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Background: Although brain atrophy is considered to be a downstream marker of Alzheimer's disease (AD),
subtle changes may allow to identify healthy subjects at risk of developing AD. As the ability to select at-risk
persons is considered to be important to assess the eﬃcacy of drugs and as MRI is a widely available imaging
technique we have recently developed a reliable segmentation algorithm for the corpus callosum (CC). Callosal
atrophy within AD has been hypothesized to reﬂect both myelin breakdown and Wallerian degeneration.
Methods: We applied our fully automated segmentation and feature extraction algorithm to two datasets: the
OASIS database consisting of 316 healthy controls (HC) and 100 patients aﬀected by either mild cognitive
impairment (MCI) or Alzheimer's disease dementia (ADD) and a second database that was collected at the
Memory Clinic of Hospital Network Antwerp and consists of 181 subjects, including healthy controls, subjects
with subjective cognitive decline (SCD), MCI, and ADD. All subjects underwent (among others) neuropsychological testing including the Mini-Mental State Examination (MMSE). The extracted features were the callosal
area (CCA), the circularity (CIR), the corpus callosum index (CCI) and the thickness proﬁle.
Results: CIR and CCI diﬀered signiﬁcantly between most groups. Furthermore, CIR allowed us to discriminate
between SCD and HC with an accuracy of 77%. The more detailed callosal thickness proﬁle provided little added
value towards the discrimination of the diﬀerent AD stages. The largest eﬀect of normal ageing on callosal
thickness was found in the frontal callosal midbody.
Conclusions: To the best of our knowledge, this is the ﬁrst study investigating changes in corpus callosum
morphometry in normal ageing and AD by exploring both summarizing features (CCA, CIR and CCI) and the
complete CC thickness proﬁle in two independent cohorts using a completely automated algorithm. We showed
that callosal circularity allows to discriminate between an important subgroup of the early AD spectrum (SCD)
and age and sex matched healthy controls.

1. Introduction
Volumetric magnetic resonance imaging (MRI) is of increasing importance in the follow-up of patients with mild cognitive impairment
(MCI) or Alzheimer's disease (AD) (Filippi et al., 2012), with most attention being devoted to atrophy of the medial temporal lobe (MTL),
hippocampus or entorhinal cortex. Although atrophy in these latter
structures is considered to be a downstream topographical biomarker of
AD with a limited value for early (preclinical) AD diagnosis (Dubois
et al., 2014), it may provide a tool to follow up AD patients (Frisoni
et al., 2010).
Whereas most studies report a high intra-class correlation

coeﬃcient (ICC) between automated and manual segmentation of the
hippocampi, e.g. (Plassard et al., 2017; Zandifar et al., 2017), others
report a low ICC (Akudjedu et al., 2018). Yet, segmentation of the entorhinal cortex often requires manual segmentation due to its inter
subject variability, relatively small size and low contrast with surrounding structures. Although being time consuming, manual segmentation approaches have been widely used and are even a standard
approach by experts in neuroanatomy (Boccardi et al., 2011). However,
the number of large-scale studies is limited. Although semi-automated
techniques are less time consuming, a priori information such as userdeﬁned landmarks are needed, which also limits their usefulness for
large clinical studies (Kennedy et al., 2010). To save time and costs,
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(Marcus et al., 2007).
Out of the 416 available subjects, 70 subjects had been diagnosed
with MCI (“very mild AD”, according to the Clinical Dementia Rating
(Morris, 1993), CDR = 0.5) while 28 subjects have been diagnosed with
mild Alzheimer's Disease Dementia (mADD, CDR = 1) (Morris et al.,
2001). Only the ﬁrst of the 3–4 available MR T1-weighted scans was
used for this analysis, although no diﬀerences are expected when one
would use the other scans thanks to the high inter scan reliability (Van
Schependom et al., 2016). For more information on this dataset, cf.
(Marcus et al., 2007).
As the CC is suspected to be larger in females than in males (after
correcting for intracranial volume) (Ardekani et al., 2013), we matched
subgroups from the OASIS database to the clinical populations.
Matching was performed on sex and age. Additional data on the subjects included in the OASIS database were sex, age, education, socioeconomic status (SES, (Rubin et al., 1998)) and the Mini-Mental State
Examination (MMSE) which is a widely used screening instrument for
dementia (Folstein et al., 1975; Rubin et al., 1998).

