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Alzheimer’s disease (AD) was first described by Alois 
Alzheimer at the beginning of the 20th century. AD is a 
terminal, but usually slow progressing, neurodegenerative 
disease, and no curative treatment exists. Diagnosis can be 
confirmed only by autopsy, and the defining characteris-
tics are extracellular plaques of amyloid-β peptides and 
intracellular tangles of abnormally processed (hyperphos-
phorylated) tau protein. Clinically, the disease is mani-
fested first through increasing problems with memory and 
spatial navigation and ultimately leads to both anterograde 
and retrograde amnesia, along with emotional instability, 
a complete loss of executive functions, and often a state of 
confusion or psychosis. The prevalence of AD increases 
manifold with advancing age, and so the rapidly aging pop-
ulation throughout much of the world will greatly increase 
the number of people who suffer from the disease. The 
current estimate of 26 million people worldwide is expected 
to double by 2030 and quadruple by 2050 unless preventive 
treatment is developed (Brookmeyer and others 2007; 
Jonsson and others 2006).

Even though we have no effective treatment to offer 
patients diagnosed with AD other than symptom treatment, 

good biomarkers are of vital importance in the quest to 
ultimately be able to prevent, cure, or at least stop the pro-
gression of the disease. Biomarkers can be used in clinical 
trials in the selection of patients and as outcome measures 
in intervention studies. In addition, good biomarkers also 
have the potential to improve our understanding of the 
pathogenesis of AD, which again may promote the devel-
opment of therapeutic approaches. As AD in its advanced 
stages is associated with pervasive brain atrophy, it is 
impossible to imagine that we will ever have a treatment 
that can restore cognitive function in patients with advanced 
AD. Thus, it is necessary to develop biomarkers that are 
sensitive to AD pathology before the damage has gone too 

392586 NRO17510.1177/107385841039
2586Fjell and WalhovdThe Neuroscientist

1Department of Psychology, Center for the Study of Human 
Cognition, University of Oslo, Oslo, Norway
2Department of Neuropsychology, Ullevål University Hospital,  
Oslo, Norway

Corresponding Author:
Anders M. Fjell, Department of Psychology, University of Oslo, 
Forskningsveien 3, Pb 1094 Blindern, Oslo, Norway 
Email: andersmf@psykologi.uio.no

New Tools for the Study of  
Alzheimer’s Disease: What  
Are Biomarkers and Morphometric  
Markers Teaching Us?

Anders M. Fjell1,2 and Kristine B. Walhovd1,2

Abstract

Early detection is vital in the quest to develop a cure for Alzheimer’s disease (AD), and CSF biomarkers (Aβ42, t-tau, 
p-tau) and MRI morphometry distinguish AD from healthy controls. Aβ42 and neurodegenerative biomarkers may 
precede clinical symptoms, but it is not clear whether AD invariably follows and whether neuropsychological tests 
are as sensitive. Aβ42 is related to plaque burden, which was assumed to be the main cause of AD. Evidence is now 
pointing to other forms of Aβ, for example, soluble Aβ oligomers, and it is possible that plaques are secondary rather 
than causative to neuronal damage. This makes it less obvious that CSF Aβ42 necessarily is the most potent marker. 
Atrophy has been regarded as a downstream event, but novel MRI analysis techniques detect atrophy at a stage where 
the cognitive reductions are small and possibly reversible, and MRI is superior to CSF biomarkers in the prediction 
of cognitive decline. The impact of biomarkers may be dynamic; changed Aβ42 is seen in cognitively normal, while 
atrophy causes decrements later. In conclusion, CSF and MRI biomarkers are extremely important, but it is not known 
whether they can distinguish events that will lead to AD from events that will not before cognitive reductions are 
measurable.
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far—at a stage where the disease still could be prevented 
if proper treatments were available. This means that we 
will likely need biomarkers sensitive to AD pathology that 
precede clinical symptoms. CSF biomarkers and measures 
of brain atrophy derived from magnetic resonance imaging 
(MRI), that is, MR morphometry, are prime candidate bio-
markers for early diagnosis and monitoring of disease pro-
gression. Brain atrophy, lowered CSF levels of amyloid 
beta (Aβ42), and heightened levels of the microtubule-
associated proteins tau (t-tau) and hyperphosphorylated 
tau (p-tau) are found in mild cognitive impairment (MCI) 
and Alzheimer’s disease (AD). MRI and CSF measures 
were thus suggested as supportive biomarkers for research 
diagnostic criteria for AD in a consensus paper (Dubois 
and others 2007).

In this article, we will review the research on the use 
of CSF biomarkers and MR morphometry in AD. First, 
we will go through the main neurobiological processes 
that the different biomarkers are assumed to reflect and 
describe how these are related to AD. Next, we will eval-
uate the status of these biomarkers for early detection and 
prediction of progression of the disease and also compare 
their predictive power in the diagnosis and prediction 
of cognitive change. Finally, we will discuss what these 
biomarkers can teach us about the pathophysiology of 
the disease itself. Especially, the relationships between 
the different biomarkers are complex, and we need a bet-
ter understanding to better comprehend the mechanisms 
of the disease. We will only sporadically discuss positron 
emission tomography (PET) because compared to MRI, 
this method is more invasive, more expensive, and less 
accessible, and thus, it is less likely that it will find large-
scale application in everyday clinical practice.

