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Abstract

This study aimed to investigate the atrophy of the posterior cingulate cortex (PCC) and medical temporal lobe (MTL) structures (i.e.,
the entorhinal cortex (ERC) and hippocampus) and the regional disruption of the cingulum bundle in mild cognitive impairment (MCI)
and Alzheimer’s disease (AD) patients. The relationships between atrophy of these structures and regional cingulum disruption were also
explored. Three-dimensional MRI and diffusion tensor imaging were applied to 19 MCI, 19 probable AD patients, and 18 normal controls
(NC). Fractional anisotropy (FA) values were obtained from three different regions of the cingulum. Both MCI and AD patients showed
decreased PCC volumes compared with NC. ERC atrophy was also significant in AD and MCI, while hippocampus atrophy was significant
only in AD. MCI patients showed a significant FA decrease in the parahippocampal cingulum (PH-C), whereas AD patients had lower FA
values in the posterior cingulate cingulum (PC-C) and PH-C, as compared with NC. However, the middle cingulate cingulum (MC-C) showed
no significant FA differences between groups. Moreover, the volumes of MTL structures were significantly correlated with PH-C and PC-C
FA values. In terms of PCC functional deficit in MCI or early AD, our results support both the direct effect of PCC atrophy itself and the
indirect effect of cingulum fiber degeneration secondary to MTL atrophy.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Although structural neuroimaging studies have consis-
tently shown the earliest volume losses in medial temporal
lobe (MTL) structures such as entorhinal cortex (ERC)
and hippocampus in Alzheimer’s disease (AD) and mild
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cognitive impairment (MCI) (Bottino et al., 2002; Convit et
al., 1997; Jack et al., 1999; Killiany et al., 2002; Mosconi et
al., 2005; Pennanen et al., 2004; Xu et al., 2000), functional
imaging studies have revealed that hypometabolism or
hypoperfusion first occur in the posterior cingulate cortex
(PCC) in AD or MCI (Chételat et al., 2003; Ishii et al., 2003;
Minoshima et al., 1997; Nestor et al., 2003a,b, 2006). This
functional-structural discrepancy concerning the first brain
regions involved in AD process has been hypothetically
explained by PCC hypofunction due to the indirect effect
of the degeneration of cingulum fibers secondary to MTL
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atrophy, because the cingulum connects the MTL with the
PCC (Wakana et al., 2004; Catani et al., 2002). Alternatively,
PCC hypofunction could be due to the direct effect of early
PCC atrophy.

In terms of PCC atrophy, no study has been performed yet
in MCI, although two studies found that PCC volume is sig-
nificantly reduced in clinically evident AD patients (Callen
et al., 2001; Jones et al., 2006). In terms of cingulum bundle
degeneration, several diffusion tensor imaging (DTI) stud-
ies (Fellgiebel et al., 2005; Firbank et al., 2007; Rose et al.,
2006; Takahashi et al., 2002; Xie et al., 2005; Zhang et al.,
2007) have reported bundle disruption in MCI and AD. How-
ever, the majority of previous DTT studies has focused on the
cingulum adjacent to the PCC or on the overall integrity of
the cingulum, and thus, information concerning regional dis-
ruption patterns along the cingulum bundle in AD or MCI
patients is very limited. Furthermore, the structural relation-
ships between cingulum regional impairment and atrophy of
the ERC, hippocampus, and PCC have not been clarified,
although some have suggested that the hippocampus or global
brain atrophy affect cingulum integrity in AD (Takahashi et
al., 2002; Xie et al., 2005). In addition to MTL atrophy, PCC
atrophy may also contribute to cingulum disruption in AD,
because the cingulum contains efferent fibers from PCC, as
well as from MTL structures.

The authors first aimed to investigate the volumetric
changes of the PCC, ERC and hippocampus, and then
to examine regional disruption of the cingulum bundle in
patients with MCI and AD patients. In addition, we explored
specific relationships between ERC, hippocampus or PCC
volumetric changes and regional disruptions of the cingulum
bundle, and association between brain structural changes and
episodic memory performance was also evaluated.

