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Decline of Fiber Tract Integrity Over the Adult
Age Range: A Diffusion Spectrum Imaging Study
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Purpose: We applied a novel diffusion spectrum imaging
(DSI) acquisition to determine associations between aging
and subcortical fiber tract integrity.

Materials and Methods: We studied 35 cognitively
healthy subjects (17 women), spanning the adult age
range between 23 and 77 years, using anatomical MRI
and a novel DSI acquisition scheme at 3 Tesla. The study
was approved by the local institutional review board. DSI
data were analyzed using tractography and complemen-
tary voxel-based analysis of generalized fractional anisot-
ropy (GFA) maps. We determined the effects of age on
generalized fractional anisotropy in selected fiber tracts
as well as in a whole brain voxel-based analysis. For com-
parison, we studied the effects of age on regional gray
and white matter volumes.

Results: We found a significant reduction in anterior
corpus callosum fiber tract integrity with age (P < 0.001),
as well as significant GFA reduction throughout the sub-
cortical white matter (P < 0.05, false discovery rate [FDR]
corrected). GFA decline was accompanied by significant
gray matter atrophy in frontal and temporal association
cortex (P < 0.05, FDR corrected).

Conclusion: Our data suggest that normal aging leads
to a regionally specific decline in fiber tract integrity. DSI
may become a useful biomarker in healthy and pathologi-
cal aging.
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NORMAL AGING IS associated with changes in brain
structure and function. Predominant decline of pre-
frontal lobe gray matter (GM) (1) and white matter
(WM) (2) volume with normal aging has been
described in a range of studies. The underlying mech-
anism of these alterations is still unresolved. Post-
mortem autopsy data suggest that cortical thinning
with age does not necessarily correspond with a loss
of neurons, but may rather be related to changes in
neuropil, including dendritic architecture (3), under-
scoring the role of neuronal connectivity in aging.

Diffusion tensor imaging (DTI) is an MRI technique
that measures the directional variability of random
water motion. Because water diffusion in the brain is
restricted by the direction of fiber tracts, DTI can be
used to determine macroscopic architecture (4) and
microstructural integrity of white matter (5,6). Con-
sistent with volumetric data, DTI-based measurement
of fractional anisotropy (FA), a marker of fiber tract
integrity, showed an anterior–posterior gradient of
decline with normal aging (7–9), suggesting predomi-
nant decline of fiber tract integrity in frontal lobe cir-
cuits. Because DTI depends on a Gaussian
parameterization of diffusion, it cannot easily resolve
crossing and touching fiber bundles which lead to dif-
fusion heterogeneity within an image voxel (10). Diffu-
sion spectrum imaging (DSI) is a model free
generalization of DTI that lacks the need to parame-
terize the diffusion probability and allows reconstruc-
tion of crossing fiber tracts with a much higher
resolution than conventional DTI (11). To obtain the
diffusion spectrum for each voxel, DSI requires a
greater coverage of q-space. Therefore, in DSI images
not only spatial information is included, but for every
voxel multiple points from a cubic lattice in q-space
are sampled. The result is that a large number of
directions with higher b-values are covered compared
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with DTI. The better coverage of q-space makes DSI
inherently more sensitive to the heterogeneity of the
diffusion directions within each voxel and with better
contrast between fibers of fast or slow diffusion. The
improved sensitivity aids the ability of tractography
algorithms to resolve all the fibers within a voxel (11).
Indeed, DSI studies have shown superior visualization
of cingulum bundle integrity (12,13), but so far DSI
has not been widely available to study regional and
global fiber tract integrity over the adult age range in
the human brain due to long acquisition times and
specific software requirements.

Of specific interest in the study of human brain
aging are the corpus callosum and the cingulum
bundle. The corpus callosum provides the main
interhemispheric association fiber tract of the
human brain and previous DTI studies have shown
predominant anterior corpus callosum changes with
aging (14). The cingulum bundle is the most promi-
nent fiber tract of the limbic system. It can be
divided into a superior component, connecting
medial frontal and medial parietal cortices, and an
inferior component projecting into parahippocampal
white matter. DTI studies suggest that it may be an
early indicator for Alzheimer’s disease related neuro-
degeneration in elderly subjects (15,16). In addition
to aging, the ApoE4 genotype is an important modu-
lator of brain structure in cognitively unimpaired
subjects (17,18) and adds to the risk for sporadic
Alzheimer’s disease (19).

In the present study we applied a newly developed
DSI sequence,to study the effect of aging on white
matter microstructural integrity. We used fiber trac-
tography of corpus callosum and cingulate bundle
and complementary voxel-based analysis of the gener-
alized fractional anisotropy (GFA) maps (20). Our
study served three goals: first, to confirm and extend
previous findings from conventional DTI and struc-
tural MRI on an anterior to posterior gradient of age
related alterations of brain microstructural integrity;
second, to test the validity of the newly established
DSI sequence; and third, to determine the effect of
ApoE4 genotype and cognitive performance on sub-
cortical microstructural integrity.