CSF Biomarkers in Diagnosis and 
Prediction of Alzheimer’s Disease
The Amyloid Hypothesis

Depositions of extracellular plaques (Aβ42) and intra-
cellular neurofibrillary tangles (tau) are believed to play 
causative roles in neurodegeneration in AD (Goedert and 
Spillantini 2006; Spires-Jones and others 2009). Especially, 
the amyloid cascade hypothesis has dominated much of 
the field of AD research. The specifics of this hypoth-
esis vary, but its main tenet is that increased production 
or decreased clearance of Aβ peptides gives rise to a 
series of detrimental processes in the brain, which ulti-
mately cause the disease (Fig. 1). It has been suggested 
that nerve cell degeneration is a downstream event from 
these Aβ-related processes (Goedert and Spillantini 2006), 
leading to the temporal and hippocampal changes mea-
sured by MRI (Arriagada and others 1992; Price and 
Morris 1999).

The major constituent of the amyloid plaques is the 
proteolytically derived product of amyloid precursor pro-
tein (APP) Aβ42. Aβ is produced from APP by sequential 
cleavage by β-secretase and γ-secretase along the amy-
loidogenic pathway and is secreted to CSF as a soluble 
peptide as part of the normal APP metabolism (Portelius 
and others 2008) (Fig. 2). Aβ is present in the brain in dif-
ferent isoforms, and the longest and most hydrophobic is 
Aβ42, consisting of 42 amino acids. Aβ42 aggregate more 
rapidly than other Aβ isoforms, and the CSF level of Aβ42 
is inversely related to amounts of Aβ42 in the brain. CSF 
Aβ42 is by far the Aβ isoform that changes most in AD, 
and a reduction of about 50% is typically seen (Blennow 

Figure 1. The amyloid cascade hypothesis. According 
to the amyloid cascade hypothesis, Aβ is the main causal 
event of Alzheimer’s disease (AD). Processes related to 
the generation and/or clearance of Aβ will elicit a cascade 
of events eventually leading to brain atrophy and cognitive 
decline as manifested in AD. The exact mechanisms behind 
the role of Aβ in AD are yet not known, and so the different 
pathological events included in the figure must be regarded as 
candidates only. While formation of extracellular plaques due 
to increased levels of Aβ was believed to be a key to AD, the 
view that the Aβ-soluble oligomers play the lead pathogenic 
role in AD has become increasingly popular. The authors 
thank Inge K. Amlien for making the figure.
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and Hampel 2003). Some studies have found the reduction 
of the ratio of Aβ42 to the shorter forms Aβ1-40 and Aβ1-38 
to be more pronounced than the reduction in Aβ42 alone 
(Portelius and others 2008). One overview paper reported 
that Aβ42 distinguished between AD and normal controls 
with a sensitivity of 89% and specificity of 90% (Blennow 
2004). However, a reduced level of CSF Aβ42 is not a unique 
characteristic of AD, as this pattern is found in several 
neurological conditions.

It is assumed that aggregation of Aβ in plaques reduces 
the amount of Aβ42 free to diffuse into the CSF, and hence, 
low concentrations of CSF Aβ42 are taken to indicate high 
levels of Aβ42 in the brain (Blennow and others 2006). 
This is supported by 2 lines of evidence. First, one study 
found CSF Aβ42 levels to correlate with amyloid neuro-
pathology verified by autopsy (Strozyk and others 2003). 
Higher numbers of neuritic plaques in the neocortex 
and hippocampus were strongly correlated with lower CSF 
levels of Aβ42 obtained from the ventricles post mortem. 
Second, there is a strong relationship between CSF Aβ42 
and Pittsburgh Compound-B (PiB) retention on PET. In one 
study, there was no overlap in CSF levels of Aβ42 between 
PIB-positive and -negative participants (Fagan and others 

2006), while another study found correlations between PIB 
and Aβ42 in the range of –0.64 to –0.74 (Forsberg and 
others 2008). One study also gave evidence for a relation-
ship between PiB-PET retention and insoluble Aβ peptide 
levels in vitro and a relationship between PIB retention levels 
and region-matched post-mortem measures of insoluble 
Aβ42 peptide levels confirmed by autopsy (Ikonomovic and 
others 2008). In sum, the few studies that have been con-
ducted to validate the relationship between levels of CSF 
Aβ42 and plaque burden have yielded convincing results.

The original view of the proponents of the amyloid 
cascade hypothesis was that amyloid plaques were patho-
genic. This position has less support today, mainly because 
plaque load does not correlate well with degree of dementia 
in humans, many patients with assumed AD and severely 
impaired memory show no plaques at post-mortem analy-
sis, and plaques may be found in the elderly without 
dementia (Pimplikar 2009), even though it cannot be ruled 
out that the latter is related to preclinical manifestations 
of AD. Results from research using mouse models that 
express a human APP have shown memory deficits inde-
pendently of both plaques and neuronal loss (Lesne and 
others 2006). Further, a recent study found that high anti-
Aβ titers were related to clearance of amyloid from the 
brain, but progressive neurodegeneration was not pre-
vented, cognition was not improved, and survival did not 
increase (Holmes and others 2008). Therefore, it has 
now been suggested that rather than the insoluble plaques, 
other specific forms of Aβ cause AD, for example, sol-
uble Aβ oligomers (Zetterberg and others 2010). Reliable 
methods for measuring Aβ oligomers in biological fluids 
are needed to validate this hypothesis (Zetterberg and 
others 2010). Still, even though soluble Aβ42 may be more 
detrimental and toxic for brain function than the insoluble 
Aβ42 found in plaques, the plaques may act as Aβ42 sinks, 
thus hindering transport of soluble Aβ42 between the brain 
and CSF (Fagan and others 2006).