automated methods have been proposed, which can be used in larger
study populations and can be reproduced more easily.
Sensitive and reliable markers are needed to monitor disease progression or therapy response. As the whole-brain atrophy rate has been
estimated at 1.4–2.2% in AD as compared to 0.7% in age-matched
controls (Frisoni et al., 2010), it has been suggested as a marker to
follow up AD patients. Yet, by assessing whole-brain atrophy, a lot of
speciﬁcity is lost.
Therefore, an alternative MRI marker could be atrophy of the corpus
callosum (CC) (Di Paola et al., 2010a, 2010b; Frederiksen et al., 2011;
Hampel et al., 2002, 1998; Lyoo et al., 1997; Ortiz Alonso et al., 2000;
Teipel et al., 2002, 1999, 1998; Thompson et al., 1998; Van
Schependom et al., 2017; Wang et al., 2006; Yamauchi et al., 2000; Zhu
et al., 2012). While callosal atrophy has been shown in AD and has been
hypothesized to originate from myelin breakdown in the anterior CC
regions and from Wallerian degeneration in posterior regions (Di Paola
et al., 2010a, 2010b), both the aﬀected CC region and the timing at
which callosal atrophy can be observed are under debate. While some
studies found diﬀerences in the posterior regions in early onset AD
(Yamauchi et al., 2000), MCI patients (Wang et al., 2006), and mild AD
dementia (ADD) patients (Frederiksen et al., 2011; Hampel et al., 2002;
Lyoo et al., 1997; Wang and Su, 2006), others observed diﬀerences in
the anterior regions in MCI (Zhu et al., 2012) and moderate ADD (Ortiz
Alonso et al., 2000). Only one study assessed severe ADD patients and
found diﬀerences in both anterior and posterior regions (Di Paola et al.,
2010a, 2010b).
Apart from the CC area, one study found diﬀerences in circularity
(ratio of the area to the perimeter) already in MCI patients (Ardekani
et al., 2014) suggesting that morphological CC features may be more
sensitive to disease speciﬁc changes than plain area.
As the CC can be automatically and reliably extracted from 3D T1
MR images (even in neurodegenerative diseases (Van Schependom
et al., 2016)) and likely provides more detailed information than wholebrain atrophy, we aim at assessing its value in AD in two independent
cohorts. The ﬁrst cohort is the OASIS database, which contains a large
number of subjects (100 ADD patients, 316 healthy controls). The
second one is a monocentric cohort, collected at UAntwerp, covering
the entire AD continuum. As a reference, we will also assess the eﬀect of
normal ageing in both cohorts.
Next to assessing overall features (area - CCA, circularity - CIR and
CC index - CCI) or applying an artiﬁcial division of the CC into diﬀerent
sub regions, we will also calculate a thickness proﬁle of equidistantly
sampled streamlines along the CC midline. This method ensures noncrossing streamlines orthogonal to the boundaries and provides a
‘natural’ division of the CC while bypassing inherent problems that
arise when trying to divide the CC in diﬀerent regional areas (Adamson
et al., 2011; Luders et al., 2007; Tomaiuolo et al., 2007).

2.2. Study population 2: UAntwerp cohort
The second database was collected at the Memory Clinic of Hospital
Network Antwerp and consists of 181 subjects, including healthy controls, subjects with subjective cognitive decline (SCD), MCI, and ADD.
All subjects underwent (among others) neuropsychological testing including MMSE.
A clinical diagnosis of dementia due to AD was made by applying
the NIA-AA criteria (McKhann et al., 2011). A diagnosis of MCI due to
AD was made by the NIA-AA criteria (Albert et al., 2011; Dubois et al.,
2014; Jack et al., 2011; Sperling et al., 2011) i.e., (1) cognitive complaint, preferably corroborated by an informant; (2) objective cognitive
impairment, quantiﬁed as performance of > 1.5 SD below the appropriate mean on the neuropsychological subtests; (3) largely normal
general cognitive functioning; (4) essentially intact activities of daily
living (basic and instrumental activities of daily living were determined
by a clinical interview with the patient and an informant); and (5) not
demented. The diagnosis of dementia or MCI due to AD was further
corroborated either through AD biomarker analyses (Aβ1–42, T-tau, and
P-tau181) in cerebrospinal ﬂuid (CSF) according to the IWG-2 criteria
(Dubois et al., 2014), based on in-house validated cut-oﬀ values (Van
Der Mussele et al., 2014), and/or through hippocampal atrophy based
on the Scheltens scale (Scheltens et al., 1992).
SCD patients were diagnosed by the Jessen's et al. criteria (Jessen
et al., 2014), without an objective cognitive impairment, so all neuropsychological subtests having a z-score above −1.5 SD.
All control subjects underwent at least a cognitive screening test to
rule out cognitive impairment. The inclusion criteria for cognitively
healthy elderly were: (1) no neurological or psychiatric antecedents; (2)
no organic disease involving the central nervous system following extensive clinical examination; and (3) no cognitive complaint or decline.
All subjects provided written informed consent and the study was
approved by the ethics committee of University of Antwerp, Antwerp,
Belgium.

