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Background: Atrophy of the corpus callosum in the ab-
sence of primary white matter degeneration reflects loss
of intracortical projecting neocortical pyramidal neu-
rons in Alzheimer disease (AD).

Objectives: To determine individual rates of atrophy
progression of the corpus callosum in patients with AD
and to correlate rates of atrophy progression with clini-
cal disease severity and subcortical disease.

Methods: Magnetic resonance imaging—derived mea-
surements of corpus callosum size were studied longi-
tudinally in 21 patients clinically diagnosed as having AD
(mean observation time, 17.0+8.5 months) and 10 age-
and sex-matched healthy controls (mean observation time,
24.1+6.8 months).

Resvults: Corpus callosum size was significantly re-
duced in AD patients at baseline. Annual rates of atro-

phy of total corpus callosum, splenium, and rostrum were
significantly larger in AD patients (-7.7%, -12.1%, and
-7.3%, respectively) than in controls (-0.9%, -1.5%, and
0.6%, respectively). Rates of atrophy of the corpus cal-
losum splenium were correlated with progression of
dementia severity in AD patients (p=0.52, P<<.02). The
load of subcortical lesions at baseline (P<<.05) pre-
dicted rate of anterior corpus callosum atrophy in healthy
controls. Rates of atrophy of corpus callosum areas were
independent of white matter hyperintensity load in pa-
tients with AD.

Conclusions: Measurement of corpus callosum size al-
lows in vivo mapping of neocortical neurodegeneration
in AD over a wide range of clinical dementia severities
and may be used as a surrogate marker for evaluation of
drug efficacy.
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HE FIBERS of the corpus

callosum arise predomi-

nantly from large pyrami-

dal neurons in layers 11T and

V of association neocor-
tex."* These neurons form a subset of the
intracortical projecting pyramidal neu-
rons that have been shown in neuropatho-
logic studies on postmortem brain speci-
mens to be early and specifically affected
by Alzheimer disease (AD) pathological
characteristics.** Consistent with the drop-
out of the callosally projecting neurons,
several studies®!? reported significant at-
rophy of the corpus callosum in AD. We
recently described a regional pattern of cor-
pus callosum atrophy in AD that was in-
dependent of primary white matter de-
generation and was related to clinical stages
of disease.>'* Atrophy of specific areas of
the corpus callosum is correlated with the
pattern of cortical metabolic decline as
measured by positron emission tomogra-
phy.'*1> On this basis, we propose region-
specific corpus callosum atrophy as an in-

direct marker for the loss of intracortical
projecting neurons.

In the present study, we used struc-
tural magnetic resonance imaging (MRI)
to investigate the longitudinal course of re-
gional corpus callosum atrophy in 21 AD
patients compared with 10 healthy, age-
and sex-matched control subjects. We in-
vestigated whether progression of corpus
callosum atrophy was related to progres-
sion of clinical disease severity in indi-
vidual patients. In addition, we assessed
whether the load of subcortical lesions at
baseline would predict rates of atrophy
progression in AD or healthy aging. To our
knowledge, this is the first study to show
progression of corpus callosum atrophy in
AD and healthy aging.

—

CROSS-SECTIONAL ANALYSES

There was a statistically significant differ-
ence between AD patients and healthy con-
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PATIENTS AND METHODS

PATIENT SELECTION

We studied at baseline 27 patients (mean=+SD age, 69.2+£9.3
years; 13 women and 14 men) with the clinical diagnosis
of probable AD according to the National Institute of Neu-
rological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Associations cri-
teria.'® For comparison, 28 healthy volunteers (68.2+8.5
years; 15 women and 13 men) were selected. Groups were
matched for age and sex.

With the exception of 8 AD patients and 1 healthy
control subject, all subjects had been included in previ-
ously published cross-sectional studies on corpus callo-
sum atrophy in AD.”*!> Cognitive impairment in the AD
patients was assessed using the Mini-Mental State Exami-
nation (MMSE).!” Mean+SD disease duration was
6.4£3.0 years in the AD patients, with an average age of
onset of 62.8+8.3 years. Subgroups of 21 AD patients and
10 controls were studied longitudinally with MRI. Two
patients had severe (MMSE score <10), 10 patients had
moderate (MMSE score =10 but <20), and 9 patients
had mild (MMSE =20) dementia. Six patients from the
cross-sectional group had not been included in the longi-
tudinal analysis. Three patients were too severely
impaired to undergo MRI at follow-up; 1 of these patients
died 2 years after MRI and was confirmed to have AD by
autopsy. Two patients were followed up with a different
MRI sequence. One patient who was moderately impaired
at baseline did not return for follow-up. The cross-
sectional group and the longitudinal subgroup of AD
patients were not different in sex distribution or age
(P=.9), but the MMSE score was marginally different
between groups with higher values in the longitudinal
subgroup (P=.09). Fourteen AD patients and all 10 con-
trol subjects were studied twice with MRI; 6 AD patients
underwent 3 MRI scans; and 1 AD patient underwent 4
MRI scans. The AD patients were followed up between
5.1 and 31.3 months (mean+SD, 17.0+8.5 months), and
the healthy controls were followed up between 11.9 and
31.7 months (24.1+6.8 months). Mean observation time
was significantly shorter in the AD group compared with
controls (t,y=-2.3, P<.03). Two MRI scans from 2 AD
patients were discarded because of unsatisfactory image
quality because of movement artifacts. In both cases, the
scans were the first in a series of 3 MRI scans. Clinical and