The amyloid hypothesis still has a strong position, even 
though insoluble plaques now are regarded as less likely to 
be the main cause of effect in AD. Pimplikar (2009) sug-
gests that the amyloid hypothesis can be evaluated along 
4 lines of evidence.

Genetics. Mutations in APP, presenilins 1 (PSEN1), and 
presenilins 2 (PSEN2) can account for familial AD, with 
more than 200 mutations identified (The Alzheimer Dis-
ease & Frontotemporal Dementias Mutation Database, under 
the guidelines of the Human Genome Variation Society 
[Horaitis and others 2007]). These mutations are respon-
sible for 30% to 50% of autosomal dominant AD cases 
and tend to increase Aβ generation or increase levels of 
Aβ42. Most APP mutations cluster around the secretase 
sites, and both APP and PSEN mutations increase the ratio 
of the particularly amyloidogenic Aβ42 isoforms to the 
less aggregation-prone Aβ40 (Portelius and others 2008). 

Figure 2. Generation of Aβ42 by cleavage of the amyloid 
precursor protein (APP). APP is a transmembrane protein 
and can be cleaved by the g-secretase pathway, which is 
nonamyloidogenic, or the β-secretase pathway, which is 
amyloidogenic. β-secretase cleaves APP before the Aβ 
domain, and this releases the soluble β-APP (red circles). The 
remaining part of the APP (β–C-terminal fragment; β-CTF: 
yellow, blue, and green circles) is cleaved further by the 
γ-secretase complex, releasing the free Aβ peptide consisting 
of 40 to 42 amino acids (yellow and blue circles). The longer 
isoforms of 42 amino acids (Aβ42) are more hydrophobic and 
aggregate more rapidly than other Aβ isoforms, for example, 
Aβ40. The remaining APP (AICD; APP intracellular domain: 
green circles) is released into the cytoplasm. The authors 
thank Inge K. Amlien for making the figure.
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Still, the autosomal dominant AD cases sum up to only a 
small fraction of all AD cases, so it is possible that other 
genetic factors are responsible for the much more common 
sporadic AD. Further, it is convincingly shown that muta-
tions in PSEN1 cause neurodegeneration and memory loss 
that are independent of both APP and Aβ (Neve 2008). For 
instance, PSEN knockout mice have shown impaired hip-
pocampal long-term potentiation and subsequent neurode-
generation and tau hyperphosphorylation (Saura and others 
2004). This opens the possibility that PSEN1 mutations by 
themselves can trigger toxic events and that increased 
levels of Aβ and plaques may be secondary effects, less 
important to disease progression (Pimplikar 2009). Thus, 
it is suggested that to understand the effects on AD neu-
ropathology, one should focus also on other functions of 
presenilin besides its γ-secretase activity resulting in accu-
mulation of Aβ42 (Neve 2008).

Pathology. Aβ plaques are a defining trait of AD patho-
genesis. However, intracellular phosphorylated tau and 
fibrillary tangles seem more consistent with characteristic 
AD atrophy and the cognitive symptoms in early phases 
of the disease (Braak and others 1998). Medial temporal 
structures, that is, the hippocampus and the entorhinal cor-
tex, show early signs of pathology on MRI (see below), 
and episodic memory and spatial navigation, the first cog-
nitive functions to be affected, are known to depend heav-
ily on these brain areas (Fyhn and others 2004; Scoville 
and Milner 1957). While tau pathology seems initially 
constricted to these temporal areas, plaque accumulation 
appears more diffusely distributed in the cortex in initial 
phases, before spreading across the brain in more advanced 
stages.

Cell biology. Fibrillar Aβ has been shown to induce 
apoptosis, neuronal cell death, and loss of synapses and 
dendrites when injected into both tissue cultures and liv-
ing mouse brains (Pimplikar 2009). The major limitation 
of this line of research is that it is difficult to convincingly 
show that the in vitro results can be generalized to the in 
vivo brain tissue of humans with AD.

Animal studies. We do not yet have mice that develop all 
the AD-associated neuropathology seen in humans. Still, 
transgenic mouse models with AD-like lesions, including 
diffuse and neuritic plaque deposits, amyloid angiopathy, 
and amyloid-associated neuroinflammation, usually 
triggered by overexpression of APP mutations, have been 
useful in testing generation of Aβ and its effects on brain 
lesions (Radde and others 2008) and memory function 
(Ashe and Zahs 2010). However, it has been disappointing 
that therapeutic interventions have shown positive effects 
in mouse models but not in human trials (Pimplikar 2009). 
The fact that most mouse models of AD do not develop tau 
pathology and neurodegeneration indicates that these 
models are more useful for the study of amyloid than 

neurodegeneration in AD in general. In a recent review, 
Ashe and Zahs (2010) argued that transgenic mice express-
ing APP should be considered models of accelerated brain 
aging or asymptomatic AD and that the interventional 
efforts in these mice should be interpreted in the context of 
prevention. They argue that studies of soluble Aβ oligo-
mers and soluble tau in disease pathogenesis support a 
model in which soluble Aβ oligomers trigger synaptic dys-
function, while formation of abnormal tau species leads to 
neuron death and cognitive decline.