SUBJECTS AND METHODS

Subjects

We examined 36 subjects (18 women). Data from one
female subject (age, 57 years) had to be excluded
because of insufficient data quality, leaving 35 sub-
jects (17 women) with a mean age of 50.1 (SD 17.7)
years, ranging between 23 and 77 years). The ratio of
women to men was 1:1 in each decade between 20–29
and 70–79 years with exception of ages 50–59 where
the ratio was 3 men and 2 women.

Global cognitive performance was assessed using
the Montreal Cognitive Assessment (MoCA) (21) in
subjects 54 years and younger, and the CERAD cogni-
tive battery (22), the Trail Making Test (TMT) parts A
and B (23), the Clock Drawing Test (CDT) (24), and
the Wechsler Logical Memory test in subjects 55 years

and older. All subjects performed within one standard
deviation (SD) of the age- and education-adjusted
norms in the MOCA and all subtests of the CERAD
battery, the TMT-A and B and the Wechsler Logical
Memory test, respectively. Mean MOCA score was 28
(SD 1.12) and mean Mini-Mental-Status-Examination
(MMSE) score (25) was 28.93 (SD 0.59). CDT score
was 1 in all subjects 55 years and older. All subjects
scored 0 in the Clinical Dementia Rating (CDR) rating
(26). Significant psychiatric comorbidity was ruled out
using clinical history and the Patient Health Ques-
tionnaire (PHQ-D) (27).

The clinical assessment of subjects included
detailed medical history and examination, as well as
laboratory tests (complete blood count, electrolytes,
glucose, blood urea, creatinine, liver-associated
enzymes, total cholesterol, HDL cholesterol, triglycer-
ides, serum B12, folate, thyroid function tests, coagu-
lation status, and serum iron).

The study was approved by the institutional review
board. Written informed consent was obtained in
every case before examination according to the Decla-
ration of Helsinki.

Neuropsychological Testing

We used the verbal learning and memory test (VLMT)
(28), the German version of the auditory verbal learn-
ing test (29), as a sensitive measure of learning and
episodic memory performance. The VLMT consists of
five learning trials of an identical list containing 15
words (DG1 to DG5) followed by an interference list
(I). At DG6 the participant is asked to recall the first
list again. After a delay of 30 min, participants are
once more asked to recall the first list (DG7). For
analysis, we used the total learning score (sum of
DG1 to DG5), the learning rate (DG5-DG1), the proac-
tive interference (DG1-I) and the retroactive interfer-
ence (DG5-DG6) (30).

ApoE4 Genotype

Genomic DNA was extracted from a venous blood
sample. APOE genotyping was conducted according to
the standard methods at the Institute of Medical
Genetics, University of Rostock using conventional
polymerase chain reaction (PCR) with 20 ng of
genomic DNA. Primers were designed using Primer 3
online software (http://frodo.wi.mit.edu/) and subse-
quently checked for biallelic positions using SNPcheck
online software (https://ngrl.manchester.ac.uk/
SNPCheckV2/snpcheck.htm). The amplification was
initiated with denaturation at 95

�
C for 15 min, ampli-

fication by 35 cycles of 94
�
C for 60 s, 65

�
C for 60 s,

and 72
�
C for 60 s, and a final extension at 72

�
C for 6

min. After PCR, the presence of a 533-bp product was
confirmed on a 1% agarose gel. PCR products were
directly sequenced unidirectionally without prior
cleaning procedures using the GenomeLabTM DTCS
Quick Start Kit (order number 608120) on a
CEQ8800 genetic analysis capillary electrophoresis
system (Beckman Coulter GmbH, 47807 Krefeld,
Germany).
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Image Acquisition

MRI was conducted with a 3.0 Tesla (T) scanner (Mag-
netom VERIO, Siemens, Erlangen, Germany, maxi-
mum gradient 45 mT/m) using a 32-channel head
coil. Participants were scanned in a single session
without changing their position in the scanner. For
anatomical reference, a sagittal high-resolution three-
dimensional (3D) gradient echo sequence was per-
formed (magnetization prepared rapid gradient echo
(MPRAGE), field-of-view 256 mm, spatial resolution
1.0 � 1.0 � 1.0 mm3, repetition time 2500 ms, echo
time 4.82 ms, inversion time 1100 ms, flip angle 7

�
,

number of slices 180. These data were used for volu-
metry of gray and white matter and for corpus cal-
losum subregional area measurement. Time of
acquisition was 9:20 minutes for this sequence. To
identify white matter lesions, a 2D T2-weighted fluid
attenuated inversion recovery (FLAIR) sequence was
acquired with a repetition time of 9000 ms, an echo
time of 94 ms, an inversion time of 2500 ms, 5 mm
slice thickness, a distance factor of 20% and 1 � 0.9
mm in plane resolution, with 24 slices oriented paral-
lel to the anterior to posterior commissure plane.
Time of acquisition was 2:24 min for this sequence.