2. Materials and methods
2.1. Study population 1: OASIS cohort
The OASIS database consists of 416 subjects aged 18–96. For each
subject, 3 or 4 individual T1-weighted MRI scans obtained in singlescan sessions were included. The scans were acquired on a 1.5-T Vision
scanner (Siemens). All subjects were right-handed.
Control subjects under the age of 60 were questioned about their
medical histories and use of psychoactive drugs. For subjects older than
60 years, a global Clinical Dementia Rating (CDR, (Morris, 1993)) score
(based on a collateral source and subject interview) was recorded.
Furthermore, it is outlined by Markus et al. that subjects with alternative
primary causes of dementia (e.g. vascular dementia, primary progressive
aphasia), active neurological or psychiatric illness (e.g. major depression),
serious head injury, history of clinically meaningful stroke, and use of psychoactive drugs were excluded, together with subjects with gross anatomical
abnormalities evident in their MR images (e.g. large lesions, tumors)

2.3. Corpus callosum segmentation
The applied algorithm to segment the CC and to extract the diﬀerent
features has been extensively described and validated in both healthy
controls and subjects aﬀected with multiple sclerosis or AD (Van
Schependom et al., 2016).
In short, our method ﬁrst automatically extracts the Mid Sagittal
Plane (MSP) maximising the symmetry between the two brain hemispheres. This MSP is resampled to voxels of 0.5 × 0.5 mm2. Next, a 3D
aﬃne registration between an MNI template and the patient's MRI allows to translate and rotate an average CC to its initial position within
the MSP. In the optimisation step, the (interpolated) pixel intensities
517
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Table 1). All univariate comparisons were performed using the nonparametric version of the t-test, the Wilcox rank test. The advantage of
the latter is that it does not assume an underlying Gaussian distribution
of variables. A p-value of 0.05 was considered signiﬁcant for a single
test. In order to address the multiple comparison problem, a strict
Bonferroni procedure was applied within each group comparison, resulting in a p-value of 0.05/3 = 0.017.
The corpus callosum thickness proﬁle was compared on 50 equidistant points along the CC midline. These comparisons are not independent as the length of adjacent streamlines is obviously correlated.
In order to estimate the true dimensionality of the data, we will perform
a principal component analysis (PCA).

are calculated along the normal of all edge points and compared to the
observed pixel intensities in a training set. This allows every point on
the edge of the current CC shape to be translated along this normal.
Subsequently, the resulting shape is projected onto the eigenvectors
calculated from the training set and the process is repeated until convergence. This active shape model allows the CC to adjust to the large
inter-individual variety of CC shapes and leads to a highly reliable and
reproducible extraction (and subsequent thickness proﬁle calculation)
of the CC.
2.4. Morphometric features
2.4.1. Corpus Callosum Area (CCA)
The CCA was calculated by applying Green's theorem on the resulting contour: This method has the advantage of fully exploiting the
continuous nature of the edges obtained by the active shape model and
bypasses the partial volume eﬀects as it does not require every pixel to
be classiﬁed as either CC or not CC. This results into slightly smaller CC
areas than those found when using a pixelated method.

2.6. Ethics, consent, and permission
2.6.1. OASIS
All subjects included in the OASIS database (http://oasis-brains.
org/) participated in accordance with guidelines of the Washington
University Human Studies Committee. Approval for public sharing of
the data was also speciﬁcally obtained (Marcus et al., 2007).

2.4.2. Circularity (CIR)
In (Ardekani et al., 2014), Ardekani et al. argue that CCA alone may
not capture the eﬀect of ventricular dilation and therefore suggested
circularity as an appropriate measure to follow AD patients. Circularity
CCA
is deﬁned as 4π P 2 , with P being the perimeter calculated as the sum of
the Cartesian distances between all subsequent points. CIR therefore
reduces both when the CCA reduces or the perimeter increases. As CIR
(in contrast to CCA) showed the ability to discriminate between MCI
and mild ADD patients, Ardekani et al. concluded that it should be
included in future studies [21].

2.6.2. UAntwerp
All subjects provided written informed consent and the study was
approved by the ethics committee of University of Antwerp, Antwerp,
Belgium (16/2/18).
3. Results
3.1. Datasets
3.1.1. OASIS
The demographic and clinical characteristics from the diﬀerent
(matched) groups have been summarized in Table 1. The group of
healthy controls included in Table 1 is matched with the combined
group of both MCI and mild ADD subjects. Three diﬀerent groups of
healthy controls are selected to speciﬁcally match the MCI, mADD and
the total cohort of AD (MCI + mADD) subjects.

