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ABSTRACT
Noninvasive diagnostic tests for Alzheimer’s disease

(AD) are limited. Postmortem diagnosis is based on

density and distribution of neurofibrillary tangles (NFTs)

and amyloid-rich neuritic plaques. In preclinical stages

of AD, the cells of origin for the perforant pathway

within the entorhinal cortex are among the first to dis-

play NFTs, indicating its compromise in early stages of

AD. We used diffusion tensor imaging (DTI) to assess

the integrity of the parahippocampal white matter in

mild cognitive impairment (MCI) and AD, as a first step

in developing a noninvasive tool for early diagnosis.

Subjects with AD (N 5 9), MCI (N 5 8), or no cognitive

impairment (NCI; N 5 20) underwent DTI-MRI. Frac-

tional anisotropy (FA) and mean (MD) and radial (RD)

diffusivity measured from the parahippocampal white

matter in AD and NCI subjects differed greatly. Discrim-

inant analysis in the MCI cases assigned statistical

membership of 38% of MCI subjects to the AD group.

Preliminary data 1 year later showed that all MCI cases

assigned to the AD group either met the diagnostic cri-

teria for probable AD or showed significant cognitive

decline. Voxelwise analysis in the parahippocampal

white matter revealed a progressive change in the DTI

patterns in MCI and AD subjects: whereas converted

MCI cases showed structural changes restricted to the

anterior portions of this region, in AD the pathology

was generalized along the entire anterior–posterior axis.

The use of DTI for in vivo assessment of the parahippo-

campal white matter may be useful for identifying indi-

viduals with MCI at highest risk for conversion to AD

and for assessing disease progression. J. Comp. Neurol.

521:4300–4317, 2013.
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The development of noninvasive biomarkers for Alz-

heimer’s disease (AD) pathology is essential to improve

premorbid diagnostic accuracy and to monitor the

effectiveness of therapies as they are developed. The

postmortem diagnosis of AD is based on the presence,

density, and distribution of two hallmark features; neu-

rofibrillary tangles (NFTs) and amyloid-rich neuritic pla-

ques (Gomez-Isla et al., 2008; Trojanowski, 2002;

Wippold et al., 2008). Ideally, biomarkers should there-

fore target these histopathological hallmarks. Currently,

positron emission tomography (PET) studies can identify

amyloid plaques (Clark et al., 2012; Driscoll et al.,

2012; Furumoto et al., 2013; Okamura and Yanai,

2010; Ono, 2009), but NFTs have been less well stud-

ied (Braskie et al., 2010; Jensen et al., 2011; Shin

et al., 2011; Small et al., 2002).

Several reports agree that accumulation of NFTs sig-

nals neuronal death and that their distribution and den-

sity correlate highly with disease severity (Gomez-Isla

et al., 1996). In AD, the cortical region that displays the
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highest number of NFTs is the entorhinal cortex (EC)

within the ventromedial temporal lobe (Van Hoesen

et al., 1991), where NFTs make up a high percentage

of the large multipolar neurons that form layer II of the

EC in AD (Van Hoesen and Solodkin, 1993). The critical

nature of these changes is best appreciated by consid-

ering the connectional relation between the hippocam-

pus and the rest of the cerebral cortex. The EC gives

rise to the perforant pathway, a major neural system of

the temporal lobe, which terminates on the hippocam-

pus. This pathway represents the greatest source of

cortical input to the hippocampus and represents a key

link to the remainder of the cortex (Duvernoy, 1988;

Rosene and Van Hoesen, 1977). Importantly, in the pre-

clinical stages of AD, the cells of origin for the perfo-

rant pathway, in layers II and III of the EC, in addition

to the neurons of the perirhinal cortex, are the first to

display NFTs (Braak and Braak, 1997b). Hence, it is

expected that their presence should affect the axons of

the perforant pathway and then the cell bodies of

layers II and III (Van Hoesen et al., 2000).

Based on the hierarchical and temporal distribution

of NFTs that develops over the course of AD, several

imaging techniques have been applied to assist in mak-

ing an early diagnosis. The most important of these are

magnetic resonance imaging (MRI) methods, including

1) T1-weighted MRI to assess the degree of atrophy in

specific limbic regions or to identify specific AD-like

atrophy patterns [SPARE-AD (Davatzikos et al., 2009,

2010; Misra et al., 2009)] and 2) MR spectroscopy to

measure neuronal metabolites (for reviews see Chetelat

et al., 2005; De Toledo-Morrell et al., 2000; Hampel

et al., 2008; Jack et al., 2010; Small, 2002; Sprooten

et al., 2009). However, because these approaches are

likely to require a significant degree of neuronal death

before showing alterations, a more sensitive method

that detects subtle changes in tissue integrity prior to

neuronal death is necessary. A third MRI method, diffu-

sion tensor imaging (DTI), permits the assessment of

microstructural characteristics of specific brain path-

ways (Basser and Pierpaoli, 1996; Filler and Bell, 1992;

Le Bihan et al., 2001; Pierpaoli et al., 1996). This

method has already shown significant utility in the

assessment of cerebral ischemia, acute stroke, multiple

sclerosis, and traumatic brain injury (de Crespigny

et al., 1995). Several studies have already used DTI to

assess the integrity of hippocampal white matter path-

ways in AD, whether alone (Fellgiebel et al., 2004; Mul-

ler et al., 2005) or in combination with hippocampal

atrophy (Arenaza-Urquijo et al., 2010; Bosch et al.,

2010; Chen et al., 2009; Cherubini et al., 2010; Damoi-

seaux et al., 2009; Fellgiebel et al., 2006; Liu et al.,

2009; Muller et al., 2005; Sexton et al., 2010; Stenset

et al., 2009; Teipel et al., 2010). However, it has not

yet been possible to make individual predictions on

which subjects with MCI have the highest likelihood of

converting to AD.

