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Abstract

Background: Although diffusion tensor imaging has been a major research focus for Alzheimer’s disease in recent years, it
remains unclear whether it has sufficient stability to have biomarker potential. To date, frequently inconsistent results have
been reported, though lack of standardisation in acquisition and analysis make such discrepancies difficult to interpret.
There is also, at present, little knowledge of how the biometric properties of diffusion tensor imaging might evolve in the
course of Alzheimer’s disease.

Methods: The biomarker question was addressed in this study by adopting a standardised protocol both for the whole
brain (tract-based spatial statistics), and for a region of interest: the midline corpus callosum. In order to study the evolution
of tensor changes, cross-sectional data from very mild (N= 21) and mild (N = 22) Alzheimer’s disease patients were examined
as well as a longitudinal cohort (N = 16) that had been rescanned at 12 months.

Findings and Significance: The results revealed that increased axial and mean diffusivity are the first abnormalities to occur
and that the first region to develop such significant differences was mesial parietal/splenial white matter; these metrics,
however, remained relatively static with advancing disease indicating they are suitable as ‘state-specific’ markers. In
contrast, increased radial diffusivity, and therefore decreased fractional anisotropy–though less detectable early–became
increasingly abnormal with disease progression, and, in the splenium of the corpus callosum, correlated significantly with
dementia severity; these metrics therefore appear ‘stage-specific’ and would be ideal for monitoring disease progression. In
addition, the cross-sectional and longitudinal analyses showed that the progressive abnormalities in radial diffusivity and
fractional anisotropy always occurred in areas that had first shown an increase in axial and mean diffusivity. Given that the
former two metrics correlate with dementia severity, but the latter two did not, it would appear that increased axial
diffusivity represents an upstream event that precedes neuronal loss.
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Introduction

There is presently considerable interest in trying to expedite

therapeutic development through the use of biomarkers to track

change in Alzheimer’s disease. To date, most biomarker work with

magnetic resonance imaging (MRI) has focused on structural

acquisitions to measure atrophy [1]. A potential strength of MRI,

compared, for instance, to nuclear medicine imaging techniques, is

that multiple types of data–offering complimentary information–

can be acquired in a single scanning session. Diffusion tensor

imaging (DTI) is one such method that offers information about

white matter integrity. Early work using DTI in Alzheimer’s

disease focused particularly on fractional anisotropy or FA [2,3,4],

though some studies have identified that this measure is insensitive

to early white matter disruption in Alzheimer’s disease [5,6]. This

is because both axial (l1) and radial diffusivity (RD) increase and

therefore FA, which is a function of the ratio of these two

measures, can remain relatively unperturbed. Conflicting results,

however, have been reported in Alzheimer’s disease; some studies

show emphatic mean diffusivity (MD) differences, believed to be

largely driven by l1 alterations [5,7,8]; some report stronger RD

effects [7,9,10,11]–the former in limbic tracts only; and some

show, in addition, highly-abnormal FA behaviours

[2,4,7,10,12,13,14]. While these findings have helped define the

landscape of diffusion changes in Alzheimer’s disease, it is unclear

how the various tensor metrics evolve over time, and, whether

better understanding of such evolution may explain some of these

apparently conflicting results. In order to address this issue, we

used a common acquisition protocol to examine the evolution of

tensor changes over the course of Alzheimer’s disease by studying

both cross-sectional data at differing dementia severities and

longitudinal change over a 12 month period. We performed

whole-brain analyses and also assessed a directly-visualised white

matter tract that is known to be severely damaged in Alzheimer’s
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disease i.e. the corpus callosum [3,4,7,8,11,12,13,15,16]. The aim

was to identify whether the various tensor metrics might show

differential preference as biomarkers to track change or for early

diagnosis, and if so, which are the best for each purpose.

Methods

Ethics Statement
The study was approved by the Cambridgeshire 2 Research

Ethics Committee (Reference: 07/H0308/215) and by the

National Hospital for Neurology and Neurosurgery & Institute

of Neurology Joint Research Ethics Committee (Reference: 05/

Q0512/12).

Written informed consent was obtained from all the partici-

pants. In the context of this study, although the target population

were patients suffering from a degenerative brain condition, we

expected them to have capacity to consent as only the mild stages

of Alzheimer’s disease were studied. Before inclusion, every patient

was assessed by an expert cognitive neurologist to ensure capacity

and this was indeed the case. Although we had ethical permission

to scan patients who lacked capacity (with caregiver consent), this

was not needed in the present study.

Subjects
Cross-sectional cohorts. Forty-three patients with early-

stage probable Alzheimer’s disease according to criteria from the

National Institute of Neurological and Communicative Disorders

and Stroke and the Alzheimer’s Disease and Related Disorders

Association (NINCDS-ADRDA) [17] were recruited from the

memory clinic at Addenbrooke’s Hospital (Cambridge, UK). For

cross-sectional comparisons, 26 matched controls were also

recruited and were screened to exclude neurological or major

psychiatric illness. They performed normally on cognitive screen-

ing: mini-mental state examination or MMSE [18] and Adden-

brooke’s cognitive examination–revised or ACE-R [19]. The

control exclusion criteria was ACE-R,88 (out of 100). Note that

25 patients (ACE-R=69.5612.5) and 12 elderly controls pre-

viously assessed [5] were also included in the present study.

Enabled by an ACE-R median split, patients were further

subcategorised according to disease severity into very mild (best

50% ACE-R) and mild Alzheimer’s disease cohorts (worst 50%

ACE-R) (Table 1). The very mild patient group (N=21) included

16 subjects who were diagnosed with the mild-cognitive impair-

ment stage of Alzheimer’s disease–i.e. these were patients scanned

with mild-cognitive impairment that were subsequently shown to

Table 1. Demographic summary including cognitive features for Alzheimer’s disease patients and for a group of elderly controls.

