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Abstract

Background—Corpus callosum (CC) size and shape have been previously studied in 

Alzheimer’s disease (AD) with the majority of studies having been cross-sectional. Due to the 

large variance in normal CC morphology, cross-sectional studies are limited in statistical power. 

Determining individual rates of change requires longitudinal data. Physiological changes are 

particularly relevant in mild cognitive impairment (MCI), in which CC morphology has not been 

previously studied longitudinally.

Objective—To study temporal rates of change in CC morphology in MCI patients over a one-

year period, and to determine whether these rates differ between MCI subjects who converted to 

AD (MCI-C) and those who did not (MCI-NC) over an average (±SD) observation period of 5.4 

(±1.6) years.

Methods—We used a novel multi-atlas based algorithm to segment the mid-sagittal cross-

sectional area of the CC in longitudinal MRI scans. Rates of change of CC circularity, total area, 

and five sub-areas were compared between 57 MCI-NC and 81 MCI-C subjects.

Results—The CC became less circular (−0.89% per year in MCI-NC, −1.85% per year in MCI-

C) with time, with faster decline in MCI-C (p=0.0002). In females, atrophy rates were higher in 

MCI-C relative to MCI-NC in total CC area (p=0.0006), genu/rostrum (p=0.005), and splenium 

(0.002). In males, these rates did not differ between groups.

Conclusion—A greater than normal decline in CC circularity was shown to be an indicator of 

prodromal AD in MCI subjects. This measure is potentially useful as an imaging biomarker of 

disease and a therapeutic target in clinical trials.
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INTRODUCTION

The corpus callosum (CC)1 is the largest white matter tract in the brain consisting of over 

200 million fibers interconnecting the cerebral hemispheres [1]. The CC is the brain’s main 

conduit for interhemispheric transfer and integration of information [2, 3]. Most callosal 

connections are homotopic, that is, they connect the equivalent cortical regions bilaterally 

[4]. The CC fibers are also arranged topographically, for example, callosal fibers from the 

frontal lobe course through the anterior CC (rostrum and genu) and those from the caudal 

regions of the cortex (e.g., occipital regions) go through the posterior CC (splenium) [5, 6]. 

Atrophy of the CC has been observed in several major disorders including Alzheimer’s 

disease (AD) [7–13], schizophrenia [14–16], multiple sclerosis [17–19], and alcoholism 

[20–23]. CC atrophy has been proposed to be a consequence of two possible mechanisms: 

direct myelin breakdown [24, 25], and Wallerian degeneration wherein callosal fibers are 

lost as a result of distal loss of the callosal projecting neurons [26]. The latter mechanism 

suggests that regional CC atrophy may be a surrogate biomarker of cortical neuronal loss. 

Callosal projecting neurons are predominantly large pyramidal neurons in cortical layers 

II/III and V–VI, with axons projecting contra-laterally and converging on the mid-sagittal 

plane (MSP), forming the most compact part of the CC. The MSP cross-sectional area of the 

CC is well visualized in structural magnetic resonance imaging (MRI) scans (Fig. 1a) and 

has been shown to be highly correlated with CC volume, which is less easily measured 

because the lateral extents of the CC are not well-defined. Thus, the majority of CC studies 

in various conditions [7, 8, 14, 17, 20, 26] and nearly all proposed CC segmentation 

methods [27–31] target its mid-sagittal cross-sectional region.

Nearly all morphological studies of the CC in AD have been cross-sectional [7, 9–11, 26, 

32–39]. Most studies show reduction in the total CC area (CCA) in AD relative to healthy 

controls (HC). Studies that examined regional differences most often reported atrophy of the 

anterior (genu/rostrum) and/or posterior (splenium) sections in AD. However, reports are 

inconsistent. Findings range from atrophy in all but anterior portion [38], posterior only [10, 

37], anterior body only [36], both anterior and posterior regions [9, 11, 26, 32], anterior only 

[35], no regional but an overall reduction [33], and atrophy in all regions (anterior, posterior 

and body) [34]. The considerable heterogeneity in the reported results may be due to several 

factors. (1) The CC size and shape are highly variable and may depend on factors such as 

sex [40], handedness [41], age [42], brain size [7], and even childhood musical training [43]. 