It has been suggested that a major contribution of Aβ 
to the pathophysiology of AD is its synaptotoxic effects 
(Shankar and others 2008), related to a causal chain of 
events including inhibition of long-term potentiation 
(LTP), removal of glutamate receptors, and elimination 
of glutamate synapses (Zetterberg and others 2010). 
However, aggregated forms of Aβ in fibrils and plaques 
seem not to impact synaptic function (Shankar and others 
2008), which may contribute to explain why some cogni-
tively normal persons have high amounts of fibrillar Aβ 
in the brain. Zetterberg and others (2010) suggest that 
extended follow-up is needed to know whether these are 
protected from Aβ toxicity by effective sequestration of 
Aβ in inert aggregates or by other factors or whether they 
eventually will show cognitive reductions. It is also pos-
sible that changes in CSF levels of Aβ42 are secondary 
rather than causative to neuronal damage and that, for 
instance, increased vulnerability to oxidative and apop-
totic insults can lead to Aβ42 aggregation (Lee and others 
2006).

In an intensive longitudinal case study, it was sug-
gested that the drop in CSF Aβ42 may occur soon after 
the beginning of diffuse amyloid depositions in the brain 
but before fibrillar amyloid β plaques are detectable by 
PiB (Cairns and others 2009). The authors speculated that 
substantial densities of diffuse plaques may be down-
stream to more toxic Aβ and can be associated with early 
symptomatic stages of AD. Elevated mean cortical bind-
ing potential for PiB is usually associated with low CSF 
Aβ42 (Fagan and others 2006), but it is likely that low 
CSF Aβ42 levels can occur in the absence of elevated 
mean cortical binding potentials for PIB. In sum, while it 
is vital to understand the role played by amyloid in AD, 
and the CSF level of Aβ42 is a potent biomarker in AD, 
the possibility that other agents may be even further up in 
the chain of causation should still be considered.

Tau Proteins
While CSF levels of Aβ42 are related to amyloid clear-
ance from the brain, levels of tau in CSF reflect other 
pathogenic processes. Total tau (T-tau) is probably related 
to the intensity of the neuronal damage and degeneration 
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in the brain. A transient increase in CSF levels of T-tau is 
found in acute conditions such as stroke, and it has been 
demonstrated that the magnitude of increase correlates 
with the size of the infarct (Hesse and others 2000). In 
AD, degeneration is less intense, yielding a more moder-
ate increase of CSF T-tau. T-tau is typically increased by a 
factor of 3 in AD patients compared to healthy controls. Ten 
prospective studies showed a sensitivity of 84% and 
specificity of 91% against normal age-matched controls 
(Blennow 2004). In contrast to this, P-tau does not reflect 
general neurodegeneration since increased CSF levels have 
so far only been found in AD. Instead, CSF P-tau seems 
to correlate with tangle load in the neocortex (Buerger and 
others 2006), suggesting that it is a marker for tau hyper-
phosphorylation and tangle formation, although various 
p-tau versions might behave differentially with regard to 
neurofibrillary pathology (Buerger and others 2007).

In a prospective study, it was found that AD patients 
with low levels of CSF Aβ42 and very high levels of T-tau 
and P-tau performed worse on cognitive tests compared to 
other patients and that they responded poorly to cholines-
terase treatment and showed worse clinical outcomes over 
time (Wallin and others 2010). Andersson and others 
(2008) found increasing levels of P-tau during cognitive 
decline and conversion to dementia and suggested that 
P-tau may be useful as a longitudinal marker of the neuro-
degenerative process. Okonkwo and others (2010) found 
that all the tested CSF biomarkers were associated with 
decline in everyday function in MCI and that all but the 
T-tau/Aβ ratio were associated with functional decline 
in healthy controls. The authors argued that both tau and 
Aβ42 are associated with functional decline and develop-
ment of AD in controls and MCI patients but that they are 
not predictive of further functional degradation in AD 
(Okonkwo and others 2010).

The study by Okonkwo and others (2010) was based 
on the The Alzheimer Disease Neuroimaging Initiative 
(ADNI) database. ADNI is a major research initiative 
aiming at validating and developing biomarkers for AD 
(http://www.adni-info.org/) and includes CSF measures, 
MRI, PET imaging, and cognitive testing of about 800 
participants (200 healthy elderly, 400 MCI, and 200 AD). 
Trojanowski and others (2010) from the CSF biomarker 
core in the ADNI study recently published an overview of 
their ADNI CSF research and argued that Aβ42 was the 
single most sensitive biomarker for AD, with a sensitivity 
of 96.4%. However, a combination of Aβ42, T-tau, and 
the APOE e4 allele provided the best delineation of mild 
AD. Further, a pathological baseline CSF profile for 
T-tau/Aβ42 was detected in 33 of the 37 participants who 
converted to probably AD during the first year of the 
study. Thus, it appears that the 3 major AD CSF biomark-
ers all may aid in the early detection of the disease.