Control
(N=26)

Alzheimer’s
Disease (N=43)

Very mild Alzheimer’s
disease (N=21)

Mild Alzheimer’s
disease (N=22)

General Demographics Gender, M:F 11:15 26:17 13:8 13:9

Age at imaging, years 68 (6) 70 (6) 72 (5) 69 (6)

Global Cognition MMSE/30 29.1 (0.8) 23.7 (3.6)** 25.9 (1.6)** 21.7 (3.9)**‘

ACE-R/100 94.6 (3.0) 71.5 (11.9)** 81.4 (4.0)** 62.1 (8.8)**‘

ACE-R Subscores Attention & Orientation/18 17.9 (0.3) 15.4 (2.7)** 17.0 (1.4)* 13.9 (2.8)**‘

Memory/26 24.5 (1.9) 10.9 (4.3)** 13.7 (4.1)** 8.2 (2.4)**‘

Fluency/14 12.1 (1.7) 8.3 (3.2)** 10.6 (1.9)* 6.2 (2.6)**‘

Language/26 24.9 (0.9) 23.0 (2.6)** 24.6 (1.2) 21.5 (2.7)**‘

Visuospatial/16 15.4 (0.9) 13.7 (2.8)** 15.1 (1.2) 12.3 (3.1)**‘

Disease severity (as measured by ACE-R) enabled a median split of the patient cohort into very mild and mild Alzheimer’s disease subgroups.
Where appropriate, group values are given as mean (SD).
MMSE/30 =Mini-mental state examination score out of 30-point total; ACE-R/100 =Addenbrooke’s cognitive examination-revised score out of 100-point total.
Wilcoxon rank-sum significance levels: *P,0.01 (Alzheimer’s disease worse than controls, two-tailed); **P,0.05 (Alzheimer’s disease worse than controls, two-tailed,
Bonferroni-corrected on n= 28 tests); ‘P,0.05 (Mild worse than very mild Alzheimer’s disease, two-tailed, Bonferroni-corrected on n= 28).
doi:10.1371/journal.pone.0049072.t001

Figure 1. Cognitive status. Depiction of average cognitive profiles
for all subject cohorts assessed in this study.
doi:10.1371/journal.pone.0049072.g001

Table 2. Cognitive profile evolution of a group of early-stage
Alzheimer’s disease patients that was followed-up for a period
of 12 months.

Alzheimer’s Disease
(Longitudinal, N=16) Baseline 12 Months

General
Demographics

Gender, M:F 8:8

Global Cognition MMSE/30 25.1 (2.0) 22.6 (4.9)1

ACE-R/100 77.5 (7.3) 70.3 (13.6)**

ACE-R Subscores Attention &
Orientation/18

16.1 (1.1) 14.8 (3.5)

Memory/26 13.5 (3.9) 9.8 (3.4)**

Fluency/14 9.6 (2.5) 8.5 (3.8)

Language/26 23.6 (1.8) 23.1 (2.5)

Visuospatial/16 14.7 (1.5) 14.0 (2.9)

Cognitive measures are given as mean (SD).
MMSE/30 =Mini-mental state examination score out of 30-point total; ACE-R/
100 =Addenbrooke’s cognitive examination-revised score out of 100-point
total.
Wilcoxon signed-rank significance levels: 10.01,P,0.05 (Alzheimer’s disease: 12
months worse than baseline, two-tailed); **P,0.05 (Alzheimer’s disease: 12
months worse than baseline, two-tailed, Bonferroni-corrected on n= 7).
doi:10.1371/journal.pone.0049072.t002
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have probable Alzheimer’s disease by confirming progressive

cognitive decline with longitudinal follow-up. Although signifi-

cantly impaired overall on both global cognitive measures, the

very mild Alzheimer’s disease group was unimpaired on language

and visuospatial subsections of the ACE-R at the time of scanning.

The mild Alzheimer’s disease group, however, was impaired in all

subdomains of the ACE-R compared both to controls and to the

very mild group of patients.

Longitudinal cohort. A subgroup of 16 Alzheimer’s disease

subjects –9 of which were diagnosed with mild cognitive

impairment at baseline – was followed-up with scans and

neuropsychology tests taking place 12 months apart. Serendipi-

tously, the cognitive scores shown in Table 2 revealed a similar

transition from baseline to 12 months as was seen in the cross-

sectional data on the very mild Alzheimer’s disease stage relative to

controls (Table 1)–the memory subdomain of the ACE-R was also

the most impaired, followed by statistical trends towards fluency

and attention/orientation deficits; whereas in contrast, language

and visuospatial abilities, despite being slightly reduced, remained

comparatively preserved. Group-average cognitive profiles are

summarised in Figure 1.

Imaging
All patients were scanned within an average of 1.3 months

(standard deviation = 1.9 months) from a cognitive assessment.

MRI scans were performed on a Siemens Trio 3T system (Siemens

Medical Systems, Erlangen, Germany) with gradient coils capable

of 45 mT/m and 200 T/m/s slew rate. A standard 12-channel

phased-array total imaging matrix head-coil (Siemens Medical

Systems, Erlangen, Germany) was used to transmit/receive radio-

frequency signals.

Diffusion tensor imaging. Diffusion datasets were acquired

using a twice-refocused, single-shot, echo-planar imaging pulse

sequence [20]: repetition time (TR)/echo time (TE)/number of

excitations = 7800 ms/90 ms/1; matrix, 96696; 63 contiguous

axial slices; isotropic voxel resolution of 26262 mm3; bandwidth

of 1628 Hz/pixel and echo spacing of 0.72 ms. The tensor was

computed using 63 non-collinear diffusion directions (b=1000 s/

mm2) that were maximally spread by considering the minimal

energy arrangement of point charges on a sphere, and one scan

without diffusion weighting (b=0 s/mm2, b0). We allowed for

parallel acquisition of independently-reconstructed images using

generalised, autocalibrating, partially-parallel acquisitions or

GRAPPA [21]; acceleration factor of 2 and 39 reference lines.

The total scan time was 89449’.