2. Methods
2.1. Subjects

19 individuals with MCI and 19 patients with AD were
recruited from a cohort regularly followed at the Dementia &
Age-Associated Cognitive Decline Clinic at Seoul National
University Hospital. Individuals with MCI met Peterson’s
criteria for amnestic MCI (Petersen, 2004): (a) memory com-
plaint corroborated by an informant, (b) objective memory
impairment for age, education and gender, (c) essentially
preserved general cognitive function, (d) largely intact func-
tional activities, (e) not demented. All MCI individuals had
an overall Clinical Dementia Rating (CDR) rating (Morris,
1993) of 0.5. In terms of criterion (b), a performance score
for at least one of the four episodic memory tests included in
the Korean version of the Consortium to Establish a Registry
for Alzheimer’s disease (CERAD) neuropsychological bat-
tery (namely Word List Memory (WLM), Word List Recall
(WLR), Word List Recognition (WLRc) and Constructional
Recall (CR) test) (Lee et al., 2002), was below 1.5 S.D. below

the respective age-, education- and gender-specific normative
mean (Lee et al., 2004). AD patients met both the Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV) cri-
teria for dementia (American Psychiatric Association, 1994)
and the National Institute of Neurological and Communica-
tion Disorders and Stroke/Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) criteria for prob-
able AD (Mckhann et al., 1984). 18 healthy normal controls
with an overall CDR of 0 were also selected from a pool
of volunteers. All subjects were included after a standard-
ized clinical assessment and neuropsychological testing, as
described below.

The following exclusion criteria were applied to all
subjects: any present serious medical, psychiatric, or neuro-
logical disorder that could affect mental function; evidence of
focal brain lesions on MRI including lacunes and white mat-
ter hyperintensitiy lesions of grade 2 or more by Fazeka scale
(Fazekas et al., 1987); the presence of severe behavioral or
communication problems that would make a clinical or MRI
examination difficult; ambidextrousness or left-handedness;
and the absence of a reliable informant.

The Institutional Review Board of Seoul National Uni-
versity Hospital, approved the study protocol and informed
consent was obtained from all study subjects and their rela-
tives.

2.2. Clinical and neuropsychological assessments

All subjects were examined by neuropsychiatrists with
advanced training in neuropsychiatry and dementia research
according to the protocol of the Korean Version of the
CERAD Assessment Packet (Lee et al., 2002). Psychiatric,
general physical and neurological examinations; routine
laboratory tests; MRI of the brain; the CERAD neuropsy-
chological battery, including Verbal fluency, 15-item Boston
naming test; Mini-Mental State Examination (MMSE),
WLM, WLR, WLRc, Constructional praxis, and CR, was also
applied by experienced clinical psychologists. A panel con-
sisting of four neuropsychiatrists with expertise in dementia
research made clinical decisions, including the assignment of
CDR rating. All clinical assessments were carried out within
4 weeks of MRI examination.

2.3. MRI acquisition

MRI was performed using a 3.0-T GE whole body imaging
system (GE VH/I; General Electric, Milwaukee, WI, USA). A
dual spin-echo echo-planar imaging (EPI) sequence was used
to acquire DTTimages. MR images with 25 non-collinear dif-
fusion gradients and without diffusion gradient were acquired
(TR=10000ms, TE=77.1ms, B-factor=1000 s/mm?,
matrix = 128 x 128, slice thickness/gap =3.5/0 mm,
FOV =240 mm, slice number = 38). A three-dimensional T1-
weighted spoiled gradient recalled echo (SPGR) sequence
was obtained for volumetric tracing and anatomical
localization (TR=22.0ms, TE=4.0ms, slice thick-
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ness/gap=1.4/0 mm, matrix=256 x 192, FOV =240 mm,
Flip angle=40°). Additionally, fluid-attenuated inversion
recovery (FLAIR) and T2-weighted images were also
obtained for qualitative clinical reading.

2.4. Volumetric measurement

The anatomical boundaries of ERC, hippocampus and
PCC were traced manually on T1-weighted images using
Analyze AVW 5.0 (Biomedical Imaging Resource, Mayo
Foundation, Rochester, MN) by one of the authors (IH.C.),
who was blind to diagnosis, sex, or subject demographics.
Sagittal SPGR sequence Images were realigned to a standard
orientation and reformatted using sinc interpolation to a 0.94-
mm slice thickness in the axial plane. The standard alignment
was based on the interhemispheric fissure, the lenses of both
eyes, and the line connecting the anterior and posterior com-
missures in the sagittal plane.