MR Morphometry in  
Diagnosis and Prediction of 
Alzheimer’s Disease

MRI can be used to measure brain atrophy directly and is 
therefore a highly relevant method in studies of neurode-
generative conditions (Fig. 3). AD is associated with a 
range of structural brain changes that can be measured 
in vivo by MRI. These effects are especially prominent 
in a temporoparietal neural network involved in episodic 
memory function (Buckner and Wheeler 2001) and include 
the hippocampus (de Leon and others 1989), entorhinal, 
retrosplenial, posterior cingulate, and precuneus cortices 
(Du and others 2007; Fennema-Notestine and others 2009) 
(Fig. 4). Because of the pathophysiology of AD, with 
tangle formation in the medial temporal lobes (MTL) and 
episodic memory problems early in the disease, the MTL 
structures initially received most focus in neuroimaging 
studies of AD. However, as methods for testing structural 
effects throughout the brain have been improved, several 
independent studies have shown convincing evidence that 
atrophy can be identified in a number of different cortical 
and subcortical brain areas early in the disease. Primary and 
secondary sensory areas are relatively spared (Atiya 
and others 2003), and a study based on the ADNI database 
did not show significant differences between AD patients 
and healthy controls in the cuneus and the areas around the 
central sulcus (Fjell and others 2010a). Most other brain 
regions seem to be affected to a smaller or larger degree, 
as reviewed below.

MRI-based quantification of brain morphometry can be 
used to distinguish controls from MCI or AD patients. 
For instance, in a recent paper based on the ADNI data-
base, Cohen d for the hippocampus was 1.75 for the 
comparison between controls and MCI and 2.57 for the 
comparisons with AD (Fjell and others 2010a) (Fig. 5). 
The effect sizes for CSF measures in the comparison 
between controls and MCI were similar to those reported 
in a recent meta-analysis (±0.92–1.05) (Schmand and oth-
ers 2010) and somewhat higher for the comparison between 
controls and AD patients (±1.37–1.92) (Fjell and others 
2010a). However, to be an early marker, it is important that 
MRI can be used to predict clinical change, that is, conver-
sion to MCI or AD, and cognitive decline. Schmand and 
others (2010) identified 21 MRI studies of medial tempo-
ral lobe atrophy in normal controls or MCI patients who 
converted to MCI or AD. The weighted mean effect size 
was 0.75 (Hedges d), which by convention would consti-
tute an intermediate or large effect. The effect size was 
lower than the weighted mean for only 7 of the studies 
because the effect size in the by far largest study, with 
more than 500 participants, was only 0.28. Methods used 
for acquiring and analysis of MR images have generally 
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Figure 3. Quantitative MR morphometry. Several automated or semiautomated procedures for quantification of brain 
morphometry exist. One of the most popular is FreeSurfer (http://surfer.nmr.mgh.harvard.edu/), freely downloadable from the 
Internet. Some basic features of this program package are illustrated. Panel A: In the first preprocessing steps, several T1-weighted 
MR scans are averaged and motion corrected to increase the ratio of the gray matter–white matter contrast to noise, the image 
intensity is normalized yielding homogenous values in similar tissue, and skull and dura are stripped off. Panel B: By whole-brain 
segmentation, a neuroanatomical label is assigned to each voxel (3-dimensional picture element) in the MR image. This is based on 
several sources of information, including probabilistic information automatically estimated from a manually labeled training set, and 
allows accurate quantification of a large number of subcortical and cortical brain structures. For instance, such procedures can 
be used to test specific hypotheses of effect of AD on various defined brain networks, for example, the medial temporoparietal 
network (red) related to episodic memory and known to be heavily affected in AD, and the frontostriatal network related to 
executive functions (blue), which seems to be substantially impaired also in healthy elderly. Panel C: Cortical thickness analyses are 
performed by reconstruction 3-dimensional models of the white matter surface and the brain (pial) surface and then calculating 
the distance between these surfaces (the mean of the shortest distance from each point of the white matter surface to the pial 
surface and from each point of the pial surface to the white matter surface). The folding pattern of the brain makes it necessary 
to reconstruct the surfaces in 3 dimensions to allow quantification of thickness. Panel D: Large interindividual variability in gross 
brain topography makes it difficult to compare the surfaces of individual brains point by point. This problem can be handled by 
inflating the individual brains to spheres, registering them to a template and taking variability of the sulcal patterns into account, 
and inserting a common coordination system. Panel E: Maps of curvature and the automated parcellation of the cerebral cortex, 
shown on the pial surface and on the inflated surface of the brain. Panel F: Cortical thickness shown in an individual participant, 
with gradual inflation of the brain surface allowing better visualization of thickness values buried within the sulci.
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improved over the last few years, possibly yielding even 
higher effect sizes.

