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The main goal of our studies has been to use MRI,

FDG-PET, and CSF biomarkers to identify in cogni-

tively normal elderly (NL) subjects and in patients

with mild cognitive impairment (MCI), the earliest

clinically detectable evidence for brain changes due

to Alzheimer’s disease (AD). A second goal has been

to describe the cross-sectional and longitudinal

interrelationships amongst anatomical, CSF and

cognition measures in these patient groups. It is now

well known that MRI-determined hippocampal

atrophy predicts the conversion from MCI to AD. In

our summarized studies, we show that the conver-

sion of NL subjects to MCI can also be predicted by

reduced entorhinal cortex (EC) glucose metabolism,

and by the rate of medial temporal lobe atrophy as

determined by a semi-automated regional boundary

shift analysis (BSA-R). However, whilst atrophy

rates are predictive under research conditions, they

are not specific for AD and cannot be used as

primary evidence for AD. Consequently, we will also

review our effort to improve the diagnostic specific-

ity by evaluating the use of CSF biomarkers and to

evaluate their performance in combination with

neuroimaging. Neuropathology studies of normal

ageing and MCI identify the hippocampal formation

as an early locus of neuronal damage, tau protein

pathology, elevated isoprostane levels, and depos-

ition of amyloid beta 1-42 (Ab42). Many CSF studies

of MCI and AD report elevated T-tau levels (a marker

of neuronal damage) and reduced Ab42 levels

(possibly due to increased plaque sequestration).

However, CSF T-tau and Ab42 level elevations may

not be specific to AD. Elevated isoprostane levels are

also reported in AD and MCI but these too are not

specific for AD. Importantly, it has been recently

observed that CSF levels of P-tau, tau hyper-

phosphorylated at threonine 231 (P-tau231) are

uniquely elevated in AD and elevations found in MCI

are useful in predicting the conversion to AD. In our

current MCI studies, we are examining the hypo-

thesis that elevations in P-tau231 are accurate and

specific indicators of AD-related changes in brain

and cognition. In cross-section and longitudinally,

our results show that evaluations of the P-tau231

level are highly correlated with reductions in the

MRI hippocampal volume and by using CSF and

MRI measures together one improves the separation

of NL and MCI. The data suggests that by combining

MRI and CSF measures, an early (sensitive) and

more specific diagnosis of AD is at hand. Numerous
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studies show that neither T-tau nor P-tauX (X refers

to all hyper-phosphorylation site assays) levels are

sensitive to the longitudinal progression of AD. The

explanation for the failure to observe longitudinal

changes is not known. One possibility is that brain-

derived proteins are diluted in the CSF compartment.

We recently used MRI to estimate ventricular CSF

volume and demonstrated that an MRI-based

adjustment for CSF volume dilution enables detec-

tion of a diagnostically useful longitudinal P-tau231

elevation. Curiously, our most recent data show that

the CSF isoprostane level does show significant lon-

gitudinal elevations in MCI in the absence of dilution

correction. In summary, we conclude that the

combined use of MRI and CSF incrementally con-

tributes to the early diagnosis of AD and to monitor

the course of AD. The interim results also suggest

that a panel of CSF biomarkers can provide meas-

ures both sensitive to longitudinal change as well as

measures that lend specificity to the AD diagnosis.

Keywords: MCI, Alzheimer’s disease, biomarkers,

MRI, longitudinal, early diagnosis.

Introduction

The prevalence of Alzheimer’s disease (AD) is expec-

ted to double over the next 30 years [1] and there is

still no currently accepted early diagnosis for AD. As

reported by the biomarkers in the AD working group

of the Reagan Research Institute [2], with improved

understandings of the pathophysiology of AD and the

promises of mechanism-based and preventative

therapeutic approaches, there is an urgent need to

develop biomarkers for early diagnosis.

Magnetic resonance imaging (MRI) and CSF chem-

istry studies have been pointed to as candidate

modalities for diagnostic biomarkers because they

accurately diagnose AD, predict decline in mild

cognitive impairment (MCI) patients, and in the case

of serial MRI track the course of AD. Nevertheless, for

several reasons these modalities are not widely

accepted: (i) MRI tissue volume changes are not

specific for AD and require intensive skilled labour; (ii)

the pioneering CSF studies measured total T-tau level

and CSF amyloid beta1-42 (Ab42) which are not

specific for AD, and do not readily change with disease

progression; (iii) CSF Ab42 levels are not easily

interpreted because CSF Ab is not exclusively brain-

derived and because production and clearance are not

well characterized; (iv) CSF acquisition is invasive;

and (v) experimental amyloid imaging protocols are

not clinically available nor adequately tested [3–8].

The neuropathology of early AD

The principal hallmarks of AD include: Ab depos-

ition in extracellular plaques and vascular walls, the

accumulation of intracellular neurofibrillary tangles

(NFT), synaptic reductions, neuronal loss and vol-

ume loss (atrophy)[9–12]. The hippocampal forma-

tion includes the EC, hippocampus proper, and

subiculum, and it comprises the regions most

vulnerable to the early deposition of AD lesions

[12–19]. A pattern of hippocampal formation NFT

deposition [20–29], with relative sparing of the

neocortex [21–23, 25, 30], is often found in studies

of nondemented elderly (this term includes both

normal and MCI patients). Braak’s neuropathology

studies of 2369 cases demonstrated that in the most

mildly affected brains, only the transentorhinal EC

showed NFT and neuropil thread pathology [31].

These findings suggest that isolated NFT may first

occur in the natural history of AD [24, 28, 32] but it

does not exclude the possibility that soluble Ab
peptides are interactive [29, 33]. Of direct relevance

to early diagnosis using neuroimaging, numerous

pathology studies have shown that in mild AD there

is damage to the hippocampal formation that

includes synaptic loss (a site of active glucose

metabolism), neuronal loss, volume reductions,

and tau and Ab pathology [18, 34–40]. It is well

documented, that in AD hippocampal neuronal

damage is reflected in volume losses that are

detectable with MRI imaging [41, 42]. Of immediate

importance to this application, studies by Price have

shown that tau and Ab pathology precede EC and

hippocampal neuronal losses in nondemented and

preclinical AD patients [43]. However, once the AD

process is underway, it appears that the extent of

hippocampal neuronal loss exceeds the number of

NFT lesions [44]. Our pathology data [37, 38] is in
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agreement with these observations and this leads to

our main hypothesis: that baseline elevations of the

CSF P-tau231 level and an elevated rate of MRI

hippocampal formation atrophy will both within

and combined across modalities optimize the pre-

diction of longitudinal cognitive decline in normal

elderly (NL) and in patients with MCI.