Diffusion spectrum imaging was performed using a
twice-refocused 2D-EPI diffusion weighted spin echo
sequence (31) (field-of-view 213 mm, Voxel dimension
2.2 � 2.2 � 3.0 mm3, repetition time 7600 ms, echo
time 160 ms, number of slices 38) provided by Siemens
Medical Solutions, Erlangen, Germany, WIP #603. One
half of q-space was sampled using 257 q-vectors placed
on a cubic lattice within a sphere of radius five lattice
units and a maximum b ¼ 7000 s/mm2. Acquisition
time for the half-scheme acquisition was 33:05 min.

In addition, subjects had undergone a gradient field
mapping (time of acquisition 2:11 min) and a resting
state fMRI sequence (time of acquisition 11:04 min).
These two sequences were obtained for a future com-
bined analysis of functional and structural connectiv-
ity, but were not considered in the present study.

Image Processing

Structural MRI Scans (MPRGE Sequence)

The processing of structural MRI scans was imple-
mented through statistical parametric mapping,
SPM8 (Wellcome Trust Center for Neuroimaging, Lon-
don) and the VBM8-toolbox (http://dbm.neuro.uni-
jena.de/vbm/) implemented in MATLAB 7.1 (Math-
works, Natwick, MA). First, images were segmented
into GM, WM, and cerebrospinal fluid partitions using
the tissue prior free segmentation routine of the
VBM8-toolbox. The GM and WM partitions of each
subject were then high-dimensionally registered to a
crisp template of average anatomy in MNI space (IXI-
template) using the DARTEL algorithm (32). The IXI-
template is part of the VBM8-toolbox and was derived
by DARTEL intersubject alignment of 550 healthy
control subjects of the publicly available IXI-Database
(http://www.brain-development.org).

Flow-fields resulting from the DARTEL registration
to the IXI-template were used to warp the GM and

WM segments and voxel-values were modulated for
nonlinear effects of the high-dimensional normaliza-
tion. This preserves the total amount of GM and WM
volume after linear effects of global head size and
shape differences have been accounted for. Finally,
modulated warped GM and WM segments were
resliced to an isotropic voxel-size of 1.5 mm3 and
smoothed with a Gaussian smoothing kernel of 8 mm
full-width at half maximum (FWHM).

Complementary to the voxel-based analysis, we
determined the cross-sectional area of the entire cor-
pus callosum in the midsagittal section of the struc-
tural MRI scans in native space. Additionally, five
subregions in anterior–posterior direction were
defined according to the criteria by Hampel et al (33),
and segmented using an automated corpus callosum
segmentation toolbox implemented in the Automated
Registration Toolbox (ART) (Ardekani, BA: yuki mod-
ule of the Automatic Registration Toolbox (ART) for
corpus callosum segmentation, available at http://
www.nitrc.org/projects/art). Accuracy of resulting
segmentations was visually checked in all scans.

DSI Data

Tractography

Fiber tractography was conducted using DSI-Studio
(available at http://dsi-studio.labsolver.org). We used a
generalized q-sampling imaging (GQI) reconstruction of
the ODF (34). GQI requires the selection of a diffusion
sampling length ratio. Empirically, we selected a diffu-
sion sampling length ratio of 1.1 that yielded the most
plausible fiber tracts. We used a streamline tracking
algorithm with variable fiber lengths and angles as ter-
mination criteria depending on the region of interest.

Corpus callosum seed regions for fiber tractography
were determined based on a manual segmentation of
the cross-sectional corpus callosum area into four
segments in anterior to posterior direction (C1 to C4
in Fig. 1). The segmentation was based on equidistant
vertical sections through the midsagittal corpus cal-
losum perpendicular to its anterior to posterior
length. Fiber tracts were reconstructed separately for
each of the four segments with an angle <60

�
and

fiber length between 30 and 100 mm.
Tractography of the cingulum bundle was performed

separately for superior and inferior cingulum fibers.
For left and right superior cingulum fibers, we placed
spherical seed regions in sagittal sections of the gener-
alized fractional anisotropy (GFA) maps superior to the
corpus callosum splenium, starting in the first parame-
dian slice that showed the cingulum bundle and
including the next two lateral slices. In addition, we
placed a spherical pass region in the coronal view cor-
responding to the cingulum bundle superior to the mid-
dle of the corpus callosum (Fig. 2). Seed regions had a
diameter between 10 mm to 12 mm, pass regions
between 8 mm and 9 mm, depending on the size of the
respective structure in the individual brain scan. Only
tracts were allowed with an angle <30