As a first step toward the development of a sensitive,

noninvasive technique for the preclinical diagnosis of

AD, we tested whether DTI MRI could be used to detect

a disruption of white matter integrity in an area that

includes the perforant pathway. Furthermore, we eval-

uated this technique for its potential to predict which

subjects with mild cognitive impairment (MCI) would

convert to AD early. MCI is a diagnosis that carries a

high risk for conversion to AD within the subsequent 3–

5 years (Modrego, 2006; Petersen, 2004; Petersen and

Negash, 2008), but only a fraction of those diagnosed,

ranging from 10% to 50% (Geslani et al., 2005;

Petersen, 2004), will convert at all. It is currently

impossible to predict, based on noninvasive testing

alone, who will convert and who will not. In fact, it has

been reported retrospectively that MCI subjects who

eventually convert to AD tend to have lower fractional

anisotropy (FA) and higher mean diffusivity (MD) values

in several brain regions at initial assessment (Fellgiebel

et al., 2006; Kalus et al., 2006; Rose et al., 2006).

Others have found that patients with MCI show a corre-

lation between cognitive impairment and a decrease in

FA or MD in the perforant pathway region (Kalus et al.,

2006; Rogalski et al., 2009). However, such group anal-

yses do not provide predictive probabilities for individu-

als with MCI, i.e., the ability to determine at the time of

initial evaluation the risk that a single individual will

convert to AD. In the current study, we investigated the

use of DTI measures as potential predictors of risk of

progression from MCI to AD for individual patients. By

expanding beyond group differences, we aimed to

develop a real-world application of the technique. The

goal of this study was to determine whether DTI meas-

urements within the ventromedial temporal lobe differ

between control and AD subjects and, if so, whether

altered measures in MCI can potentially predict the risk

for future conversion to AD.

MATERIALS AND METHODS

Subjects
Research volunteers were prospectively and consecu-

tively recruited from the Center for Comprehensive

Care and Research on Memory Disorders at The Univer-

sity of Chicago. Control subjects were recruited from

within the local community or were caregivers of

patients. Individuals with pre-existing severe psychiatric

or neurological illness (e.g., cerebrovascular disease or

evidence of stroke on brain imaging) or dementia other
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than AD were excluded. The diagnosis of probable AD

followed the recommendations of the joint working

group of the NINCDS and the AD and Related Disorders

Association (NINCDS-ADRDA; McKhann et al., 2011).

Specific diagnoses for each individual were developed

at a consensus conference comprising neurologists,

neuropsychologists, social workers, and geriatricians. If

the Folstein Mini-Mental State Exam (MMSE) score was

26 or higher, all subtest scores of the neuropsychologi-

cal battery were less than 1.0 standard deviation below

normal, and there were no impairments in activities of

daily living (ADLs) or instrumental activities of daily liv-

ing (iADLs), the subject was labeled as “no cognitive

impairment” (NCI). The diagnostic criteria for MCI were

modeled after those used in the Memory Impairment

Study (Albert et al., 2011) and included 1) memory

complaint by patient or informant; 2) abnormal memory

function, documented by scores greater than 1 SD from

the mean on delayed recall in the Hopkins Verbal

Learning Test; 3) no impairments in ADLs or iADLs; 4)

normal general cognitive function; and 5) not suffi-

ciently impaired, cognitively or functionally, to meet

NINCDS-ADRDA criteria for AD. All MCI cases enrolled

were labeled “amnestic MCI,” because memory impair-

ment was the predominant cognitive feature, and none

had significant cerebrovascular disease on imaging to

suggest a vascular component, the major diagnostic

category predicted by multidomain MCI.

One year later, MCI subjects were reassessed by the

same clinicians, who were blind to the initial predictions

obtained from the imaging data. This study and all pro-

cedures for recruitment and consent were approved by

the Institutional Review Board of the Division of Biologi-

cal Sciences of The University of Chicago. All partici-

pants or their proxy gave written consent for their

participation in the study.

Neuropsychological assessment
Neuropsychological assessments were administered

by a trained psychometrist and included the Wide Range

Achievement Test—III (Wilkinson, 1993), Mini-Mental

State Examination or MMSE, Trail Making Test (Reitan,

1958), Clock Drawing Test (Spreen and Strauss, 1998),

Boston Naming Test (Kaplan et al., 1983), Controlled Oral

Word Association Test & Category Fluency (Spreen and

Strauss, 1998), Hopkins Verbal Learning Test—Revised

(Shapiro et al., 1999), Brief Visual Spatial Memory Test—

Revised (Benedict et al., 1996), and Geriatric Depression

Scale (Yesavage et al., 1983).

Imaging procedures
Scanning was performed on a clinical 3T GE Signa MRI

scanner (GE, Waukesha, WI) equipped with high-strength

gradients. The following sequences were used in all sub-

jects. 1) For high-resolution anatomical imaging, the 3D

magnetization-prepared rapid acquisition gradient echo

(MP-RAGE) was TE 5 3.2 msec, TR 5 8 msec, preparation

time 5 725 msec, flip angle 6�, field of view 24 cm 3 24

cm, 124 sagittal slices, 1.5 mm slice thickness, 192 3

256 image matrix reconstructed to 256 3 256, scan time:

9 minutes 58 seconds; 2) For DTI using Turboprop-DTI, TR

5 3,500 msec, 8 spin-echoes per TR (ETL 5 8), 5k-space

lines per spin echo (turbo-factor 5 5; thus each blade con-

tained 8 3 5 5 40 lines), 16k-space blades per image,

field of view 5 24 cm 3 24 cm, 25 contiguous oblique

coronal slices, and 3 mm slice thickness, and all images

were reconstructed to a 256 3 256 matrix; DW images

with b 5 900 seconds/mm2 were acquired for a set of 12

diffusion directions; two b 5 0 seconds/mm2 images

were also acquired, and scan duration was 13 minutes 3

seconds; 3) proton density (PD) fast spin echo (FSE)

sequence with two echo times provided PD and T2-

weighted images in the same slice locations as the Turbo-

prop-DTI: TE1 5 20 msec, TE2 5 117 msec, TR 5 7,000

msec, ETL 5 16, field of view 5 24 cm 3 24 cm, 25 con-

tiguous oblique coronal slices, 3 mm slice thickness, 192

3 256 image matrix reconstructed to 256 3 256; images

from both echo times were collected twice and averaged

to improve signal to noise (NEX 5 2), and scan duration

was 5 minutes 36 seconds.