2.4.1. ERC

ERC volumes were traced according to histology-based
criteria, which were designed for MRI volumetric measure-
ments (Insausti et al., 1998). To facilitate tracing consistency,
anterior/posterior boundaries were modified as follows. The
anterior boundary of the ERC was 2 mm posterior to the
fronto-temporal junction and its posterior boundary was
2 mm posterior to the gyrus intralimbicus. The superomedial
boundary of the ERC in rostral sections was the sulcus semi-
annularis which separates the gyrus ambiens from amygdala
and in caudal sections was the inferior border of the subicu-
lum. The inferolateral boundary of the ERC was the lateral
branch of the collateral sulcus or the rhinal sulcus. Only one
of these two was usually present on a particular section. If
both sulci and the two parts of the interrupted collateral sul-
cus were present on the same section, the one most medially
located was used as the inferolateral border of the ERC.

2.4.2. Hippocampus

Tracing began with the generation of the auxiliary guide-
line traces on the sagittal plane, and included the subiculum,
Ammon’s horn (hippocampus proper), and the dentate gyrus
(Pantel et al., 2000). And the regions of interest were finally
defined on the coronal plane. The borders of the hippocam-
pus were defined as follows. For the hippocampal head,
medial/lateral borders are the ambient gyrus or entorhinal
sulcus/the temporal horn of the lateral ventricle and dor-
sal/ventral borders are the alveous/the white matter of the
temporal lobe or the subiculum. For the body of the hip-
pocampus, medial/lateral border is the ambient cistern and
the crus cerebri/the temporal stem and inferior horn of the
lateral ventricle and dorsal/ventral borders are the CSF of the
lateral ventricle/the white matter of the temporal lobe. For the
tail of the hippocampus, medial/lateral borders are the CSF
of the atrium of the lateral ventricles/the ascending crus of
the fornix and dorsal/ventral borders are the pulvinar of the
thalamus/the white matter of the temporal lobe.

24.3. PCC

The posterior cingulate cortex was marked sagittally and
traced coronally using sagittal markings according to a
previously described guideline (Callen et al., 2001). Pos-
terior/anterior boundaries were from the posterior tip of
the subparietal sulcus to the posterior commissure. Infe-
rior/superior boundaries were from the callosal sulcus to
the cingulate and subparietal sulci. Medial/lateral boundaries
were from the longitudinal fissure to the most lateral gray
matter marked sulcus.

2.4.4. Intracranial volume

Intracranial volume (ICV) was used to correct for possible
differences in regional volumes resulting from preexisting
differences in total brain size as indexed by skull capacity.
ICV tracings were made using a previously described method
(Buckner et al., 2004).

To determine the reliability of volumetric measurements,
the same rater, unaware of previous readings, repeated vol-
ume tracing on 10 randomly selected subjects. Reliability,
expressed as intraclass correlation coefficients, was 0.97 for
the hippocampus, 0.94 for the ERC, and 0.96 for the PCC.

2.5. DTI data postprocessing

In order to better compensate for the poor interslice res-
olution of DTI images, the authors interpolated the image
volume along with slice direction to be spatially isotropic
(Oh et al., 2007). One voxel size of the resulting DTI images
was 0.94 mm x 0.94 mm x 0.94 mm.