�
and a fiber

length >20 mm. The inferior cingulum fibers were
reconstructed in each hemisphere using a spherical

350 Teipel et al.

http://dbm.neuro.uni-jena.de/vbm/
http://dbm.neuro.uni-jena.de/vbm/
http://www.brain-development.org
http://www.nitrc.org/projects/art
http://www.nitrc.org/projects/art
http://dsi-studio.labsolver.org


seed region in a coronal view lateral to the cerebellar
peduncles and a pass region inferior to the corpus cal-
losum splenium. Seed regions and pass regions had a
diameter between 10 mm and 11 mm, depending on
the size of the respective structure in the individual
brain scan. Only tracts with an angle <30

�
and a fiber

length between 20 and 60 mm were allowed.
For each reconstructed fiber tract, we determined

the average GFA along the tract.

Voxel-Based Analysis

For voxel-based analysis we reconstructed GFA maps
using DSI Studio. Each GFA map in native space was
rigidly coregistered with the corresponding structural
MRI scan. The co-registered GFA maps were then
warped into MNI space using the flow-fields resulting
from the DARTEL registration of the GM and WM
maps to the IXI-template. Voxel values of warped GFA
maps were not modulated to exclude effects of local
atrophy in the GFA maps. Estimates from rigid co-
registration and nonlinear warping were combined
into one transformation to avoid separate interpola-
tion steps. Warped GFA maps were resliced to an iso-
tropic voxel-size of 1.5 mm3, masked using a

binarized WM mask averaged across the 35 subjects
to exclude voxels outside the cerebral WM from sub-
sequent analysis, and smoothed with a Gaussian
smoothing kernel of 8 mm FWHM.

Statistical Analysis

Voxel Based Analysis

For the voxel-based analysis we used the general lin-
ear model within the SPM framework. We determined
effects of age on the smoothed GM, WM, and GFA
maps. Results were thresholded at P < 0.05, false dis-
covery rate (FDR) corrected for multiple comparisons
with a minimum cluster extension threshold of 50
contiguous voxels (corresponding to a volume of
168.75 mm3). Effects were anatomically localized for
DSI data according to the JHU White Matter Tractog-
raphy Atlas (35), for GM volume according to the
automated anatomical labeling (AAL) atlas (36).

Tract-based Analysis

We used separate linear models to regress age and
squared age on GFA in each of the fiber tracts, the

Figure 1. Corpus callosum
fiber tracts. Upper left:
Regions of interest in a mid-
sagittal section of the GFA
map in native space. Red lines
indicate the anterior–posterior
extension of the corpus cal-
losum and the perpendicular
sections to define corpus cal-
losum subregions. Upper
right: C1 to C4 indicate the
corpus callosum subregions
in anterior to posterior direc-
tion. Lower row: Fiber tracts
originating from the corpus
callosum subregions C1 to C4
determined using DSI Studio.
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GM volume of the significant GM clusters from voxel-
based analysis, as well as total GM, WM, and intra-
cranial volumes. Significant effects were followed-up
by multiple linear regressions controlling for gender,
ApoE4 genotype, the interaction between age and

ApoE4 genotype and the VLMT global learning score.
Associations between age and VLMT performance,
and VLMT performance and GFA values in fiber tracts
were assessed using bivariate linear regression. The
level of significance was set at P < 0.05.

Figure 2. Superior and inferior cingulum bundle. Localizations of seed regions (red) and pass regions (blue) to determine
cingulum fiber tracts. a: Placing of the seed region superior to the splenium of the corpus callosum and of the pass region
superior to the middle truncus of the corpus callosum (upper half) and resulting superior cingulum bundle (lower half). b:

Placing of the seed region superior lateral to the cerebellar peduncles and of the pass region inferior to the splenium of the
corpus callosum (upper half) and resulting inferior cingulum bundle (lower half). The right hand side depicts the placing of
the seed and pass regions in coronal sections. c: Superior and inferior cingulum fiber tracts combined.

352 Teipel et al.



Inter-rater reliability was determined from 10 ran-
domly selected data sets that had been traced by two
independent raters, using the intraclass correlation
coefficient.