Volumetric T1 imaging. T1-weighted anatomical images

were also acquired in the same session. The structural scan

consisted of 3D magnetisation-prepared, rapid gradient-echo

(MPRAGE) volumes with the following imaging parameters:

TR/TE/inversion time/flip angle = 2300 ms/2.86 ms/900 ms/

9u, 144 slices, 1926192 matrix dimensions and

1.2561.2561.25 mm3 voxel size. Receiver bandwidth and echo

spacing were 240 Hz/pixel and 6.7 ms, respectively. The total

scan time was 79239’.

Ultrafast T2 imaging. Whole-brain, T2-weighted, half-Four-

ier acquisition, single-shot turbo spin echo (HASTE) images were

acquired to ensure that vascular pathology was not significant in

any subject. The following scan parameters were used: TR/TE/

flip angle/turbo factor = 2000 ms/89 ms/150u/205; matrix,

3206256; 25 axial slices (distance factor: 20%); voxel resolution,

0.760.964 mm3; 5/8-phase partial Fourier transform; bandwidth

and echo spacing of 401 Hz/pixel and 5.58 ms, respectively.

GRAPPA mode was enabled with an acceleration factor of 2 and

24 reference lines, resulting in a total scan time of 52 seconds.

In all acquisitions the field of view was aligned in stereotactic

space: the axial plane was aligned to the anterior commissure–

posterior commissure line, and the sagittal plane to the inter-

hemispheric fissure. In addition to stereotactic alignment, in order

to maximise acquisition consistency across subjects, the scanning

bed was adjusted to co-localise the centre of the thalamus in the

mid-sagittal plane with the scanner isocentre.

Data Processing and Analysis
Diffusion tensor parametric maps. The Oxford Centre

for Functional MRI of the Brain (FMRIB) software library (FSL

v4.1.2) [22] was used to correct for motion and eddy currents, fit

the diffusion tensor and compute axial, radial and mean diffusivity

as well as fractional anisotropy whole-brain maps. Initially, each

diffusion-weighted volume was affine-aligned to its corresponding

b0 image using the FMRIB’s linear image registration tool (FLIRT

v5.4.2) [23]; this pre-processing step corrects for motion artefacts

and eddy-current distortions. In addition, in order to eliminate

spurious voxels, brain masks of each b0 image were generated

using the brain-extraction tool (BET v2.1) [24] with fractional

threshold, f=0.1, and vertical gradient, g=0. The FMRIB’s

diffusion toolbox (FDT v2.0) was then used to fit the tensor and

Figure 2. Corpus callosum subdivision. Depiction of the semi-
automated callosal subdivision into splenium, truncus and genu (top),
and their intersection with the mean FA skeleton inferred from N=69
subjects–N= 43 Alzheimer’s disease patients and N= 26 matched
controls (bottom).
doi:10.1371/journal.pone.0049072.g002
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compute the diagonal elements (l1, l2 and l3) at each brain voxel,

from which the derived metrics RD, MD and FA were also

inferred. Note that negative primary eigenvalues were deemed

unphysical and were set to 0–a visual inspection of the spatial

distribution of negative eigenvalues revealed that they were located

in the periphery of white matter bundles i.e. adjacent to other

tissue types and far from tract centres.

Tract-based spatial statistics (TBSS) analysis. The TBSS

approach [25] was used to perform whole-brain statistical analyses

at white matter tract centres. Spatial normalisation was achieved

by warping all FA images to the 16161 mm3 FMRIB58_FA

standard template (FMRIB, University of Oxford, UK) in

MNI152 space (Montreal Neurological Institute, McGill Univer-

sity, Canada) using the FMRIB’s non-linear image registration tool

(FNIRT v1.0). All–patients (N=43) and controls (N= 26)–warped

FA maps were averaged to create the mean FA template, from

which the mean FA skeleton was derived (FA.0.2). Finally, all

subjects’ spatially normalised FA, l1, RD and MD data were

projected onto the skeleton and fed into voxel-wise statistics, where

10,000 permutations of the data were generated using randomise

v2.1 with threshold-free cluster enhancement (TFCE) enabled

[26]. The following statistical comparisons were made: (i) cross-

sectional: very mild (N= 21) and mild (N= 22) Alzheimer’s disease

patients versus controls (N= 26); and (ii) longitudinal: Alzheimer’s

disease (N= 16) at 12 months versus baseline data. Note that for

subgroup comparisons–i.e. very mild and mild Alzheimer’s disease

against controls–and for the longitudinal assessment, we used the

mean FA skeleton derived from all 69 subjects to compute the

Figure 3. Cross-sectional study of very mild Alzheimer’s disease. TBSS results for the very mild Alzheimer’s disease group compared to
controls. Statistical maps (thresholded at TFCE-P,0.05) for increased axial/radial diffusivity and reduced FA overlaid onto the mean FA skeleton and
the MNI152 template. Coronal depths are given in millimetres.
doi:10.1371/journal.pone.0049072.g003
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skeletonisation vectors. All statistical maps were thresholded at

a TFCE level of P,0.05 to help prevent the known issue of Type I

errors in voxel-wise experiments.

Regional analysis. Region-of-interest analyses can be con-

founded in DTI studies where tracts are not directly visualised

such as in the white matter of the cerebral hemispheres. For

instance, the effect of atrophy in a patient group could mean that

regions of interest are subtly–though systematically–misplaced

with respect to tract anatomy, and this could cause spurious

alterations in tensor metrics. Furthermore, the impact of crossing

fibres can make changes in tensor behaviour difficult to interpret.

For instance, increased l1 has been previously reported in

Alzheimer’s disease [5,7,8,11], which was a somewhat unantici-

pated finding as it implied that disease was associated with greater

diffusivity along the preferential orientation of white matter tracts.