Primary image analysis
The mismatch produced by motion between DTI vol-

umes was corrected by registering each of the 12

diffusion-weighted image and the PD volumes to the

mean diffusion-weighted volume using the automated

image registration algorithm (AIR; Woods et al., 1998).

FA, MD, axial diffusivity (k1), and radial diffusivity (RD;

Pierpaoli et al., 1996) maps were produced for each

hemisphere in regions of interest (ROIs) using the

FMRIB Diffusion Toolbox (Behrens et al., 2003).

ROIs
ROIs were manually outlined in the PD images (guided

by the higher resolution of the MP-RAGE images to

detect finer details) and used as masks on the DTI

images for quantification of the DTI metrics in the

specified regions, as in other systems (Solodkin et al.,

2004). These regions were manually outlined using

known landmarks (Van Hoesen, 1995), as recently con-

firmed with a DTI sequence in humans (Augustinack

et al., 2010; Zeineh et al., 2012): 1) parahippocampal

white matter region defined anteriorly by a vertical

plane at the level of the middle portion of the amygdala

and the rhinal sulcus, if present (corresponding to the

anterior limit of the EC); posteriorly by the vertical

A. Solodkin et al.
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plane at the level of the lateral geniculate; and laterally

by the collateral sulcus. Figure 1 shows a coronal sec-

tion at the level of the anterior entorhinal cortex,

depicting the mask used to determine the region of the

parahippocampal white matter. 2) The cerebral

peduncle (CP) was used as a reference measure,

because primary sensory and motor cortices are among

the last cortical regions to develop NFTs in AD (Arnold

et al., 1991; Suva et al., 1999). It was defined at the

level of the midbrain, with the posterior limit demar-

cated by the substantia nigra. ROIs (performed by a

neuroanatomist, A.So.) were traced twice. The reprodu-

cibility of the regions (rater blinded to the first mea-

surement) was demonstrated by the 97% spatial

overlap between the two tracings. The photomicrograph

(Fig. 1B) was obtained by high-resolution scanning of

the original film (HP Scanjet 5500c) and stored using

Photoshop, in which the contrast was increased (13).

The generation of DTI metrics and ROIs was performed

blind to the clinical status of the subjects.

Statistical analysis
Comparing mean values to subdivide the MCI
group
To determine the conversion of MCI cases to AD, we

performed statistical analysis at the group level based

on mean DTI values. For this, the first step was to

establish group differences between the AD and the

NCI groups. To assess simultaneously the differences

between groups across the two hemispheres, we first

performed a Shapiro-Wilks test to determine multivari-

ate normality for each measure (FA, MD, k1, and RD)

for the parahippocampal white matter and CP vectors.

Box’s M-test was used to assess whether the AD and

NCI groups had similar covariance matrices, and, if so,

a parametric multivariate Hotelling T2 test was used to

assess the two hemispheres simultaneously. Otherwise,

the nonparametric Cramer test was used.

Discriminant analysis
Discriminant analysis was performed to obtain addi-

tional segregation among the mean FA, MD, k1, and

RD values in the parahippocampal white matter of AD

and NCI groups and was conducted in two steps. First,

the Wilks lambda test was used to guarantee that the

discriminant function successfully separated the two

groups. Second, we used the “leave-one-out” (or cross-

validation) method to estimate correct classification

rates. In this process, each individual case with a

known membership was taken out from the group, and

its membership was reassigned based on the remaining

cases. Correct classification rate was expressed as the

Figure 1. Coronal sections depicting the location and landmarks of the parahippocampal white at the level of the entorhinal region. A: T1-

weighed MRI. B: Nissl-stained section. As depicted by Dejerine and Dejerine-Klumpke (1901; C) and in the MPRAGE (D,F) and DTI (E,G)

images. The white matter ROI containing the parahippocampal white region is highlighted in A in green so that the reader can compare its

location to the landmarks used. The MPRAGE was chosen for presentation clarity purposes only since the actual ROIs were drawn in the

PD images obtained with similar resolution to the DTI. The Nissl-stained section shows the main landmarks and neighboring regions limit-

ing the entorhinal and hippocampal regions. Note that, in the graphic representation of the hippocampal region by Dejerine and Dejerine-

Klumpke (1901), the fibers of the perforant pathway are shown penetrating the subiculum. The lower row shows samples of the actual

ROIs as seen in an anterior and a posterior slice of the entorhinal area. ec, Entorhinal cortex; hf, hippocampal fissure; cs, collateral sulcus;

dg, dentate gyrus; s, subicular complex; am, amygdalar body; un, uncus of the hippocampus; ot, optic tract. Scale bar 5 2 mm.
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proportion of correctly reassigned cases from the total

cases in each group.

Numerous studies have suggested that the yearly rate

of conversion from MCI to AD is between 10% and 15%

and up to 50% after 5 years (Buchanan, 2009; Butts

et al., 2011; Fischer et al., 2007; Lehrner et al., 2005;

Petersen, 2004). Consequently, we expected that our

MCI group would display a large variance in the DTI data.

To avoid this confound inherent in a group statistical

analysis, we compared individual MCI subjects with the

AD and NCI groups. We first assumed an equal probabil-

ity of each DTI metric from each MCI subject to belong to

either the AD or the NCI group. We then assigned each

measure to the corresponding group through the quantifi-

cation of the smallest Mahalanobis distance. This compu-

tation refers to the distance in mean FA, MD, k1, and RD

values between each subject and the centroid of the AD

and NCI groups. This analysis provided a way to predict

the MCI individuals most likely to progress to AD. Finally,

to assess possible confounds with partial tissue volumes,

we calculated Pearson’s correlation within groups,

between FA values and the volume of the parahippocam-

pal white matter region.