This natural variance in CC could cause both Type I and II errors in statistical analyses. (2) 

The sample sizes have generally been small, often in teens and twenties in AD groups [9–11, 

33, 35–37]. (3) There have been major methodological differences, e.g., how the MSP is 

identified, how the CC is segmented on the MSP, and how the CC sub-regions are defined. 

(4) Patient populations have been diverse ranging from subjective memory complaints, to 

mild cognitive impairment, to mild, moderate, and advanced AD. (5) Normal aging may also 

involve callosal atrophy [8]. Clearly, there are a number of factors that can reduce the 

sensitivity of measures of CC morphology in cross-sectional studies.

1All acronyms used in this paper are defined in Table 1.
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Longitudinal studies are much more sensitive than cross-sectional studies in detecting CC 

atrophy where each subject is their own control and therefore matched for disease-

independent personal characteristics that could affect the CC. In addition, longitudinal 

studies allow estimation of the rates of CC atrophy. Despite these obvious advantages it 

appears that only three longitudinal studies of CC morphology in AD exist [8, 12, 39], with 

somewhat inconsistent findings.

In a previous two-year longitudinal study [8] using the OASIS brain database [44], we 

compared the rates of change of CC size and shape between HC and patients with very mild/

mild AD and showed that: (1) there was CC atrophy with age in both HC and AD in the 

genu and splenium of the CC; (2) the rates of atrophy, however, were significantly faster in 

AD patients relative to controls; and (3) change in the circularity of CC, a measure of its 

shape, most reliably separated the HC and AD groups. In the present paper, we report a one-

year longitudinal study of CC size and shape changes in patients with mild cognitive 

impairment (MCI) using structural MRI scans obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) brain database [45–48]. While some MCI patients convert 

to AD at various later times, (MCI-converters or MCI-C), others remain stable or may 

regain normal cognitive functions (MCI-non-converters or MCI-NC). Several studies have 

been conducted to determine predictors in MCI patients who will progress to AD [49–59], 

suggesting MCI as a clinical stage in which meaningful interventions might take place. We 

hypothesized that the differences reported in [8] between normal aging and AD would also 

be present when comparing the MCI-C and MCI-NC subjects. Change in shape and/or size 

of the CC may be used as an outcome measure in clinical trials that aim to slow neuronal 

degeneration due to AD neuropathology. Finally, if these effects can be shown to be present 

in this one-year longitudinal period, as opposed to a longer study period [8], then the use of 

CC morphology as a disease biomarker in clinical trials would become a more practical 

proposition.

METHODS

Subjects

Data used in the preparation of this article were obtained from the ADNI database 

(adni.loni.usc.edu). The ADNI was launched in 2003 by the National Institute on Aging 

(NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food 

and Drug Administration (FDA), private pharmaceutical companies and non-profit 

organizations, as a $60 million, 5-year public-private partnership. The primary goal of 

ADNI has been to test whether serial MRI, positron emission tomography (PET), other 

biological markers, and clinical and neuropsychological assessment can be combined to 

measure the progression of MCI and early AD. Determination of sensitive and specific 

markers of very early AD progression is intended to aid researchers and clinicians to 

develop new treatments and monitor their effectiveness, as well as lessen the time and cost 

of clinical trials. The Principal Investigator of this initiative is Michael W. Weiner, MD, VA 

Medical Center and University of California – San Francisco. ADNI is the result of efforts 

of many co-investigators from a broad range of academic institutions and private 

corporations, and subjects have been recruited from over 50 sites across the U.S. and 
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Canada. The initial goal of ADNI was to recruit 800 subjects but ADNI has been followed 

by ADNI-GO and ADNI-2. To date these three protocols have recruited over 1500 adults, 

ages 55 to 90, to participate in the research, consisting of cognitively normal older 

individuals, people with early or late MCI, and people with early AD. The follow up 

duration of each group is specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. 