An alternate hypothesis to explain this phenomenon, however, was

that it might relate to differential disease involvement in crossing

tracts e.g. if tract A and B cross, but only tract B is affected by

disease, then its degeneration will lead to an apparent increase in

l1–and greater anisotropy–because the tensor is now being

influenced more exclusively by tract A [13]. To avoid these

confounds, the midline corpus callosum was studied because (i) it

can be directly visualised with obvious boundary limits and (ii) it is

devoid of crossing fibres. It has further advantages in that it is

a large structure (cf. the fornix, which can also be directly

visualised) hence minimising partial volume effects; finally, prior

knowledge in Alzheimer’s disease, indicates that one expects

greater degenerative change in the splenium compared to the genu

[7]; hence one can study differential disease effects in the same

white matter bundle.

Figure 4. Cross-sectional study of mild Alzheimer’s disease. TBSS results for the mild-stage Alzheimer’s disease group compared to controls.
Thresholded (TFCE-P,0.05) statistical maps for increased axial/radial diffusivity and reduced FA were overlaid onto the mean FA skeleton and the
MNI152 template. Coronal depths are given in millimetres.
doi:10.1371/journal.pone.0049072.g004
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Each T1-weighted structural volume was affine-registered to its

corresponding b0 image, hence enabling the midline corpus

callosum to be individually traced with Analyze v8.1 (Biomedical

Imaging Resource, Mayo Foundation, Rochester, MN, USA),

while minimising partial-volume contamination. Then in Matlab

v2008a (The Mathworks Inc., Natick, MA, USA), we automated

the subdivision of each corpus callosum mask into three regions–

splenium, truncus and genu as illustrated in Figure 2 (top panel)–of

equal length along the axis that connects the most distal–caudal

and rostral–points from the mid-sagittal corpus callosum’s centre-

of-mass. Note that although rigorous, tractography-based strate-

gies have been proposed to subdivide the corpus callosum [27], in

this study we were ultimately interested in discerning overall tensor

differences between caudal and rostral callosal tracts; thus, for

simplicity, we followed a widely-used previous classification [28]–

we collapsed the isthmus and splenium regions into a single

splenial region of interest, and the truncus included both anterior

and posterior sections of the callosal midbody. It should also be

noted that although both schemes were highly concordant in the

caudal third, they disagreed on the definition of genu, which only

extended across the anterior sixth of the corpus callosum in the

most-recently proposed classification [27].

We computed mean values for each region of interest in native

space and for comparison, we also extracted mean values–directly

in standard space–resulting from the intersection of each region of

interest (segmented from the standard FMRIB58_FA template)

with the mean FA skeleton mask (N= 69, FA.0.2) as depicted in

Figure 2 (bottom panel). It is important to note that the latter

method only required tracing the template corpus callosum mask

once; whereas the former approach needed corpus callosum masks

to be delineated for every individual. Although manual extraction

is considered to be the ‘‘gold standard’’ method [14], it is a time-

consuming process and in neurodegeneration, atrophy can lead to

systematic misregistration to template of a patient group relative to

controls [29]. In order to circumvent this problem, TBSS projects

tract centres onto a skeleton containing all major white matter

bundles; thereby minimising the effect of misregistration, but also

excluding peripheral white matter tracts. In this study, we also

tested the hypothesis that skeletonised mid-sagittal corpus callosum

DTI data contains all the relevant information needed both to

detect early white matter damage in Alzheimer’s disease and to

monitor disease progression.

To address the research questions posed in this study, we first

collapsed all DTI measurements from all Alzheimer’s disease

subjects (N= 43), which, for each callosal subregion, were cross-

sectionally compared against control data (N=26) and regressed

against a measure of global cognitive status (ACE-R scores). These

tests aimed to find differential behaviours across regions. Sub-

sequently, the patient group was subdivided–as proposed in the

‘Subjects’ subsection (very mild, N= 21; and mild Alzheimer’s

disease, N= 22)–, and further cross-sectional comparisons were

performed to assess the overall trend of each DTI parameter

across disease severity. The group study designs were as follows:

both very mild and mild patient groups were contrasted against

controls; additionally, mild patients were compared against the

very mild cohort. Further confirmation of the observed tensor

behaviour was sought by testing a smaller group of Alzheimer’s

patients (N= 16) longitudinally: 12 months versus baseline, and

contrasting data from both time-points against controls.

In Matlab, we first applied a numerical Lilliefors test of the

default null hypothesis that mean-subject values came from

a distribution in the normal family [30], which revealed that they

did not at a=0.05 for any DTI metric in any cohort. We therefore

compared unpaired DTI-derived values from independent

Figure 5. Cross-sectional results in the mid-sagittal corpus
callosum. TBSS results across the sagittal midline for very mild and
mild Alzheimer’s disease groups compared to controls.
doi:10.1371/journal.pone.0049072.g005
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samples (i.e. patients versus controls or very mild versus mild

patients) using nonparametric Wilcoxon rank-sum–i.e. Mann–

Whitney U–tests [31,32], and paired longitudinal samples (i.e.

same patient cohort at different time-points) were tested with the

Wilcoxon signed-rank approach [32]. For consistency, all two-

sample hypotheses on cognitive profiles were tested with the same

relevant (i.e. rank-sum if cross-sectional; signed-rank if longitudi-

nal) method. Linear dependence with ACE-R was tested using

pairwise Pearson’s correlations [33]. Note that statistical signifi-

cances were computed combining both tails of the sampling

distributions.

To assess for atrophy in the midline corpus callosum, we

compared cross-sectional callosal areas in native space. Each

measurement was normalised for differences in total intracranial

volume using an analysis of covariance approach, where the

measured areas were adjusted by an amount proportional to the

difference between each individual’s observed total intracranial

volume and the global total intracranial volume mean for all

control subjects [34]. Total brain volumes were also computed and

normalised (by total intracranial volume) to compare (N= 43) mid-

sagittal callosal areas with a measure of global atrophy. Total

intracranial and brain volumes were determined using a previously

validated method that involved summing grey matter, white

matter and cerebrospinal-fluid tissue segments [35].

