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Abstract

We compared accuracy of hippocampus and basal forebrain cholinergic system (BFCS) atrophy to

predict cortical amyloid burden in 179 cognitively normal subjects (CN), 269 subjects with early

stages of mild cognitive impairment (MCI), 136 subjects with late stages of MCI, and 86 subjects

with Alzheimer’s disease (AD) dementia retrieved from the Alzheimer’s Disease Neuroimaging

Initiative database. Hippocampus and BFCS volumes were determined from structural magnetic

resonance imaging scans at 3 Tesla, and cortical amyloid load from AV45 (florbetapir) positron

emission tomography scans. In receiver operating characteristics analyses, BFCS volume provided

significantly more accurate classification into amyloid-negative and -positive categories than

hippocampus volume. In contrast, hippocampus volume more accurately identified the diagnostic

categories of AD, late and early MCI, and CN compared with whole and anterior BFCS volume,

whereas posterior BFCS and hippocampus volumes yielded similar diagnostic accuracy. In

logistic regression analysis, hippocampus and posterior BFCS volumes contributed significantly to

discriminate MCI and AD from CN, but only BFCS volume predicted amyloid status. Our

findings suggest that BFCS atrophy is more closely associated with cortical amyloid burden than

hippocampus atrophy in predementia AD.
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1. Introduction

According to the amyloid cascade hypothesis, cortical amyloid accumulation is the first

event in the pathogenesis of Alzheimer’s disease (AD) instigating further pathological

events, including the formation of neurofibrillary tangles and disruption of synaptic

connections, which then lead to a reduction in neurotransmitter levels, death of tangle-

bearing neurons, and dementia (Selkoe, 2000). Therefore, detection of cortical amyloid

accumulation using positron emission tomography (PET) with amyloid binding compounds

has become a disease defining marker of AD (Barthel et al., 2011; Klunk et al., 2004).

The interaction between PET markers of cortical amyloid accumulation and structural

imaging markers of atrophy in AD has found increasing attention. Hippocampus volume, the

best established structural imaging marker of AD (Dubois et al., 2007; Wahlund et al.,

2005), was not different or even larger in amyloid-positive (+) compared with amyloid-

negative (−) healthy subjects (Becker et al., 2011; Bourgeat et al., 2010), but yet inversely

correlated with amyloid load in amyloid+ healthy subjects in some, but not all studies

(Apostolova et al., 2010; Bourgeat et al., 2010; Chetelat et al., 2010a, 2010b). In mild

cognitive impairment (MCI) stages of AD, hippocampus atrophy has not been associated

with global or regional amyloid accumulation in most studies (Apostolova et al., 2010;

Chetelat et al., 2010b). Thus, associations between cortical amyloid deposition and

hippocampus atrophy were relatively weak, consistent with postmortem evidence that

amyloid pathology occurs in the hippocampus only secondary to neurofibrillary pathology

(Braak and Braak, 1997; Royall et al., 2012).

Besides amyloid accumulation, cholinergic degeneration is regarded as a key event in AD

pathogenesis (Mesulam, 2004). Degeneration of basal forebrain cholinergic nuclei occurs in

early and predementia stages of AD (Mann et al., 1984; Perry et al., 1978; Sassin et al.,

2000; Whitehouse et al., 1981). Animal models and postmortem brain studies provide

evidence for a 2-way interaction between cholinergic transmission and amyloid

accumulation (Schliebs and Arendt, 2006), with a specific vulnerability of cholinergic basal

forebrain neurons to amyloid toxicity (Boncristiano et al., 2002) and increased amyloid

formation with decline of cholinergic transmission (Beach, 2008). Volumetric measurement

of cholinergic nuclei in the basal forebrain has become available (Grothe et al., 2010, 2012;

Teipel et al., 2005) using in vivo structural magnetic resonance imaging (MRI) and masks of

the basal forebrain cholinergic nuclei derived from postmortem MRI and histology (Heinsen

et al., 2006).

Other than amyloid end points, changes in hippocampus volume were consistently found to

be associated with episodic memory impairment (Grothe, et al., 2010; Mortimer et al., 2004;

Reitz et al., 2009; Teipel et al., 2010), the defining clinical criterion for MCI. Accordingly,

hippocampus volume was superior to cortical amyloid load in discriminating amnestic MCI

subjects from healthy control subjects in a previous study (Jack et al., 2008). So far, BFCS
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volume has been little studied for diagnosis of MCI, reaching an accuracy below that of

hippocampus volume in one previous study (Grothe et al., 2012).

Based on these findings, our primary hypothesis was that BFCS volume would be more

sensitive to cortical amyloid accumulation than hippocampus volume in cognitively healthy

elderly and MCI subjects. Our secondary hypothesis was that hippocampus volume would

be more sensitive than BFCS volume to predict a diagnosis of MCI. We used data from 670

subjects retrieved from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database

(adni.loni.ucla.edu) comprised of subjects with AD dementia, early and late stages of MCI,

and cognitively healthy elderly subjects. Based on this sample, we determined the accuracy

of BFCS and hippocampus volumes to predict PET-based classification into amyloid+ or

amyloid− subgroups and to differentiate MCI subjects from cognitively healthy control

subjects irrespective of amyloid status.