RESULTS

Subjects’ Characteristics

Subjects were matched for gender across ages. Years
of education were not different across different ages
(F5

170 ¼ 1.3; P ¼ 0.28) and were not different between
women and men (T33 ¼ 0.03; P ¼ 0.98), with a mean
value of 14.7 years (SD 1.9), ranging between 12 and
18 years. Although not matched a priori, ApoE4 geno-
type was homogeneously distributed across ages (x2 ¼
4.9; P ¼ 0.42), with 23 subjects without an ApoE4
allele, 11 subjects with one ApoE4 allele and one sub-
ject with two ApoE4 alleles. When assessing the asso-
ciation between age and VLMT performance, only the
global learning score was significantly correlated with
age (r35 ¼ �0.41, P < 0.014).

DSI Data

The inter-rater reliability, using the intraclass correla-
tion coefficient, for mean GFA of reconstructed fiber
tracts originating from the corpus callosum ranged
between 0.954 and 0.996 across corpus callosum sub-
regions. For the cingulum bundle, inter-rater reliability
was 0.965 and 0.933 for left and right superior cingu-
lum bundle, respectively, and 0.765 and 0.824 for left
and right inferior cingulum bundle, respectively.

We found a significant effect in a quadratic model
for age on the GFA of fiber tracts originating from the
anterior corpus callosum subregions C1 (R2 ¼ 0.39; P
< 0.001) and C2 (R2 ¼ 0.12; P < 0.05) (Fig. 3). There
was no significant contribution of a linear term in
either model. The GFA of tracts originating from cor-
pus callosum subregions other than C1 or C2 and the
entire corpus callosum showed no significant associa-
tion with age. The effect of squared age on C1 and C2
was preserved after accounting for gender, ApoE4
genotype, the interaction between squared age and
ApoE4 genotype and the VLMT global learning score.
There was no significant correlation of age with mean
GFA of superior or inferior cingulum fibers.

Volumes of tracts were not significantly different
across ages with exception of the most posterior cor-
pus callosum region that showed a reduced tract vol-
ume with increasing age (F5

170 ¼ 3.02; P < 0.05).
When we calculated FA values from the DSI data

set according to Jiang et al (37), effects of age on cor-
pus callosum FA were similar to effects on GFA with a
quadratic model for age significantly correlating with
the FA of fiber tracts originating from the anterior cor-
pus callosum subregions C1 (R2 ¼ 0.36; P < 0.001)
and C2 (R2 ¼ 0.24; P < 0.03). Using, however, our
seed and pass regions we could not derive reliable
fiber tracts for inferior and superior cingulate bundle
from the DTI data reconstruction.

ApoE4 genotype was significantly correlated with
GFA in fiber tracts originating from C2 (r35 ¼ 0.42;

P < 0.02) and C3 (r35 ¼ 0.41; P < 0.02), indicating
higher GFA in ApoE4 carriers, but not with other cor-
pus callosum subregions. The effect of ApoE4 genot-
pye on GFA in C2 and C3 was preserved after
accounting for age and gender. Years of education
were associated with GFA in left superior cingulum
bundle (r ¼ 0.49; P < 0.003), but not with any other
fiber tract. The effect of years of education on GFA in
left cingulum bundle was preserved after accounting
for age, gender, and global learning score in the
VLMT. There were no significant correlations of VLMT
performance measures and gender with the GFA in
corpus callosum and cingulum fiber tracts.

Results of the voxel-based analysis are summarized
in Table 1 and Figure 4. We found significant decline
of GFA with age at P < 0.05, FDR corrected, in wide-
spread areas involving anterior corpus callosum, for-
nix, pyramidal tract, and areas projecting on anterior
thalamic radiation, inferior longitudinal fasciculus,
superior longitudinal fasciculus, and inferior fronto-
occipital fasciculus.

Anatomical Data

We found significant decline of total cerebral GM vol-
ume with age (r ¼ �0.59, P < 0.0001), but no effect of
age on total WM volume (r ¼ 0.08; P ¼ 0.64) or total
intracranial volume (r ¼ 0.001; P ¼ 0.99). The two
most anterior corpus callosum cross-sectional areas
(genu and anterior truncus) were significantly corre-
lated with age (r ¼ �0.37 and r ¼ �0.39, respectively;
both P < 0.05). This effect was accounted for by the
effect of age on anterior corpus callosum GFA in par-
tial regression analysis (C1 area: partial r ¼ �0.25; P
¼ 0.16, controlling for C1 GFA, and C2 area: partial r
¼ �0.31; P ¼ 0.08, controlling for C2 GFA), whereas
the effect of age on anterior corpus callosum GFA was
preserved after accounting for anterior corpus cal-
losum area (C1 GFA: partial r ¼ �0.56; P < 0.001,
controlling for C1 area). Total corpus callosum cross-
sectional area and the remaining corpus callosum
subregions were not correlated with age (P > 0.17 for
all comparisons). All results remained essentially
unchanged when using a quadratic term of age for
correlation analysis.