Computing finer resolution on the structural
architecture of the parahippocampal white
matter
To associate white matter changes with potential struc-

tural features in the parahippocampal white matter, we

performed statistical analysis at the individual voxel level.

DTI metrics were extracted on a voxel-by-voxel basis from

the parahippocampal ROIs, and their frequency distribu-

tions were calculated. Differences of skewness between

AD and NCI were determined for each DTI metric using

the Cramer test, and comparisons on the distributions

were performed with the Kolmogorov-Smirnov test.

Clustering analysis centered on the FA/MD distribu-

tions was used to determine contrasts between groups,

and clusters were modeled based on a multivariate Gaus-

sian distribution (mclust software; Fraley and Raftery,

2007). Clusters represented by ellipsoids of variable size,

shape, and orientation were selected based on a Bayes-

ian Information Criterion (Schwarz, 1978). Using the

mean values from the cluster with the highest FA and

lowest MD values (derived from the NCI group) as a refer-

ence origin, we calculated the Mahalanobis distances to

this origin for all voxels from each group. Differences

between groups were obtained using the Wilcoxon

signed-rank test and corrected for multiple comparisons

with the Westfall-Young procedure. Finally, the mean val-

ues of these distances were mapped back to the anatom-

ical space in the anterior–posterior axis of the

parahippocampal ROI. All statistical evaluations were per-

formed in SPSS 13.0 for Windows and R 2.1.1 software.

RESULTS

Patient groups
In total 37 subjects were enrolled. Nine subjects met

criteria for AD, 19 were labeled as NCI, and nine met cri-

teria for MCI. The mean age of subjects was 75 (range

64–89) years for the NCI group, 78 (66–89) years for the

AD group, and 79 (67–91) years for the MCI group. The

Mini-Mental State Exam (MMSE) scores were significantly

lower in the AD group (mean 20.2, range 12–25) com-

pared with the NCI (mean 27.7, range 26–30) and MCI

(mean 28.6, range 25–29) groups, although the latter

two groups did not differ statistically from each other.

Because one of the MCI subjects presented structural

MRI abnormalities in the entorhinal cortex, this subject

was excluded from the study. The demographics of our

cohorts are detailed in Table 1.

DTI
Values for the four DTI metrics (FA, MD, k1, RD) are

listed in Table 2, and Figure 2 shows individual exam-

ples in the anatomical space. In contrast to the meas-

urements within the parahippocampal white matter

region, the DTI metrics values in the cerebral peduncles

for AD and NCI were highly consistent (Table 2).

Group analysis
Normality of mean distributions assessed by the

Shapiro-Wilks test and their resultant probability values

are listed in Table 3. Except for the FA in the parahip-

pocampal white matter of the AD group, all metrics had

normal and close-to-normal distributions. Box’s M-test

indicated that the AD and NCI groups did not have sim-

ilar covariance matrices for FA, MD, k1, and RD values

in either ROI, except for the FA in the CP (P 5 0.24).

Therefore, quadratic discriminant analysis was used.

Group comparisons
The Cramer nonparametric test confirmed a highly sig-

nificant difference of FA in the parahippocampal white

matter region between the NCI and the AD groups (P

5 1.0 3 10–3). The Hotelling T2 tests showed highly

significant differences of MD (P 5 2.04 3 10–4), k1 (P

5 0.0167), and RD (P 5 2.78 3 10–4) as well (Fig. 3).

In contrast, no significant differences in FA (P 5 0.45),

MD (P 5 0.38), k1 (P 5 0.10), or RD (P 5 0.66) were

found in the CP between these two groups.

Pearson’s correlation
Correlation between averaged FA values and the volumes

of the parahippocampal white matter region were not

A. Solodkin et al.
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significant. For the AD group, r 5 20.09, P 5 0.72 (t-test

5 20.367; DF 5 16); for the MCI group, r 5 0.42, P 5

0.08 (t-test 5 1.87; DF 5 16); and, for the NCI group, r 5

0.41, P 5 0.050 (t-test 5 2.14; DF 5 36).

Suitability of discriminant analysis
Besides the obvious group differences between the NCI

and the AD groups, probability values calculated by the

Wilks lambda test suggested that the groups could be

separated based on any of the four DTI metrics

obtained from the parahippocampal white matter

region. Furthermore, the cross-validation tests showed

a correct classification rate for the FA values in this

region of 79% for the NCI group and 67% for the AD

group; MD 84% and 67%, k1 84% and 67%, and RD 95%

and 78%. Table 4 summarizes these results.

Classification of individual MCI cases as either
AD or NCI
From the eight MCI subjects tested, three (38%) were

assigned membership to the AD group, and five were

assigned to the NCI group. Table 5 shows the predicted

TABLE 2.

Summary of DTI Metrics in the Two Patient Groups and in Controls

ROI Group FA 6 SD MD 6 SD (mm2/second) k1 6 SD (mm2/second) RD 6 SD (mm2/second)

Parahippocampal NCI 0.3760 6 0.0398 8.39E204 6 3.61E205 1.23E203 6 8.03E205 7.76E204 6 1.85E204
MCI 0.3714 6 0.1121 9.04E204 6 1.34E204 1.27E203 6 1.35E204 7.22E204 6 1.66E204
AD 0.3085 6 0.0766 1.03E203 6 1.55E204 1.34E203 6 1.42E204 9.41E204 6 1.85E204

Cerebral peduncle NCI 0.5442 6 0.0392 9.60E204 6 6.21E205 1.57E203 6 7.59E205 6.54E204 6 6.85E205
MCI 0.5505 6 0.0825 1.06E203 6 2.05E204 1.73E203 6 2.04E204 7.22E204 6 2.29E204
AD 0.5631 6 0.0545 1.02E203 6 1.70E204 1.67E203 6 1.89E204 6.94E204 6 1.67E204

TABLE 1.