Simultaneous inference procedure. In order to correct for

the statistical effect of simultaneous regional testing in the present

study, we applied Bonferroni inequalities to each family of

hypotheses with a=0.05. We corrected inferences separately if

the hypotheses under evaluation were different. For instance, we

performed 28 cross-sectional statistical tests to identify the nature

of cognitive deficits across groups at differing disease stages relative

to controls. This experiment was treated as a family (n = 28 tests);

the family-wise error (FWE) rate associated with a=0.05 was

therefore PFWE= 0.0018. Analogously, statistical significance

(corrected for multiple comparisons) on longitudinal comparisons

of cognitive performance was established at P,0.0071 (n = 7). The

cross-sectional analyses (N= 43 patients versus controls)–per-

formed to characterise the different imaging parameters in each

callosal subdivision–were treated as a separate family (n = 12,

PFWE= 0.0042). Pearson’s correlations were also treated as a family

(n = 12, PFWE=0.0042). In addition, the cross-sectional assess-

ments of each patient subgroup (i.e. very mild and mild

Alzheimer’s disease versus controls) were corrected together

(n = 24, PFWE= 0.0021). Note though that for each region of

interest, longitudinal DTI data was corrected separately (n = 12,

PFWE= 0.0042).

Results

Cross-sectional TBSS Study of Very Mild Alzheimer’s
Disease
TBSS results for the voxel-wise group contrast of very mild

Alzheimer’s disease versus controls are shown in Figure 3. The l1
statistical map showed significant bilateral and confluent change

that predominantly involved parietal white matter, with strongest

abnormalities along the posterior cingulum and the inter-hemi-

spheric tracts of the caudal corpus callosum. In contrast, there was

relative sparing of caudal occipital, rostral temporal lobe and

prefrontal white matter, and, the more rostral tracts of the corpus

callosum. RD abnormalities spatially overlapped with those found

for l1 in parietal and superior temporal white matter–though only

Table 3. Alzheimer’s disease skeletonised DTI parametric comparisons in different mid-sagittal callosal areas.

Alzheimer’s disease (N=43) vs. Control (N=26) Splenium Truncus Genu

l1 22.241 21.39 20.22

RD 23.08** 20.76 0.53

MD 23.39** 21.08 0.30

FA 2.451 0.40 21.18

Results are given as Wilcoxon rank-sum Z-statistic.
Significance levels: 10.01,P,0.05 (Alzheimer’s disease worse than controls, two-tailed); **P,0.05 (Alzheimer’s disease worse than controls, two-tailed, Bonferroni-
corrected on n = 12).
doi:10.1371/journal.pone.0049072.t003

Table 4. DTI group comparisons across disease stages and linear dependence on global cognition for all patients in the splenium.

Splenium Cross-sectional
ACE-R Linear
Dependence (N=43)

Very mild Alzheimer’s (N=21) vs.
Control (N=26)

Mild Alzheimer’s (N=22) vs.
Control (N=26)

Mild Alzheimer’s (N=22) vs. Very
mild Alzheimer’s (N=21)

l1 2.62* 1.19 1.54 0.15

RD 2.131 3.07** 20.89 20.40**

MD 3.01** 2.74* 0.21 20.21

FA 21.27 22.85* 1.4 0.44**

Group results are given as Wilcoxon rank-sum Z-statistic; statistical dependencies are given as Pearson correlation coefficient with 41 degrees of freedom.
Significance levels: 10.01,P,0.05 (Alzheimer’s disease worse than controls, two-tailed); *P,0.01 (Alzheimer’s disease worse than controls, two-tailed); **P,0.05
(Alzheimer’s disease worse than controls, two-tailed, Bonferroni-corrected on n = 24; or DTI measure correlated with Alzheimer’s disease cognitive status, two-tailed,
Bonferroni-corrected on n= 12).
doi:10.1371/journal.pone.0049072.t004
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across the right hemisphere. FA changes were similarly distributed,

but overall were the least widespread.

Cross-sectional TBSS Study of Mild Alzheimer’s Disease
Extensive, mostly bilateral distributions of DTI abnormalities

for all metrics (increased diffusivities and reduced FA) were found

in the mild Alzheimer’s disease versus control group contrast using

TBSS. As illustrated in Figure 4, l1 showed the most extensive and

confluent clusters of significance. These were located in parietal

white matter regions including the caudal corpus callosum and the

posterior cingulum bundle; caudal temporal areas with a slightly

greater predilection for the left side and bilateral frontal lobe

involvement Although RD and FA abnormalities were highly

concordant and largely overlapped with l1 clusters, overall they

were less extensive; in particular, frontal lobe involvement of RD

and FA was minimal. Note that all regions found to be abnormal

in the very mild Alzheimer’s disease group (Figure 3), were also

clearly damaged in the mild group (Figure 4).

The cross-sectional MD results for both Alzheimer’s disease

groups were also extensive and unsurprisingly overlapped to a high

degree with those of its components; more specifically with the

spatial distribution of increased l1, but it did not reveal any

additional involvement (see Figure S1).

Mid-sagittal Corpus Callosum
TBSS. Unlike total brain volume in Alzheimer’s disease,

which was significantly reduced compared to controls (standard

score, Z=20.80; P = 0.002), atrophy in the cross-sectional area of

the corpus callosum did not reach statistical significance

(Z=20.43, P = 0.1).

Figure 5 shows DTI abnormalities across the mid-sagittal corpus

callosum for both very mild and mild Alzheimer’s disease stages.

The caudal corpus callosum was heavily involved, whereas there

was preservation of white matter tracts running across the mid-

sagittal genu. l1 featured prominently in the very mild Alzheimer’s

disease cohort but it did not become more extensive in the more-

impaired group; in contrast, RD/FA abnormalities were more

extensive in mild-stage Alzheimer’s disease. Note that the fornix

was abnormal for all DTI metrics in both Alzheimer’s disease

groups (uncorrected-P,0.01, data not shown), but the clusters of

significance did not survive our attempt to correct for multiple

comparisons.