2.4.3. Corpus Callosum Index (CCI)
In order to calculate the CCI, one needs to determine the greatest
anterior-posterior diameter. The 3 line segments under consideration
are those where this anterior-posterior line (or the normal constructed
on its middle point crosses the corpus callosum (cf. Fig. 3 in (Yaldizli
et al., 2013)). As this measure is sometimes used as an easy-to-calculate
measure, we have included it for comparison reasons.

2.4.5. Correction for ICV
In order to correct for the estimated intracranial volume (ICV), CCA
was divided by ICV^(2/3) and CIR and thickness by ICV^(1/3) leading to
dimensionless numbers.

3.1.2. UAntwerp dataset
After a manual quality check of the segmented corpora callosa, 42
healthy controls, 22 SCD subjects, 82 MCI subjects and 34 subjects diagnosed with ADD were retained. Out of these 34, 8 were classiﬁed as
possible ADD and 26 were classiﬁed as probable ADD. For 15 out 34
ADD subjects, the clinical diagnosis could be complemented through a
positive CSF biomarker proﬁle, while for 7 others a positive neuroimaging biomarker proﬁle complemented the clinical diagnosis.
Limiting the MCI group to the subgroup with a diagnosis supported
by either imaging or CSF biomarkers resulted in a cohort of 53 subjects.
As the MCI group was signiﬁcantly older than both the HC and the ADD
group, we excluded all MCI subjects older than 80 years, reducing the
number of MCI subjects to 41. In this cohort, 21 MCI subjects were
diagnosed with multi-domain amnestic MCI, 13 with single-domain
amnestic MCI, 4 with single-domain non-amnestic MCI and 3 with
multi-domain non-amnestic MCI. The MCI diagnosis was corroborated
by a positive CSF biomarker proﬁle in 24 cases and a positive neuroimaging biomarker proﬁle in 17 cases.
As there were no signiﬁcant diﬀerences between the MCI and ADD
group based on age (p-value through a Wilcoxon's ranksum test >
0.05) nor sex (p-value of chi-squared test > 0.05), two cohorts of
healthy controls were extracted. One to match the MCI/ADD group and
one to match the SCD cohort (cf. Table 1). The results barely change
when correcting for age (cf. Table S1).

2.5. Statistics

3.2. Corpus Callosum features of neurodegeneration

2.4.4. Thickness Proﬁle Generation
The Corpus Callosum thickness proﬁle generation was performed
using Laplace's equation, based on (Adamson et al., 2011). First, a
scalar ﬁeld is calculated between the inferior and superior part of the
∂2φ

∂2φ

CC that needs to be Laplacian (i.e. 2 + 2 = 0 ). The inferior and
∂x
∂y
superior part can be easily separated by the use of the active shape
model, that allows to reliably select equivalent points in diﬀerent CCs.
Next, the midline is found as the line where the Laplacian ﬁeld
assumes the mean value of the two extremes imposed on the inferior
and posterior edge. Finally, 50 equidistant points are calculated on this
line and streamlines are calculated from this midline to both the inferior and superior edge. Similar to Adamson et al. (2014), we used the
ﬁrst-order Euler approximation to the gradient of the Laplacian ﬁeld in
order to construct the streamlines. The sum of the distances covered by
these streamlines is the thickness at that point.
For a more extensive explanation and validation of the diﬀerent
algorithms, we refer to (Van Schependom et al., 2016).

The obtained results have been summarized in Table 2 for both

All subpopulations were carefully matched on age and sex (cf.
518
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Table 1
Demographic and clinical characteristics of the diﬀerent groups involved.
Healthy controls

OASIS

MCI

AD subjects
MCI

mADD

MCI + mADD

Matched to

–

MCI

mADD

MCI + mADD

mADD

–

–

–

N
Sex (M/F)
Sex (% F)
Age
[IQR]
Volume (ml)
[IQR]
CDR
MMSE
[IQR]

316
119/197
62
45.0
[22–68]
1603
[1506–1691]
0a
29.0a
[29–30]

85
35/50
59
75.0
[65–84]
1601
[1475–1706]
0
28.8
[28–30]

81
24/57
70
76
[69–85]
1575
[1462–1670]
0
28.9
[28–30]

80
32/48
60
75.5
[66–85]
1604
[1473–1715]
0
28.8
[28–30]

67
29/38
57
76
[72–81]
1591
[1466–1672]
0.5
25.7
[24–28]

69
31/38
55
76.1
[71–81]
1590
[1468–1666]
0.5
25.7
[23–28]

28
9/19
68
77.8
[72–83]
1584
[1510–1647]
1
21.7
[20−23]