Neuropsychological Raw Scores Defining the Cognitive Profile for the AD and MCI Subjects1

Patient

No. Diagnosis

Age

(years) Education MMSE

WRAT3

reading

HVLT

delayed

memory

BVMT

delayed

memory

Trails

A

Trails B

time BNT COWAT Category GDS

Clock

drawing

1 AD 73 14 21 94 0 0 56 221 19 28 8 11 2
2 AD 72 16 19 105 0 1 48 300 42 25 11 0 4
3 AD 80 20 25 112 0 2 39 125 44 22 18 4 8
4 AD 76 14 19 99 0 2 117 300 26 11 8 11 2
5 AD 66 3 19 96 0 0 54 300 43 11 5 18 2
6 AD 81 12 23 87 0 3 55 300 11 18 5 2 8
7 AD 87 10 18 91 0 0 54 300 32 20 10 2 2
8 AD 90 14 12 87 1 1 96 300 23 8 2 5 10
9 AD 75 8 21 72 0 0 125 300 18 4 9 2 6
10 MCI 80 12 28 98 0 6 36 193 43 17 8 13 8

30 96 5 7 53 141 39 25 10 13 8
11 MCI 71 13 29 103 3 8 36 115 44 41 15 3 10
12 MCI 77 14 28 113 7 8 38 98 58 52 21 8

30 117 6 0 44 74 58 50 28 9 6

13 MCI 75 16 29 112 0 3 40 118 51 39 20 11 6
29 115 0 4 46 168 48 42 22 12 8

14 MCI2 91 16 25 106 0 4 33 99 31 44 13 6 8
20 100 0 0 42 236 35 48 10 2 8

15 MCI2 81 16 27 113 0 5 84 118 55 51 13 4 8
25 111 1 4 87 97 56 38 9 3 8

16 MCI 75 18 29 118 6 10 45 110 59 42 16 3 10
29 118 6 10 45 110 59 51 16 3 8

17 MCI2 82 16 25 98 3 5 57 277 38 26 11 8 10
24 89 3 0 65 300 43 18 13 6 10

1The cells under every MCI case with italics depict the retesting of the MCI subjects 1 year later. The shaded cells mark the scales showing decline

at posttest. MMSE, Mini-Mental State Examination; score out of 30; WRAT, Wide Range Achievement Test—III; standard scores are reported for

more meaningful interpretation; HVLT, Hopkins Verbal Learning Test—revised; score out of 12; BVMT, Brief Visual Spatial Memory Test—revised;

score out of 12; Trails A and B, Trail Making Test (time in seconds); BNT, Boston Naming Test; score out of 60; COWAT, Controlled Oral Word Asso-

ciation Test; Category, Category Fluency (number of words produced); GDS, Geriatric Depression Scale; score out of 20.
2MCI patients considered to have declined since their scores worsened in more than two subtests of the neuropsychological battery.
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group and the associated probability values obtained for

each MCI patient who participated in the study. Note

that all four DTI metrics resulted in identical membership

predictions for the large majority of the subjects (the

only exception occurred in two MCI [NCI] cases, for

whom three-fourths of the metrics were in agreement).

MCI conversions to AD after 1 year
All MCI patients underwent a detailed neuropsychologi-

cal battery and a reassessment of their functional abil-

ities 1 year from the initial assessment. The clinical

examiners were blinded as to each subject’s original

DTI classification. Among the three MCI subjects origi-

nally classified as AD (14, 15, and 17), two definitely

fulfilled criteria for probable AD, and the third demon-

strated significant cognitive decline by neuropsychologi-

cal assessment. Whereas subjects 14 and 17 had

documented evidence of ADL or iADL impairment and,

as such, met full criteria for probable AD, subject 15

did not report ADL or iADL problems. Despite this, the

clinical team labeled this patient as “probable early AD”

Figure 2. Individual examples of structural MRI images depicting the white matter in the parahippocampal region. Left column: control sub-

ject. Middle column: MCI subject. Right column: Alzheimer’s disease subject. The first row of images depicts coronal T1-weighted

images obtained from the MPRAGE sequence. Note the significant degree of atrophy, reflected by the enlargement of the lateral ventricles

and sulci, present in the Alzheimer’s disease subject. The second row of images represents the directionally encoded FA color maps

obtained in the oblique-coronal plane in the same subjects. The red color indicates a left-to-right direction; blue, superior to inferior; green,

front to back. Note the decrease in the intensity of the signal in the AD subject compared with control. The third row of images depicts

the mean diffusivity maps obtained in the oblique-coronal plane. Arrows point to the location of the parahippocampal white matter region

in the right hemispheres.
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based on the overall decline (particularly in verbal and

visual tasks), and the questionable report of intact

ADLs. Therefore, this subject was started on anticholin-

esterase therapy. The specific assessment data for

each subject are listed in Table 1. An asterisk identifies

those that progressed. Among the five MCI subjects

classified as NCI by DTI, none was diagnosed as AD on

followup, and all continued to meet MCI criteria.

Voxelwise analysis
Frequency distributions
The distribution of the total number of voxels from the

AD or the NCI group showed a fair amount of overlap

on all DTI metrics (Fig. 4). However, except for axial dif-

fusivity, the other three distributions from the AD group

were shifted to either the left (FA) or right (MD and

RD). Comparisons of the skewness (Cramer test)

between the NCI and AD groups showed significant dif-

ferences for FA (P 5 0.002) but not MD (P 5 0.052),

TABLE 3.

Assessment of Multivariate Normality: Probability Values

Resulting From the Shapiro-Wilks Test for the NCI and

AD Groups

Pathway Metrics NCI AD

Parahippocampal FA 0.190 0.003
MD 0.783 0.529
k1 0.100 0.480
RD 0.226 0.508

Corticospinal FA 0.128 0.413
MD 0.391 0.035
k1 0.730 0.593
RD 0.132 0.060

Figure 3. Graphic representation of the mean DTI metrics in NCI, MCI, and AD. Panels show mean values for each DTI metrics (FA, MD,

k1, and RD) with their corresponding standard deviations in each of our cohorts. Clear progressive trends toward AD were noted, as seen

with a decrease in FA and an increase in k1, MD, and RD. For each metric displayed, the variance of the MCI group was larger than that

in either the AD or the NCI groups. Significant differences between groups are represented by asterisks.