demographic data for the longitudinal group are pre-
sented in Table 1.

Significant medical comorbidity in the AD patients and
controls was excluded by history, physical and neurologic
examination, psychiatric evaluation, chest x-ray examina-
tion, electrocardiogram, electroencephalogram, brain MRI,
and laboratory tests (complete blood cell count; erythro-
cyte sedimentation rate; electrolytes, glucose, blood urea
nitrogen, creatinine, liver-associated enzymes, choles-
terol, high-density lipoprotein, triglycerides, antinuclear an-
tibodies, and rheumatoid factor measurement; VDRL test;
human immunodeficiency virus test; serum B;, and folate
measurement; thyroid function tests; and urine analysis).
All subjects were free from clinical risk factors of cerebro-
vascular disease such as hypertension and diabetes. All pa-
tients were free of specific antidementive treatment. All sub-
jects or the holders of their durable power of attorney signed
consent forms to undergo MRI and neuropsychological as-
sessment for clinical investigation and research. The pro-
tocol was approved by the National Institute of Neurologi-
cal Disease and Stroke’s Institutional Review Board.

MAGNETIC RESONANCE IMAGING

An axially oriented double-echo sequence (slice thick-
ness, 6 mm; repetition time/echo time, 2000/80 and 2000/
20, respectively) and a sagittally oriented T 1-weighted volu-
metric sequence (slice thickness, 2 mm; in-plane resolution,
1 X 1 mm; repetition time/echo time, 20/6; flip angel, 45°)
were obtained using a 0.5-T magnetic resonance tomo-
graph (Picker Instruments, Cleveland, Ohio).

DATA PREPROCESSING

Volumetric data were manually aligned to the interhemi-
spheric plane. To adjust the individual scans for differences
in global intensity, background intensity of each scan was
determined as the mean pixel intensity of a 15X 15-mm?
region of interest averaged over all slices. The region of in-
terest always was placed in the upper left corner of the field
of view. Intensity values of all scans were then scaled to have
the same mean background intensity.

Preprocessing and subsequent measurements were
done using ANALYZE software (Biomedical Imaging Re-
source, Mayo Foundation, Rochester, Minn) on an SGI
workstation (Silicon Graphics, Palo Alto, Calif). All mea-
surements were performed by one investigator (W.B.) who
was masked to clinical information. Scans were analyzed

trols in total corpus callosum area (P<<.002) at baseline,
with smaller area in the AD patients. Reduction of cor-
pus callosum area was predominant in subregions C1 (ros-
trum and genu) and C5 (isthmus and splenium) (P<<.02
and P<<.001, respectively), whereas subregions C2 to C4,
representing corpus callosum truncus, remained rela-
tively spared. Statistical significance of results remained
unchanged, when areas were normalized to intracranial
volume (area/intracranial volume) to correct for differ-
ences in head size. Absolute values and percentage of
differences between group for corpus callosum sizes are
given in Table 2.

In the AD group, MMSE score and age explained a
significant amount of the variance of total corpus callo-

sum area (3=0.38 and -0.41, respectively; P<.05). In-
tracranial volume, anterior and posterior WMH load, and
sex did not contribute explanatory power to the model.

In the healthy control group, total cranial volume
explained a significant amount of variance of total cor-
pus callosum area ($=0.72, P<.001). Anterior and pos-
terior WMH load, age, and sex did not contribute ex-
planatory power to the model.

LONGITUDINAL ANALYSES
There was a significant difference in percent rates of

change of areas over time for total corpus callosum.
There was a significant effect of diagnosis on corpus cal-
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in randomized order with the investigator blinded to a sub-
ject’s identity.