Several important studies have been published over 
the last 2 years. For instance, Bakkour and others (2009) 
showed that MCI patients who converted to AD 2.5 years 
later had between 3% and 10% thinner cortex at base-
line than stable MCI patients. The effect was largest in 
the MTL. Based on the baseline scans, progression to 
mild AD could be predicted with 83% sensitivity and 65% 
specificity. Also, large studies have recently been pub-
lished based on the ADNI database and from the group of 
Susan Resnick at NIH (Davatzikos and others 2009; 
Driscoll and others 2009). In one study, neocortical atro-
phy rates were compared between healthy controls, MCI 
patients with low scores on the Clinical Dementia Rating–
Sum of Boxes scale (CDR-SB) (0.5–1.0), MCI patients 
with higher CDR-SB scores (1.5–2.5), and patients with 
early AD (CDR-SB ≥3.0) (McDonald and others 2009). 
For the hippocampus, annual atrophy rate was 0.86% for 
the controls, increasing to 1.94%, 2.39%, and 3.64% with 
higher CDR-SB. The same general pattern, although with 
lower rates of atrophy, was seen for several brain areas. 
The lateral, inferior, and medial parts of the temporal 
lobes were especially affected, with annual atrophy rates 
in AD of more than 3.0% in large areas of the temporal 
lobes, especially the inferior and middle temporal gyrus. 
Interestingly, however, when authors tested which areas 
showed atrophy increases in early versus late stages of the 
disease, while MTL stood out as the earliest marker, fron-
tal and parietal areas showed relatively stronger increases 
in atrophy rates in later stages of the disease (Fig. 6).

Two general problems for the prospect of predicting 
AD from structural MRI data are first that the normal vari-
ation in brain structures is huge and second that the struc-
tural changes observed in healthy aging are also profound 

(Fjell and others 2009; Walhovd and others 2009). Thus, 
small baseline volume or high rates of atrophy in a spe-
cific brain structure may prove insufficient to distinguish 

Figure 4. Effects of mild cognitive impairment and 
Alzheimer’s disease on cortical thickness. Thinner cortices in 
MCI patients than healthy controls can be seen in widespread 
areas but are especially prominent in the medial and lateral 
temporal cortex, as well as in the posterior cingulate/
retrosplenial cortex and inferior parietal areas/supramarginal 
cortex. Further effects are seen when AD patients are 
compared to MCI patients. The samples of patients used to 
generate the maps are derived from the Alzheimer Disease 
Neuroimaging Initiative (ADNI), which is a large multicenter 
research initiative building a freely available database of AD 
patients (http://www.adni-info.org/), and are described in 
depth elsewhere (Fjell and others 2010a).

Figure 5. CSF biomarkers and MRI morphometry distinguish 
mild cognitive impairment from healthy elderly. Cohen d (the 
group difference divided by the pooled standard deviations) 
for the most used CSF biomarkers in AD and for the volume of  
selected brain structures. For all of these measures, Cohen d  
indicates large effect sizes. Data are taken from Fjell and 
others (2010a) and are based on the ADNI database.

Figure 6. Cortical thinning in early versus late phases of 
Alzheimer’s disease. Based on the cross-sectional maps from 
Figure 4, the differences in cortical thickness at each point 
of the surface between healthy controls and MCI patients 
were contrasted with the differences between MCI patients 
and AD patients. Red and yellow areas indicate that the 
differences between MCI and healthy patients are larger than 
the differences between MCI and AD patients, and blue-cyan 
indicates the opposite pattern. As can be seen, the medial and 
anterior lateral temporal effects are larger in early phases than 
in later phases. A similar approach, based on longitudinal data, 
was taken by McDonald and others (2009). The present figure 
confirms the pattern of larger early versus late effects for the 
anterior temporal lobe in that paper. Otherwise, the early > 
late effects pattern seen in the present figure is naturally much 
larger compared to what would be seen when longitudinal 
data are used since the thinner cortex seen in cross-sectional 
comparisons of MCI patients to healthy controls is a result 
of accumulated atrophy that has probably been going on for 
several years.
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AD from normal aging. To overcome these problems, some 
researchers have tried to reveal patterns of brain change 
that may be more characteristic for AD than normal aging. 
These efforts have been promising. One study using unbi-
ased linear stepwise regression analysis found that there 
was no overlap between the collection of brain structures 
that best distinguished AD patients from healthy elderly 
and the structures that best distinguished healthy elderly 
from young controls (Fjell and others 2010b). McEvoy and 
others (2009) used stepwise linear discriminant analysis to 
identify regions that best aided discrimination of healthy 
controls from AD patients in the ADNI database. Atrophy 
in medial and lateral temporal, isthmus cingulate, and orbi-
tofrontal areas aided discrimination of healthy participants 
from AD patients with 83% sensitivity and 93% specific-
ity. The results of this analysis were later applied to a group 
of MCI patients, and it was found that the presence of 
phenotypic AD atrophy at baseline was predictive of clini-
cal decline and structural loss. In the group of MCI patients 
with this pattern of atrophy, 29% progressed to probable 

AD in 1 year compared to 8% of the other patients. The 
same general conclusion was drawn by an independent 
group of researchers using high-dimensional pattern clas-
sification on an overlapping sample (Fan and others 2008). 
In a longitudinal study spanning 10 years, Driscoll and 
others (2009) found that even though all investigated brain 
volumes declined in normal aging, the participants con-
verting to MCI in the course of the study showed a unique 
pattern of structural vulnerability reflected in accelerated 
atrophy in whole brain volume, CSF volume, temporal gray 
matter, and orbitofrontal and temporal association cortices, 
including the hippocampus. Thus, the use of multiple brain 
areas seems to be a promising approach in the prediction 
of cognitive and clinical change and structural degrada-
tion over time. Empirical and theoretical works along such 
lines have also converged on a medial-temporal-parietal 
network of brain structures related to episodic memory 
function, where substantial AD-related atrophy is seen 
(Fig. 7). This network overlaps greatly with the default or 
resting state network.