Subjects originally recruited for ADNI-1 and ADNI-GO had the option to be followed in 

ADNI-2. For up-to-date information, see www.adni-info.org.

As part of our study of CC atrophy, we downloaded the “3-Year Complete standardized data 

set” [60] from the ADNI database, which includes longitudinal 1.5T structural MRI scans of 

148 individuals initially diagnosed as MCI. Summaries of demographic, psychometric and 

diagnostic data were downloaded in October, 2013. The MCI subjects were divided into two 

groups, those whose diagnoses indicated a conversion to AD at any time after their initial 

evaluation (MCI-C) and those who did not convert (MCI-NC). Baseline demographic and 

psychometric information for these groups appear in Table 2.

MRI imaging

Subject scans were 1.5T, T1-weighted magnetization prepared rapid gradient echo (MP-

RAGE) images, using matrix sizes of 192×192×160–170 or 256×256×166–184. The in-

plane voxel dimensions were 0.94 to 1.25 mm, while the slice thickness was kept very close 

to 1.2 mm. Repetition time values were 2300–2400 ms for multicoil phased array head coils 

and 3000 ms for birdcage or volume head coils. Inversion time was 1000 ms and flip angle 

was 8 degrees. Phase encodes were in the anterior-to-posterior direction. Detailed 

information about MRI acquisition and pre-processing procedures is available in Jack et al. 

[47].

CC segmentation

The CC was segmented using our Automatic Registration Toolbox (ART) software module 

yuki. This software is freely available online (http://www.nitrc.org/projects/art). Given a 3D 

T1-weighted structural MRI volume, yuki segments the mid-sagittal cross-sectional area of 

the CC by performing the following steps. (1) A MSP is automatically determined as the 

plane that maximizes bilateral symmetry [61]. (2) The coordinates of the anterior and 

posterior commissures (AC and PC) are automatically located on the MSP [62] (Fig. 1a). (3) 

From the original MRI volume, a single standardized MSP image of matrix size 512×512 

and pixel size 0.5×0.5 mm2 is reconstructed by tri-linear interpolation. The location and 

orientation of this image is standardized so that the image left-to-right axis corresponds to 

subject’s anterior-to-posterior axis parallel to the AC-PC line, the image top-to-bottom axis 

is the subject’s superior-to-inferior axis, and field-of-view center coincides with the mid-

point between AC and PC (Fig. 1a). (4) From a set of over 600 atlases available and 

distributed with the software, a subset of 49 atlases are selected automatically based on 

correlation between the atlas and the test image inside a rectangular sub-image containing 

the CC on the standardized MSP reconstructed in step 3 as shown in Fig. 1a. (5) The 49 

selected atlases are non-linearly registered to the test volume’s MSP using ART’s non-linear 

registration approach [63]. The CC labels of the 49 atlases are projected onto the test MSP 

using the resulting non-linear transformations. The projected labels are averaged to obtain a 
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fuzzy segmentation of the CC on the MSP of the test volume. (6) Finally, the fuzzy label 

map obtained in step 5 is thresholded using an automatically determined threshold level to 

yield the final binary CC segmentation (Fig. 1). The threshold level is selected such that the 

Fisher’s linear discriminant ratio (FLDR) [64] between the intra- and extra-callosal pixels 

within the support of the fuzzy label set in step 5 is maximized. The entire segmentation 

process takes about 7 seconds on a 2.4 GHz Dual Quad-Core Linux workstation.