Regions of Interest
The regional analyses were consistent with the above TBSS

observations. Table 3 highlights the preservation of the midline

truncus and genu relative to the splenium when contrasting all

Alzheimer’s patients (N= 43) with the control group. Examining

Figure 6. Cross-sectional diffusion tensor behaviour in the splenial region. Mean subject values for skeletonised DTI parameters in the
splenium as a function of cognitive status (ACE-R scores) for controls (green), very mild Alzheimer’s disease (blue) and mild Alzheimer’s disease
patients (red). The error bars represent 6 one group standard deviation. The vertical axes were scaled to 10 control standard deviations. The vertical
lines delimit the control exclusion criteria (ACE-R,88/100) and the median split (ACE-R = 74). A least-square linear fit was displayed if Pearson’s
correlation coefficient was deemed statistically significant (Table 4).
doi:10.1371/journal.pone.0049072.g006
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for differential behaviour of the diffusion tensor across varying

disease stages reinforced the finding that in early disease, l1 is

more prominently abnormal than RD indicating that a significant

contributor to early MD increase is an increase in l1 (Table 4).

RD and FA, however, showed the most prominent alterations in

the more cognitively-impaired group of patients–where l1
remained relatively stable–, suggesting that MD abnormalities in

later disease stages are primarily driven by increased RD (Table 4).

The latter finding was supported by a statistically significant

correlation between dementia severity (ACE-R score) and either

FA or RD (Table 4). It should be noted that statistical tests for the

truncus and genu–equivalent to those reported in Table 4 for the

splenium–yielded, as expected, no significant results.

Focusing on the splenial lesion, this being the key pathological

region, Figure 6 illustrates all mean patient DTI values relative to

control data as a function of cognitive status. As shown in Table 4,

splenial l1 appeared to increase significantly in very mild subjects,

but it did not follow that more impaired patients were increasingly

abnormal–if anything there was a trend to attenuation of

abnormality with advancing dementia (Figure 6a). In stark

contrast, RD and FA were essentially less sensitive in very mild

disease but there was a linear progression observed for these

behaviours with advancing severity (Figure 6b and 6d). Note that

the behaviour of MD followed a similar pattern to that of l1 in

early disease stages but appeared to be largely driven by RD in

more advanced cases (Figure 6c).

It should be noted that the regional results reported in this

section–using skeletonised DTI data–were replicated with data

extracted from entire callosal regions of interest in native space (see

plots in Figure S2).

Figure 7. Longitudinal study of Alzheimer’s disease. Whole-brain TBSS contrast on 12-month follow-up versus baseline in the longitudinal
Alzheimer’s disease cohort (TFCE-P,0.05) for increased radial diffusivity and reduced FA n.b. no significant results for l1 or MD were found.
doi:10.1371/journal.pone.0049072.g007
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Longitudinal Study of Alzheimer’s Disease
The contrast of 12-month follow-up scans with baseline in the

longitudinal Alzheimer’s disease cohort (N= 16) found that l1
remained unchanged in the whole brain’s skeletonised white

matter at TFCE-P,0.05. However, consistent with the cross-

sectional analyses, RD/FA abnormalities progressed significantly

in the caudal corpus callosum and posterior cingulum bilaterally,

and in a left superior temporal region (Figure 7). The clusters of

significance found in the longitudinal assessments were highly co-

localised with the strongest DTI abnormalities found in the very

mild Alzheimer’s disease group relative to controls; this was also

clearly illustrated in the mid-sagittal TBSS results (Figure 8).

The splenial results shown in Table 5 revealed a very consistent

scenario. l1 was slightly abnormal at baseline but it did not

progress. RD and FA differences, however, –above the statistical

threshold at baseline–showed emphatic abnormalities at 12

months and during the longitudinal time-span. MD was found

to be similarly abnormal at baseline and 12 months, thus resulting

in no apparent progression.

When the extracted mean DTI values from each subject’s

skeletonised splenium were plotted against ACE-R scores

(Figure 9), the findings were in remarkable agreement with those

observed in the cross-sectional study. Overall, RD/FA longitudi-

nal pairs (Figure 9b and 9d, respectively) followed more coherently

progressive evolutions than axial and mean diffusivities (Figure 9a

and 9c).

Discussion

This study aimed to investigate the biomarker potential of DTI

metrics in Alzheimer’s disease through whole-brain analyses as

well as by taking a reductionist approach in the corpus callosum to

eliminate ambiguities generated by uncertain tract visualisation

and crossing fibres. The evolution of DTI changes was examined

in both cross-sectional and longitudinal datasets; the former by

way of a median spilt in which 76% of the very mild patients were

in the mild-cognitive impairment stage of Alzheimer’s disease, and

the latter by contrasting 12-month follow-up scans to baseline.

Across the various analyses, a consistent picture emerged in which

an increase in l1 is the first significant change in Alzheimer’s

disease, but then remains relatively steady. In contrast, RD–and

therefore FA–become progressively more abnormal with disease

evolution, making them the candidate metrics for stage-specific

biomarkers. In other words, these markers could have value to

track change over time. Given that FA reduction is a function of

both RD and l1, and the early increase in l1 appeared to

attenuate with disease progression, it may be that FA is the

superior measure of decline compared to RD in longitudinal

studies. It should be emphasized, however, that the attenuation of

l1 was subtle and, unless replicated in similar studies, could simply

represent random variability in the current dataset. A further

caveat to this proposal is that the preference for FA would only

apply to areas in which the l1 abnormality has already peaked–

such as the splenium in the present analyses. For instance, in

a repeated-measure longitudinal design, in areas that are initially

spared in terms of l1, the first movement of this metric would be to

increase, leading to a loss of sensitivity for FA to detect change.

This was exemplified by the cross-sectional results, in which frontal

and left temporal white matter was normal in the very mild group,

but became abnormal (mostly in terms of l1) in the mild group.