TABLE 4.

Summary Values for Discriminant Analysis Performed on the DTI Metrics in AD and NCI Groups in the Parahippocampal

White Matter1

ROI FA MD k1 RD

Box’s M-test(P) Parahippocampal 0.01 9.12E205 5.49E203 2.32E206
CP 0.24 2.86E204 8.33E204 2.52E203

Wilks’ k (P) Parahippocampal 0.0022 0.0002 0.0167 0.0003
CP 0.4478 0.3835 0.1049 0.6621

Cross-validation(%) AD 67 67 67 78
NCI 79 84 84 95

1Box M-tests equality of variance, Wilks lambda assesses success of separation between groups and cross validation measures accuracy of

classification.
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RD (P 5 0.027), or k1 (P 5 0.141) after applying Bon-

ferroni’s corrections for multiple comparisons. These

results did not depend on voxel number, because distri-

butions (Kolmogorov-Smirnov test) between the NCI

and AD groups still showed highly significant differen-

ces for FA, MD, RD, and k1 (P < 10–11). To obtain

a better discrimination among voxels, we also deter-

mined their distribution in two-dimensional space: FA-

MD and k1-RD. In these cases, the distributions dif-

fered between the AD and the NCI groups for FA-MD

(P 5 0.02) but not for k1-RD (P 5 0.03). Based on

the fact that significance was limited to the FA-MD

space, cluster analysis was performed based on this

distribution alone. Figure 5 shows these distributions

and those for the two MCI groups (nonconverters

and converters). Note that the graph representing the

MCI groups shows a topology reminiscent of the cor-

responding topology found in the graphs for the AD-

NCI groups.

Cluster analysis
Cluster analysis detected segregation of voxels into

clusters within each cohort. That is, voxels in each

group had membership in either one of two clusters. As

Figure 6 illustrates, there was a cluster (purple dots in

Figure 4. Voxelwise analysis. Comparing frequency distributions of DTI metrics in the NCI and the AD groups. Panels represent the distri-

bution of FA, MD, k1, and RD for all voxels in the NCI group (red bars) and the AD group (blue bars). Note the partial overlap of the distri-

butions for all except the axial diffusivity, for which the overlap is complete.

TABLE 5.

Statistical Classification of Individual MCI Cases Into

Either the AD or the NCI Groups1

FA MD k1 RD

MCI subjects Group P Group P Group P Group P

1 NCI 0.95 NCI 0.80 NCI 0.75 NCI 0.81
2 NCI 0.72 NCI 0.92 NCI 0.94 NCI 0.93
3 NCI 0.82 NCI 0.71 NCI 0.74 NCI 0.86
42 AD 0.65 AD 0.82 AD 0.88 AD 0.90
5 NCI 0.92 NCI 0.68 AD 0.80 NCI 0.92
62 AD 0.86 AD 0.99 AD 1.00 AD 1.00
7 AD 0.52 NCI 0.90 NCI 0.91 NCI 0.83
82 AD 0.86 AD 0.57 AD 0.98 AD 1.00

1The columns reflect the group assigned and the probability value

associated with it for each DTI metric.
2MCI patients considered to have declined by clinical criteria 1 year

later.
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Fig. 6) common to the thrtee groups representing met-

rics in the high FA (center of mass around 0.4–0.5) and

low MD (0.001 mm2/second) values. Because of this

commonality, we considered the cluster derived from

the NCI group as the reference origin, representing vox-

els with the largest structural integrity. Figure 6 also

illustrates the existence of an additional population of

voxels in the NCI, MCI, and AD groups (marked green)

that have different locations with respect to the refer-

ence cluster. That is, some are closer to the reference

and some are farther. These voxels had different loca-

tions in each group. Hence, whereas in controls they

are close to the reference, in the MCI group they are

clearly segregated, with many values shifted to a lower

FA range, highlighting the larger variance of this group.

These differences are further evolved in the AD group,

among whom a more pronounced shift toward lower FA

values is accompanied by higher MD values. This pro-

duces larger distances among these voxels with respect

to the reference.

Mahalanobis distances from the reference
cluster
Statistical differences of FA/MD distances in relation

to the reference cluster showed that, whereas in

controls and MCI (NCI) these distances are independ-

ent of location in the anatomical space, early

changes (larger distances in MCI [AD] compared with

NCI) start in the anterior portion of the parahippo-

campal region (P 5 1025 after correction for multiple

comparisons). By contrast, later changes seen as

larger distances in AD compared with MCI (AD)

affect the posterior portion of the parahippocampal

white matter (P 5 1025 after correction for multiple

comparisons; Fig. 7). These observations show that

properties of voxels deviate from the reference clus-

ter in NCI to MCI (AD) and then to AD, starting in

the anterior parahippocampal white matter in MCI

(AD) and extending subsequently to the posterior por-

tion in AD. These changes cannot be attributed to

size, because the cross-sectional area (number of

Figure 5. Multivariate scatterplots for FA-MD and k1-RD. Upper panels represent voxel distribution in the FA-MD (A) and the k1-RD (B)

space for the NCI (red dots) and the AD (blue dots) groups. In both distributions, voxels from the AD group separate from those in con-

trols at low FA and high MD values (in A) and for high RD values (in B). C and D represent similar representations but for the converted

MCI (MCI [AD]) in turquoise dots and the nonconverted MCI [MCI(NCI)] in orange dots. Their distributions, although in smaller scale, are

reminiscent of those shown in the panels above.

DTI Biomarkers for Alzheimer’s Disease

The Journal of Comparative Neurology | Research in Systems Neuroscience 4309



voxels per coronal slice) did not depend on the ante-

rior–posterior axis (z coordinate) and did not differ

between groups.