Since baseline-to-follow-up changes in CC shape and size are small during the roughly one 

year delay period from baseline to follow-up, it is important to have a consistent CC 

segmentation technique. To this end, it is very important to perform the above segmentation 

steps on the same MSP on both baseline and follow-up images. In addition, it is important to 

use the same selected 49 atlases and the same threshold level determined from FLDR 

analysis. To ensure this, we implemented the following protocol. (a) The baseline and 

follow-up volumes of each subject were registered using ART’s rigid-body registration 

software atra, which is an inverse-consistent rigid-body registration method, that is, the 

exact same linear transformation matrix is obtained regardless of whether the baseline or the 

follow-up volume is taken as the reference in the registration process. (b) Using the 

registration matrix obtained in step a, the baseline and follow-up images were averaged to 

obtain a single image per subject. (c) The CC segmentation software yuki was applied to the 

average image in step b saving as auxiliary information the linear transformation that defines 

the standardized MSP, the list of 49 automatically selected atlases, and the value of the 

FLDR derived threshold. (d) Finally, the CC was segmented using yuki on the baseline and 

follow-up images independently, while disabling automatic MSP detection, atlases selection, 

and FLDR analysis. Instead, yuki was instructed to use the auxiliary information saved in 

step c for both baseline and follow-up segmentations. This way, both the baseline and 

follow-up scans were treated in exactly the same way in the CC segmentation process. We 

have shown using analysis of structural MRI volumes taken in two separate scanning 

sessions from the same set of subjects on the same day that this approach has significantly 

higher test-retest reliability as compared to the case where the two images are segmented 

independently (results not presented).

The results of CC segmentation were visually inspected in all 148 cases. Ten subjects were 

excluded from further analysis because CC segmentations were deemed inaccurate on 

baseline and/or follow-up scans. Although most of these problems were minor and could be 

corrected by manual editing, we decided to simply exclude the 10 subjects from further 

analysis to avoid possible noise and bias that may be introduced by manual intervention. 

Thus, there remained 138 subjects (Table 2) who had been diagnosed as MCI at the time of 

their initial ADNI scan with fully automatic segmentations of the CC at baseline and follow-

up scans.

CC measurements

Total CC cross-sectional area (CCA) and CC circularity (CIR) were measured from baseline 

and one-year follow-up scans to obtain their rate of change over time. CIR is a measure of 

CC shape defined as 4π×CCA/CCP2 where CCP denotes the CC circumference. CIR values 

range from 0 for a line to 1 for a perfect circle. In our previous study [7] we showed that 
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CIR is more sensitive to disease progression than CCA due to the non-uniform shrinkage of 

CC which may lead to simultaneous decease in CCA and increase CCP.

The sub-regions of segmented CC were defined automatically using a method proposed by 

Hampel et al. [65]. In this method, first a horizontal line that is tangent to the inferior points 

of both the splenium and the rostrum is located. Then two vertical tangent lines are drawn, 

one tangent to the most anterior point of the genu and one tangent to the most posterior point 

of the splenium. The mid-point between the intersection points of the two vertical tangents 

and the lower horizontal tangent is determined and used as the center of a set of radii that 

divide the CC into five equi-angular (36°) sectors: genu (CC1), anterior body (CC2), mid-

body (CC3), posterior body (CC4) and splenium (CC5). These regions are depicted in Fig. 

1b.

The percent baseline to follow-up rate of change per year (the annual percent change (APC)) 

of a quantity, say CIR, was computed as: rCIR=(100/Δt)×(CIRf-CIRb)/CIRb where CIRb and 

CIRf denote the measured quantity at baseline and follow-up, respectively, and Δt represents 

time delay in years between the scans.

Statistical analysis

We used t-tests for the demographic differences between the MCI-NC and MCI-C groups in 

age or education. A χ2 test was applied to test sex difference between the two groups. We 

assessed these demographic effects on the comparisons between the two groups with respect 

to all CC measures based on general linear models. The CC measures included rates of 

atrophy of CCA, CIR and 5 CC sub-regions. To be specific, the CC measures were modeled 

as a linear function of age, education, sex, group (MCI-NC vs. MCI-C) and the sex-by-

group interaction. A significant interaction of sex and group would indicate that the 

difference in the CC measures depends on sex. In such significant effects, comparisons 

between the two groups followed for each sex. If the effect of an independent variable were 

not significant, the model was refitted without the non-significant variable. Statistical 

significance level was set at 0.05 two-tailed. P-values are reported without adjustment for 

multiple comparisons.