2. Methods

Data used in the preparation of this article were obtained from the ADNI database

(adni.loni.ucla.edu). The ADNI was launched in 2003 by the National Institute on Aging,

the National Institute of Biomedical Imaging and Bioengineering, the Food and Drug

Administration, private pharmaceutical companies, and nonprofit organizations, as a $60

million, 5-year public-private partnership. The primary goal of ADNI has been to test

whether serial MRI, PET, other biological markers, and clinical and neuropsychological

assessment can be combined to measure the progression of MCI and early AD.

Determination of sensitive and specific markers of very early AD progression is intended to

aid researchers and clinicians to develop new treatments and monitor their effectiveness, and

lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W. Weiner, MD, Veterans Affairs

Medical Center and University of California, San Francisco. ADNI is the result of efforts of

many coinvestigators from a broad range of academic institutions and private corporations,

and subjects have been recruited from more than 50 sites across the United States and

Canada. The initial goal of ADNI was to recruit 800 subjects but ADNI has been followed

by ADNI-GO and ADNI-2. To date, these 3 protocols have recruited more than 1500 adults,

ages 55–90, to participate in the research, consisting of cognitively normal older individuals,

people with early or late MCI, and people with early AD. The follow-up duration of each

group is specified in the protocols for ADNI-1, ADNI-2, and ADNI-GO. Subjects originally

recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-

date information, see www.adni-info.org.

2.1. Subjects

(AV45)-amyloid-PET and structural MRI scans were retrieved from the ADNI-GO and

ADNI-2 extensions of the ADNI project and included imaging data of 179 cognitively

normal elderly subjects (CN), 269 subjects with early stage MCI (EMCI), 136 subjects in a

more advanced stage of MCI (LMCI), and 86 subjects in dementia stages of AD. A subset of

this sample, 57 CN, 155 EMCI, and 31 LMCI subjects, had been included in a previous

study (Grothe et al., in press).
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Detailed inclusion criteria for the diagnostic categories can be found at the ADNI Web site

(http://adni.loni.usc.edu/methods/documents/). Briefly, CN subjects have Mini Mental State

Examination (MMSE) scores between 24 and 30 (inclusive), a Clinical Dementia Rating

(CDR) score = 0, are nondepressed, non-MCI, and nondemented. EMCI subjects have

MMSE scores between 24 and 30 (inclusive), a subjective memory concern reported by the

subject, informant, or clinician, objective memory loss measured using education-adjusted

scores on delayed recall (1 paragraph from Wechsler Memory Scale Logical Memory II;

education-adjusted scores: ≥16 years: 9–11; 8–15 years: 5–9; 0–7 years: 3–6), a CDR = 0.5,

absence of significant levels of impairment in other cognitive domains, essentially preserved

activities of daily living, and an absence of dementia. Diagnosis of LMCI differs from that

of EMCI only in a higher degree of objective memory impairment (education-adjusted

scores: ≥16 years: ≤8; 8–15 years: ≤4; 0–7 years: ≤2). Subjects with AD dementia have

initial MMSE scores between 20 and 26 (inclusive), a CDR = 0.5 or 1.0 and fulfill National

Institute of Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease and

Related Disorders Association criteria for clinically probable AD (McKhann et al., 1984).

2.2. Imaging data acquisition

ADNI-GO/-2 MRI data were acquired on multiple 3-T MRI scanners using scanner-specific

T1-weighted sagittal 3-D magnetization-prepared rapid gradient-echo sequences. To

increase signal uniformity across the multicenter scanner platforms, original magnetization-

prepared rapid gradient-echo acquisitions in ADNI undergo standardized image

preprocessing correction steps.

(AV45)-amyloid-PET data were acquired on multiple instruments of varying resolution and

following different platform-specific acquisition protocols. Similar to the MRI data, PET

data in ADNI undergo standardized image preprocessing correction steps aimed at

increasing data uniformity across the multicenter acquisitions.

More detailed information on the different imaging protocols used across ADNI sites and

standardized image preprocessing steps for MRI and PET acquisitions can be found on the

ADNI Web site (http://adni.loni.usc.edu/data-samples/).

The average acquisition delay between AV45 scans and corresponding MRI scans used in

this study was 33.8 ± 30.5 days.

2.3. Imaging data processing

Imaging data were processed using statistical parametric mapping (SPM8, Wellcome Trust

Center for Neuroimaging) and the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/)

implemented in MatLab R2007a (MathWorks, Natick, MA, USA).

2.3.1. MRI processing—First, MRI scans were automatically segmented into gray matter

(GM), white matter (WM), and cerebrospinal fluid (CSF) partitions of 1.5-mm isotropic

voxel size using the tissue prior free segmentation routine of the VBM8 toolbox. The

resulting GM and WM partitions of each subject in native space were then high-

dimensionally registered to an aging/AD-specific reference template from a previous study

(Grothe et al., 2012) using Diffeomorphic anatomical registration through exponentiated lie
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algebra (DARTEL) (Ashburner, 2007). Structural brain characteristics change considerably

in advanced age and AD, and spatial registration accuracy worsens with deviance from the

template characteristics, rendering the Montreal Neurological Institute (MNI) standard space

template inappropriate for high-dimensional deformation-based morphometry studies of

aged and demented populations. Therefore, the reference template in this study was derived

by DARTEL-aligning 50 healthy elderly subjects and 50 subjects with very mild, mild, and

moderate AD retrieved from an open access MRI database (www.oasis-brains.org), and thus

reflects unbiased aging/AD-specific structural characteristics. Individual flow fields

resulting from the DARTEL registration to the reference template were used to warp the

GM segments and voxel values were modulated for volumetric changes introduced by the

high-dimensional normalization, such that the total amount of GM volume present before

warping was preserved. Finally, for voxel-based analyses, modulated warped GM segments

were smoothed with a Gaussian smoothing kernel of 8 mm full-width at half maximum. All

preprocessed GM maps passed a visual inspection for segmentation and registration

accuracy.