Fractional anisotropy (FA: a measure for white matter
integrity), mean diffusivity (MD: a measure for randomized
mean water diffusion) (Le Bihan et al., 2001) and color-
coded directionality diffusion maps (Pajevic and Pierpaoli,
1999) were created off-line from the DTI images, using
an IDL (Interactive Data Language, Research Systems Inc.,
Boulder, Colorado, USA) 6.0-based in-house program. In
order to place the volumes of interest (VOIs), FA, MD and
color-coded maps were overlaid. The color-coded directional
maps (red: left-to-right direction, green: anterior-to-posterior
direction, blue: superior-to-inferior direction) enable white
matter fiber tracts to be easily visualized. Cubic VOIs were
placed based on the cingulum bundle on the color-coded
maps of each subject. Three pairs (left and right) of VOIs
were placed on sagittal slices to select the following regions
of the cingulum bundle: bilateral parahippocampal regions
(at the medial temporal portion of the cingulum fibers (PH-
C)), bilateral posterior cingulate regions (at the level of
the posterior dorsal curve of the cingulum fibers (PC-C)),
and bilateral middle cingulate regions (at the center of the
dorsal curve of the cingulum fibers (MC-C)) (Fig. 1). To
obtain standardized conditions for analysis and to avoid data
contamination by adjacent structures, all VOIs were fixed
as 2.82mm x 2.82mm x 2.82mm (i.e., 3 x 3 x 3 voxels).
An experienced neuropsychiatrist (IH.C.), blinded to sub-
ject information including diagnosis, placed the VOIs. FA
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Fig. 1. Illustrations of volume of interest (VOI) selection on color-coded maps (red: left-to-right direction, green: anterior-to-posterior direction, blue: superior-
to-inferior direction) for FA and MD determination: (A) VOI at the parahippocampal region of the cingulum; (B) VOI at the posterior cingulate region of the

cingulum; and (C) VOI at the middle cingulate region of the cingulum.

and MD values within each VOI were averaged. To deter-
mine the reliability of VOI measurements, the same rater,
unaware of previous readings, repeated VOI drawings on 10
randomly selected subjects. Intrarater reliability, expressed
as a mean intraclass correlation coefficient, was 0.98 for the
DTI measurements.

2.6. Statistics

The demographic and clinical data from the three groups
were compared by one-way ANOVA. To compare propor-
tions and categorical data, the x> test was applied. Since
analyzed DTI and volumetric data did not show substan-
tial deviation from normal distribution, parametric tests were
also used. Group differences in DTI and volumetric data
were tested by one-way analyses of variance (ANOVAs) with
Scheffe’s post hoc tests. For these analyses, each regional
volume was normalized by ICV for individual subjects
using the formula (absolute regional volume in mm?>/ICV in
mm?) x 1000. Relations between DTI and volumetric data, or
between DTT or volumetric data and WLR or other CERAD
neuropsychological test scores, were analyzed using partial
correlation analyses controlling age and ICV. Cognitive test
raw scores were transformed to 7-scores, based on norma-
tive data for the healthy elderly Korean population (Lee et
al., 2002). The level of statistical significance was set at
two-tailed p < 0.05. All analyses were performed using SPSS
software, version 12.0 (SPSS Inc, USA).

3. Results
3.1. Demographic characteristics

Subject characteristics are summarized in Table 1. The
MCI, AD and NC groups were similar in terms of age
(p=0.906, by ANOVA), education (p=0.125, by ANOVA)
and gender (x> =0.236, p=0.889). AD patients had signif-
icantly lower MMSE scores than NC (p <0.001) or MCI
subjects (p <0.001), but no significant difference was found
between NC and MCI (p=0.064). AD patients showed

markedly lower WLR test scores than NC (p<0.001)
or MCI subjects (p=0.008), and MCI patients also had
lower WLR scores than NC subjects (p<0.001). CDR
distributions within each group are also presented in
Table 1.

3.2. Group comparisons of volumetric values

Mean normalized ERC, hippocampal and PCC volumes
are summarized in Table 2. Both MCI and AD patients
showed significantly lower normalized bilateral ERC vol-
ume than NC subjects, while there was no difference between
MCT and AD patients. In terms of the normalized hippocam-
pus volume, AD patients had significantly lower values than
controls bilaterally, while MCI patients and controls were
similar. AD patients also had lower left hippocampus volumes
than MCI patients. Moreover, MCI and AD patients showed
significantly lower normalized bilateral PCC volumes than
controls, and AD patients had lower bilateral PCC volumes
than MCI patients.