Figure 6. Graphic representation of clusters in the FA/MD space.

Upper panel shows the location and size of reference cluster

(purple) modeled in the NCI group, the middle panel in the MCI

group, and the lower panel for the AD group. Note the progres-

sive increase in the distance to the reference cluster of the vox-

els not included in the reference (green dots) in the MCI and the

AD groups, shown as a shift toward low FA and high MD values.

This distance was used as a surrogate to describe structural dis-

ruption with respect to a norm.

Figure 7. Graphic representation of the distribution of Mahalano-

bis distances (y axis) on the anatomical space (x axis). Anatomi-

cal distribution of distances to the reference cluster shows the

predominance of longer values in the anterior portion of the para-

hippocampal white matter in converted MCI cases (middle

panel) compared with MCI (NCI) controls (upper panel). In com-

paring the AD cases (bottom panel) vs. the converted MCIs, lon-

ger distances are seen throughout the whole anterior–posterior

extent of the parahippocampal ROI.
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DISCUSSION

Changes in the architecture of the
parahippocampal white matter as an in vivo
biomarker to predict the conversion from
MCI to AD

MCI is now an accepted diagnostic category that por-

tends an elevated risk for the development of AD or

other dementia (Almkvist et al., 2002; Geslani et al.,

2005; Morris, 2005; Petersen, 2004). To improve its

predictive potential, several noninvasive imaging-based

diagnostic studies that assess structural, metabolic,

and functional outcomes associated with conversion of

MCI cases to AD have been investigated (for reviews

see Baclet-Roussel et al., 2010; Defranceso et al.,

2010; McEvoy et al., 2011). However, the specificity of

these methods remains inferior to that of invasive neu-

ropathological markers (for reviews see Diniz et al.,

2008; Mitchell, 2009; van Rossum et al., 2010). Appli-

cation of PET-based amyloid imaging may have great

diagnostic potential in this regard, but its predictive

capacity is limited by the poor correlation of amyloid

with disease onset and progression (Chubb et al.,

2006; Duyckaerts et al., 2009; Giannakopoulos et al.,

2003; Van Hoesen and Solodkin, 1994) and the high

cost of these studies compared with MRI.

DTI MRI has emerged as a sensitive method for resolv-

ing changes in the structure of neuronal fiber bundles

within the brain, and it has been applied to the study of

several neurological diseases (Kunimatsu et al., 2003;

Mori et al., 2002), including AD (for review see Ewers

et al., 2011; Gold et al., 2012; Matthews et al., 2013).

We reasoned that its specific application to the early

diagnosis, or even prediction of development, of AD

would depend on assessing a brain region that displays

the earliest pathology. Several studies have shown that

the distribution of pathology in AD is not random (Arnold

et al., 1991; Nagy et al., 1999; Sassin et al., 2000), and

this has been supported by numerous MRI-based studies

(Fox and Schott, 2004; Jack et al., 2004; Kantarci et al.,

2005). It is precisely this differential distribution of neu-

ronal death in AD (Mitchell et al., 2002) that has led

many to apply noninvasive techniques to diagnose early

or “prodromal” states of AD (Drago et al., 2011; Killiany

et al., 2000; Mortimer and Petersen, 2008; Valls-Pedret

et al., 2010).

Although the current sample size that we report is

rather small, the clear segregation among our experi-

mental groups suggests that DTI metrics of the parahip-

pocampal white matter region can be a sensitive

method to discriminate subjects with AD from cogni-

tively intact subjects. Furthermore, the metric abnor-

malities were limited to the parahippocampal region

and were not present in the corticospinal pathway

(Rose et al., 2000), suggesting a selective pathway

alteration, at least in earlier disease stages.

It has been reported that NFT pathology within the

entorhinal cortex may be present prior to behavioral man-

ifestations of AD (Braak and Braak, 1997a; Mitchell et al.,

2002). In this context, our results for MCI subjects were

quite interesting. When subjected to discriminant analy-

sis, the four DTI metrics of the parahippocampal white

matter region of three of eight (38%) MCI subjects indi-

cated that they belonged to the AD group and five (72%)

to the NCI group. At a 1-year followup visit, those MCI

subjects classified as AD-like by DTI were reclassified as

early AD by clinicians blinded to the imaging data. This

correlates well with the prediction that 10–40% of

patients diagnosed with MCI convert to AD within 1–2

years (Buchanan, 2009; Falini et al., 2005; Mosconi,

2005; Pavlovic and Pavlovic, 2009; Pennanen et al.,

2005). Future studies with larger samples, however, are

needed to confirm these preliminary results.

Complex architecture of the
parahippocampal ROI

We performed a voxelwise analysis to understand

better the potential biological interpretations of the

changes observed. For this, we have to consider first

the nature of the ROI (parahippocampal white matter).

Although our ROI included the perforant pathway, as

with most pathways within the CNS, it is not distinctly

segregated. Indeed, although the perforant pathway is

the largest cortical association pathway in the temporal

lobe (Van Hoesen, 1982, 1995) and its axons form a

compact bundle (angular bundle) on their way to the hip-

pocampus, partial volume effects in MR imaging resulting

from crossing fibers are common. Because the entorhinal

region is a true anatomical hub in the sense of the dis-

tributed nature of its connectivity (Insausti et al.,

1987a,b; Van Hoesen, 1995), few DTI studies with

sophisticated techniques have succeeded in tracking the

human perforant path either in vivo or ex vivo (Augusti-

nack et al., 2010; Yassa et al., 2010; Zeineh et al., 2012).

The complex composition of the parahippocampal

white matter considered in this study includes connec-

tivity with a large variety of cortical and subcortical

regions (e.g., amygdala and limbic thalamus; Amaral

and Cowan, 1980; Amaral and Price, 1984) in addition

to the reciprocal connections with the hippocampus

proper and the subiculum (Rosene and Van Hoesen,

1977; Van Hoesen and Pandya, 1975; Witter, 2007).