Compared with NFT, Ab depositions tend to

accumulate at greater ages. They too affect the

hippocampal formation but have a preference for the

neocortex [23–25]. Brain levels of both Ab42 and

Ab40 are increased in MCI and AD [33]. Ab42

aggregates more rapidly than Ab40 and is the

principal form deposited in plaques. Ab40 is the

predominant form found in vascular lesions and in

the CSF. Recently, Thal et al. reported that Ab plaque

deposits begin in the temporal neocortex and then

spread to involve the EC and hippocampus [45]. This

appears to happen only after NFT pathology is

established in those sites. The extent of the fibrillar

Ab burden has been associated, in early AD, with

both cognitive impairment [46, 47] and dendritic

damage [48]. Carriers of an apoE e4 allele show at

younger ages both increased EC NFTs [49] and

neocortical Ab deposits [50–52]. The evidence that

early tangle and plaque pathology contributes to an

increased risk for brain atrophy and cognitive

decline, justified our longitudinal study of CSF

biomarkers of these pathological features.

CSF tau studies

It is widely believed that increases in the CSF T-tau

level reflect neuronal and axonal damage. Many

studies demonstrate elevated CSF concentrations of

T-tau in AD [53–64] and in MCI [54, 65, 66].

However, clinical studies show that elevated CSF

T-tau levels are not specific to AD as they are

elevated in other neurodegenerative diseases [67]. It

was recently shown in acute stroke that the T-tau

but not the P-tau levels were increased and later

returned to normal [68]. One MCI study reported

that T-tau alone was not an accurate baseline

predictor of the decline to AD [65].

Moreover, considerable uncertainty exists with

respect to the influence of ageing on the CSF T-tau

levels. Normal ageing studies show both positive

[69] and negative [53, 54] age effects. These studies

are difficult to interpret due to the small numbers of

subjects, narrow age distributions, diverse strategies

for excluding cognitive impairment, and absent

neuroimaging and autopsy validation.

It is very important that CSF prediction and

differential diagnosis studies in MCI and AD consis-

tently show that P-tau181 or P-tau231–235 [70,

71] or P-tau396/404 [72] are diagnostically equiv-

alent or better than the T-tau. Predicting the

conversion of MCI to AD, in the absence of controls,

Arai et al. achieved equivalent accuracies from

P-tau231–235 and T-tau levels [70]. However,

Hampel et al. found in MCI that elevated levels of

P-tau231 were superior to T-tau in the binary

prediction of progressive cognitive decline to AD

[73]. In a recent cross-sectional paper, Hampel’s

group reported that when compared with T-tau,

P-tau231 showed significantly better specificity for

AD [74]. Specifically, the levels of P-tau231, but not

T-tau, were consistently elevated in AD when

compared with frontotemporal dementia (FTD), lewy

body dementia (LBD), and NL controls. Others have

compared AD with FTD [71, 75] and with non-AD

dementia controls [76, 77] and demonstrated a

superior diagnostic specificity with P-tau181 relat-

ive to T-tau. Similarly, CSF P-tau396–404 but not

T-tau differentiated AD (n ¼ 52) from vascular

dementia (n ¼ 46) and NL (n ¼ 56) (accuracy not

reported) [72]. However, the ratio of P-tau396–

404/T-tau differentiated the groups with a sensi-

tivity and specificity greater than 95%. It was

concluded that the major increase in X-tau detected

in the CSF of AD is in the form of P-tauX.

Overall, these studies suggest that P-tau231 may

provide unique and relatively specific diagnostic

information for AD, whereas, T-tau may be a

nonspecific marker for general brain damage [78].

To date, in vivo studies, have not examined any of

the longitudinal relationships between MRI-deter-

mined EC, hippocampal, or neocortical volumes and

CSF T-tau or P-tau231.

CSF Ab studies

The genetic mutations causing familial AD elevate

the production of Ab, particularly Ab42 [79].

However, there is little evidence for elevated CSF

or plasma Ab42 levels in sporadic AD. One study

reported that the levels of Ab42 are elevated in MCI

and AD [80] but these results are not consistent

[54]. Cross-sectional CSF Ab studies consistently

show that relative to normal control, Ab42 levels
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are reduced in AD [53, 81–85]. One longitudinal

AD study showed that Ab42 levels decreased over

time [82]. Major obstacles to the interpretation of

these CSF data include samples derived from

multiple collaborating sites with potentially differ-

ent thresholds for recognizing ‘early’ AD and the

very limited availability of longitudinal data on

normal individuals. The influences of normal

ageing on CSF turnover and specifically on Ab
clearance are also poorly understood [86, 87]. It

has been experimentally demonstrated that with

increasing age, amyloid plaques start to accumulate

in the brain and may act as a sink for soluble Ab
[88]. Based on this view, assuming production is

constant, one would predict age-related plaque

deposition with an associated decrease in the CSF

Ab level. However, if clearance were also reduced,

then this potentially explains why cross-sectional

studies show little evidence for a relationship

between CSF Ab42 and age [53, 54, 84]. More-

over, recent observations of reduced CSF Ab levels

in other dementias without plaque formation,

alternatively, suggest that reduced neuronal pro-

duction of Ab is yet another variable. Evidence

from transgenic AD-mice studies indicates that the

relationships amongst brain, CSF and plasma levels

change over time due to the progressive sequestra-

tion of Ab42 in plaques. Nine-month-old AD mice

with brain plaques showed a twofold higher CSF-to-

plasma Ab ratio than age and genetically matched

animals without plaques [89].

The diagnostic utility of CSF Ab40 as a biomarker

is less well understood than Ab42. A limited number

of reports have shown elevated Ab40 levels with

increasing age [84, 90] and in MCI. However,

several cross-sectional AD studies have failed to

observe differences from NL [85, 91]. Longitudinal

AD data for Ab40 are limited and not consistent [82,

92]. It remains to be examined how well Ab40

predicts the transitions between NL and MCI and

between MCI and AD.

On the bright side, considerable agreement exists

that in cross section, reduced CSF Ab42 combined

with elevated X-tau measures improves the diag-

nostic accuracy for AD [53, 54, 61, 62]. However,

compared with non-AD dementia patients, Ab42

reductions offer limited specificity for AD. Moreover,

there is inadequate longitudinal data to make a

judgement about the predictive value of Ab4X for

either future MCI or AD.