Individual GM volumes of regions of interest (ROIs) were extracted automatically from the

warped GM segments (before smoothing) by summing up the modulated GM voxel values

within the respective ROI masks in the reference space (see section 2.3.2.). For further

analyses, the extracted regional GM volumes were divided by the total intracranial volume,

calculated as the sum of total volumes of the GM, WM, and CSF partitions.

2.3.2. Definition of the basal forebrain and hippocampus ROIs—The cholinergic

basal forebrain (BF) is composed of 4 groups of cholinergic cells. According to Mesulam’s

nomenclature, Ch1 refers to the cholinergic cells associated with the medial septal nucleus,

Ch2 and Ch3 to those belonging to the vertical and horizontal limb of the diagonal band of

Broca, respectively, and Ch4 designates the cholinergic cells of the nucleus basalis of

Meynert (Mesulam et al., 1983b). The nucleus basalis of Meynert is the largest cholinergic

nucleus of the BF and can be further subdivided into anterior lateral (Ch4al) and medial

(Ch4am), intermediate (Ch4i) and posterior regions (Ch4p). The cholinergic nuclei lack

clear anatomical borders that could be easily identified on MRI scans, rendering manual

delineation impractical. The BF mask used in this study was therefore based on a

cytoarchitectonic map of BF cholinergic nuclei in MNI space, derived from combined

histology and in cranio MRI of a postmortem brain (Teipel et al., unpublished). This map is

similar in general outline to a previously defined BFCS map based on a different

postmortem MRI scan (Teipel et al., 2005), but in contrast to this previous mask it contains

outlines of the Ch1/2, Ch3, Ch4a–i, Ch4p, and nucleus subputaminalis subregions of the

basal forebrain. For subsequent analysis we used the entire volume of the BFCS and the

subregions belonging to the nucleus basalis of Meynert proper (i.e., Ch4a–i and Ch4p).

Considering that this cytoarchitectonic map was designed to match standard MNI space, we

nonlinearly registered the MNI152 template to the aging–AD-specific template used in this

study and used the resulting DARTEL parameters to warp the cytoarchitectonic map into the

population-specific template space.

We also examined hippocampus volume. The ROI mask for the hippocampus was obtained

using manual delineation of the hippocampus in the reference template of aging–AD-
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specific anatomy (Grothe et al., 2012) using the interactive software package Display

version 1.4.2 (McConnell Brain Imaging Centre at the Montreal Neurological Institute) and

a previously described protocol for segmentation of the medial temporal lobe (Pruessner et

al., 2000). Interrater reliability from 4 raters independently measuring hippocampus volume

in 10 randomly selected MRI scans yielded intraclass correlation coefficients of 0.92 for the

right and 0.93 for the left hippocampus (Teipel et al., 2010). Intrarater reliability for the rater

who provided the label for automatic volumetry yielded intraclass correlation coefficients of

0.96 for the left and 0.93 for the right hippocampus when measuring 10 MRI scans twice, on

average 464 (SD, 29) days apart.

2.3.3. (AV45)-amyloid PET data processing—(AV45)-PET scans were processed

using SPM8 software. (AV45)-PET scans were rigidly coregistered to their corresponding

structural MRI scans and warped to the aging–AD-specific reference space using the

DARTEL flow fields derived from the registration of the coregistered structural MRI. To

limit signal spillover from surrounding WM and CSF tissue, warped (AV45)-PET scans

were masked with an inclusive GM mask of the aging–AD template thresholded at 50% GM

probability.

Global cortical AV45 uptake was calculated as mean uptake within a composite mask of

frontal, parietal, and temporal ROIs known to be vulnerable to amyloid accumulation (Shin

et al., 2010; Thal et al., 2002). Anatomical masks for these ROIs were derived from the

Harvard–Oxford structural atlas (distributed with the software package, FSL; Desikan et al.,

2006) and high-dimensionally warped into the reference space of this study based on a

DARTEL registration of the MNI152 template (the template space of the Harvard–Oxford

atlas) to the aging–AD reference template. Cortical AV45 uptake means were converted to

standard uptake value ratios (SUVR) by normalization to the mean uptake value within a

mask of cerebellar GM, which was derived from the Hammers Maximum Probability atlas

(Hammers et al., 2003) and processed identically to the labels of the Harvard–Oxford atlas.

The cortical composite mask and the cerebellar mask are illustrated in Fig. 1.