Indeed, major reciprocal connections of the entorhinal/

perirhinal areas originate in cortical association and lim-

bic cortices, including the anterior insula; superior
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temporal sulcus; inferior, medial temporal and occipito-

temporal regions; anterior and posterior cingulate,

peristriate, and orbitofrontal cortices (for review see

Insausti, 1993; Lavenex et al., 2002; Van Hoesen,

1995). This multipathway structure necessarily implies

that changes captured by DTI metrics will depend on a

complex reorganization of the architecture resulting

from partial damage to some but not all axons found

within the ROI at different times.

AD decreases the complexity of the
parahippocampal white matter architecture

The first change we detected in the group and the

voxelwise analyses was a decrease of FA in both MCI

(AD) and AD individuals as has been reported amply for

AD (Ewers et al., 2011; Fellgiebel and Yakushev, 2011;

Gold et al., 2012; Matthews et al., 2013; Oishi et al.,

2011; Sexton et al., 2010; Stebbins and Murphy, 2009;

Stepan-Buksakowska et al., 2012). Because FA is a nor-

malized metric, it does not provide information on the

cause of the decrease. It could be due to a decrease in

axial diffusivity representing a decrease of the larger

diffusion value, an increase in the two secondary Eigen

values (radial diffusion), or a combination of both. The

relevance of exploring with more precision the origins

of the changes observed is that each one of these pos-

sibilities can be associated with more specific modifica-

tions in the architecture of the tissue. To disambiguate

this observation, this initial result has to be considered

in the context of the other metrics. Our results show

that axial, mean, and radial diffusivities tended toward

larger values in AD. In addition, multivariate distribu-

tions based on FA/MD showed a clear difference, with

lower FA and higher MD values in AD.

The question to be addressed is the nature of the

structural changes related to the increase in mean dif-

fusivity along an increase in axial diffusivity in AD. More

specifically, the DTI acquisition used a rather low value

of b (b 5 900), at a level that has been suggested to

represent extracellular diffusion (Assaf and Cohen,

2000). Hence, the more specific question relates to the

nature of the structural changes that are diminishing

restrictions to the extracellular diffusion of water along

with a simultaneous increase in axial diffusivity. Given

this, we posit that the increase in MD can be due to an

increase in the size of the extracellular space resulting

from degeneration of axonal processes, demyelination,

or thinning, in some but not all axons included in the

white matter ROI. This increase in the extracellular

space can produce a decrease in the degree of cross-

ing fibers within the region, producing an apparent

increase in axial diffusivity from the axons less affected

by the illness. In other words, our results may reflect a

decrease in the complexity of the anatomical architec-

ture of this region reflecting selective and sequential

deterioration or structure of limbic and nonlimbic con-

nectivity associated with the parahippocampal region.

Disease progression from MCI to AD is
detected by voxel structural disruption

Distances measured from the reference cluster

reflect a hierarchical progression shift to lower FA and

higher MD-RD values from NCI to MCI (AD) to AD. That

is, disease progression involves not only voxels with

larger structural changes but also a larger number of

them. In other words, even though all subjects (includ-

ing healthy controls) have voxels with high FA and low

MD-RD (voxels within the reference cluster) and voxels

with low FA and high MD-RD (damaged voxels), a criti-

cal issue may be the relative proportion of these two

types of voxels. Is there an inflexion point at which the

damaged voxels are at a level in which function is

finally compromised?

Distribution of structurally disrupted voxels
progresses in an anterior–posterior fashion
along the clinical progression of disease

Structurally disrupted voxels were not distributed

homogeneously in the parahippocampal white matter of

MCI (AD) and AD. Whereas the anterior portion of the

parahippocampal white matter had the largest burden

of these voxels in MCI patients who converted to AD, in

AD these were distributed along the entire rostrocaudal

extent of the ROI. The differential distribution of patho-

logical voxels in the anterior parahippocampal region

may explain the variance of the probability values asso-

ciated with MCI membership (to AD or NCI) via discrim-

inant analysis (range 52–100%). In other words, it is

possible that focusing the analysis on the anterior

regions could increase the sensitivity of the approach.

On the other hand, these regional differences might

not be surprising, based on the topology of corticocorti-

cal connectivity to and from the entorhinal region in

macaques. To illustrate this point, Mohedano-Moriano

and colleagues (2007) showed that some of the input

connectivity has biases to restricted entorhinal regions.

For instance, anterior regions preferentially receive

inputs from lateral orbitofrontal regions, anterior cingu-

late, agranular insula, and visual association cortices.

Connectivity to intermediate regions comes from the

upper bank of the superior temporal sulcus and audi-

tory association cortices. Finally, posterior regions

receive inputs from the parietal and retrosplenial

regions. In parallel, the perforant pathway projects to
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the hippocampus with an anterior–posterior topology.

These three anterior–posterior bands are reminiscent

not only of the cytoarchitectural subfields of Amaral,

Insausti, and colleagues (Amaral et al., 1987; Insausrti

et al., 1995) but also of the organization of the entorhi-

nal intrinsic connectivity (Chrobak and Amaral, 2007).

Our results placing the initial changes in the anterior

portion of the parahippocampal white matter are con-

sistent with recent DTI reports highlighting early Alzhei-

mer’s pathology in limbic regions (Acosta-Cabronero

et al., 2010), including its preponderance in anterior

hippocampus (Fellgiebel and Yakushev, 2011). Addition-

ally, the fact that pathology extends caudally at later

stages of disease suggests that DTI metrics within the

parahippocampal white matter can be applied not only

as a biomarker for the detection of prodromal AD but

also to aid in following the progression of disease into

later stages.

Furthermore, we submit that our biomarker for pre-

diction of conversion from MCI to AD might have higher

sensitivity by focusing the assessment on the anterior

half of the parahippocampal white matter. We have pre-

liminary data suggesting that the distribution of dam-

aged voxels might also have a bias to the medial

portion of this region. Confirmation of this preliminary

observation, however, awaits further analysis.
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