Physiological bases for stable CSF tau concentrations

Given the characteristic progressive clinical decline

and increasing topography of brain atrophy in AD

[93], it is surprising that CSF T-tau concentrations

are not consistently found to be progressive. Whilst

a few longitudinal AD studies report increases in

T-tau levels [92, 94, 95], others do not show

changes [65, 96–98]. Longitudinal AD levels of

P-tau231 have not yet been reported. In a longi-

tudinal MCI study using P-tau231–235, cross-sec-

tional but not longitudinal level changes were found

[70]. Speculative explanations for the negative

longitudinal X-tau findings include the inadequacy

of the follow-up interval and variability in the

pathological course of AD. Our recent findings

suggest that atrophy-related anatomical and phy-

siological factors may also play a role [99]. We

observed that only after controlling for the progres-

sive ventricular enlargement in MCI and the result-

ing dilution of the CSF P-tau231 concentration were

significant longitudinal level increases detected.

Our rationale for the ventricular volume correc-

tion is based on observations, that as a predomin-

antly brain-derived protein, tau levels are higher in

the ventricular than lumbar CSF. Reiber [100] has

shown that the concentrations of brain-derived

proteins are higher in ventricular than in lumbar

samples (1.5 : 1 for tau and 18 : 1 for S-100B). For

systemically derived proteins ratios <1 are found

(e.g. albumin 1 : 205). Ab levels are lower (1 : 2) in

ventricular samples compared with LP-derived sam-

ples (K. Blennow, unpublished communication),

likely reflecting the derivation of Ab from both

central and peripheral sources [101]. It is well

known that AD patients show progressive enlarge-

ment of ventricular and subarachnoid compart-

ments due to tissue loss. The increased fluid volume

then dilutes the CSF concentration of brain-derived

proteins (e.g. X-tau). AD patients also show reduced

CSF turnover [102] which may stagnate and further

increase ventricular CSF protein levels. Reiber has

proposed that reduced CSF turnover would not only

increase the ventricular concentration, but would

also result in an increased concentration gradient

for tau that would enhance transependymal clear-

ance, leaving the lumbar CSF X-tau levels largely

unchanged. However, empirical validation studies

have not been carried out. Because of the diverse

protein sources for Ab, it is unknown how reduced
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CSF turnover would affect the ventricular and

lumbar levels. Overall, the available data suggest

that in AD the X-tau concentration from an LP may

underestimate the volume released from the brain.

For CSF Ab4X, ventricular levels are lower than

lumbar levels and ventricular volume corrections

are not warranted. In the studies below, we test the

hypothesis that P-tau231 levels adjusted for ven-

tricular volume improve the cross-sectional and

longitudinal diagnostic classifications. Virtually

nothing is known about cisternal and subarachnoid

tau concentrations and therefore we did not correct

for this CSF pool. In summary, it is generally

accepted that lumbar CSF X-tau and Ab4X con-

centrations are potentially useful surrogate markers

of brain AD. However, the poor understanding of

the physiological mechanisms governing protein

production and clearance from brain [103] and

accumulations in CSF and plasma may limit the

clinical utility of the protein level. We propose

that volume dilution studies of CSF X-tau are

important first steps towards understanding the

dynamics of this system.

CSF isoprostane levels

Whilst the precise cascade resulting in cell death in

AD is unknown, recent studies have identified a role

for oxidative stress and lipid peroxidation [104].

Isoprostane brain levels, by-products of lipid perox-

idation are increased at post-mortem in AD [105,

106], and increased in cross-sectional in vivo CSF

studies of both AD [106, 107] and MCI [108]. There

are no longitudinal data available.

Neuroimaging and CSF biomarker studies

We could not find prior MCI or AD studies of the

longitudinal relationships between neuroimaging

measures and CSF measures of X-tau and/or Ab4X

levels. One encouraging prediction study of MCI and

AD subjects reported that baseline CSF P-tau181

and Ab42 levels predicted, at 16 months, ventricle

volume increases [109].

Neuroimaging markers for MCI and AD

In 1989 we published the first study showing that

qualitative estimates of hippocampal atrophy in MCI

predicted decline to AD [110]. This finding has been

replicated [111, 112] and more recently, predictions

of future AD were demonstrated with hippocampal

volume (see [113, 114] for review), and with

hippocampal perfusion [115]. These early studies

also demonstrated that the prevalence hippocampal

atrophy increased with age and was very common

in MCI and AD [116] (see Fig. 1).

Additional recent findings show that reduced EC

size can discriminate between MCI and NL [117–

122] and accurately predict future conversion of

MCI subjects to AD [118, 122–124]. There is also

evidence to show that size or glucose metabolism

(METglu) in temporal neocortex [125–128] and

posterior cingulate gyrus [115] can predict the MCI

conversion to AD. However, the regional MRI brain

volume or metabolism reductions determined by

FDG-PET are not disease-specific. For example, both

the EC and hippocampal volumes are reduced in AD

and FTD when compared with control, and, these

anatomical changes do not distinguish between the

two disorders [129]. In addition, longitudinal whole-

brain atrophy changes estimated from the boundary

shift integral method fail to distinguish the abnor-

mal rates of atrophic change characteristic of both

AD and FTD [130, 131].

In 2001 using FDG-PET, we published the first

evidence that EC METglu reductions in NL uniquely

Hippocampal atrophy and age (n = 405)
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Fig. 1 Frequency of hippocampal atrophy as a function of age

and diagnostic category.
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predict the decline to MCI and also predict future

hippocampal glucose metabolism reductions [124].

Our most recent MRI work shows that the medial

temporal lobe atrophy rate during the normal stage,

estimated with a boundary shift protocol, predicts

the future conversion of NL to MCI [132]. Previ-

ously, Jack et al. demonstrated that NL patients who

converted to MCI showed a greater rate of hippo-

campal volume loss than nondeclining subjects.

However, baseline effects (prediction) were not

observed [133]. Overall, these MRI/PET studies

indicate the current potential of hippocampal for-

mation atrophy measures to predict stage transitions

related to AD as well as to describe disease progres-

sion from NL to MCI to AD levels of impairment. In

our current research, we are now examining the

added sensitivity and specificity that CSF biomarkers

bring to the brain image in the early diagnosis of

AD.

Methods

MRI image acquisition

Diagnostic evaluations. Fast spin-echo fluid-attenu-

ated inversion-recovery (FLAIR) images (TR ¼
9000 ms, TE ¼ 133 ms, 1 NEX, TI ¼ 2200 ms,

3.3 mm slice thickness; 24 cm FOV) were obtained

in 32 axial planes using a 256 · 192 acquisition

matrix, with a 4-min acquisition time. The FLAIR

sequence images the entire brain and is used to

identify white matter lesions.