Based on combined antemortem (AV45) PET and postmortem neuropathologic examination

a threshold of cortex to whole cerebellum SUVR ≥1.17 was suggested to be indicative of

pathological levels of amyloid associated with AD (Fleisher et al., 2011). Cortex to whole

cerebellum SUVRs are being calculated for all ADNI subjects and made available on the

ADNI server by 1 of the ADNI PET core laboratories (Susan Landau and William Jagust at

Helen Wills Neuroscience Institute, UC Berkley and Lawrence Berkeley National

Laboratory). Linear regression analysis between these cortex to whole cerebellum SUVRs

and the cortex to cerebellar GM SUVRs used in the present study yielded close to perfect

correlation between these 2 measures (R2 = 0.948 across all subjects; see Supplementary

Fig. 1). Based on the linear regression equation the threshold of 1.17 converts to a threshold

of 1.362 for the cortex to cerebellar GM SUVR used here. The apparently lower threshold

for cortex to whole cerebellum SUVR is explained by nonspecific tracer uptake in cerebellar

WM, which is excluded in the cerebellar GM mask.
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2.4. Statistics

Demographic characteristics were compared between clinical- and amyloid-stratified groups

using Student t test for age and years of education, Mann-Whitney U test for MMSE scores,

and χ2 tests for sex distribution and handedness.

Statistical significance of the difference in effect sizes between hippocampus and BFCS

volumes across the clinical- and amyloid-based classifications was assessed using

comparison of areas under the receiver operating characteristics curves (AUC) implemented

in ROCKIT software version 0.9.1 (Kurt Rossmann Laboratories) (Metz et al., 1998). We

used the AUC as a measure of effect size of group differences (Hanley and McNeil, 1983)

and compared AUCs between markers. This approach has been well established in the

biomarker and imaging marker literature (Parnetti et al., 2001; Teipel et al., 2003) and

allows direct comparison of diagnostic performance between markers derived from the same

sample.

In addition, we determined contribution of Ch4am-al and Ch4p nuclei and bilateral

hippocampus to group discrimination using logistic regression models. In the first step, all

markers plus age, sex, and center were forced into the model. Subsequently, volumetric

markers were stepwise removed from the model based on conditional likelihood ratio tests,

where markers were only retained in the model if they yielded a contribution for model fit at

a level of significance of p < 0.05. The logistic regression analysis served to asses the effect

of covariates on diagnostic performance, and to determine the relative contribution of each

marker to diagnostic accuracy when first all markers were forced into the model and then

sequentially removed according to their contribution to the fit of the model.

3. Results

3.1. Demographic characteristics

As outlined in Table 1, AD, and EMCI+ subjects were significantly older than the CN−

subjects, and the EMCI− were significantly younger than the CN− subjects (Student t test).

CN+ and EMCI+ subjects were significantly older than the amyloid− subjects from the same

clinical diagnostic category (Student t test). Groups differed in MMSE scores, with AD

dementia subjects having the lowest and CN subjects having the highest MMSE scores.

EMCI+ and LMCI+ subjects had significantly lower MMSE scores compared with the

amyloid− subjects from the same clinical diagnostic category (Mann-Whitney U test). Sex

distribution was only different between EMCI+ and CN−, and between EMCI+ and EMCI−

subjects, with more women in the EMCI+ group. Handedness was similarly distributed

across clinical- and amyloid-stratified groups (χ2 = 8.4; 7 df; p = 0.31), with 602 right-

handed and 68 left-handed subjects.

3.2. Volumetric measures

We compared accuracy of group discrimination between hippocampus and BFCS volumes

based on the following 2 classifications: (1) clinical classification of AD dementia, LMCI,

and EMCI subjects compared with CN; and (2) amyloid-based classification of amyloid+

AD dementia, LMCI, EMCI, and CN compared with the corresponding amyloid− groups.
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The detailed findings of the receiver operating characteristics analysis and the comparison of

AUCs between hippocampus and BFCS classifiers are shown in Fig. 2. AUC was

significantly higher for bilateral hippocampi compared with the entire BFCS and the Ch4a–i

subregion for all comparisons based on clinical diagnosis. However, AUC values for

hippocampus were significantly smaller than for Ch4p in the AD group and did not differ

between hippocampus and Ch4p in the remaining diagnostic groups.

In contrast, Ch4p volume yielded significantly larger AUC values than hippocampus volume

for the separation of amyloid+ and amyloid− subjects in the EMCI and LMCI groups. Also,

the AUCs for total BFCS volume and for Ch4a–i volume were significantly larger than the

AUC for bilateral hippocampus volume when comparing amyloid− and amyloid+ subjects

in the EMCI group, but not in the LMCI group. In CN and AD dementia subjects, all BFCS

subregions reached classification levels similar to the classification accuracy of bilateral

hippocampi volumes (Fig. 3).

This pattern was confirmed using logistic regression models, controlling for age, sex, and

center (Table 2): for the clinical classification, hippocampus volume was similar to Ch4a–i

and Ch4p volumes in discriminating AD, and EMCI subjects from CN, but inferior in LMCI

subjects. For the amyloid-based classification, in the early and late MCI groups and in the

combined MCI and CN group, BFCS subregions were the only significant predictors

discriminating between amyloid+andamyloid −subjects. In the AD and the CN group, none

of the volumetric markers contributed significantly to the discrimination between amyloid+

and amyloid− subjects.