Table 1
Demographic and clinical characteristics of subjects
NC (n=18) MCI (n=19) AD (n=19)

Gender (M/F) 6/12 6/13 5/14
Age (year) 70.7+5.2 71.6£7.1 71.1+£5.1
Education (year) 10.7£3.3 75+56 8.3+5.5
CDR

0 18 0 0

0.5 0 19

1 0 0 11

2 0 0
MMSE 494183 355+84 —1.8427.8f
WLR 57.54+9.6 35.14+8.1" 26.0+8.11

Values are expressed as means+S.D. MMSE and WLR test scores are
age, education and gender-specific norm corrected 7T-scores. NC = normal
controls; MCI=Mild Cognitive Impairment; AD = Alzheimer disease;
CDR =clinical dementia rating; MMSE =Mini-mental state examination;
WLR = Word List Recall test.

* Significantly different from NC (p <0.001, by Scheffe’s post hoc test).

T Significantly different from NC and MCI (p<0.001 and p=0.008,
respectively, by Scheffe’s post hoc test).
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Table 2
Group comparisons of the normalized volumes” of the posterior cingulate cortex, entorhinal cortex and hippocampus
NC (n=18) MCI (n=19) AD (n=19) p—Values?
NC vs. MCI NC vs. AD MCI vs. AD

ERC volume

Right 0.69 +£0.15 0.37£0.05 0.35£0.12 <0.001 <0.001 0.804

Left 0.72+0.14 0.424+0.07 0.37+0.10 <0.001 <0.001 0.349
HIP volume

Right 2.45+£0.32 2.20+£0.36 1.934+0.33 0.088 <0.001 0.056

Left 2294035 2.114+0.37 1.80+0.31 0.272 <0.001 0.024
PCC volume

Right 1.414+0.36 1.00+0.28 0.75+0.23 <0.001 <0.001 0.038

Left 1.34£0.25 1.05+£0.32 0.76 £0.26 <0.001 <0.001 0.009

All values are mean =+ S.D. NC =normal controls; MCI=Mild Cognitive Impairment; AD = Alzheimer disease; ERC = entorhinal cortex; HIP = hippocampus;

PCC =posterior cingulate cortex.

* Normalized volume = (regional volume x 103)/(total intracranial volume).

T Scheffe’s post hoc test.

3.3. Group DTI comparisons

Mean FA values are given in Table 3. MCI patients had
significantly lower left PH-C FA values than controls, and AD
patients had lower bilateral PH-C and left PC-C FA values
than controls. AD and MCI patients had similar bilateral PH-
C and PC-C FA values. MC-C FA values were similar in the
three groups. MD values of the three cingulum regions were
similar in all three groups.

3.4. Correlations between volumetric and DTI values

We first performed partial correlation analyses control-
ling age and ICV for the data combined across the three
groups (n=56). In the left hemisphere, ERC and hippocam-
pus volumes were significantly correlated with PH-C and
PC-C FA (ERC vs. PH-C: r=0.508, p<0.001; ERC vs. PC-
C: r=0.414, p=0.002; hippocampus vs. PH-C: r=0.365,
p=0.007; and hippocampus vs. PC-C: r=0.443, p<0.001).
In the right hemisphere, ERC volume was found to be sig-
nificantly correlated with PH-C (r=0.513, p<0.001) and
PC-C FA (r=0.357, p=0.008), while hippocampus volume

was significantly correlated only with PC-C FA (r=0.455,
p<0.001), but not with PH-C FA. For both hemispheres,
the volumes of the two MTL structures were not correlated
with MC-C FA values. In addition, PCC volume was not
significantly correlated with any regional cingulum FA val-
ues.

Very similar results were found from the partial corre-
lation analyses for the data combined across MCI and AD
(n=38). In the left hemisphere, ERC volume was signifi-
cantly correlated with PH-C (r=0.490, p =0.002) and PC-C
FA (r=0.412, p =0.013), while hippocampus volume was not
correlated with the FA values of those two regions. In the right
hemisphere, ERC volume was significantly correlated with
PH-C (r=0.374, p=0.025) and PC-C (r=0.368, p=0.027).
Hippocampus volume was not correlated with PH-C FA, but
with PC-C FA (r=0.459, p=0.005). For both hemispheres,
no significant correlations were found between any regional
volume and MC-C, or between PCC volume and any regional
FA value.