97
40/57
59
76.6
[72–81]
1588
[1484–1666]
0.64
24.5
[22–28]

Healthy controls

UAntwerp Cohort

SCD

MCI

ADD

MCI + ADD

Matched to

SCD

MCI & ADD

–

–

–

–

N
Sex (M/F)
Sex (% F)
Age
[IQR]
Volume (ml)
[IQR]
MMSE
[IQR]

40
22/18
55
63.6
[56–71]
1650
[1522–1758]
29.4
[29–30]

24
12/12
50
70.3
[67–74]
1617
[1492–1723]
29.2
[29–30]

18
7/11
39
65.7
[55–75]
1655
[1508–1761]
28.5
[27–30]

41
24/17
41
71.5
[69–76]
1683
[1561–1802]
25.9
[24–27]

34
15/19
55
72.1
[67–79]
1596
[1505–1675]
20.3
[18–24]

75
39/36
48
71.8
[68–76]
1644
[1530–1762]
23.4
[22–26]

With respect to the OASIS database, diﬀerent subsets were selected to match age and sex in the respective AD groups. Age was matched using a Wilcoxon ranksum
test (p > 0.05), while sex was matched using a Chi-square test (p > 0.05). Volume = estimated Total Intracranial Volume. CDR = Clinical Dementia Rating;
MMSE = Mini-Mental State Examination. IQR = Inter Quartile Range.
a
CDR and MMSE were only available for 130 HCs.

−log10(pvalue) > 2.3) was applied and only streamlines with a
−log10(p-value) > 2.3 are shown.
Fig. 3 shows the diﬀerences between mADD subjects and a matched
HC cohort. The diﬀerences spread out over the genu, the body, the
isthmus and the splenium with the most signiﬁcant diﬀerences in the
isthmus (p ~ E−7). Very few streamlines survive the multiple comparison correction when the other groups are compared (both datasets).

datasets. Signiﬁcant diﬀerences (p-value < 0.05/3) are found between
matched HCs and the mADD group on both CIR and CCI with a moderate to large eﬀect size. No diﬀerences are observed for CCA (Figs. 1
and 2).
In both the OASIS and the Antwerp cohort, CIR was the only feature
able to distinguish between HCs and MCI subjects. CIR is also able to
distinguish between MCI and mild ADD subjects from the OASIS cohort
with a moderate eﬀect size (0.68). Both CIR and CCI were able to discriminate subjects with SCD from HCs with large (0.74) eﬀect sizes.
As we have – for each cohort – deﬁned 3 independent groups, a
correction for multiple comparisons across diﬀerent groups and variables implies a cutoﬀ p-value of 0.05/3/3 = 0.006. Applying this
stricter criterion would not change the results substantially (cf.
Table 2).
All features also show a signiﬁcant correlation with ageing
(p < 0.001).

3.5. Correlation with clinical covariates
There are no signiﬁcant correlations between the diﬀerent CC features (CCA, CIR and CCI) and MMSE or socio-economic status. By
constructing multilinear models consisting of both clinical covariates
(age, education and sex) and the length of a single streamline and applying a backward step variable selection procedure based on the
Akaike Information Criterion (Akaike, 1974), we could assess which
streamlines were signiﬁcantly retained in models predicting the MMSE
and SES. However, none of the streamline lengths survived multiple
comparison corrections. Similarly, no signiﬁcant correlations were
found between callosal metrics and MMSE.

3.3. Corpus callosum features vs CSF
Across the whole group, no correlations were observed between CSF
markers and callosal features. However, when analyzing the diﬀerent
subgroups independently, the results summarized in Table 3 were obtained. The Bonferroni cutoﬀ for signiﬁcance was 0.05/15 = 0.003.

3.6. Thickness proﬁle vs CSF biomarker proﬁle
3.4. Thickness proﬁles
Similar to the summarizing callosal features, no correlations were
found between CSF biomarkers and the thickness proﬁle when taking
the complete group into account. However, within the SCD group there
was a tendency to signiﬁcance between the thickness in the midcallosal
body and tau and Ptau levels (p < 0.01) and within the MCI the
thickness of the posterior CC correlated with tau and Ptau (p < 0.001),
see Fig. 4.