In a complementary analysis for the classification of amyloid status, we stratified our

subjects not according to clinical diagnosis but according to cognitive performance using

MMSE scores. Based on the probability density function of MMSE scores across the entire

sample (Supplementary Fig. 2), we identified MMSE cutoff points, defining high (MMSE

28–30, inclusive; n = 445), intermediate (MMSE 24–27, inclusive; n = 172), and low

(MMSE 19–23, inclusive; n = 53) cognitive strata. In AUC analysis, Ch4p and total BFCS

volume were significantly more accurate than hippocampus volume to discriminate between

amyloid+ and amyloid− subjects within the high MMSE stratum. In the remaining MMSE

strata, hippocampus volume and subregional BFCS volumes were not significantly different

in predicting amyloid status. In logistic regression analysis, Ch4p was the main determinant

for amyloid status in high and intermediate MMSE classes, with only minor contribution of

hippocampus volume. In the low MMSE class, only Ch4a–i yielded significant

discrimination between amyloid− and amyloid+ subjects.

4. Discussion

We determined the association of hippocampus and BFCS volume with amyloid burden and

clinical diagnosis in a large sample of elderly subjects spanning the range from cognitively

unimpaired aging to AD dementia. Previous evidence indicates only a limited association of

hippocampus volume with global cortical and regional amyloid burden (Apostolova et al.,

2010; Becker et al., 2011), but a strong association with episodic memory impairment in

MCI (Grothe et al., 2010; Mortimer et al., 2004; Reitz et al., 2009; Teipel et al., 2010); in
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contrast, cholinergic system changes have been found associated with cortical amyloid

accumulation in animal models (Beach, 2008; Boncristiano et al., 2002) and in postmortem

studies in humans (Arendt et al., 1984; Potter et al., 2011). Based on these findings, we

hypothesized that BFCS atrophy would be superior to hippocampus atrophy in predicting

cortical amyloid burden, and hippocampus atrophy would be more accurate in predicting

cognitive status.

Consistent with our primary hypothesis, total BFCS, and nucleus basalis of Meynert (Ch4a–i

and Ch4p) volumes were superior to hippocampus volume in predicting amyloid status in

early and late MCI subjects. Consistent with our secondary hypothesis, we found

significantly higher diagnostic accuracy of hippocampus volume compared with global

BFCS volume to discriminate early and late MCI subjects from CN. Surprisingly, volume of

posterior basal forebrain (Ch4p) was not only more accurate in predicting amyloid status,

but was also significantly more accurate than hippocampus volume in predicting AD

dementia compared with CN, and was similar to hippocampus in predicting a clinical

diagnosis of late or early MCI compared with CN.

In logistic regression analyses controlling for age, sex, and center, BFCS volumes were the

main determinants for amyloid status and clinical diagnosis in late and early MCI.

Consistent with our hypotheses, hippocampus volume contributed significantly to a

prediction model based on Ch4p for the discrimination of AD dementia and late MCI from

CN, but not to any model considering amyloid status as outcome, except a minor

contribution in the high MMSE subgroup.

4.1. Prediction of cortical amyloid load

With respect to group discrimination according to amyloid status, hippocampus volume

reached an AUC between 0.64 (EMCI) and 0.58 (LMCI) for discriminating amyloid+ and

amyloid− subjects. In addition, when entered together with BFCS volumes, hippocampus

volume did not significantly contribute to group discrimination in logistic regression

models. These findings agree with previous imaging studies that found no significant

differences of hippocampus volumes between amyloid+ and amyloid− CN and MCI subjects

(Becker et al., 2011; La Joie et al., 2012). In addition, a previous voxel-based study revealed

a regional dissociation between Pittsburgh compound B (PIB) accumulation and

hippocampus atrophy when comparing AD dementia with CN (Jack et al., 2008). A

longitudinal study on rates of PIB uptake and hippocampus atrophy found increasing rates of

hippocampus atrophy in MCI converters and nonconverters, but a significant increase of PIB

uptake only in MCI nonconverters over a 2-year follow-up (Koivunen et al., 2011).

Similarly, amyloid load was interpolated to peak at least 1 decade before hippocampus

atrophy based on longitudinal follow-up data in CN, MCI, and AD dementia subjects

(Villemagne et al., 2013). The longitudinal findings suggest in early stages of AD dementia

a saturation of amyloid uptake, but still ongoing hippocampus atrophy. The neurobiological

basis of these effects is still widely unexplored. However, a range of postmortem autopsy

studies suggest a stronger association of hippocampus volume with neurofibrillary tangle

load than with senile plaque load (Csernansky et al., 2004; Silbert et al., 2003). According to

the currently widely held model of AD pathogenesis, neurofibrillary tangle formation is
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secondary to amyloid plaque accumulation (Hardy, 2006), suggesting that taurelated atrophy

might follow amyloid accumulation with a temporal delay and might also be regionally

dissociated. An alternative account of recent findings would suggest that amyloid changes

and tau pathology evolve as partly independent, but synergistic processes in AD

pathogenesis (Duyckaerts, 2011), in which tau pathology in the transentorhinal and

hippocampus region is an early but not the first event in AD pathology (Grinberg et al.,

2009), leaving space for further dynamic processes of hippocampus atrophy in the course of

manifest disease.