In contrast, within NC group, no significant correlations
were observed between any regional volume and any regional
FA value of the cingulum.

Table 3
Group comparisons of the regional fractional anisotropy (FA) values of the cingulum bundle
NC (n=18) MCI (n=19) AD (n=19) p-Values”
NC vs. MCI NC vs. AD MCI vs. AD

PH-C FA

Right 0.35+£0.06 0.30£0.05 0.29 £0.08 0.078 0.028 1.000

Left 0.37£0.05 0.32£0.06 0.30£0.06 0.024 0.001 0.565
PC-CFA

Right 0.35+0.05 0.324+0.05 0.30£0.08 0.482 0.081 0.554

Left 0.34£0.05 0.32+£0.04 0.29 £0.06 0.548 0.048 0.355
MC-C FA

Right 0.38 £0.08 0.34£0.05 0.36 £0.06 0.209 0.762 0.566

Left 0.37+0.06 0.36 +0.07 0.3440.06 0.966 0.462 0.606

All values are mean = S.D. NC =normal controls; MCI=Mild Cognitive Impairment; AD = Alzheimer disease; PH-C = parahippocampal cingulum; PC-

C =posterior cingulate cingulum; MC-C = middle cingulate cingulum.
* Scheffe’s post hoc test.
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3.5. Correlations between neuropsychological test
scores and volumetric or FA values

Partial correlation analyses were conducted between WLR
or any other CERAD neuropsychological test scores and
regional volumetric or FA values, controlling age and ICV,
for the data combined across the three groups (n=>56).
WLR scores were found to be significantly correlated
with bilateral ERC, hippocampus, and PCC volumes (left
ERC: r=0.861; right ERC: r=0.843; left hippocampus:
r=0.558; right hippocampus: r=0.591; left PCC: r=0.608;
and right PCC: r=0.636, p<0.001 for all correlations),
and with bilateral PH-C and PC-C FA values (left PH-C:
r=0.418, p=0.002; right PH-C: r=0.332, p =0.014; left PC-
C: r=0.332, p=0.014; and right PC-C: r=0.338, p=0.012).
In contrast, bilateral MC-C FA values were not found to
be significantly correlated with WLR scores. Correlations
between other CERAD neuropsychological test scores and
volume or FA values are presented in Supplementary Table.

4. Discussion

Our findings of significantly reduced ERC and hippocam-
pus volumes in AD patients versus normal controls are
comparable, in general, to those of previous volumetric stud-
ies (Bottino et al., 2002; Convit et al., 1997; Du et al., 2001;
Killiany et al., 2002; Pennanen et al., 2004; Xu et al., 2000). In
addition, we also found a significant ERC volume reduction in
MCI patients versus controls and a significant hippocampus
volume reduction in AD patients versus MCI patients. These
findings suggest that ERC volume loss precedes hippocam-
pus volume loss during early AD development, assuming
that MCI represent a preclinical stage of AD. Our results
agree well with published pathological evidence indicating
that the earliest neuropathological changes in AD occur in the
ERC and then progress to the hippocampus and other limbic
structures (Braak and Braak, 1991; Braak et al., 1993). One
previous study concluded that ERC volume loss dominates
hippocampus volume loss in MCI, but that in mild AD hip-
pocampal volume loss is more pronounced (Pennanen et al.,
2004). Our results also confirmed the findings of two earlier
volumetric studies (Callen et al., 2001; Jones et al., 2006)
which showed that PCC volumes are significantly reduced in
AD. This finding is in-line with voxel-based morphometric
data, which revealed reduced grey matter density (Baron et
al., 2001; Frisoni et al., 2002), and with pathological data
showing neuronal degeneration (Vogt et al., 1990, 1998) in
the PCCs of AD patients. Moreover, we first found that PCC
volume loss is significant even in MCI. Comparable to this
result, a recent in vivo molecular imaging study (Small et
al., 2006) showed that marked AD-related neuropathogical
changes are present in the PCC and in medial temporal struc-
tures in MCI patients.