Research scan sequences. For the brain volume and

the boundary shift analysis protocols, we used fast-

gradient echo (FGE) images from a 3D coronal

T1-weighted acquisition. Images are intensity nor-

malized and baseline and follow-up scans are

co-registered. This MRI protocol is remarkable for its

high tissue contrast and good spatial resolution. The

FGE sequence is defined as: TR 35 ms, TE 9 ms, 60�
flip angle, 256 · 192 acquisition matrix, the section

thickness is 1.7 mm which encompasses the entire

brain without wrap artefact. We acquire 124 sec-

tions with a 24-cm FOV and 1 NEX for a total

acquisition time of 12 min.

All quantitative work is blinded to all clinical data.

File names are assigned sequential code numbers

and image headers are stripped off demographic

information. All images are transferred to our

central image data bank and then to satellite Sun

workstations for further processing. Image analysis

is performed on a graphic workstation (Sun Micro-

systems, Santa Clara, CA, USA) using our locally

developed MIDAS software running on a Unix

operating system.

MRI image analysis

Qualitative assessments of hippocampal atro-

phy. Several years ago we demonstrated that both

CT and MRI protocols could be used interchangeably

to obtain sets of axial images parallel to the long axis

of the hippocampus in order to evaluate the extent of

hippocampal atrophy [116]. For both CT and

T1-weighted MRI this consisted of contiguous 5 mm

axial slices acquired at approximately 20� negative

to the CM plane. For all study subjects, the hippo-

campus was examined for CSF accumulation in the

regions of the transverse, choroidal and hippocampal

fissures (see Fig. 2, arrow). The anatomical basis for

this assessment is described in detail in a previous

publication [111]. For each hemisphere, using pre-

viously published procedures, the extent of hippo-

campal atrophy was rated on a 4-point scale: (0 ¼
none, 1 ¼ questionable, 2 ¼ mild/moderate and

3 ¼ severe). A cut-off score of 2 or greater (definite

CSF accumulation) on either hemisphere was con-

sidered evidence for qualitative hippocampal

atrophy.

Fig. 2 Arrow highlights the body of the hippocampus. Image on

right is from a patient with atrophy.

Fig. 3 Arrows mark the entorhinal cortex on MRI.
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Quantitative assessments of regional brain size. EC.

Measurement of the surface area of the EC requires

drawings on the surface of the parahippocampal

gyrus. In the coronal plane, the anterior limit of

the EC is defined as 4 mm posterior to the ‘fronto-

temporal junction’ (limen insulae). The posterior

EC limit is demarcated by the anterior aspect of

the lateral geniculate nucleus (LGN) defined by the

recess of the LGN. Based on our validation study

that used the FGE scan protocol, the lateral and

medial EC boundaries are indicated by arrows in

Fig. 3. The lateral (inferior) boundary of the EC in

the more anterior sections is in the depth of the

rhinal sulcus (panel C). In more posterior sections,

the rhinal sulcus is often no longer recognizable,

and the depth of the collateral sulcus is the lateral

limit. This definition ensures the maximal inclu-

sion of perirhinal and entorhinal cortex in the

samples. For anterior levels, the medial EC

boundary is in the sulcus semianularis between

the convexities of the semilunar and ambient gyri.

At more posterior levels with an uncal sulcus

present, the medial limit is the uncus of the

parahippocampal gyrus (panel B). This coincides

with the grey matter found by extension of the

white matter fibres of the angular bundle to the

gyral surface (panel A). We measure on each

coronal section the cortical ribbon from the medial

to the lateral landmarks. The length is marked at

the grey matter-CSF margin. The EC surface area

is computed across slices.

Hippocampus.

In the human brain the hippocampus is well devel-

oped and occupies the floor of the temporal horn of

the lateral ventricle. The length of the hippocampus is

4–5 cm, with a maximal width of about 2 cm and a

maximal height of about 1.5 cm [134]. Our rules for

the hippocampal volume have been validated at post-

mortem, we have used them for many years, and they

are similar to those of other investigators [135, 136].

Moreover, we have high levels of agreement between

two raters (ICC ¼ 0.94, n ¼ 16). The full anterior

hippocampus is measured. On coronal views, the

hippocampus–amygdala boundary is difficult to

distinguish. Using sagittal image reformats, where

this boundary is readily apparent, we mark the

boundary and transfer the markings to the coronal

images. This technique has contributed to the high

levels of agreement between two independent raters

for amygdala volume measurements (ICC ¼ 0.93,

n ¼ 57) [137]. In anterior hippocampal levels, the

superior border is defined by the alveus and

temporal horn of the lateral ventricle (LV, see

Fig. 4). Laterally, the hippocampus is covered by

the alveus and it sits under the floor of the

temporal horn. The medial border of the anterior

pes (uncal [UN]) hippocampus abuts the ambient

cistern. The uncal sulcus [two arrows] separates

the inferior surface of the pes hippocampus

from the subiculum of the parahippocampal gyrus

[PG]. At posterior levels, the smaller hippocampal

body is bounded on its medial side by the lateral

transverse fissure of Bichat [LTF] and the inferior

boundary is the white matter of the parahippo-

campal gyrus. The superior boundary from

lateral to medial is formed by the white matter of

the temporal stem, tail of the caudate nucleus,

lateral geniculate body [LGB] and pulvinar [PUL].

As the boundary between the CA1 of Ammon’s

horn and the subiculum [S] cannot be distin-

guished on MRI, we include subiculum in the

hippocampal volume. The medial boundary of

included subiculum is determined with reference

to the superio-medial limit of the parahippocampal

gyrus white matter. The most posterior limit of the

hippocampus is the anterior crus of ascending

fimbria-fornix.

AA

Ent

HH
Un

CP
LTF

DG

CA S

PG

A

LV

Axial

Coronal

AA

Sagittal

PG

S

CA

LTFLV

TC

HR

LGB

PS

GR
Fi

PG
Un

LV

CR Pul

LGB

LTF

Fig. 4 The hippocampus viewed in tree orientations. HH, hippo-

campal head; AA, amygdala; Un, uncus; LTF, lateral transverse

fissure; DG, dentate gyrus; LV, lateral ventricle; S, subiculum; A,

ambient cistern; CP, pons; LGB, lateral geniculate body; PG,

parahippocampal gyrus; Pul, pulvinar; TC, choroid plexus; Fi,

fimbria; Ent, entorhinal cortex.
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Premorbid brain size correction.