This problem would, of course, be avoided by studying RD,

which–unlike FA–is independent of l1.
In contrast to RD and FA, the results indicated that l1 has no

role at all as staging biomarker for a given region of interest.

Although one could, in theory, propose it as a staging marker by

looking at the differential spatial extent of l1 abnormalities over

time, this would be difficult to implement as a marker of

progression given that some degree of heterogeneity would be

expected across subjects; furthermore, such an approach would

also be confounded if it proved correct in future studies that the l1

Figure 8. Longitudinal results in the mid-sagittal corpus
callosum. Longitudinal TBSS results for radial diffusivity and fractional
anisotropy across the midline.
doi:10.1371/journal.pone.0049072.g008

Table 5. Longitudinal DTI assessment of Alzheimer’s disease in the splenium.

Splenium Longitudinal

Baseline (N=16) vs.
Control (N=26)

12 months (N=16) vs.
Control (N=26)

12 months (N=16) vs.
Baseline (N=16)

l1 2.371 1.54 20.52

RD 1.72 2.97** 22.59*

MD 2.471 2.71* 21.76

FA 20.87 22.58* 22.64*

Baseline and 12 months versus controls comparisons are reported as Wilcoxon rank-sum Z-statistic values; paired longitudinal results are given as Wilcoxon signed-rank
Z-statistic.
Significance levels: 10.01,P,0.05 (Alzheimer’s disease worse than controls, two-tailed); *P,0.01 (Alzheimer’s disease worse than controls; or 12 months worse than
baseline, two-tailed); **P,0.05 (Alzheimer’s disease worse than controls, two-tailed, Bonferroni-corrected on n = 12).
doi:10.1371/journal.pone.0049072.t005
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effect attenuates in early affected regions. Nevertheless, the results

of both cross-sectional and longitudinal studies clearly indicate that

an increase in l1 is the first sign of change in Alzheimer’s disease,

suggesting therefore that it could have a role as an early state-

specific marker. This was particular notable in the cross-sectional

data, in which posterior temporo-parietal white matter including

the splenium showed increased l1 in the very mild group with the

same regions showing involvement of RD and FA in the mild

group i.e. at a more advanced disease stage. In the more advanced

group, however, new areas–notably frontal and left temporal white

matter–showed increased l1, suggesting that as degeneration

spreads to new areas, an increase in l1 is the first sign of this

involvement. Similarly, the longitudinal data also showed that

there was a prominent increase in l1 in posterior temporo-parietal

white matter at baseline (cross-sectional comparison against the

control population not shown), with RD and FA abnormalities

emerging in the same spatial distribution with follow-up.

Increased l1 as found in this and other recent studies [5,7] was

an unanticipated finding in Alzheimer’s disease and its mechanism

is uncertain. The finding that the l1 abnormalities were the most

spatially extensive extends the results of our earlier study using the

TBSS method [5], and are also consistent with a recent

independent TBSS study in showing that this metric has the

greatest sensitivity to change in early disease [36]. Using a similar

TBSS-based approach, Huang et al. [7] also found that the most

prominent features in less affected areas in Alzheimer’s disease

were increased l1 and MD whereas, also consistent with our

findings, in areas such as the cingulum and fornix that would be

expected to have most advanced pathology, RD and FA were

highly abnormal but l1 was not.
It was recently proposed that l1 increase might represent

differential tract involvement in areas of crossing white matter

tracts [13]–i.e. if two tracts cross then the tensor in such areas will

be the average contribution of both; therefore, if one of these tracts

degenerates, the tensor will be driven by the remaining tract and

hence an increase in l1 could be predicted. While this seems a very

plausible theory in crossing fibres, it cannot explain the l1 increase
in very early Alzheimer’s disease because the observation is equally

apparent in areas such as the splenium [5,7] and fornix [5,37], in

which crossing tracts are not present. One clue from the current

study was the finding that increased l1 in the splenium showed no

correlation with global dementia severity. This, in turn, implies

that increased l1 might be completely independent of axonal loss.

It must be stressed, nevertheless, that the failure of l1 to correlate

with dementia severity is only demonstrated at a global level. It

may still be the case that the phenomenon driving the early

increase in l1 is associated with local dysfunction of specific

cognitive processes. For instance, a recent study noted correlation

between increased l1 and route-learning impairment in Alzhei-

mer’s disease [38]; the area of correlation was tightly co-incident

with correlations between the same task and both metabolism and

Figure 9. Longitudinal tensor behaviour in the splenium. Longitudinal pairs of mean subject skeletonised DTI parameters as a function of
cognitive status (ACE-R) for Alzheimer’s disease subjects at baseline (blue) and 12 months (red).
doi:10.1371/journal.pone.0049072.g009
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atrophy of adjacent grey matter suggesting that it was not an

artefactual result.

Studies in Alzheimer’s disease, to date, have mostly tended to

conceptualise DTI abnormalities in terms of neuronal loss or

damage, but it is important to keep in mind that although robust

tensor changes can be found in Alzheimer’s disease, their precise

underlying mechanism is essentially unknown. Furthermore,

studies often infer mechanisms by citing homology with animal

models, but this can only ever be consistent with rather than proof of

a given mechanism; for instance, if myelin loss in an animal model

causes a particular tensor metric to change in a certain way, it does

not follow that myelin loss is the only mechanism that could

generate such a tensor behaviour. Returning to the present

findings, RD, and therefore FA, correlated with dementia severity

implying that whatever these metrics capture, it is likely to be

related to neuronal loss. The fact that increased l1 was both

independent of dementia severity and a precursor to RD/FA

changes (n.b. areas where RD and FA changes emerged were

characteristically those that had first seen an increase in l1),
suggests that l1 may be capturing an upstream event to axonal

degeneration. It is also noteworthy that the spread of l1 increase
was not random but, rather, closely mirrored the expected

progression of degeneration as would be measured by cerebral

glucose metabolism–i.e. posterior (posterior cingulate/precuneus

spreading out to lateral temporo-parietal association tracts), then

later to anterior (prefrontal) areas [39,40].