In terms of cingulum bundle disruption, our results show
that FA reductions are most prominent in the parahippocam-

pal region in MCI, and the cingulum fibers near the posterior
cingulate and parahippocampal region are associated with
FA reductions in AD. In contrast, the cingulum region adja-
cent to the middle cingulate gyrus showed no FA reduction
in MCI or AD patients. These findings suggest that cingu-
lum fiber disruption begins near medial temporal structures
and then progresses to the PC-C with AD progression from
the preclinical to the clinically evident stage, and that the
MC-C is preserved, at least in early AD. Several studies have
reported decreased cingulum bundle anisotropy in AD and
MCT (Fellgiebel et al., 2005; Firbank et al., 2007; Rose et
al., 2006; Takahashi et al., 2002; Xie et al., 2005; Zhang et
al., 2007), but the majority addressed only the PC-C and not
regional disruption patterns of the cingulum bundle. Never-
theless, a recent DTI study (Zhang et al., 2007) investigated
PH-C and PC-C in this context, and reported FA reductions
at both cingulum regions in AD and MCI. However, other
cingulum regions were not examined and the overall patterns
of cingulum degeneration during early stage AD were not
clearly determined. In contrast to our results, another study
reported FA reduction of the MC-C in AD (Takahashi et
al., 2002). This discrepancy probably results from the dif-
ference in disease severity of study subjects. Six of ten AD
subjects included in the study were at a moderately severe
stage, whereas 17 of 19 AD patients in our study had very
mild or mild forms of the disease.

PC-CFA, as well as PH-C FA, was found to be positively
correlated with the volumes of MTL structures, especially the
ERC. Considering this finding with the results of our FA and
volume group comparisons, it suggests that the anterograde
Wallerian degeneration of the axonal fibers originated from
the MTL probably contribute to cingulum disruption. This
may explain the functional-structural discrepancy concern-
ing the first brain regions, although other kinds of changes
independent of AD grey matter pathology, such as loss
of myelin or oligodendrial cells, also occur in AD white
matter (Brun and Englund, 1986). Then, within MTL, HC
did not show correlation with PH-C or PC-C disruption as
consistently as ERC did. This appears to correspond with
the findings from non-human primate studies (Mufson and
Pandya, 1984; Amaral et al., 1984), which indicate that HC
is not directly interconnected to the cingulum while ERC is.
One previous study reported a positive correlation between
hippocampus volumes and the average FA values of whole
cingulum bundle (Xie et al., 2005). However, they did not
examine region-specific relations between cingulum FA val-
ues and the volumes of nearby cortical structures.

PC-C disruption did not show significant correlation with
PCC volume, although PCC atrophy was also found in MCI
and early AD patients. When compared to the influence of
MTL atrophy, this differential contribution of PCC atrophy
to cingulum disruption could be, in part, explained by cingu-
lum anatomy. The PC-C contains long fibers, which originate
from the MTL and run bypassing the PCC, as well as shorter
fibers, which interconnect the MTL and the PCC (Catani et
al., 2002). For this reason, MTL atrophy appears to influence
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PC-C disruption to a greater extent than PCC atrophy, despite
of its topographical distance from the PC-C.

The associations of the anisotropic changes of the cingu-
lum or volumetric reductions in the ERC, hippocampus or
PCC with delayed verbal recall scores support the clinical
validity of our findings and generally coincide with the find-
ings of previous studies regarding the importance of these
structures in episodic memory function (Fellgiebel et al.,
2005; Kalus et al., 2006; Miiller et al., 2005; Nestor et al.,
2006).

Summarizing, our findings indicate that cingulum disrup-
tion, adjacent to the parahippocampal gyrus and PCC, is more
associated with MTL atrophy than PCC atrophy in MCI and
AD, although PCC volume itself is significantly decreased
even in MCI as well as in AD. Concerning PCC metabolic
or perfusion deficits in MCI or early AD, our results support
the possibility of both direct and indirect effect by two struc-
tural brain changes, namely the direct effect of PCC atrophy
itself and the indirect effect of cingulum fiber degeneration
secondary to MTL atrophy. Moreover, additive or synergistic
interactions between these two structural changes may pos-
sibly explain the prominent functional PCC abnormalities
observed in MCI and early AD.
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