Using voxel-based analysis, we found significant
decline of GM volume with age in bilateral superior
temporal gyrus and inferior frontal gyrus (Table 2 and
Fig. 5). A square function of age had a significant
effect on the GM density extracted from the significant
clusters (R2 ¼ 0.73; P < 0.0001) (Fig. 6). There was
no significant additional contribution of a linear term
of age.

Voxel-based analysis of WM volume revealed no sig-
nificant cluster at an FDR corrected level of signifi-
cance of P < 0.05.

DISCUSSION

We applied DSI to study effects of age on subcortical
fiber tract integrity across the adult life span in a
group of 35 cognitively healthy subjects. We focused

Fiber Tract Integrity in Aging 353



on fiber tracts originating from the corpus callosum
and the cingulum bundle to replicate and extend ear-
lier findings using DTI. We found a significant decline
of anterior corpus callosum fiber tract integrity over
the adult life span. Complementary voxel-based analy-
sis showed significant decline of GFA predominantly in
frontal lobe WM areas. In contrast, GM volume reduc-
tions were more pronounced in lateral temporal cortex.
Effect of age on WM volume was limited to anterior
corpus callosum and was mediated by the effect of
age on GFA. Consistent with previous studies (38),

total learning in the VLMT declined with age. How-
ever, no other VLMT index was affected by age in our
sample, supporting the notion that elderly partici-
pants in this study were cognitively healthy. The reli-
ability of our fiber tractography was very high in
corpus callosum and superior cingulum bundle. Mea-
surement of inferior cingulum bundle was less reli-
able, possibly due to the difficulties of the algorithm
to find consistent tracks in this brain area. We had
tried different reconstruction algorithms, but results
were less consistent than those for the other regions.

Figure 3. Decline of GFA in
anterior corpus callosum sub-
regions with age. Scatter plot
of age versus GFA in the fiber
tracts originating from the C1
(top) and C2 (bottom) subre-
gions. The black line indicates
the second order polynomial
regression line.
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Despite the general preservation of cognitive func-
tion, in the elderly subjects GFA was significantly
reduced in anterior corpus callosum fibers in the tract-
based analysis. These findings were confirmed and
extended by the voxel-based analysis showing anterior
corpus callosum changes together with a decline of
GFA in anterior portions of the superior and inferior
longitudinal fasciculus and the anterior thalamic radi-
ation. Predominant decline of anterior corpus callosum
fiber tract integrity agrees with previous studies using
conventional DTI (39). The effect of age was nonlinear
and agrees with previous studies on volumetric and
fiber tract integrity measures (40,41), suggesting a rel-
ative preservation of fiber tract integrity up to middle
age with an accelerated decline thereafter. A previous
study has suggested using smoothing splines or higher
order polynomial functions rather than quadratic func-
tions to determine the age at which the effects of aging
accelerate, because quadratic functions are sensitive to
the selection of the sampled age range (42). The size of
our sample is not sufficient to estimate a stable
smoothing spline or higher order polynomial function.
Our data confirm that the effect of age on fiber tract
integrity as measured by DSI is significantly nonlinear,
however, we cannot provide an unbiased estimate of
the age at which the decline of fiber tract integrity
starts to accelerate. The decline of GFA mediated the
effect of age on anterior corpus callosum area. This
finding is consistent with evidence from human and
nonhuman primate studies on the substantial loss of
myelinated fibers in corpus callosum and other brain
areas with normal aging (43–45).

The relative preservation of fiber tract integrity in
cingulum bundle with age in our cognitively healthy
subjects agrees with previous findings comparing cog-
nitively stable and cognitively declining subjects
where smaller mean diffusivity (as indicator of
preserved fiber tract integrity) was associated with
preserved cognitive function (46).

When we reconstructed our diffusion data according
to a DTI scheme (37), reductions with age in anterior
corpus callosum subregions were similar for frac-
tional anisotropy (FA) compared with GFA. However,
using our seed and pass regions we could not recon-
struct reliable fiber tracts for inferior and superior
cingulated bundle from the DTI data, consistent with
the notion that DSI data may be superior to DTI data
to reconstruct complex fiber tracts (11). These find-
ings suggest that for tracts with one predominant
fiber direction such as the corpus callosum, DSI data
may bear little advantage over classical DTI data.
However, with more complex tracts, fiber tracking
appears to be more reliable using DSI than DTI data.

In our sample, GM volume reductions were most
pronounced in the lateral temporal lobe areas, pla-
num temporale, and insula, and to a lesser extent in
the prefrontal cortex and cerebellum. This agrees
partly with findings in a large cohort of 465 subjects,
where effects of age on cortical GM volume were most
pronounced in the superior parietal gyri, insula, pla-
num temporale, postcentral gyrus, and middle frontal
gyrus as well as the posterior cerebellum (47). Effects
in our cohort were more pronounced in lateral tempo-
ral cortex than in the previous study and less pro-
nounced in anterior cingulate and superior parietal
cortex. We had a much smaller group of subjects com-
pared with the previous study, reducing the power in
our sample to detect similarily wide-spread effects of
aging. Similar to the previous study, however, hippo-
campus, entorhinal cortex, and subcortical nuclei
were largely spared by the effects of aging.