CORPUS CALLOSUM AREA MEASUREMENTS

The areas of the corpus callosum and of 5 callosal subre-
gions were measured in the midsagittal slice of the 3-di-
mensional MRI, as described elsewhere.'® Briefly, the total
callosal area was obtained by manually tracing the outer
edge of the corpus callosum on the midsagittal slice. Sub-
sequently, areas of 5 callosal subregions were defined. Sub-
regions were labeled C1 to C5 in rostral-occipital direc-
tion, with region C1 covering the callosal rostrum and genu;
regions C2, C3, and C4, the anterior, middle, and poste-
rior truncus, respectively; and region C5, the callosal isth-
mus and splenium. The number of pixels within each re-
gion was summed and multiplied by pixel size to obtain
absolute values (in square millimeters) for the measured
areas.

The intraclass correlation coefficient for interrater re-
liability (determined from 10 scans measured by 2 inde-
pendent researchers [SJ.T. and W.B.]) ranged from 0.98
for total corpus callosum area and subregions C1 and C2
to 0.95 for region C3. The relative error of measurement
for total corpus callosum areas was 2.7%+1.3%, ranging
from 3.0% = 1.6% for subregion C5 and 5.7%+2.7% for sub-
region C3. The intraclass correlation coefficient for in-
trarater reliability (determined from 10 scans measured twice
by the same researcher, blinded to scan identity [W.B.])
was 0.98 for total callosal area with a relative error of mea-
surement of 1.8%+1.5%.

MEASUREMENT OF
TOTAL INTRACRANIAL VOLUME

Total intracranial volume was manually traced on the 3-di-
mensional MRI at the inner edge of the dura. Each pixel
represents a volume element (voxel) of the size 1 X 1 mm
in the sagittal plane and 1.5 mm in the right-left axis. All
voxels belonging to the traced regions of interest were
summed over all slices to obtain a measure of intracranial
volume.

GRADING OF
WHITE MATTER HYPERINTENSITIES

The extent of white matter hyperintensities (WMH) was
assessed in the axial T2-weighted MRI sequence accord-

ing to a previously reported rating scale.'® We obtained
scores for WMH in the frontal, parietal, occipital, and
temporal lobes. Scores for parietal, occipital, and tempo-
ral lobes were summed to obtain WMH for posterior
brain, as previously described.!* The intraclass correlation
coefficient for interrater reliability (2 independent re-
searchers rating 10 randomly selected MRI scans) was
0.65 for total WMH, 0.65 for frontal WMH, and 0.62 for
posterior WMH load.

STATISTICAL ANALYSIS

The primary end point of the analyses was the annual per-
cent change in corpus callosum areas for each individual
subject. In the case of more than 2 observations, the indi-
vidual annual rates of change were determined as the slope
of the linear regression of time of follow-up (in months)
on corpus callosum areas. In the case of only 2 observa-
tions, individual rates of atrophy were determined as the
areas of corpus callosum on image 2-image 1 divided by
the duration between both images (in months). Indi-
vidual rates of change were then divided by region size at
baseline and multiplied by 12 months to obtain percent rates
of change per year.

A group-by-subregion interaction for individual per-
cent rates of change was assessed by repeated-measures
analysis of variance with diagnosis as between-subjects fac-
tor and the percent rate of change of the 5 corpus callo-
sum subregions as within-subject factor. A significant over-
all effect was followed up by pairwise single-effect analyses
using the Student ¢ test.

Using a stepwise linear multiple regression model,
within the AD and the control groups, individual percent
rates of change were predicted by age at baseline, sex, an-
terior and posterior WMH load, length of observation time,
and, in the AD group, rate of point loss in MMSE score. In
the first step, all variables were forced into the equation to
assess the amount of variance explained by the selected
model. Variables were then stepwise removed from the
model when the amount of explained variance, which was
contributed to the model, was below a threshold of F=2.71
(corresponding to P=.10).

Differences in mean total and regional corpus callo-
sum cross-sectional areas between AD patients and con-
trols were assessed using the t test. The level of signifi-
cance was determined at P<.05. Analyses were performed
using the Statistical Package for the Social Sciences, re-
lease 9.0.1 (SPSS Inc, Chicago, IID).

losum subregion (P<<.005). In the single-effect analy-
ses, percent rates of change of callosal subregions C1
(rostrum, genu), C2 (genu, anterior truncus), and C5
(isthmus, splenium) were significantly different be-
tween AD patients and controls. Mean percent rates of
change for total corpus callosum were -7.7% per year in
AD patients and -0.9% in healthy control subjects
(Table 3). Because mean observation times were dif-
ferent between AD patients and healthy controls, we re-
peated the analyses with a subgroup of 16 AD patients
who were matched in observation time to the healthy
controls (P=.16). There was a significant difference be-
tween percent rates of atrophy of total corpus callosum
and callosal subregions C1 and C5 between AD patients

and healthy controls (P<<.05). The difference for region
C2 was not significant (P=.83).