RESULTS

Of the 138 MCI subjects with both baseline and follow-up CC segmentations 81 (59%) 

converted to AD with a mean (±SD) baseline-to-conversion time of 2.3 (±1.4) years, while 

the diagnosis of 57 subjects remained as MCI over the mean (±SD) observation period of 

5.4 (±1.6) years.

Statistical analysis of the demographic data given in Table 2 showed that the MCI-NC and 

MCI-C groups were not statistically different in age or education. However, the male/female 

ratio was significantly different between groups (p=0.025). The two groups also differed 

significantly in their mean CDRSB (p=0.002) as well as mean MMSE scores (p=0.001). The 

mean delay period of roughly one year between baseline and follow-up scans was not 

statistically different between the MCI-NC and MCI-C groups.
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From the total of 41 female MCI subjects, 30 (73%) converted to AD, while 51 of 97 male 

subjects (53%) converted. The MCI-C to MCI-NC ratio was significantly different between 

male and female subjects (p=0.025). Thus, the odds of conversion for females were 30/11 

and those for males were 51/46 (odd ratio=2.5).

The APCs and their 95% confidence intervals obtained for the measured variables: 

circularity (rCIR), total CC cross sectional area (rCCA), genu/rostrum (rCC1), anterior body 

(rCC2), mid-body (rCC3), posterior body (rCC4) and splenium (rCC5) are given in Table 3. 

In this Table, rates that were significantly different from zero are shown in bold and 

displayed graphically in Figures 2 and 3. Where a group by sex interaction existed, the mean 

rates are given for female and male subjects separately in Table 3.

Circularity

There were no associations between rCIR and age, education, or sex. The rCIR was 

significantly different from zero in both MCI-C (t=−11.66, df=136, β±SE=−1.85±0.16, 

p<0.0001) and MCI-NC (t=−4.73, df=136, β±SE=−0.89±0.19, p<0.0001) groups. In 

addition, rCIR was significantly different between the MCI-C and MCI-NC groups (t=

−3.88, df=136, β±SE=−0.96±0.25, p=0.0002).

Total CC area

There were no associations between rCCA and age or education. However, There was a 

significant group×sex interaction in rCCA (F=7.68, dfn=1, dfd=134, p=0.006). The rCCA 

were significantly different from zero in MCI-C females (t=−6.65, df=134, β±SE=

−1.22±0.18, p<0.0001), MCI-C males (t=−5.36, df=134, β±SE=−0.75±0.14, p<0.0001), and 

MCI-NC males (t=−4.35, df=134, β±SE=−0.64±0.15, p<0.0001) (shown in bold in Table 3), 

but not in MCI-NC females. In addition, the rCCA in females was significantly different 

between MCI-C and MCI-NC groups (t=−3.51, df=134, β±SE=−1.24±0.35, p=0.0006). 

However, in males rCCA did not differ between MCI-C and MCI-NC groups.

Genu/rostrum

With respect to the sub-regional measures, there were no associations between rCC1 and age 

or education. However, there was a significant group×sex interaction in rCC1 (F=4.63, 

dfn=1, dfd=134, p=0.03). The rCC1 were significantly different from zero in MCI-C females 

(t=−5.55, df=134, β±SE=−2.03±0.37, p<0.0001), MCI-C males (t=−4.37, df=134, β±SE=

−1.23±0.28, p<0.0001), and MCI-NC males (t=−3.29, df=134, β±SE=−0.98±0.30, p=0.001) 

(shown in bold in Table 3), but not in MCI-NC females. In addition, the rCC1 in females 

was significantly different between MCI-C and MCI-NC groups (t=−2.84, df=134, β±SE=

−2.01±0.71, p=0.005). However, in males rCC1 did not differ between MCI-C and MCI-NC 

groups.