The fiber tracts that showed significant age-related
decline in microstructural integrity partly correspond
with the cortical areas affected by aging. Thus, the
anterior corpus callosum has been shown to project
toward prefrontal and lateral temporal cortex,
whereas anterior temporal cortex is connected by
means of the anterior commissure and parietal cortex

Table 1

Clusters of Significant GFA Decline With Age*

No. of

voxels COGx COGy COGz Prob. Fiber tracts 1 Prob. Fiber tracts 2

9619 21 31 7 63% Anterior thalamic radiation R 18% Inferior fronto-occipital fasciculus R

7386 �20 31 8 24% Anterior thalamic radiation L 16% Forceps minor

2180 32 �67 �3 32% Inferior longitudinal fasciculus R 16% Inferior fronto-occipital fasciculus R

2073 �24 �62 �43 3% Corticospinal tract L 3% Anterior thalamic radiation L

1470 36 �55 22 5% Superior longitudinal fasciculus R 3% Inferior longitudinal fasciculus R

1004 �34 �67 14 8% Inferior longitudinal fasciculus L 8% Inferior fronto-occipital fasciculus L

893 �35 7 17 11% Superior longitudinal fasciculus L 8% Superior longitudinal fasciculus L

522 25 �28 �3 3% Inferior fronto-occipital fasciculus

512 1 �8 14 80% Fornix

470 �45 �30 �5 13% Inferior longitudinal fasciculus L

375 44 �32 �3 5% Inferior longitudinal fasciculus R

251 20 �14 39 3% Corticospinal tract R

*The height threshold was set at P < 0.05, FDR corrected. The cluster extension representing the number of contiguous voxels passing

the height threshold was set at k > 50. Centers of gravity of the clusters (COGx,y,z) are indicated by MNI coordinates x, y, and z: x ¼ the

medial to lateral distance relative to midline (positive ¼ right hemisphere); y ¼ the anterior to posterior distance relative to the anterior

commissure (positive ¼ anterior); z ¼ superior to inferior distance relative to the anterior commissure -posterior commissure line (positive

¼ superior). Prob. is the probability of the cluster to belong to the respective fiber tract derived from the JHU White Matter Tractography

Atlas (35).

R/L ¼ right/left.
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mainly through the posterior part of the corpus cal-
losum body and the splenium (48). The superior lon-
gitudinal fasciculus connects prefrontal with superior
parietal and lateral temporal lobe areas. The involve-
ment of the corticospinal tract agrees with the age
effect on the precentral cortex. Inferior longitudinal
fasciculus connects lateral temporal with occipital
brain areas, including lingual and fusiform gyrus.
Based on the anterior to posterior gradient in age
effects on subcortical fiber tract integrity one can
speculate that the relatively stronger involvement of
lateral temporal, inferior parietal and occipital
GM results from the disconnection of severed long

reaching fiber bundles such as the inferior and
superior longitudinal fasciculi. This interpretation
agrees with a recent study in a large number of
healthy subjects using conventional DTI and cortical
thickness measurement, suggesting that changes in
FA account for changes in cortical thickness over the
adult age range, possibly reflecting underlying
changes in myelination (49).

GFA reductions occurred in the absence of global or
regional changes in WM volume in the voxel-based
analysis and mediated the effect of age on corpus cal-
losum area. This indicates that GFA measurements
are more sensitive for age effects than commonly used

Figure 4. Voxel-based changes
in GFA. Areas of significant
decline of GFA with age (at
least 50 contiguous voxels
with P < 0.05, FDR corrected)
in red projected on transversal
sections of the averaged brain
from all subjects in MNI space.
The height of the transversal
sections is indicated on a sag-
ittal section though the aver-
aged brain in the lower right
corner.