The individual trajectories of atrophy progression
are illustrated in Figure 1. In the AD group, annual point
loss in MMSE score was correlated significantly with per-
cent reduction of corpus callosum area C5, both within
the full regression model (B=0.446, P<<.03), control-
ling for age, sex, observation time, and WMH load, and
in the single-effect analysis (p=0.52, P<.02) (Figure 2).
No other area reduction of the corpus callosum was re-
lated to point loss in MMSE score. There was no corre-
lation between percent rate of atrophy of total corpus cal-
losum or any corpus callosum subregion with age, sex,
time of observation, or load of frontal or posterior WMH.
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Table 1. Clinical and Demographic Data at Baseline for the Longitudinal Group

Age, Mean (SD)

Mini-Mental State Examination Total White Matter

Group [Range], y* F/Mt Score, Mean (SD) [Range] Hyperintensity Load (Range)}
Healthy controls (n = 10) 65.4 (7.2) [52-76] 4/6 29.8 (0.4) [29-30] 1.5 (0.0-4.0)
Patients with Alzheimer disease (n = 21) 69.2 (8.2) [54-87] 10/11 17.4 (6.7) [1-28] 2.0 (0.0-6.3)

*Not different between groups, ty = 1.27, P=.22.
tNot different between groups, x% = 0.16, P=.69.

1Data in parentheses indicate the median (25th and 75th percentile) and maximal possible range on a scale of 0 to 24, not different between groups,

Mann-Whitney U test = 95.5, P=.68.

Table 2. Cross-sectional Atrophy of Corpus Callosum*

Healthy Controls AD Patients

Region (n=28) (n=27) % Difference for AD vs Controlst % Difference for AD vs Controlst
TCA 506.1 £ 93.2 4275+ 87.6 -16§ -15§

C1 1372+ 34.6 114.5 + 30.5 -17] -16|

C2 65.4 +16.1 596 +17.5 -9 -6

C3 63.5+13.0 59.3+12.0 -7 -6

C4 61.9+14.6 571175 -8 -6

C5 153.2 £ 27.6 116.4 £ 27.7 =249 -231

*Data are presented as mean + SD areas of total corpus callosum (TCA) and 5 subregions (C1 to C5) in square millimeters. AD indicates Alzheimer disease.

tFor absolute values.

fFor values normalized to intracranial volume.

§Significant difference between patients with AD and controls (P<.002).
Significant difference between patients with AD and controls (P<.02).
{ISignificant difference between patients with AD and controls (P<.001).

Table 3. Atrophy Progression of Corpus Callosum*

Healthy Controls AD Patients
Region (n=10) (n=21)
TCA -0.9+5.0 -7.7+6.7t
C1 -16£6.3 -12.1 £15.1¢
C2 3.9+12.1 -10.3 + 18.8%
C3 -16+£95 -3.0+£10.6
C4 -37+127 4.0+18.1
C5 0.7+36 -7.3+9.3%

*Data are presented as mean + SD percent rates of atrophy for total
corpus callosum (TCA) and 5 corpus callosum subregions (C1 to C5).
AD indicates Alzheimer disease.

tSignificantly different between patients with AD and healthy controls at
P<.01.

tSignificantly different between patients with AD and healthy controls at
P<.05.

In the control group, percent rate of atrophy of an-
terior corpus callosum area C2 was correlated signifi-
cantly with anterior WMH load (8=-0.90, P<<.05) and
sex (B=0.85, P<.05), with greater rates of area reduc-
tion in women. There was no correlation with posterior
WMH load, age, or time of observation. There also was
no correlation between percent rate of atrophy of other
corpus callosum areas and WMH load at baseline.

B COMMENT

In the present study, we investigated the longitudinal pro-
gression of corpus callosum atrophy in AD and healthy
aging. Based on previous evidence from cross-sectional
studies, we expected greater atrophy progression in AD

patients than in healthy subjects. We further expected
that in AD patients who were free of clinical risk factors
for cerebrovascular disease, atrophy progression of cor-
pus callosum would be independent of the extent of sub-
cortical lesions.

We found an overall reduction of corpus callosum
area by roughly 7.7% per year in AD patients compared
with 0.9% per year in healthy controls. The rate of atro-
phy was significantly greater in AD patients compared
with controls in rostrum and splenium of the corpus cal-
losum, regions that were the most severely affected dur-
ing cross-sectional comparisons. The truncus remained
relatively preserved in the cross-sectional and the lon-
gitudinal analyses.