The thickness proﬁle is calculated along 50 equidistantly positioned
midline points and compared between the diﬀerent groups. In order to
correct for multiple (=50) comparison problem, while accounting for
the inherent correlations of the 50 features, we performed a principal
component analysis (PCA). As 11 components explained over 95% of
the variance, we estimated the true dimensionality to be 11 (instead of
50). Therefore, a Bonferroni corrected p-value of 0.05/11 (or
519
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Table 2
Comparison of CCA, CIR and CCI.
OASIS

UAntwerp

HC vs (MCI + mADD)

HC vs (MCI + ADD)

CCA
CIR
CCI

P

Cohen's d

Mean HC

Mean
MCI & ADD

P-STD

0.54
0.001
0.022

−0.11
0.52
0.34

3.64
0.15
0.31

3.69
0.14
0.30

0.48
0.02
0.04

CCA
CIR
CCI

HC vs MCI

CCA
CIR
CCI

P
0.41
0.02
0.12

Cohen's d
−0.15
0.39
0.23

Mean HC
3.65
0.15
0.31

Mean MCI
3.72
0.15
0.31

P-STD
0.50
0.02
0.04

CCA
CIR
CCI

P
0.70
4E−5
7E−4

Cohen's d
0.08
0.96
0.76

Mean HC
3.65
0.15
0.31

Mean ADD
3.61
0.13
0.28

P-STD
0.50
0.02
0.05

CCA
CIR
CCI

Mean
MCI & ADD

P-STD

0.050
7E−4
0.002

0.456
0.796
0.775

3.52
0.17
0.35

3.32
0.15
0.31

0.43
0.03
0.03

P
0.320
0.009
0.023

Cohen's d
0.326
0.699
0.587

Mean HC
3.52
0.17
0.35

Mean MCI
3.39
0.15
0.32

P-STD
0.39
0.03
0.05

P
0.008
2E−4
7E−4

Cohen's d
0.644
0.956
1.045

Mean HC
3.52
0.17
0.35

Mean ADD
3.25
0.15
0.31

P-STD
0.44
0.02
0.04

P
0.241
0.004
0.019

P
0.500
0.006
0.007

Cohen's d
0.357
0.741
0.748

Mean HC
3.73
0.18
0.36

Mean SCD
3.55
0.16
0.32

P-STD
0.49
0.02
0.05

< 0.001
< 0.001
< 0.001

−0.54
−0.48
−0.53

HC vs SCD
Cohen's d
0.25
0.68
0.56

Mean MCI
3.71
0.14
0.30

Mean ADD
3.61
0.13
0.28

P-STD
0.42
0.02
0.04

CCA
CIR
CCI

HC ageing

CCA
CIR
CCI

Mean HC

HC vs ADD

MCI vs mADD

CCA
CIR
CCI

Cohen's d

HC vs MCI

HC vs mADD

CCA
CIR
CCI

P

HC ageing
P
< 0.001
< 0.001
< 0.001

r
−0.51
−0.68
−0.57

CCA
CIR
CCI

p-Values calculated through the Wilcoxon rank test (HC vs pooled AD) and correlation (HC ageing). As eﬀect size, we included Cohen's d eﬀect size obtained in the
comparisons HC vs pooled AD and the correlation coeﬃcient r for ageing. All means are dimensionless. CCA: Corpus Callosum Area, CIR: Circularity, CCI: Corpus
Callosum Index; P-STD: Pooled standard-deviation.
Bold numbers indicates signiﬁcance at p-value < 0.05/3 = 0.0167.

same dataset by Ardekani et al. (2014). Similar ﬁndings are observed in
the Antwerp dataset with the additional ﬁnding of a signiﬁcantly
smaller CCA in the ADD cohort. As the observed signiﬁcant decrease in
CIR (~CCA/Perimeter^2) is not accompanied by a similarly signiﬁcant
decrease in CCA, the callosal perimeter seems to drive the change in
CIR indicating an increased curvature.
Interestingly, the Antwerp dataset showed that CIR and CCI were
able to distinguish HCs from subjects with SCD (p ~ 0.006) with a fairly
large eﬀect size (0.75) showing the ability of callosal features to pick up
early processes that might be pursued by (Alzheimer's) dementia. The
fact that the obtained results are more signiﬁcant for the HC vs SCD
comparison than for the HC vs MCI comparison is likely due to the
larger control group that could be included in the HC vs SCD comparison. The observed eﬀect size is larger than the one that can be calculated (assuming a Gaussian distribution) from the results obtained by
(Ryu et al., 2017) and similar to (Cantero et al., 2016) (0.64). Ryu
found an eﬀect size of 0.17 based on the normalized hippocampal volume, whereas Cantero et al. found eﬀect sizes of 0.64 (Left hippocampus) and 0.53 (Right hippocampus).
In order to illustrate the possible relevance of the obtained results,
we ran a classiﬁer that simply applies a cutoﬀ on CIR. This classiﬁer
allowed us to discriminate between HCs and SCD subjects with a
maximal accuracy of 77% and with a positive predictive value of 75%.