In contrast, BFCS volumes, particularly Ch4p, were associated with cortical amyloid load in

LMCI and EMCI subjects with an AUC between 0.64 and 0.71. In addition, only BFCS

volumes contributed to the discrimination of amyloid+ and amyloid− subjects in logistic

regression models. Animal studies suggest a close interaction between cholinergic system

integrity and amyloid accumulation. Cortical cholinergic deafferentiation provokes

formation of amyloid in cortical projection areas (Beach, 2008; Leanza, 1998). Conversely,

cortical amyloid accumulation in transgenic animals, mimicking AD-related amyloid

formation, leads to decline of cholinergic cortical innervation, although not consistently to

cholinergic neuronal loss in basal forebrain nuclei (Aucoin et al., 2005; Christensen et al.,

2010). These findings also agree with the inverse association between cortical amyloid load

and choline acetyltransferase activity in postmortem human autopsy studies of AD dementia

(Ikonomovic et al., 2011) and asymptomatic subjects (Beach et al., 2000; Potter et al., 2011).

To more clearly dissociate the clinical- and the amyloid-based categorization, we

determined the accuracy for the identification of amyloid status in subgroups stratified

according to global cognitive performance (determined according to MMSE score)

irrespective of clinical diagnosis. The results of this analysis were consistent with those on

amyloid status detection stratified according to clinical diagnosis. In all except the most

severely impaired categories, posterior BFCS subnuclei volume (Ch4p) was the major

significant contributor among all volumetric markers used to group classification based on

amyloid status. The cognitively most severely impaired subjects with an MMSE less than 24

(almost entirely overlapping with the AD dementia group) showed no significant

discrimination of amyloid status based on any volumetric marker. This finding agrees with

the assumption that, in dementia stages, degree of cognitive impairment is driven by

downstream changes such as progressing regional atrophy, but no more by primary amyloid

accumulation (Landau et al., 2012).

4.2. Accuracy of clinical group discrimination

With respect to diagnostic group discrimination compared with CN, hippocampus volume

reached diagnostic accuracy between an AUC of 0.89 for AD dementia and 0.58 for early

MCI, similar to levels of group discrimination in independent studies (Muller et al., 2007;

Teipel et al., 2010; Walhovd et al., 2010). These levels of accuracy agree with the broad

evidence for a strong association of hippocampus volume with measures of episodic

memory (Sarazin et al., 2010), a key criterion for the clinical discrimination between CN

and MCI subjects (Dubois et al., 2007).
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The AUC for the entire BFCS volume and the anterior subnuclei of the nucleus basalis of

Meynert (Ch4a–i) were approximately 0.77 for the discrimination of AD subjects from CN

and approximately 0.65 for the discrimination of LMCI subjects from CN. Data on

diagnostic accuracy of BFCS in AD are limited. In a previous independent sample, total

BFCS volume reached AUC values of 0.81 for the discrimination of 28 AD dementia

subjects and 0.69 for the discrimination of 69 MCI subjects from 95 age-matched CN

(Grothe et al., 2012). In the present study, discrimination accuracy for BFCS and Ch4a–i

volumes was significantly inferior to accuracy based on hippocampus volume. In contrast,

volumes of the posterior BFCS nuclei (Ch4p) were at least as accurate as hippocampus

volumes in discriminating AD, LMCI, and EMCI from CN, reaching AUC values of up to

0.92. In logistic regression analysis, the Ch4p region was the only volumetric measure that

provided significant group discrimination between the EMCI and CN groups. The stronger

effect in Ch4p than in the more anterior BFCS regions agrees with several neuropathological

studies that found cholinergic atrophy in AD to be more pronounced in the Ch4p

compartment compared with other BFCS subnuclei (Vogels et al., 1990). It further agrees

with previous in vivo imaging results from 3 independent cross-sectional and 1 longitudinal

sample suggesting predominant posterior BFCS involvement in amnestic MCI (Grothe et al.,

2010, 2012, 2013; Teipel et al., 2011) with spreading of atrophy to more anterior BFCS

areas in the dementia stage of AD.

It is unresolved whether the atrophic changes of Ch4p follow or precede the pathological

involvement of the cortical projection areas. In the human brain there is only indirect

evidence for a corticotopic projection pattern of the BFCS (Mesulam and Geula, 1988;

Selden et al., 1998). However, axonal transport experiments combined with

immunocytochemistry in rhesus monkeys suggest that the Ch4p neurons primarily project to

the superior temporal and temporopolar cortex (Mesulam et al., 1983a). The temporal cortex

exhibits highly pronounced depletion of cortical cholinergic markers in AD as demonstrated

in neurochemical postmortem examinations and in vivo molecular imaging studies (Herholz

et al., 2004; Kuhl et al., 1996; Svensson et al., 1997). The differential distribution of

cholinergic marker reductions within the temporal cortex is poorly described; however,

superior temporal lobe and temporal pole were strongly involved in previous molecular

imaging studies (Haense et al., 2012; Iyo et al., 1997; Kendziorra et al., 2011) and in 1

postmortem study using tyrosine kinase receptor type 1 (TrkA) as an indirect measure of

cortical cholinergic innervation (Counts et al., 2004).

