNEUROSCI.2320-07.2007
https://doi.org/10.1523/JNEUROSCI.2320-07.2007
https://doi.org/10.1016/s0093-934x(03)00062-2
https://doi.org/10.1016/s0093-934x(03)00062-2
https://doi.org/10.1007/s00234-010-0696-3
https://doi.org/10.1007/s00234-010-0696-3
https://doi.org/10.1523/JNEUROSCI.5122-09.2010
https://doi.org/10.1523/JNEUROSCI.5122-09.2010
https://doi.org/10.1016/j.neuroimage.2007.06.028
https://doi.org/10.1002/jcu.23212
https://doi.org/10.1002/uog.7489
https://doi.org/10.1002/uog.22179
https://doi.org/10.1542/peds.2016-0445
https://doi.org/10.1002/pd.3824
https://doi.org/10.1007/s00247-014-2998-9
https://doi.org/10.1186/s13023-021-02097-5

Mandine et al. European Radiology Experimental

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

(2023) 7:61

in infancy. J Ultrasound Med 37:869-877. https://doi.org/10.1002/jum.
14420

Frisova V, Srutova M, Hyett J (2018) 3-D volume assessment of the corpus
callosum and cerebellar vermis using various volume acquisition and
post-processing protocols. Fetal Diagn Ther 43:199-207. https://doi.org/
10.1159/000477395

Pashaj S, Merz E, Wellek S (2013) Biometry of the fetal corpus callosum by
three-dimensional ultrasound. Ultrasound Obstet Gynecol 42:691-698.
https://doi.org/10.1002/uog.12501

Tilea B, Alberti C, Adamsbaum C et al (2009) Cerebral biometry in fetal
magnetic resonance imaging: new reference data. Ultrasound Obstet
Gynecol 33:173-181. https://doi.org/10.1002/u0g.6276

Garel C, Cont |, Alberti C et al (2011) Biometry of the corpus callosum in
children: MR imaging reference data. AJNR Am J Neuroradiol 32:1436-
1443. https;//doi.org/10.3174/ajnr.A2542

Promnitz G, Schneider J, Mohr N et al (2022) Standard values for MRI brain
biometry throughout the first year of life. Pediatr Neonatol 63:255-261.
https://doi.org/10.1016/j.pedneo.2021.11.013

Morel B, Piredda GF, Cottier J-P et al (2021) Normal volumetric and T1
relaxation time values at 1.5 T in segmented pediatric brain MRI using a
MP2RAGE acquisition. Eur Radiol 31:1505-1516. https://doi.org/10.1007/
s00330-020-07194-w

Bossuyt PM, Reitsma JB, Bruns DE et al (2015) STARD 2015: an updated
list of essential items for reporting diagnostic accuracy studies. Radiology
277:826-832. https://doi.org/10.1148/radiol.2015151516

Schmitter D, Roche A, Maréchal B et al (2015) An evaluation of volume-
based morphometry for prediction of mild cognitive impairment and
Alzheimer’s disease. Neuroimage Clin 7:7-17. https://doi.org/10.1016/j.
nicl.2014.11.001

Destrieux C, Fischl B, Dale A, Halgren E (2010) Automatic parcellation of
human cortical gyri and sulci using standard anatomical nomenclature.
Neuroimage 53:1-15. https://doi.org/10.1016/j.neuroimage.2010.06.010
Delong ER, DeLong DM, Clarke-Pearson DL (1988) Comparing the areas
under two or more correlated receiver operating characteristic curves: a
nonparametric approach. Biometrics 44:837-845

Serru M, Maréchal B, Kober T et al (2019) Improving diagnosis accuracy
of brain volume abnormalities during childhood with an automated
MP2RAGE-based MRI brain segmentation. J Neuroradiol 48:259-265
Morel B, Antoni G, Teglas J et al (2016) Neonatal brain MRI: how reliable is
the radiologist’s eye? Neuroradiology 58:189-193