Anterior body

We found no associations between rCC2 and age, education, sex, or group. However, rCC2 

was significantly different from zero in both MCI-C (t=−2.18, df=136, β±SE=−0.59±0.27, 

p=0.031) and MCI-NC (t=−2.27, df=136, β±SE=−0.73±0.32, p=0.025) groups. Since there 

was no group difference and variances were equal by Levene’s test for equality of variances, 
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the groups were combined in a follow-up analysis. The entire MCI cohort (n=138) had a rate 

of CC2 atrophy significantly different from zero (p=0.002).

Mid-body

We found no associations with age, sex, or group in rCC3. However, there was a significant 

association with education (t=2.44, df=136, β±SE=0.16±0.07, p<0.02) whereby CC3 

atrophy rate decreased as the level of education increased. Mean rCC3 was not statistically 

different from zero in either MCI-C or MCI-NC groups.

Posterior body

We found no associations with age, education, sex, or group in rCC4, which includes the 

isthmus. Moreover, mean rCC4 did not significantly differ from zero in either MCI-C or 

MCI-NC groups.

Splenium

Finally, there were no associations with age or education in rCC5. However, there was a 

significant group×sex interaction in rCC5 (F=4.35, dfn=1, dfd=134, p<0.04). The rCC5 were 

significantly different from zero in MCI-C females (t=−5.99, df=134, β±SE=−1.75±0.29, 

p<0.0001) and males (t=−3.66, df=134, β±SE=−0.82±0.22, p=0.0004) (shown in bold in 

Table 3), but not in MCI-NC females or males. In addition, the rCC4 in females was 

significantly different between MCI-C and MCI-NC groups (t=−3.14, df=134, β±SE=-

−1.78±0.57, p=0.002), while rCC5 did not differ between MCI-C and MCI-NC in males.

DISCUSSION

There have been three previous longitudinal studies comparing CC morphological changes 

between AD and HC [8, 12, 39]. However, to the best of our knowledge, this is the first 

longitudinal study in MCI subjects. Furthermore, the average time period between the 

baseline and follow-up scans in the previous studies were approximately two years, whereas 

in this study the average baseline-to-follow-up period was approximately one year. 

Previously, it was not clear whether changes in CC morphology were large enough to be 

detectable over a one-year period on structural MRI scans, which are commonly acquired at 

approximately 1 mm3 resolution. The results of this study confirm the feasibility of 

detecting these changes over a one-year period using a common structural MRI scanning 

protocol. This finding suggests CC size and shape measures could be used for pre-trial 

sample enrichment, as outcome measures in clinical trials, or as a biomarker for monitoring 

disease progression in clinical settings.

In the MCI cohort studied in this paper, four measures differentiated between MCI-C and 

MCI-NC subjects: rCIR, rCCA, rCC1, and rCC5 (Table 3). The latter three measures 

(rCCA, rCC1, and rCC5) did so only in the female subjects. Also, the effect size of rCIR 

(0.67) is larger than the other three measures. Therefore, our results suggest the temporal 

rate of change of CC circularity, a relatively novel measure of shape [7, 8], to be the most 

sensitive marker of MCI to AD conversion amongst these measures.
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In our previous two-year longitudinal study of HC and very mild/mild AD [8], we also 

found that the rCIR was the most sensitive measure for separating the two groups. Data from 

that study showed that rCIR was −0.83% per year in HC and −1.91% per year in AD 

patients. In the present study, we found rCIR to be −0.89% per year in MCI-NC and −1.85% 

per year in MCI-C. The rates obtained in the present study are remarkably close to those 

obtained in our pervious study [8], which was based on the OASIS database [44]. 

Comparison of these rates suggest that the CC in the MCI-NC group is aging normally while 

the changes in the CC morphology in the MCI-C group is at the level of very mild/mild AD.