Previous studies suggest that activity of the cholinergic marker enzymes, choline

acetyltransferase and acetylcholinesterase, are preserved or even increased in the cortical

areas at predementia stages and early stages of AD (Davis et al., 1999; DeKosky et al.,

2002). These findings are believed to reflect compensatory processes of select hippocampal

and cortical cholinergic projection systems (Ikonomovic et al., 2011; Mufson et al., 2012).

More recent findings suggest that cortical choline acetyltransferase and M1 receptor

coupling are significantly decreased in nondemented elderly subjects with amyloid plaques

and are more pronounced in subjects with AD and dementia (Potter et al., 2011). In addition,

several lines of evidence support an early evolvement of neurofibrillary tangle pathology

and axonal degeneration in the BFCS in AD (Geula et al., 2008; Mesulam, 2004; Sassin et

al., 2000). In conclusion, the question of the time of onset of cortical cholinergic dysfunction
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in AD can not yet finally be resolved because dependent on the stage of disease,

mechanisms of degeneration might be partly compensated by functional upregulation of

cholinergic activity in remaining axons and synapses (Ikonomovic et al., 2007). Even if cell

numbers of the BFCS are preserved in early stages of disease there is indication of cell

shrinkage and axonal degeneration that might underlie the positive signal of regional

atrophy, detected using MRI in this and previous studies in predementia AD.

4.3. Limitations

There are several limitations of our study. First, the results depend, in part, on the selection

of the threshold for amyloid classification. The threshold used in our study corresponds to a

threshold from a previous study indicating pathologically relevant amyloid accumulation

(Fleisher et al., 2011). At a lower amyloid threshold, the effect of BFCS volume to predict

amyloid status compared with hippocampus volume became lower; at higher thresholds, the

results became even more pronounced (data not shown). This finding might indicate that a

minimum amount of cortical amyloid is required to exert a significant effect on BFCS

volume.

Second, a proportion of 14% of the subjects in our AD sample were amyloid−. This

compares with a previously reported percentage of amyloid− subjects in clinically defined

AD dementia samples ranging between 0 and 20% (Fleisher et al., 2011; Hatashita and

Yamasaki, 2010; Klunk et al., 2004; Rowe et al., 2007; Schipke et al., 2012; Villain et al.,

2012). The variability in rates of amyloid− subjects across studies might be related to the

selected amyloid threshold, sample size (as is the case in many studies that had sample sizes

of AD patients less than n = 20), selection bias (e.g., by using amyloid marker or

apolipoprotein ε4 for diagnostic categorization), and sensitivity of imaging techniques. An

important factor, however, is misdiagnosis of subjects as AD cases. In a previous study on

63 subjects diagnosed with clinically probable AD, 10 subjects were amyloid− according to

PIB-PET and additionally showed a CSF amyloid and tau protein signature that was atypical

for AD (Shimada et al., 2011). So, clinical diagnosis of AD and amyloid positivity do not

always concur, but autopsy data and longitudinal studies are still widely lacking to better

understand the pathological basis of cognitive decline in amyloid− clinically AD subjects. A

small fraction of amyloid− AD cases can be related to rare conditions, such as carriers of the

Arctic amyloid precursor protein (APP) mutation leading to reduced agglomeration of

amyloid (Scholl et al., 2012). This will, however, not account for most of the amyloid− AD

cases. The lack of a difference in volumetric measures between amyloid+ and amyloid− AD

groups in our study indicates that, irrespective of the underlying cause of dementia, the

cognitive changes that drive the clinical diagnosis are associated with the regional pattern of

brain atrophy.

Third, we used an indirect measure for the integrity of the basal forebrain cholinergic system

(BFCS) based on postmortem mapping of cholinergic nuclei. The anatomical validity of our

BFCS measure is supported by the large regional overlap between 3 independently defined

masks, the first mask based on 1 postmortem brain in formalin space (Teipel et al., 2005), a

probabilistic mask based on 10 brains in formalin space (Zaborszky et al., 2008), and the

mask used here, based on 1 postmortem brain in in cranio space (Teipel et al., 2013).
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Specifically, the peak coordinates of the probabilistic mask lay within the cholinergic

subnuclei of the presently used mask.

Fourth, we did not perform multiple comparison correction for the AUC comparisons. As an

overall test for the difference of AUCs between basal forebrain and hippocampus volumes

we determined the effect of amyloid status across all diagnostic groups (AD/MCI/CN+ vs.

AD/MCI/CN−). We found a highly significant effect for AUC of Ch4p (0.73) being larger

than the AUC for right and left hippocampus (0.66) at p < 0.0001. The subsequent pairwise

comparisons between amyloid+ and amyloid− diagnostic subgroups represent dependent

post hoc tests.

Fifth, our comparison of BFCS and hippocampus volumetry might potentially underestimate

the role of hippocampus volume, because we did not consider hippocampus subvolumes that

might carry higher diagnostic accuracy than the total hippocampus volume (Hanseeuw et al.,

2011). Hippocampus subfield segmentation is most reliably performed using high-resolution

T2-weighted scans (Pluta et al., 2012; Yushkevich et al., 2010) that are not yet widely

available, but might become an interesting addendum to future large-scale multimodal

imaging networks.