In the healthy control subjects, the extent of fron-
tal lobe WMH predicted the rate of area reduction of the
anterior corpus callosum. Because WMH are commonly
regarded as measures of primary subcortical disease," this
association suggests that age-related atrophy of the an-
terior corpus callosum in healthy subjects results from
primary subcortical lesions to fiber tracts crossing the fron-
tal lobe white matter. This finding agrees with neuro-
pathologic evidence for predominant frontal lobe in-
volvement of cerebral white matter in cerebrovascular
disease.?® This further agrees with a significant correla-
tion between frontal lobe WMH load and anterior cor-
pus callosum atrophy in healthy, elderly subjects in a
cross-sectional study.'* This interpretation, however,
needs further confirmation in an independent sample be-
cause the group of healthy subjects was small in our study
and the range of subcortical lesions was low.

In contrast, in the AD patients, longitudinal pro-
gression of regional corpus callosum atrophy mainly re-
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Figure 1. Trajectories of corpus callosum atrophy in 21 patients with
Alzheimer disease (A) and 10 healthy, elderly control subjects (B).
MRI indicates magnetic resonance imaging.

sults from loss of callosally projecting cortical neurons.
Neuron loss as the main cause of atrophy then would mask
any additional effect from primary lesions to the callo-
sally projecting fibers in subcortical white matter. This
notion is first supported by the lack of difference in the
extent of WMH between AD patients and healthy con-
trols. In addition, rate of atrophy progression in AD pa-
tients was independent from the extent of WMH. It also
agrees with previous findings of statistically significant
correlations between regional cortical hypometabolism
as a measure of cortical neuronal integrity and regional
corpus callosum atrophy independent of WMH load in
AD patients.'**

It has been estimated from postmortem studies that
about 30% of intracortical association neurons are lost
in layers Il and V of neocortex in AD patients.”' Corpus
callosum fibers arise from a subset of these neurons.'?
Neocortical neuron loss, as shown in neuropathologic
studies and reflected by cortical metabolic decline, is most
pronounced in the temporal and parietal association ar-
eas’™** that send interhemispheric projections through
corpus callosum isthmus and splenium (corresponding
to region C5).2* Less neuron loss is seen in frontal as-
sociation cortex projecting through the rostrum (corre-
sponding to region C1). Primary sensory motor areas that

—10

p=0.52
P<.02

Point Loss in MMSE Score Per Year

-20
-0.3

0.2 0.1 0 01 02

Rate of Atrophy of Splenium (Subregion C%), % per Year

Figure 2. Correlation between the atrophy rate of corpus callosum subregion
C5 and Mini-Mental State Examination (MMSE) score difference in 21
patients with Alzheimer disease.

project through the corpus callosum truncus are least af-
fected.

The significant correlation between progression of
splenium atrophy and the progression of clinical dis-
ease severity as measured by the MMSE in the AD pa-
tients is in agreement with the outlined fiber topogra-
phy, since loss of functional integrity in the parietal and
temporal association areas that project through corpus
callosum splenium is closely related to disease sever-
ity.? Decline in MMSE score explained about 27% of vari-
ance between individual trajectories of atrophy in sple-
nium in the AD patients. This suggests that a considerable
part of the variance in our longitudinal measures re-
flects clinically meaningful differences in the course of
the disease. It is likely that variability in repeated mea-
surements contributed to the high variability in longi-
tudinal measures of corpus callosum subregions. It may
also in part account for the positive rates of change found
in area C3 in AD patients and in area C2 in controls. In
addition, the variability in observation time may con-
tribute to variability in rates of change because shorter
length of observation time may lead to less accurate as-
sessment of the rate of change, particularly when rates
of change are not linear over all stages of disease.

In summary, we investigated the longitudinal rate
of corpus callosum atrophy in AD patients compared with
healthy age-matched controls. Rates of atrophy progres-
sion were significantly greater in AD patients compared
with controls. Progression of clinical disease severity was
correlated with progression of atrophy of the corpus cal-
losum. Atrophy of the corpus callosum, independently
of primary white matter degeneration, reflects loss of in-
tracortical projecting pyramidal neurons in the neocor-
tex. Therefore, we propose longitudinal corpus callo-
sum measurement as a surrogate marker of progressive
neocortical neuronal degeneration in AD*" if the results
of this first longitudinal study can be confirmed in an in-
dependent sample. Measurement of corpus callosum ar-
eas in vivo may help to map efficacy of pharmacologic
intervention on the progression of morphologic changes
in AD patients free of cerebrovascular disease.
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