3.7. Correlation with normal ageing
Correlations between streamline length and age were calculated
using the Pearson correlation coeﬃcient using all healthy controls from
the OASIS database. All streamlines correlated signiﬁcantly with age
(p < E−14), the explained variance (R2) is plotted in Fig. 5. In Fig. 5.B
we present the CC thickness proﬁle in three diﬀerent groups divided on
age (Age < 40, 40 < Age < 70, Age > 70). As can be seen, minor
reductions in thickness can be seen in the rostrum and body in the
group of controls aged between 40 and 70.
4. Discussion
In this paper, we have assessed the inﬂuence of healthy ageing and
AD on the most popular corpus callosum features (CCA, CIR and CCI)
and we assessed their relationship with a more detailed thickness proﬁle generated by Laplace's equation. The latter guarantees orthogonal
boundary intersections and non-overlapping contours, an important
asset when examining neurodegenerative diseases that may induce an
increased CC curvature (Adamson et al., 2011).
In the OASIS database, we observed a signiﬁcant diﬀerence in CIR
and CCI comparing HCs with mADD and MCI and mADD patients, but
no diﬀerences in CCA in line with the previously obtained results on the
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Fig. 1. Beanplot of CCA/CIR/CCI in the diﬀerent group comparisons for the OASIS dataset.
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Fig. 2. Beanplots of CCA/CIR/CCI in the diﬀerent group comparisons for the UAntwerp dataset.
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and in between for the SCD group.
The observed diﬀerence in isthmus thickness in mADD corresponds
to the results obtained by Wang et al., who observed a general thinning
in the posterior regions (Wang et al., 2006). Yet, Wang et al. additionally observed slightly signiﬁcant changes between an MCI and a
control cohort. On the other hand, Zhu et al. who divided the corpus
callosum in 5 sections according to the radial Witelson partition, observed a smaller area of the rostral body and midbody in a cohort of
subjects with CDR = 0.5 (Zhu et al., 2012). Although the thickness
proﬁle diﬀerences between the HC and mADD group may be explained
by retrogenesis in the anterior regions and Wallerian degeneration in
the posterior regions (Di Paola et al., 2010a, 2010b), results should be
treated with caution as the observed did not survive correction for
multiple comparison in the Antwerp dataset.
We showed a signiﬁcant correlation between T-tau and P-tau levels
on one hand and CIR/CCI on the other in both the SCD and MCI cohorts, but not in the ADD cohort. A further analysis showed that in the
SCD cohort the mid-callosal body thickness correlated with T-tau and Ptau levels, whereas the correlation was maximal in the posterior CC in
the MCI cohort. As T-tau levels are CSF biomarkers for neurodegeneration (Niemantsverdriet et al., 2017), these ﬁndings suggest that
callosal degeneration in SCD mainly aﬀects the callosal midbody, while
more posterior regions are aﬀected in the MCI stage. It is important to
note that – with respect to the SCD cohort- the correlations are only
signiﬁcant at the p < 0.01 level and would not survive correction for
multiple testing. Therefore, these results should be interpreted with
caution. Correlations between the splenium thickness and P-tau do
survive correction for multiple testing in the MCI cohort.
It can be noted that the correlations between T-tau (and P-tau) and
CIR/CCI are positive, which is contra-intuitive given the atrophy of the
CC with disease progression. Several possible explanations can be hypothesized. One explanation may be that given the proximity of the CC
to the lateral ventricles, pathological changes in the CC aﬀect CSF levels
more than any other brain structure. In that case, higher levels of CSF Ttau (and P-tau) will be noted in those subjects who still have the largest
CC volumes, reﬂecting more intact CC tissue, prone to neurodegeneration and pathology. Another possible explanation is the idea that the
cortical volume may be increased by accumulation of amyloid deposition and the associated inﬂammatory response (Fortea et al., 2014;
Jacobs et al., 2014). This hypothesis was also suggested by (Fox et al.,
2005) to explain the lack of eﬀect on MRI of anti-amyloid immunotherapy trials. However, it is important to bear in mind that these
analyses were not the primary outcome of this paper and may, therefore, reﬂect type I errors. It might as well be that these ﬁndings have no
biological meaning, but rather reﬂect the heterogeneous nature of the
SCD group. More research is warranted to assess this relationship in a

Table 3
p-Values (and Pearson correlation) between the diﬀerent CSF markers and
callosal features obtained in the UAntwerp dataset. No signiﬁcant correlations
were found within the ADD group.
CCA

CIR

CCI

Subjective cognitive decline
T-tau
0.88 (0.05)
Aβ1–42
0.33 (0.30)
P-tau181
0.66 (0.14)

0.033 (0.59)
0.64 (0.15)
0.005 (0.72)

0.06 (0.53)
0.13 (0.45)
0.008 (0.70)

Mild cognitive impairment
T-tau
0.26 (0.18)
Aβ1–42
0.07 (−0.29)
P-tau181
0.15 (0.23)

0.002 (0.47)
0.18 (−0.21)
0.007 (0.42)

2E−4 (0.55)
0.72 (−0.06)
1E−4 (0.56)

Bold numbers indicates signiﬁcance at p-value < 0.05/3/3 = 0.006.