The spatial patterns of CC decline in the current study using the ADNI database (Fig. 3) are 

also very similar to those obtained in our previous study [8] using the OASIS database. The 

decline in CC with age mainly occurs in the anterior (CC1 and CC2) and the posterior (CC5) 

regions. Despite demonstrating comparable spatial patterns, HC/MCI-NC and AD/MCI-C 

groups are distinguished by the temporal rates of decline that are almost twice as fast in AD/

MCI-C and are best captured by the measure of CC circularity. In other words, 

morphological CC changes in prodromal and very mild/mild AD appear as accelerated 

aging.

Precision of our data analysis was achieved using an enhanced automated CC segmentation 

method by ART software module yuki which is freely available online. The methodology is 

designed particularly for longitudinal studies. Essentially the aim is to keep as many 

parameters constant as possible in the segmentation process of the baseline and follow-up 

scans. In particular, we ensured that (1) the same MSP was defined on both baseline and 

follow-up scans, (2) the same set of atlases was used in the multi-atlas based segmentation, 

and (3) the same threshold level (derived from FLDR) was applied in the final label fusion 

step. We have shown in a separate study (results not reported) that the test-retest reliability 

of this approach is significantly higher than if the scans were segmented manually or if they 

were segmented automatically but independently (e.g., without ensuring that the same MSP 

is analyzed). Since we are observing small changes on the order of 1% per year, utilizing a 

segmentation method such as yuki which is designed specifically for longitudinal image 

segmentation is imperative.

The results of this study suggest sex effects in MCI to AD conversion. Firstly, in our sample, 

a significantly higher percentage of female subjects (73%) than male subjects (53%) 

converted from MCI to AD (p=0.025). In addition, we found group by sex interactions in the 

APCs of the total CC area (CCA), genu/rostrum (CC1), and splenium (CC5). These rates 

were significantly different between the female MCI-C and MCI-NC subgroups but not 

significantly different between the male MCI-C and MCI-NC subgroups. If confirmed in 

future studies that are specifically designed to address sex differences in CC morphological 

changes in MCI, the present results suggest that abnormal decline rates in CCA, CC1, and 

CC5 would be a marker of future conversion to AD particularly in female MCI subjects.

An interesting result of the present study was that the number of years of education was 

inversely related to the atrophy rate in the mid-body of the CC (CC3). This finding is 

consistent with studies showing a protective role of education in the clinical trajectory 

preceding Alzheimer’s dementia [66].
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The corpus callosum size and shape in AD has been mostly studied in cross-sectional 

imaging data. The present study is one of only a few longitudinal studies, with the advantage 

of having more sensitivity in detecting differences between groups and the ability to 

measure temporal rates of change of CC shape and size. In addition, this is the first study of 

CC size and shape in MCI patients. Another advantage of this study is its use of a fully 

automated and unbiased platform for segmentation of CC. In particular, care was taken to 

treat the baseline and follow-up volumes in a symmetric way so as not to bias the results 

towards either. Bias could be introduced for example if in the registration process one image 

is taken as reference and the other as the floating image that is would be resliced to match 

the reference, in which case interpolation is only applied to the floating image. The 

registration method used in this paper, atra, avoids this problem by using an inverse-

consistent method of registration whereby both baseline and follow-up scans are resliced to 

match to an intermediate space representing the halfway point between their positions and 

orientations. A limitation of this work is that we did not study the predictive accuracy of CC 

shape or size for MCI-to-AD conversion. In a recent paper [67], we used a logistic 

regression model with a fused lasso penalty term for classification of very mild/mild AD 

subjects from controls using the CC thickness profile as the feature vector. Classification 

accuracy was estimated to be 84% by cross-validation. We plan to study similar multi-

variate models in the future using longitudinal data in MCI and possibly including variables 

such as hippocampus size in predicting MCI-to-AD conversion. Another limitation of this 

analysis is that we did not study associations between neurocognitive measures such as 

MMSE or CDRSB and genotype (APOE e4) with CC shape and size. Future work requires 

such analyses given larger sample sizes.