Trotier AJ, Dilharreguy B, Anandra S et al (2022) The compressed sensing
MP2RAGE as a surrogate to the MPRAGE for neuroimaging at 3 T. Invest
Radiol 57:366-378. https://doi.org/10.1097/RL1.0000000000000849
GuoY, Ortug A, Sadberry R et al (2021) Symptom-related differential
neuroimaging biomarkers in children with corpus callosum abnormali-
ties. Cereb Cortex 31:4916-4932. https://doi.org/10.1093/cercor/bhab131
Wolff JJ, Gerig G, Lewis JD et al (2015) Altered corpus callosum morphol-
ogy associated with autism over the first 2 years of life. Brain 138:2046—
2058. https://doi.org/10.1093/brain/awv118

Prendergast DM, Karlsgodt KH, Fales CL et al (2018) Corpus callosum
shape and morphology in youth across the psychosis Spectrum. Schizo-
phr Res 199:266-273. https://doi.org/10.1016/j.schres.2018.04.008
Gilliam M, Stockman M, Malek M et al (2011) Developmental trajectories
of the corpus callosum in attention-deficit/hyperactivity disorder. Biol
Psychiatry 69:839-846. https://doi.org/10.1016/j.biopsych.2010.11.024
von Plessen K, Lundervold A, Duta N et al (2002) Less developed corpus
callosum in dyslexic subjects—a structural MRI study. Neuropsychologia
40:1035-1044. https://doi.org/10.1016/50028-3932(01)00143-9

Lynn JD, Anand C, Arshad M et al (2021) Microstructure of human corpus
callosum across the lifespan: regional variations in axon caliber, density,
and myelin content. Cereb Cortex 31:1032-1045. https://doi.org/10.1093/
cercor/bhaa272

Westerhausen R, Fjell AM, Krogsrud SK et al (2016) Selective increase in
posterior corpus callosum thickness between the age of 4 and 11years.
Neuroimage 139:17-25. https://doi.org/10.1016/j.neuroimage.2016.06.
008

Tsuzuki D, Taga G, Watanabe H, Homae F (2022) Individual variability in
the nonlinear development of the corpus callosum during infancy and
toddlerhood: a longitudinal MRI analysis. Brain Struct Funct 227:1995-
2013. https://doi.org/10.1007/500429-022-02485-y

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 9 of 9

Malinger G, Zakut H (1993) The corpus callosum: normal fetal develop-
ment as shown by transvaginal sonography. AJR Am J Roentgenol
161:1041-1043. https://doi.org/10.2214/ajr.161.5.8273605

Rosenbloom JI, Yaeger LH, Porat S (2022) Reference ranges for corpus
callosum and cavum septi pellucidi biometry on prenatal ultrasound:
systematic review and meta-analysis. J Ultrasound Med 41:2135-2148.
https://doi.org/10.1002/jum.15905

Lerman-Sagie T, Ben-Sira L, Achiron R et al (2009) Thick fetal corpus cal-
losum: an ominous sign? Ultrasound Obstet Gynecol 34:55-61. https://
doi.org/10.1002/u0g.6356

Kihne F, Neumann W-J, Hofmann P et al (2021) Assessment of myelina-
tion in infants and young children by T1 relaxation time measurements
using the magnetization-prepared 2 rapid acquisition gradient echoes
sequence. Pediatr Radiol 51:2058-2068. https://doi.org/10.1007/
500247-021-05109-5

Eminian S, Hajdu SD, Meuli RA et al (2018) Rapid high resolution T1 map-
ping as a marker of brain development: normative ranges in key regions
of interest. PLoS One 13:e0198250. https://doi.org/10.1371/journal.pone.
0198250

Hofer S, Wang X, Roeloffs V, Frahm J (2015) Single-shot T1 mapping of the
corpus callosum: a rapid characterization of fiber bundle anatomy. Front
Neuroanat 9:57. https://doi.org/10.3389/fnana.2015.00057