To correct for head size variations across individuals

we obtain an intracranial supratentorial volume

using 2 mm thick sagittal images reformatted from

the coronal FGE data [137, 138]. We trace the

outline of the supratentorial compartment following

the dural and tentorial surfaces on every third slice

(mid-points every 6 mm). This estimate of premor-

bid brain size (prior to atrophy) is needed to

statistically control for the relationship between

regional volumes and brain size.

Regional boundary shift analysis.

Using this semi-automated protocol, relative atrophy

in several 3D rectangular solids, size scaled by

reference to x, y and z brain dimensions, are

evaluated. The primary region examined was the

MTL. The MTL region is centred over the hippo-

campus body (see Fig. 7 below) at the lateral

geniculate level and extends both anteriorly to the

amygdala to include pes hippocampi and posteriorly

to the hippocampal tail to the level of the crus of the

fornix [132].

Neuropsychological evaluations

A standard neuropsychological test battery was

routinely administered to all subjects. The battery

was developed to assess cognitive abilities that

change with age, MCI and AD. The measures

include the Guild Memory Test (Guild) [139], the

Wechsler Memory Scale- Revised (WMS-R) [140],

the NYU Computer Battery [141] and other supple-

mental tests. Multiple versions for many of these

tests are routinely and systematically used over

successive follow-ups.

Lumbar puncture and CSF collection

Patients arrived at the radiology suite at 9 am after

overnight fasting (12 h). A 15-cm3 volume of clear

CSF is collected into three polypropylene tubes using

a fine LP needle guided by fluoroscopy. Just prior to

the LP, 35 cm3 of blood is collected. All CSF samples

are kept on ice for a maximum of 1 h until

centrifuged for 10 min at 450 g at 4 �C; 0.25 mL

aliquots of the extracted plasma and CSF are stored

in polypropylene tubes at )80 �C. After the LP, all

patients are expected to rest for 2–3 h (to avoid

headache).

CSF phospho-tau 231. CSF P-tau231 measurements

were determined by Applied Neurosolutions (Vernon

Hills, IL, USA) with a sandwich ELISA that detects

tau phosphorylated at threonine 231 (P-tau231) in

CSF. In this assay, tau is captured with two back-

bone-directed antibodies, tau-1 and CP-27. The

captured tau is then detected by CP9, which is spe-

cific for P-tau231. The standard used in this assay is

full-length recombinant human tau (441 aa) which

is phosphorylated using a neuroblastoma cell extract

in the presence of an ATP regeneration system.

Additionally, the recombinant tau is reduced to a

monomeric form to mimic the phospho-tau found in

human CSF. The detection limits for these assays are

60 pg mL)1 for total tau (INNOTEST hTau) and

9 pg mL)1 for P-tau231 (MGC assay). The coeffi-

cients of variability for both assays ranged 5.5–11%

(intra-assay) and 11.6–13.6% (inter-assay). Blind to

clinical groups, we measure levels of T-tau and

P-tau231 in batch mode.

CSF amyloid beta assays. Ab 40 and Ab42 ELISA.

Plasma and CSF Ab levels are blindly measured

using monoclonal antibody 6E10 (specific to an

epitope present on Ab-16) and rabbit antisera to Ab
40 and AB42, respectively, in a double antibody

sandwich ELISA [85, 142]. The detection limit for

Ab40 and AB42 was 10 pg mL)1. The coefficients

of variability ranged 8–14% (intra-assay) and 10–

18% (inter-assay).

CSF levels of rabbit antisera to CSF Ab40 and

Ab42. Ab32-40 and Ab33-42 peptides synthes-

ized commercially (Ana Spec, San Jose, CA, USA)

were conjugated to keyhole limpet haemocyanin

in PBS with 0.5% glutaraldehyde. Rabbits were

immunized with the peptides and the specificity of

antisera was examined in a sandwich ELISA.

There was a strong response of rabbit antiserum

to Ab40 with 1 ng mL)1 of Ab40 but there was

no detectable response with 10 ng mL)1 of Ab42.

Similarly, antiserum to Ab42 showed strong

response with 1 ng mL)1 of Ab42 but showed no

reaction with 10 ng mL)1 of Ab40. Western blot

also showed that antiserum to Ab40 was speci-

fic for Ab40 and antiserum to Ab42 was specific

for Ab42 [143]. Blind to clinical groups, the
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levels of Ab40 and Ab42 in batch mode were

measured.

Isoprostane (8,12-iso-iPF2a-VI). CSF samples were

spiked with a fixed amount of internal standard

(d4)8,12-iso-iPF2a-VI) and extracted on a C18

cartridge column. The eluate was purified by thin-

layer chromatography and finally assayed by

negative ion chemical ionization gas chromato-

graphy/mass spectrometry [107]. The coefficient of

variation ranged 4–7% (intra-assay) and 4.5–6.5%

(inter-assay). Blind to clinical groups, the isopros-

tane levels in batch mode were measured.

Results

Hippocampal size, a marker in MCI for future AD

For 15 years, we have studied longitudinal and post-

mortem hippocampal imaging in normal (NL)

ageing, MCI, AD and normal pressure hydroceph-

alus [110, 111, 116, 144–149]. In our early studies

using qualitative techniques, we were the first to

show that the hippocampal size reduction is found in

MCI is a predictor of future AD [110, 111]. In more

recent cross-sectional and prediction studies, logistic

regression analyses showed that hippocampal vol-

ume was the only anatomical measurement to

significantly classify MCI and elderly NL controls

[150, 151]. When contrasting MCI and AD patients,

inclusion of the fusiform gyrus volume in the model

significantly improved the ability of the hippocampal

volume to separate the groups [125]. These data

provide strong evidence that AD-related volume

losses are most readily detected in the hippocampus

in MCI, and indicate that in predicting the transition

to dementia, it is important to consider both

hippocampal and lateral temporal lobe volume

reductions.

Hippocampal size and declarative memory performance

In our cross-sectional studies of NL and MCI, when

compared with a temporal lobe neocortical reference

volume, the hippocampal volume showed an ana-

tomically unique correlation to delayed verbal recall

[150, 152]. In a 4-year follow-up study of 44 NL

subjects, we observed that reduced delayed recall

performance was predicted by a smaller baseline

hippocampus [153] (R2 ¼ 0.65, P < 0.001). How-

ever, the diagnostic accuracy of the hippocampus to

predict progressive memory decline was poor

(sensitivity 63% and specificity 80%). Overall, these

data suggested that the hippocampal volume was

more useful in predicting decline at the MCI stage

than at a stage of normal cognition. These studies

led to the development of the EC work (below).