In conclusion, we have shown that the spatial and temporal patterns of CC morphological 

change in MCI-NC are similar to HC, while those in MCI-C are similar to very mild/mild 

AD. We also verified that CC atrophy is quantifiable in a one-year longitudinal observation 

period, making this a practical imaging biomarker both for use as an outcome measure of 

group differences in clinical trials. Amongst the measures considered, circularity proved to 

be the most sensitive marker of group differences between MCI-to-AD convertors and non-

convertors regardless of their gender.
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Figure 1. 
(a) Automatically detected MSP, AC (green plus sign), PC (red plus sign), and several CC 

landmarks (blue plus signs) on the MSP. The rectangular box shows a window around the 

CC that is defined based on prior information from atlases about CC location on 

standardized MSP images. Correlations between the gray level in this window and the test 

image are used for atlas selection prior to non-linear registrations. (b) CC sub-regions 

measured automatically by yuki based on Hampel’s definition (CC1: genu, CC2: anterior 

body, CC3: mid-body, CC4: posterior body and CC5: splenium).
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Fig. 2. 
rCCA and rCIR in MCI-NC and MCI-C groups. Error bars indicate the 95% confidence 

interval.
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Fig. 3. 
rCC1-rCC5 in MCI-C and MCI-NC. Error bars indicate the 95% confidence interval.
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Table 1

Acronym definitions

AC Anterior commissure

AD Alzheimer’s disease

ADNI Alzheimer’s Disease Neuroimaging Initiative

APC Annual percent change

CC Corpus callosum

CCi Area of CC sub-regions i (i=1,2,3,4,5)

CCA Total cross-sectional area of the CC

CCP CC circumference

CDRSB Clinical dementia rating sum of boxes

CIR CC circularity: 4π×CCA/CCP2

df Degrees of freedom

dfn Numerator df

dfd Denominator df

FLDR Fisher’s linear discriminant ratio

HC Healthy controls

MCI Mild cognitive impairment

MCI-C MCI converters

MCI-NC MCI non-converters

MMSE Mini-Mental State Exam

MRI Magnetic resonance imaging

MSP Mid-sagittal plane

PC Posterior commissure

rCCA APC of CCA (% per yr)

rCCi APC of CCi (% per yr)

rCIR APC of CIR (% per yr)

SE Standard error
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Table 2

Demographic data.

MCI-NC MCI-C p-value

n (M/F) 57 (46/11) 81 (51/30) 0.025¶

Age±SD (yr) 74.1±7.4 74.1±6.9 NS

Education±SD (yrs) 15.8±3.0 16.0±3.0 NS

CDRSB±SD 1.25±0.54 1.65±0.92 0.002§

MMSE±SD 27.7±1.7 26.7±1.8 0.001§

†Delay±SD (yr) 1.00±0.06 1.01±0.04 NS

NS: Not significant; SD: standard deviation

¶
χ2 test

§
t-test

†
Time period between baseline and follow-up scans
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Table 3

APC (mean ± 95% confidence interval) in MCI-NC and MCI-C groups

MCI-NC MCI-C §p-value Cohen’s d

rCIR −0.89±0.37 a −1.85±0.31 a 0.0002 0.67

†rCCA (female) 0.02±0.60 −1.22±0.36 a 0.0006 0.61

†rCCA (male) −0.64±0.29 a −0.75±0.28 a NS NS

†rCC1 (female) −0.02±1.20 −2.03±0.73 a 0.005 0.49

†rCC1 (male) −0.98±0.59 b −1.23±0.56 a NS NS

rCC2 −0.73±0.63 c −0.59±0.53 d NS NS

rCC3 −0.43±0.62 0.09±0.52 NS NS

rCC4 −0.02±0.69 0.04±0.58 NS NS

†rCC5 (female) 0.02±0.96 −1.75±0.58 a 0.002 0.54

†rCC5 (male) −0.41±0.47 −0.82±0.44 e NS NS

NS: not significant

†
Group by sex interaction

§
Significance of difference between MCI-NC and MCI-C groups

Measurements in bold are significantly different from zero.

a
p<0.0001;

b
p<0.001;

c
p=0.025;

d
p=0.031;

e
p=0.0004
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