Finally, based on the notion that EMCI subjects perform at a level between CN and LMCI

subjects in episodic memory, it is reasonable to assume that EMCI is a transition stage

between healthy aging and LMCI. However, evidence for this assumption is yet widely

lacking. The higher prevalence of amyloid− subjects in the EMCI compared with the LMCI

sample shows that EMCI is an even more heterogeneous concept than is MCI or LMCI.

4.4. Summary

In summary, classification into amyloid− and amyloid+ categories was significantly more

accurate based on BFCS volume, particularly volume of the posterior nucleus basalis of

Meynert, than on hippocampus volume in cognitively unimpaired and mildly impaired

subjects. In contrast, we found a better classification of subjects into clinically defined

diagnostic categories of AD dementia, LMCI, and EMCI compared with healthy aging,

based on hippocampus volumetry than on whole BFCS volume or anterior nucleus basalis of

Meynert volume. In addition, Ch4p volumewas at least as accurate as hippocampus volume

for prediction of clinical diagnoses. From a clinical point of view, our data suggest that

BFCS volumetry is superior to hippocampus volume to predict cortical amyloid

accumulation in MCI, and of similar accuracy for classification into clinical categories.

Volumetric measurements based on MRI scans are much more broadly available in clinical

care than fludeoxyglucose-PET or amyloid PET. Hippocampus volumetry is entering

application as a biomarker of AD in specialized clinical care outside of pure experimental

settings (Teipel et al., unpublished). Compared with hippocampus volumetry, BFCS

volumetry is less easily available and there is less experience on its multicenter stability.

Therefore, BFCS volumetry is still a research tool to study the relative contribution of BFCS

changes to cognitive decline in the elderly. However, our data are promising because they

suggest that BFCS might be a better structural proxy of cortical amyloid load than

hippocampus volumetry. Along this line, BFCS volumetry might provide an additional
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measure of amyloid-related structural degeneration that might usefully be used together with

other biomarkers, such as CSF amyloid-β42 or even amyloid-β blood tests in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://

dx.doi.org/10.1016/j.neurobiolaging.2013.09.029.
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Fig. 1.
Overview of the cortical composite and cerebellar masks. Figure illustrating the lobar

contributions to the composite cortical mask and the cerebellar control region on rendered

views of right and left brain surfaces and a midsagittal section of the reference template.

Blue = frontal labels; green = parietal labels; violet = temporal labels; yellow = insular

labels (not thoroughly visible); red = cerebellar control region.

Teipel et al. Page 21

Neurobiol Aging. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2.
Areas under receiver operating characteristics (ROC) curves for hippocampus and BFCS

classifiers. Color-coded areas under ROC curves (AUC). Top: Comparisons of cognitively

healthy elderly controls (CN) with Alzheimer’s disease (AD), late MCI (LMCI), and early

MCI (EMCI). Middle: Amyloid-positive subjects with AD (AD+), late MCI (LMCI+), early

MCI (EMCI+), and amyloid-positive LMCI, EMCI, and CN combined (MCI/HC+) versus

the corresponding amyloid negative groups. Bottom: Amyloid-positive subjects stratified

according to MMSE score versus the corresponding amyloid-negative subjects. Regions are

in columns, corresponding to left/right hippocampus (hipp), the volume of the entire basal

forebrain cholinergic system mask (BFCS) and the volumes of the Ch4a_i and Ch4p BFCS

subregions. * AUC significantly higher for hippocampus volume than for BFCS and Ch4a_i

volumes at p < 0.05. ** AUC significantly higher for hippocampus volume than for BFCS

and Ch4a_i volumes at p < 0.01. AUC significantly higher for BFCS (sub)volume than for

hippocampus volume at p < 0.05. ¶¶ AUC significantly higher for BFCS (sub)volume than

for hippocampus volume at p < 0.001. (¶) AUC significantly higher for BFCS subvolume

than for right hippocampus volume at p < 0.02, trend for left hippocampus (p < 0.1). [¶]

AUC significantly higher for BFCS subvolume than for left hippocampus volume at p <

0.04, trend for right hippocampus (p < 0.08). n.s. AUC not significantly different between

BFCS (sub)volume and bilateral hippocampus volumes. Abbreviations: BFCS, basal

forebrain cholinergic system; Ch4a_i, anterior to anterior-intermediate Ch4; Ch4p, posterior

Ch4; MCI, mild cognitive impairment; MMSE, Mini Mental State Examination.
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Fig. 3.
Categorization based on hippocampus and BFCS volumes. Ch4p volumes are plotted against

volumes of the left hippocampus. Volumetric measures are normalized to the total

intracranial volume (TIV). Cutoffs for the markers were derived from the comparison of

amyloid-positive AD dementia subjects and amyloid-negative control subjects maximizing

the sum of sensitivity and specificity in a receiver operating characteristics analysis. The

lower left and upper right quadrants represent areas of agreement between markers, the

lower right and upper left quadrants are areas of marker disagreement. Abbreviations: AD,

Alzheimer’s disease; BFCS, basal forebrain cholinergic system; Ch4p, posterior Ch4; EMCI

−, amyloid-negative early MCI subjects; EMCI+, amyloid-positive early MCI subjects;

LMCI−, amyloid-negative late MCI subjects; LMCI+, amyloid-positive late MCI subjects.
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