Neuropathological validation studies of the MRI

hippocampal volume

We recently completed a neuropathological valid-

ation study of the MRI hippocampal volume [42].

Specifically, the hippocampal volumes from 16 AD

and four NL were determined from hemispheric

tissue sections and from comparably sliced post-

mortem T1-weighted MRI scans. We made unbiased

estimates of the number of hippocampal neurons.

There was a strong correlation between the MRI and

the histological-derived hippocampal volumes (r ¼
0.97, P < 0.001). Restricting the analysis to the AD

group left the correlation unchanged (r ¼ 0.97,

P < 0.001). The difference in the hippocampal

volumes between normal and AD groups was 42%

for the MRI data, and 40% for the histology data

after adjusting for tissue shrinkage during specimen

processing. Moreover, both the histology-based and

the MRI based hippocampal volume measurements

were significantly associated with the number of

hippocampal neurones, (r ¼ 0.91, P < 0.001 and

r ¼ 0.90, P < 0.01, respectively, see Fig. 5).

EC glucose metabolism predicts conversion from NL to

MCI

In a longitudinal FDG-PET study of NL (mean age ¼
72 years, range 60–80 years), the EC volume was

precisely defined on MRI using our published criteria

[121] and used to sample the co-registered PET

scan. We reported [124] that only baseline EC

METglu reductions accurately predicted decline to

MCI (sensitivity 83%, n ¼ 12, specificity 85%, n ¼
13), [v2 (1) ¼ 20.8, P < 0.001, odds ratio ¼ 1.42,

95% CI ¼ 1.08–1.88]. Those NL subjects who

progressed to MCI also had, at follow-up, metabo-

lism reductions in the EC, hippocampus and

temporal neocortex. These FDG-PET data further

support the value of the EC and hippocampus

examinations in the characterization of the earliest

brain changes associated with cognitive decline.
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Neuropathological validation studies of the MRI

entorhinal cortex surface area

We recently published the validation for the MRI

measurement of the surface area of the EC [121]. The

grey and white matter boundaries of the entorhinal

and perirhinal cortices (EC) are poorly demarcated on

MRI making cortical ribbon volume studies unrelia-

ble with standard MRI imaging protocols. Using

post-mortem materials we validated an MRI image

analysis method that avoids this problem by estima-

ting the surface area of the EC (the sum across slices of

the ribbon lengths multiplied by the slice thickness).

We used serial 3 mm sections stained with cresyl

violet to define three measurements: a histology-

based EC volume, a histology-determined EC surface

area, and EC surface area based on sulcal and gyral

landmarks visible on MRI (EC-MRI). We studied 16

AD patients and four NL controls. The histology

surface area was measured between the most medial

boundary (pyriform cortex, or amygdala, or presubi-

culum, or parasubiculum) and the most lateral aspect

(alternatively referred to as perirhinal, transentorh-

inal cortex, or Brodman’s area 35). Using the MRI

landmark method, the surface area was bounded

medially (superiorly) by the sulcus semianularis on

anterior sections and the medial parahippocampal

gyrus on posterior sections. The lateral (inferior)

boundary, in the anterior sections was the depth of

the rhinal sulcus and in the posterior sections, the

depth of the collateral sulcus. The results showed that

the volume of the EC was significantly related to both

surface area measurements (histological r ¼ 0.94,

P < 0.001, and landmark r ¼ 0.91, P < 0.001; see

Fig. 6). Between the two groups, the following

measures were significantly (P < 0.01) reduced in

AD: volume 61%, histological surface area 49% and

landmark surface area 45% (see appendix). In

addition, an in vivo study of eight NL and eight mildly

impaired AD patients was included in this publica-

tion. Significant between group differences of 27%

were observed for the landmark EC method and 12%

differences for the hippocampal volume. Individually,

the EC correctly classified 100% of the controls and

87% of the AD group. By comparison, the hippocampus

classified 88% of the controls and 75% of the AD

patients. Multivariate logistic regression models

showed that the EC was superior to the hippocampus

in the diagnostic classification of the groups [v2

(1) ¼ 22.2, P < 0.001]. The landmark technique

will be used in the proposed work.

Semi-automated medial temporal lobe atrophy predicts

the conversion from NL to MCI

Forty-five NL elderly subjects were given a compre-

hensive battery of clinical and neuropsychological

tests at baseline and at three follow-ups (2, 4 and

6 years [132] (see Table 1). Serial imaging was

acquired twice with the same GE 1.5T MRI machine,

at baseline and after 2 years. Brain atrophy rate was

assessed using an automated procedure following

the Boundary-Shift Algorithm (BSA) approach of

Fox [154, 155]. Volumetric analyses were restricted

to 3-D boxes that were applied to the baseline and

the follow-up scans (Fig. 7). The MRI signal inten-

r  = 0.91, P < 0.001
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sity in the regions was normalized using regional (r)

brain signal averages and converted to the brain

volume using the partial volume decomposition

method [156]. The BSA-r volume conversion

assumes a fixed average contrast (3.13 : 1) between

the brain parenchyma and the CSF as determined by

a phantom study with our T1-weighted imaging

sequence.

The atrophy at baseline and follow-up was defined

as the ratio of the CSF volume to the total ROI

volume. The annual percentage atrophy rate in each

ROI was expressed as follow-up minus the baseline

brain volume, divided by the baseline volume and by

the time between the two MRI scans. In this study

we examined the averaged right and left medial

temporal lobe regions and a large region encompas-

sing most of the brain. At the 2 year time point,

seven of the 45 subjects showed objective evidence

of cognitive decline. By the 6 year time point, a total

of 13 had declined. The results in Table 2 show that

both baseline and 2 year annualized rates of change

for the MTL separated the declining and nondeclin-

ing NL groups. At baseline and at follow-up, whole

brain atrophy was also increased in the decliners,

but this measure did not show longitudinal progres-

sion. Of particular interest, the NL group that

declined to MCI several years after the second scan

(n ¼ 6) also showed a significantly elevated MTL

atrophy rate (0.7% per year) when compared with

the 32 nondeclining NL group (0.3% per year;

t(36) ¼ )3.1, P < 0.01).

After controlling for age, gender, education and

the rate of whole brain atrophy, a forward stepwise

logistic regression identified the MTL atrophy rate

as a significant predictor of decline for both the

total group of decliners and those that declined

after the second MRI. The overall accuracy of MTL

prediction was 89% (40/45), with 94% specificity

(30/32) and 77% sensitivity (10/13). The odds

ratio for cognitive decline was 1.7 (95% confidence

interval 1.2–2.3) for each 0.1% of MTL atrophy

rate as a risk factor. The model did not reach

significance with entry of the whole brain atrophy

rate in the last position. The results of this MRI

prediction study demonstrate the importance of

serial MTL imaging in monitoring the early course

of memory decline.