Table 2

Significant Decline of Gray Matter Volume With Age

x y z T34 Side Prob. Area I Prob. Area II

42 20 �6 6.56 R 82% Insula 10% Frontal orbital inferior

46 �12 6 6.17 R 38% Superior temporal gyrus 24% Heschl gyrus

�45 �3 �3 5.89 L 66% Superior temporal gyrus 19% Heschl gyrus

10 �36 0 5.44 R 27% Lingual gyrus 20% Thalamus

�52 17 4 5.43 L 100% Inferior frontal gyrus

�51 �13 33 5.08 L 89% Postcentral gyrus 11% Precentral gyrus

60 �49 13 5.07 R 75% Middle temporal gyrus 25% Superior temporal gyrus

58 �64 7 5.03 R 100% Middle temporal gyrus

26 �79 �9 4.55 R 73% Fusiform gyrus 27% Lingual gyrus

�38 �48 �30 4.47 L 64% Cerebellum 36% Crus cerebelli

* The height threshold was set at P < 0.05, FDR corrected. The cluster extension representing the number of contiguous voxels passing

the height threshold was set at k > 50. Brain regions are indicated by MNI coordinates x, y, and z: x ¼ the medial to lateral distance rela-

tive to midline (positive ¼ right hemisphere); y ¼ the anterior to posterior distance relative to the anterior commissure (positive ¼ anterior);

z ¼ superior to inferior distance relative to the anterior commissure -posterior commissure line (positive ¼ superior). Prob. is the probabil-

ity of the cluster to belong to the respective anatomical region derived from the automated anatomical labeling (AAL) atlas (36).

R/L ¼ right/left.
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volumetric measures, and that microstructural altera-
tions of subcortical WM may precede loss of WM tis-
sue volume. In addition, mechanisms of gliosis and
axonal swelling may mask volumetric WM effects of
aging.

Effects of ApoE4 genotype, a genetic risk factor for
sporadic Alzheimer’s disease (50), were very limited.
Only the anterior corpus callosum, the area that was
also most strongly affected by age, showed a larger
GFA in subjects with at least one ApoE4 risk allele,
even after accounting for the effect of age. This seems
counter-intuitive as one might expect that a risk fac-
tor for AD would lead to early damage to cerebral
structural integrity. On the contrary, a recent study in
healthy elderly subjects showed larger volume of hip-
pocampus in cognitively healthy elderly subjects with

cortical amyloid deposition compared with age-
matched subjects without amyloid deposition (51). As
amyloid-deposition is a major risk factor for the mani-
festation of Alzheimer’s disease, the increased hippo-
campus volume was interpreted as indicating a factor
of resilience, partly accounting for the fact that sub-
jects with significant amyloid load were still cogni-
tively unimpaired. The higher integrity of anterior
corpus callosum fiber tracts with ApoE4 genotype
may represent a similar mechanism. It may indicate a
trait marker of resilience that supports the preserva-
tion of cognitive performance in the presence of a
genetic risk marker of Alzheimer’s disease.

One has to keep in mind that the cross-sectional
nature of our data allows no direct inference on the
effect of aging on brain structure and cognitive

Figure 5. Voxel-based changes
in GM volume with age. Areas
of significant decline of GM
volume with age (at least 50
contiguous voxels with P <

0.05, FDR corrected) in red
projected on the rendered sur-
face of the averaged brain from
all subjects in MNI space.
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performance. Cross-sectional studies on different age
cohorts can easily be affected by secular effects for
example on body height and on the level of educa-
tional achievement accessible to women several deca-
des ago. However, longitudinal studies that would
avoid these problems are impractical over this wide
age range. Effects of body height have been amended
by modulating volumes only for nonlinear effects thus
taking into account linear effects of overall brain size.
In addition, total intracranial volume was not different
across age cohorts. Accounting for a secular effect on
education, we had selected a cognitively healthy
cohort of elderly subjects with a higher than average
level of education for their age group. Therefore, there
was no difference in years of education across age
cohorts and between sexes. However, we may even
have introduced a secular bias in the opposite direc-
tion by including elderly subjects with higher than
average cognitive reserve. Because higher education
has been shown to be associated with preserved WM
integrity in cognitively normal elderly subjects (52),
these selection criteria would lead to a conservative
estimate of age-related changes in the present study.

In conclusion, our data derived from a novel DSI
acquisition suggest a significant nonlinear decline of
fiber tract integrity with aging even in absence of sig-
nificant cognitive decline in a cognitively healthy
group of subjects, replicating and extending previous
findings from conventional DTI. If replicated in future
studies, DSI may become a useful marker for WM
degeneration in healthy and pathological aging, par-
ticularly in areas with complex fiber structure, such
as the cingulum bundle. Subsequent studies will
focus on age-related changes of selective fiber tracts
underlying functionally connected brain areas in rest-
ing state networks. In addition, given the potential of

DSI to resolve crossing fibers in complex intracortical
projecting fiber tracts the future use of DSI may
increase accuracy of fiber tracking in neuropsychiat-
ric diseases, such as arcuate fasciculus in primary
progressive aphasia, anterior cingulate in schizophre-
nia, or cingulum bundle in Alzheimer’s disease, and
provide access to fiber tracts that cannot reliably be
tracked using DTI, such as projections from the cho-
linergic basal forebrain nuclei.
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