Shwe WH, Schiatterer SD, Williams J et al (2022) Outcome of agenesis of
the corpus callosum diagnosed by fetal MRI. Pediatr Neurol 135:44-51.
https://doi.org/10.1016/j.pediatrneurol.2022.07.007

1zzo G, Toto V, Doneda C et al (2021) Fetal thick corpus callosum: new
insights from neuroimaging and neuropathology in two cases and
literature review. Neuroradiology 63:2139-2148. https://doi.org/10.1007/
500234-021-02699-7

Garde A, Guibaud L, Goldenberg A et al (2021) Clinical and neuroimag-
ing findings in 33 patients with MCAP syndrome: a survey to evaluate
relevant endpoints for future clinical trials. Clin Genet 99:650-661. https://
doi.org/10.1111/cge. 13918

Lewis JD, Acosta H, Tuulari JJ et al (2022) Allometry in the corpus cal-
losum in neonates: sexual dimorphism. Hum Brain Mapp 43:4609-4619.
https://doi.org/10.1002/hbm.25977

Cho S, Jones D, Reddick WE et al (1997) Establishing norms for age-
related changes in proton T1 of human brain tissue in vivo. Magn Reson
Imaging 15:1133-1143. https://doi.org/10.1016/50730-725x(97)00202-6

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1002/jum.14420
https://doi.org/10.1002/jum.14420
https://doi.org/10.1159/000477395
https://doi.org/10.1159/000477395
https://doi.org/10.1002/uog.12501
https://doi.org/10.1002/uog.6276
https://doi.org/10.3174/ajnr.A2542
https://doi.org/10.1016/j.pedneo.2021.11.013
https://doi.org/10.1007/s00330-020-07194-w
https://doi.org/10.1007/s00330-020-07194-w
https://doi.org/10.1148/radiol.2015151516
https://doi.org/10.1016/j.nicl.2014.11.001
https://doi.org/10.1016/j.nicl.2014.11.001
https://doi.org/10.1016/j.neuroimage.2010.06.010
https://doi.org/10.1097/RLI.0000000000000849
https://doi.org/10.1093/cercor/bhab131
https://doi.org/10.1093/brain/awv118
https://doi.org/10.1016/j.schres.2018.04.008
https://doi.org/10.1016/j.biopsych.2010.11.024
https://doi.org/10.1016/S0028-3932(01)00143-9
https://doi.org/10.1093/cercor/bhaa272
https://doi.org/10.1093/cercor/bhaa272
https://doi.org/10.1016/j.neuroimage.2016.06.008
https://doi.org/10.1016/j.neuroimage.2016.06.008
https://doi.org/10.1007/s00429-022-02485-y
https://doi.org/10.2214/ajr.161.5.8273605
https://doi.org/10.1002/jum.15905
https://doi.org/10.1002/uog.6356
https://doi.org/10.1002/uog.6356
https://doi.org/10.1007/s00247-021-05109-5
https://doi.org/10.1007/s00247-021-05109-5
https://doi.org/10.1371/journal.pone.0198250
https://doi.org/10.1371/journal.pone.0198250
https://doi.org/10.3389/fnana.2015.00057
https://doi.org/10.1016/j.pediatrneurol.2022.07.007
https://doi.org/10.1007/s00234-021-02699-7
https://doi.org/10.1007/s00234-021-02699-7
https://doi.org/10.1111/cge.13918
https://doi.org/10.1111/cge.13918
https://doi.org/10.1002/hbm.25977
https://doi.org/10.1016/s0730-725x(97)00202-6

	Corpus callosum in children with neurodevelopmental delay: MRI standard qualitative assessment versus automatic quantitative analysis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Relevance statement 
	Key points 

	Background
	Methods
	Study population
	MRI protocol
	Reports and deviation maps creation
	CC analysis: radiologists’ interpretation, automated analysis and reference standard
	Statistical analysis

	Results
	Study population
	Diagnostic accuracy

	Discussion
	Acknowledgements
	References