CSF and MRI biomarkers

In a 1-year follow-up study of NL elderly (n ¼ 10,

GDS ¼ 1.6 ± 0.5, MMSE ¼ 29.4 ± 0.7, age ¼
62.5 ± 9.2) and MCI (n ¼ 8, GDS ¼ 3.0 ± 0.4,

MMSE ¼ 28.5 ± 1.2, age ¼ 69.8 ± 9.2) we exam-

ined lumbar CSF levels (pg mL)1) of P-tau231,

Ab40, Ab42 and isoprostane. At baseline, follow-

up and longitudinally, we compared the MCI group

and the NL control group. During the study, one

MCI patient converted to AD.

Fig. 7 Overall head-size adjusted boxes placed over the hippo-

campal region to facilitate the automated calculation of atrophy

change using the regional boundary shift technique.

Table 2 Distribution of cross-sectional and longitudinal atrophy

NL fi NL

(n ¼ 32)

NL fi MCI

(n ¼ 13) P*

Whole brain % CSF (baseline) 20.4 ± 1.6 22.1 ± 1.4 0.001

Whole brain % CSF (year 2) 21.4 ± 1.8 23.9 ± 1.6 0.0001

MTL % CSF (baseline) 18.0 ± 3.5 21.5 ± 3.2 0.004

MTL % CSF (year 2) 18.4 ± 3.7 23.1 ± 3.3 0.0003

Whole brain

annual atrophy rate

0.6 ± 0.4 1.3 ± 1.6 0.14

MTL annual atrophy rate 0.3 ± 0.4 0.9 ± 0.3 0.0001

*Tests for group differences were carried out using t-test.

Table 1 Study subject (n ¼ 45) grouping by clinical outcome

NL fi NL

(n ¼ 32)

NL fi MCI

(n ¼ 13) P*

Gender (male/female) 12/20 8/5 0.19

Education (years) 15.7 ± 5.1 14.9 ± 1.9 0.32

Age (years) 68.2 ± 5.1 73.6 ± 4.1 0.002

APOE type (E4+/E4)) 7/25 3/9 0.33

GDS (baseline) 1.9 ± 0.4 2.0 ± 0.0 0.10

GDS (year 2) 2.1 ± 0.5 3.2 ± 0.9 0.001

MMSE (baseline) 29.2 ± 1.1 29.0 ± 0.8 0.59

MMSE (year 2) 29.0 ± 1.2 27.1 ± 2.5 0.02

Years between scans 2.2 ± 0.4 2.3 ± 1.1 0.49

Years to last examination 6.3 ± 1.0 5.3 ± 2.4 0.15

*Proportions were examined using Fisher’s exact test. t-Tests were

used for comparison of mean values.
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CSF protein levels. P-tau 231. P-tau231 levels were

elevated in the MCI group at baseline (U ¼ 14.0,

P £ 0.05, n ¼ 18) and at follow-up (U ¼ 6.0,

P £ 0.01, n ¼ 18). This resulted in an overall

classification accuracy of 78% at baseline [v2

(1) ¼ 5.2, P £ 0.05, see Table 3]. In the longi-

tudinal analysis, a small but significant change

was observed.

Amyloid beta. CSF Ab40 levels were elevated in the

MCI group at baseline (U ¼ 13.0, P £ 0.05, n ¼ 18)

and follow-up (U ¼ 17.0, P £ 0.05, n ¼ 18). This

resulted in an overall classification accuracy of 89%

at baseline [v2 (1) ¼ 7.1, P £ 0.01]. After control-

ling for age, Ab40 lost the baseline effect (P < 0.05)

and kept the follow-up effect (U ¼ 17, P < 0.05,

n ¼ 18). Ab42 levels did not differ between the two

groups at baseline. No longitudinal effects were

observed for either Ab40 or Ab42.
Isoprostane. Isoprostane levels were elevated at both

baseline (U ¼ 3.0, P £ 0.001, n ¼ 18) and follow-

up (U ¼ 6.0, P ¼ 0.001, n ¼ 18). This resulted in

an overall classification accuracy of 83% at baseline

[v2 (1) ¼ 15.9, P £ 0.001]. After controlling for

age, there was little change in the results. Moreover,

a significant longitudinal change was seen in the

MCI patients relative to control (U ¼ 15.0,

P £ 0.05, n ¼ 18). This resulted in an overall clas-

sification accuracy of 89% for the delta [v2 (1) ¼
4.0, P £ 0.05]. The post hoc examination showed a

significant isoprostane increase restricted to the MCI

group (Wilcoxon signed ranks test Z ¼ )2.38,

P £ 0.05, n ¼ 18).

MRI volume data. Hippocampal volume. The hippo-

campal volume ratio was reduced in MCI by 19% at

baseline [t(16) ¼ 3.4, P £ 0.01] and by 21% at

follow-up [t(16) ¼ 3.5, P £ 0.01]. This resulted in

an overall classification accuracy of 78% at baseline

[v2 (1) ¼ 9.3, P £ 0.01]. After controlling for age,

there was little change in the results. No longitud-

inal hippocampal volume change was observed.

Dilution correction-protein load. To correct for the

dilution of tau in the ventricular compartment,

typically enlarged in AD (see central white area of

Fig. 8) we estimated ventricular CSF P-tau231 load

(ng) by multiplying the P-tau231 level (pg mL)1) by

the ventricular volume (mL) and dividing by 1000

[99]. P-tau231 loads were elevated in the MCI group

at baseline (Mann Whitney U ¼ 11, P < 0.01, n ¼
18) and at follow-up (U ¼ 6, P ¼ 0.001, n ¼ 18,

see Table 4). In the longitudinal design, we observed

a significant group by time interaction for the

annualized P-tau231 load (U ¼ 12.0, P < 0.05,

n ¼ 18). Follow-up examination showed a signifi-

cant P-tau231 load increase in the MCI group

(Wilcoxon signed ranks test Z ¼ )2.1, P < 0.05,

n ¼ 8). No longitudinal load effects were observed

for the controls.