Figure 7. A temporoparietal network involved in episodic memory. Converging evidence points to the involvement of a 
temporoparietal network involved in episodic memory, overlapping with the default network. The different structures within this 
network are vulnerable to AD, and the atrophy here likely plays a vital part in the memory problems experienced by AD patients 
already in the initial phases of the disease. There are reciprocal connections from the precuneus (pink) to the posterior cingulate 
(dark blue) and the retrosplenial cortex (light blue) and to the inferior parietal lobule (light green), and further from the posterior 
cingulate and retrosplenial cortex to parahippocampal (light green), entorhinal (red), and hippocampal (not shown) areas, and 
further reciprocal connections extending anteriorly towards prefrontal areas. More detailed descriptions of these connections and 
the functions of the different areas can be found in Cavanna and Trimble (2006) and Vann and others (2009). Please note that the 
labels used in the figures are based on the parcellations automatically done by the FreeSurfer program, and the placement of the 
anatomical borders may certainly be subject to debate. Further, other structures could also have been included in such a network.

 at Universitet I Oslo on December 5, 2015nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


600		  The Neuroscientist 17(5)

Comparisons of MRI and CSF 
Biomarkers in Prediction and 
Monitoring of Change

As argued above, a good biomarker should be able to 
predict disease progression before substantial irrepara-
ble neurological damage is manifested. If amyloid is the 
major causal event in AD, this gives hope that changes 
in CSF levels of Aβ may be sensitive to AD in its earliest 
phases. However, if amyloid is a downstream event, this 
hope is less likely to be warranted. T-tau is likely related to 
neuronal damage and degeneration in the brain, but it is 
still possible that changes in CSF T-tau levels can be found 
in early disease phases. A challenge to the use of T-tau for 
early diagnosis, however, is that the CSF level of this pro-
tein is substantially elevated in a number of other condi-
tions, including healthy aging. Thus, it is possible that 
atrophy as quantified by MRI is an upstream event com-
pared to the CSF biomarkers or that they are both caused 
by some other events even further up in the chain of causa-
tion. This does not imply that the MRI cannot be a sensi-
tive marker of pathological processes early in the disease. 
By use of state-of-the-art methods for analyzing MRI data, 
even minute changes can be reliably detected, for instance, 
changes in cortical or hippocampal volume of less than 
0.5% (Holland and others 2009). It is conceivable that 
the sensitivity of such techniques is high enough to allow 
intervention at a stage where the cognitive consequences 
of the neurodegenerative processes are small and maybe 
even reversible. Thus, even though MR morphometry is 
restricted to detecting atrophy, this does not imply that 
MR cannot be used as an early, presymptomatic marker 
of AD-related pathology.

Based on existing knowledge about the neurobiologi-
cal mechanisms behind changes in CSF biomarker levels 
or brain atrophy in AD, it is not possible to state with 
certainty whether CSF biomarkers or MRI morphometry 
have the best potential to be the earliest marker of cogni-
tive and clinical decline in AD. However, we can look at 
the existing evidence and compare the power of each of 
the biomarkers in the prediction of decline in cognition 
and clinical status, as well as rates of atrophy. The lit-
erature that directly compares the predictive power of 
CSF biomarkers and MRI measures of brain structure is 
unfortunately not very coherent. Discrepant results may 
not only be related to differences in samples studied but 
also to the sensitivity of the approach taken, perhaps 
especially in MR morphometry, where different proce-
dures may yield partly different results (Tisserand and 
others 2002). In the meta-analysis of longitudinal stud-
ies described above, the weighted mean effects sizes of 
CSF biomarkers ranged from 0.91 to 1.11, while the cor-
responding number for atrophy in the medial temporal 
lobe was 0.75 (Schmand and others 2010). Interestingly, 

however, memory performance had an effect size of 1.06. 
Thus, the authors concluded that CSF biomarkers and 
MRI biomarkers were not very sensitive to preclini-
cal AD and did not outperform memory performance. 
As pointed out by the authors, if these biomarkers are to 
detect incipient brain disease that will lead to dementia 
long before the first symptoms arise, the prognostic accu-
racy of these biomarkers would need to be clearly supe-
rior to measures of behavioral symptoms (Schmand and 
others 2010).