Although a completely speculative hypothesis, one possible

upstream event could be inflammation. The role of inflammatory

change in Alzheimer’s disease is presently of considerable interest

[41] and it is at least conceivable, given that l1 increase appears to
represent something other than axonal loss, that it could be driven

by factors such as microglial activation. Whatever its mechanism,

understanding the true sequence in the cascade of events leading

to neuronal loss in Alzheimer’s disease is arguably the most

important question in understanding pathogenesis. As such,

further work to understand what this early l1 increase might

represent in areas that subsequently degenerate, seems to be,

therefore, critically important.

The differing behaviour of tensor metrics identified in the

course of Alzheimer’s disease in this study goes some way to

explain inconsistencies reported in previous studies. For instance,

some studies in early disease have reported little abnormality in FA

[5,6]. That said, it is difficult to identify a coherent picture from

previous DTI results in Alzheimer’s disease, even if one only

considers the corpus callosum–for review see [42]. Factors

contributing to this inconsistency likely include: differing levels of

dementia severity; an almost universal lack of outcome data in

cohorts labelled mild-cognitive impairment; variable region-of-

interest placement; and variable acquisition protocols. In the

present study, the cross-sectional and longitudinal data highlighted

the critical effect of dementia severity, while clinical follow-up

ensured that all cases scanned in the mild-cognitive impairment

stage had incipient Alzheimer’s disease. The issue of region-of-

interest placement is critical to standardisation if DTI data is to be

used as a biomarker. Because TBSS fits tract centres common to

all subjects, this appears to be an appropriate method for whole-

brain analyses. Meanwhile, the midline corpus callosum offers

a cleaner target to study a tract in isolation; critically, however, as

would be expected from prior knowledge, it is not homogenously

affected but, rather, the splenium is the site of maximum damage.

The current study offers an automated method for extracting

corpus callosum regions that could go some way to optimising

comparability across studies. Finally, the issue of acquisition is

critical to consider. The present study used a 63-direction

acquisition with one b-value, and as already mentioned, yielded

a spread of abnormalities with advancing severity that is highly

consistent with the evolution of Alzheimer’s disease from other

imaging modalities. Recent methods work has validated the use of

30 directions with two b-values as an alternative, whereas fewer

(than 30) directions may be less reliable for tensor modelling unless

a large number of b-values are used [43]; to this end, it is

important to note that most early DTI studies employed less than

10 directions with only one b-value, which may have contributed

to noisy or inconsistent results. It should also be noted that at

present, although RD, MD and FA are considered to be reliable

DTI metrics, conflicting results have been reported with regard to

the intra-scanner stability of l1 measurements at 3T [44,45]. In

this study, l1 appeared to be robust in the corpus callosum, but

further test-retest validations using the proposed experimental

methodology are required to address this important question. A

final technical point to note is that although it is discouraged to

interpret primary diffusivities on the basis of the underlying

neurobiological processes [46], the negligible effects of: (i) crossing

fibres, (ii) partial volume–due to lack of atrophy–and (iii)

eigenvector sorting bias–due to the large differences in signal-to-

noise ratio between l1 and RD e.g. l1 < 6?RD in the skeletonised

splenium–, makes the mid-sagittal corpus callosum a suitable white

matter structure to monitor early-stage Alzheimer’s disease.

In conclusion, the cross-sectional and longitudinal data exam-

ined in the present study identified that RD and FA have utility as

staging biomarkers in Alzheimer’s disease. Both whole-brain

TBSS and a skeletonised splenial region of interest appear to be

good methods to standardise sampling in repeated-measures

designs. The sensitivity of these measures compared to other

biomarkers needs to be established, however, one final point

argues for their potential added value in practical terms. Structural

MRI is already a standard procedure in longitudinal studies;

a diffusion sequence can be readily acquired in the same scanning

session, meaning that this added value can be achieved with little

extra cost or inconvenience compared to nuclear medicine

imaging or cerebrospinal-fluid analysis. Axial diffusivity (l1) in
a given region is a state-, rather than a stage-specific biomarker,

that predates changes in RD/FA and appears to represent

something other than axonal loss.

Supporting Information

Figure S1 Increased mean diffusivity results for very
mild and mild Alzheimer’s disease. TBSS results for very

mild- and mild-stage Alzheimer’s disease groups compared to

controls. Thresholded (TFCE-P,0.05) statistical maps for in-

creased mean diffusivity were overlaid onto the mean FA skeleton

and the MNI152 template with coronal depths given in

millimetres. Extensive, mostly bilateral distributions of DTI

abnormalities for increased mean diffusion were found in the

very mild and mild Alzheimer’s disease group comparisons.

Significant abnormalities were located in parietal white matter

regions including the caudal corpus callosum and the posterior

cingulum bundle, and in caudal temporal areas. All clusters of

significance found in the very mild Alzheimer’s disease group,

were also found in the mild group. As expected, overall MD

abnormalities were highly concordant and largely overlapped with

the spatial distribution of l1 clusters of significance shown in

Figure 3 and Figure 4 (main manuscript).

(TIF)

Figure S2 Regional analysis of the splenium in native
space. Mean subject values for DTI parameters in the native

splenial region as a function of cognitive status (ACE-R) for
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controls (green), very mild Alzheimer’s disease (blue) and mild

Alzheimer’s disease patients (red). The error bars represent 6 one

group standard deviation, and the vertical axes were scaled to 10

control standard deviations. The vertical lines delimit the control

exclusion criteria (ACE-R,88) and the median split (ACE-

R=74). A least-square linear fit was displayed if Pearson’s

correlation coefficient was deemed statistically significant for

N= 43 patients. In agreement with the skeletonised data shown

in Figure 6 (main manuscript), l1 appeared to increase most

significantly in very mild subjects, whereas RD and FA followed

a linear progression with advancing disease severity.

(TIF)
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