We directly compared annualized longitudinal

P-tau231 load and P-tau231 level changes, using

two logistic regression models with reversed orders

of entry, in the prediction of diagnostic group. At

the first entry steps, both DP-tau231 level and

DP-tau231 load significantly predicted group mem-

bership [v2(1) ¼ 4.45, P £ 0.05 and v2(1) ¼ 9.08,

P £ 0.01 respectively. Comparing the second

entry steps, the DP-tau231 load uniquely increased

the variance explained by the DP-tau231 level

[R2 change ¼ 0.23, F(1,15) ¼ 5.8, P £ 0.05].

Longitudinal correlation in MCI of AD-related CSF

proteins with hippocampal volume

Because of the known inverse relationships at post-

mortem between the hippocampal volume and tau

pathology and between brain Ab42 load and

hippocampal volume reductions, we examined the

hypothesis that these relationships could be inferred

in vivo using MRI and CSF. At baseline, for the entire

Table 3 Diagnostic specificity and accuracy for significant uni-

variate and combinations of cognitive, MRI and CSF measures

(sensitivity ‡ 75%)

Logistic regression model

Results at last step

Specificity

(%)

Overall

accuracy (%) P

Baseline

HIP volume 80 78 £0.01

P-tau 231 level 80 78 £0.05

P-tau 231 load 70 78 £0.05

Isoprostane 90 89 £0.001

Ab40 100 89 £0.01

Paragraph immediate recall 90 89 £0.01

Paragraph delayed recall 90 83 £0.001

Longitudinal

P-tau 231 level 50 61 £0.05

P-tau 231 load 90 83 £0.01

Isoprostane 90 89 £0.05
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sample (n ¼ 18), a significant inverse relationship

was found between the hippocampus volume and

the P-tau231 level (r ¼ )0.47, P < 0.05). After

controlling for age, there was little change in the

results. In the 2 time-point longitudinal design, the

MCI group, n ¼ 8, showed a strong inverse rela-

tionship between hippocampal volume reductions

and elevations in P-tau231 level (r ¼ )0.80,

P < 0.05, Fig. 9a). Also for MCI, the reduction in

CSF Ab42 levels showed a strong positive relation-

ship to the reduction in the hippocampal volume

(r ¼ 0.75, P < 0.05, Fig. 9b). Moreover, in the MCI

group the longitudinal changes in Ab42 and

P-tau231 showed a trend for the expected inverse

relationship (r ¼ )0.56, P ¼ 0.07, one-tail).

Conclusions

Both neuropathology and neuroimaging studies

converge on observations that hippocampal forma-

tion pathology is an early feature of AD. Over the

past 15 years, numerous studies have identified

hippocampal atrophy as a predictor of the decline

from MCI to AD. It also appears that the EC of the

hippocampal formation has value potentially as an

even earlier marker of brain AD. Specifically, EC

changes may actually precede hippocampal chan-

ges in NL at risk for future MCI. Additional work is

required to better understand the temporal rela-

tionships between EC and hippocampal changes as

well as the optimal image acquisition and image

measurement strategies to use. Nevertheless, solely

imaging the structural defects or the patterns of

glucose metabolism reductions are not likely to be

diagnostically specific indicators for AD. Recent

studies show that neither the hippocampal atrophy

nor its longitudinal rate of change are useful in

Fig. 8 Ventricular anatomy highlighted in a control and in an AD

patient.

Table 4 Baseline and follow-up MRI and CSF measures (mean ± SD, group % differences and P)

Measure

Baseline Follow-up

NL MCI % Diff NL MCI % Diff

VV (cm3) 29.7 ± 9.8 42.3 ± 15.2 42a 32.6 ± 10.3 45.7 ± 14.6 40b

P-tau231 level (pg mL)1) 160.0 ± 190.4 534.7 ± 451.8 234a 111.4 ± 158.0 563.9 ± 478.0 406b

P-tau231 load (ng) 5.6 ± 9.1 19.7 ± 15.3 252b 4.7 ± 8.6 22.8 ± 17.5 385b+

Ab40 level (pg mL)1) 9596 ± 2317 12393 ± 2389 29a 8825 ± 2145 11876 ± 2909 35a

Ab42 level (pg mL)1) 1015.1 ± 448.3 943.7 ± 486.7 )7 1040.3 ± 413.2 903.7 ± 484.1 )13

IP level (pg mL)1) 28.0 ± 6.36 47.9 ± 11.3 71b 33.4 ± 15.0 66.5 ± 25.9 99b+

VV, ventricle volume; load ¼ ng, IP ¼ isoprostane; % Diff, cross-sectional differences: (MCI)NL)/NL. Cross-sectional effects: aP £ 0.05;
bP £ 0.01. Annualized longitudinal effects: + ¼ P £ 0.05.
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separating fronto-temporal dementia from AD. CSF

P-tau231in combination with Ab4X studies offers

the promise of a specific in vivo diagnosis of AD. By

combining MRI and CSF measures, the preliminary

results suggest that both an early sensitive and

specific diagnosis for AD is a possibility. Studies by

Hampel suggest that elevated P-tau231 measure-

ments may be specific for AD and this important

observation requires replication as well as extension

to MCI.

In the MCI stage of AD, both the hippocampal

volume and the CSF P-tau231 concentration predict

future AD. However, the magnitude of the agree-

ment between these predictors of conversion has not

been reported. Our preliminary data suggest that

they are related and potential indicators of a

localized process. In our 1-year longitudinal MRI

and CSF data, the changes in the measures were

correlated in the MCI group and the combined use of

these markers contributed to improving the diag-

nostic accuracy for MCI and normal control groups.

However, because our study did not yet yield

sufficient numbers of decliners we are not able to

report on conversion questions.

Another promising avenue for clinical research

concerns the dilution or clearance of brain-derived

proteins from the CSF. Numerous studies point to

abnormal CSF clearance as part of the late-onset AD

syndrome. Although there is minimal information

regarding age-related and/or AD related changes in

CSF turnover, there is ample speculation that

reduced clearance could affect the accuracy of the

LP measured concentrations of P-tau231 and Ab4X

(which are presumed to reflect the rate of delivery

and or egress from the CSF pool) and possibly even

influence the course of the neural degeneration. Our

recently published results suggest that correction for

the dilution of the biomarker in the enlarged CSF

pool typically found in AD contributes to detecting

longitudinal concentration changes in MCI patients.

Clearly additional studies on CSF flow and clearance

dynamics are needed.

In conclusion, the combined use of MRI and CSF

diagnostic measures for AD have the promise to

improve the early and specific diagnosis of AD as

well as to improve our understanding of the course

of AD on both brain and behaviour. Such informa-

tion will contribute to improved selection of study

subjects in clinical trials and for improved monitor-

ing of treatment effects.
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