Fig. 3. Results of the comparison between matched healthy controls and mADD
patients (OASIS database). Only streamlines that are signiﬁcantly shorter in the
AD group (p < 0.05/14) are shown. The largest diﬀerences (p ~ E−7) can be
found in the isthmus. The color encodes the −log10(p) value obtained through
a Wilcoxon ranksum test.

If the goal would be to construct a sensitive sentinel test, i.e. a test that
tries to minimize the number of false negatives while retaining a reasonable – but arbitrary – speciﬁcity, we obtain a sensitivity of 81% at a
speciﬁcity of 60%. This ﬁnding is important as SCD subjects show
greater conversion rates to MCI and dementia due to AD than agematched HCs (Jessen et al., 2010; Reisberg et al., 2010; van Oijen et al.,
2007) and as there is an urgent need to detect and diagnose AD as early
as possible.
Whereas the perceived cognitive decline may stem from other
causes (rather than being an early stage of AD), there is a consistent
evolution of both CIR and CCI across the included spectrum. Both CIR
and CCI are largest in the HC group, smallest in the MCI/ADD group

Fig. 4. Correlation between CSF markers T-tau and P-tau and the callosal thickness proﬁle. The color indicates −log10(p-value). Signiﬁcant streamlines are shown
for p < 0.05.
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Fig. 5. A. Amount of variance explained by age in a linear model along the Corpus Callosum proﬁle. B. Thickness proﬁle evolution with age subdivided in three
arbitrary groups for illustrative purposes only (red: age < 40, N = 149, green: 40 < age < 70, N = 87, blue: age > 70, N = 66). The error bars represent the
standard error of the mean in the three age groups. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

this procedure was inspired by the literature, it may not be ideal to
sample the thickness proﬁle in diseases where the callosal curvature
may increase as the length of the midline may also change, obfuscating
the straight-forward comparison across patient cohorts.
The main limitation when using the OASIS database is the limited
availability of clinical data which only allows to deﬁne the clinical
subgroups based on the CDR. We overcame this limitation by analyzing
an independent dataset including cohorts deﬁned according to the
current international standards (cf. Methods). Whereas the diagnosis of
all MCI patients was corroborated by a positive CSF or neuroimaging
biomarker proﬁle, we did not apply the same restriction on the ADD
cohort. The rationale being that the MCI diagnosis is more diﬃcult.
Also, nor the UAntwerp nor the OASIS database provided CSF information of healthy controls. This could lead to the inclusion of subthreshold AD patients. Although not ideal, this would only reduce any
between-group diﬀerence.
Finally, an additional advantage of analyzing two independent cohorts is the possibility to compare results: while there are no large
diﬀerences when analyzing callosal features, the OASIS database was
the only one where the thickness proﬁle showed extensive diﬀerences
between the mild ADD group and the matched cohort of HCs. This
discrepancy might be due to the large statistical power provided by the
OASIS database. This statistical power is required to overcome the
multiple comparison problem when assessing the thickness proﬁle.

more detailed (and longitudinal) way.
With respect to normal ageing, we found that with increasing age,
CCA, CIR and CCI signiﬁcantly decline, which corresponds to the
ﬁndings reported by Ardekani et al. (2014) on the same OASIS database. The thickness proﬁle generation showed that the change in these
features is caused by a general decrease in thickness (explained variance varied between 10 and 50%, highest explained variance in the
body, only the splenium seems to remain relatively unaﬀected).
Although our results indicate a uniform thinning of the CC with
increasing age, the CC does not thin uniformly at all ages. We observed
a signiﬁcantly thinner anterior CC in the control group between the age
of 40 and 70, and a thinner genu and splenium in the group older than
70 years old (Fig. 3).
The rationale for including the callosal thickness proﬁle is the idea
that it will enable to provide a more detailed description than the
summarizing parameters. Yet, the discriminatory capacity is limited
even though summarizing features like CIR and CCI diﬀered signiﬁcantly (even between SCD and the control cohort) with moderate to
large eﬀect sizes for most comparisons.
There are several reasons for which summarizing metrics may be
more informative than the more detailed thickness proﬁle: a ﬁrst one
could be a higher reliability and therefore an increased signal-to-noise
ratio (Van Schependom et al., 2016); a second one could be the sampling of the thickness proﬁle along 50 equidistance points. Although
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