In other recent studies using the ADNI database, there 
is a tendency for MRI measures to outperform CSF bio-
markers in the prediction of clinical and cognitive change. 
Vemuri and others (2009a, 2009b) compared the predic-
tive power of CSF biomarkers and structural MRI with 
regard to 2-year changes in Mini-Mental Status 
Examination (MMSE) and Clinical Dementia Ration–
Sum of Boxes (CDR-sb). They found that MRI (ventric-
ular volume) changed significantly over 1 year in healthy 
elderly, MCI patients, and AD patients, while the only sig-
nificant change in biomarker levels was seen for T-tau in 
healthy controls. A measure of atrophy, the so-called 
Structural Abnormality Index (STAND), was a better pre-
dictor of subsequent functional change (CDR-SB and 
MMSE) than CSF biomarkers, but both provided infor-
mation about future functional change even after adjusting 
for baseline cognitive performance (Vemuri and others 
2009a). In another ADNI study, it was found that combin-
ing MR morphometry and CSF biomarkers yielded supe-
rior diagnostic accuracy of AD patients compared to 
controls, while MRI and PET measures were more predic-
tive of clinical change than CSF measures (Walhovd and 
others 2010). Actually, even though the CSF measures 
added to the diagnostic accuracy at baseline, they did not 
predict 2-year clinical decline in MCI. These results are 
in accordance with an independent study by Sluimer and 
others (2010), where whole-brain atrophy rate quantified 
by MRI was associated with change in MMSE, but changes 
in the CSF biomarkers were not. Kohannim and others 
(2010) used machine learning to diagnose groups and pre-
dict clinical change in the ADNI sample and found that 
MRI generally was a more important predictor than 
CSF biomarkers. Jack and others (2009) did not use CSF 
measures but found that PiB retention was not signifi-
cantly related to 1-year changes in CDR-sb or MMSE, 
while ventricular expansion correlated with both. In a 
final independent study, it was found that hippocampal 
volume and cortical thickness generally were better pre-
dictors of learning and episodic memory than CSF bio-
markers, especially better than Aβ, also in MCI patients 
(Fjell and others 2008). Thus, there are several recent 
studies, based on the ADNI material and independent 
studies, indicating that MRI is more closely associated 
with clinical and cognitive change in MCI and AD than 
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CSF biomarkers, although some studies indicate that the 
combination may increase the predictive accuracy further 
(de Leon and others 2006; Sluimer and others 2010; 
Vemuri and others 2009b; Walhovd and others 2010).

Jack and others (2010) have proposed a model of dynamic 
biomarkers of the AD pathological cascade, incorporating 
the evidence pointing to the poor abilities of CSF bio-
markers to predict functional and cognitive decline in AD. 
A main aspect of the model is that the impact of the dif-
ferent biomarkers is dynamic across the progression of 
the disease, and the same biomarkers are not important 
both early and later in the development. Accordingly, the 
impact of Aβ42 on brain atrophy is early in the disease, 
and the influence is then reduced as the patient approaches 
an AD diagnosis. This fits with a study by Mormino and 
others (2009), where it was concluded that the direct sub-
strate of memory impairment in AD was hippocampal 
atrophy as quantified by MRI, not depositions of Aβ mea-
sured by PiB imaging. According to the model proposed 
by Jack and others (2010), Aβ does not exert a direct influ-
ence on cognitive function but will initiate a cascade of 
events that includes atrophy as measured by MRI, which 
probably is the most direct causal agent for memory loss 
and other cognitive decline. Thus, Aβ42 will be an infe-
rior predictor of cognitive decline compared to MRI in 
MCI or at least AD but is more likely to be an early, pre-
symptomatic marker of an ongoing disease process in the 
brain. As CSF Aβ42 levels will remain relatively stable 
from the MCI stage and onwards, changes in this bio-
marker are less relevant to monitor when the MCI diag-
nosis has been reached. In accordance with this, Jack and 
others (2009) found that PiB retention did not show larger 
1-year changes in AD or MCI than in healthy controls in 
the ADNI study. Rabinovici and Jagust (2009) speculate 
that by the time patients are at the MCI stage or the mild-
est stages of AD, other pathological processes that are 
independent of fibrillar Aβ may already be in motion and 
that the therapeutic window for antiplaque interventions 
may already be closed.

The latter model should draw attention to a related 
and important issue, which is the question of how closely 
related the different CSF biomarkers and MRI-derived 
measures of brain structure and atrophy are. A relationship 
between CSF biomarker levels and hippocampal volume 
or atrophy has been shown in vivo (de Leon and others 
2006; Fjell and others 2008; Hampel and others 2005). 
One ADNI study found hippocampal atrophy to be related 
to Aβ42 but not to tau (Schuff and others 2009), while 
another ADNI study found Aβ42 to be related to ventricular 
expansion (Chou and others 2009). Temporal atrophy rates 
were found to be related to tau and to the tau/Aβ42 ratio 
in 14 AD patients but not in 26 MCI patients from ADNI 
(Leow and others 2009). Also based on ADNI data, it was 

found that P-tau and P-tau/Aβ42 correlated weakly but 
significantly (r = –0.20 and –0.22, respectively) with 
right hippocampal volume in the AD group, while no sig-
nificant correlations were found in the control or MCI 
group (Apostolova and others 2010). Sluimer and others 
(2010), in an independent study, did not find any correlation 
between Aβ42 and whole-brain atrophy rate in a sample 
of controls, MCI patients, and AD patients when the tests 
were adjusted for age, sex, and diagnosis. Surprisingly, 
higher levels of P-tau were mildly related to a lower whole-
brain atrophy rate in the AD group. Change in MMSE was 
related to brain atrophy but not change in CSF biomarker 
levels. Thus, there appear to be relatively modest relation-
ships between CSF biomarker levels and MRI measures of 
brain atrophy.

Fjell and others (2010a) used the ADNI study to address 
the question of whether CSF biomarkers are upstream 
events compared to MRI morphometry. They found that 
CSF biomarker levels in MCI could not account for group 
differences in brain morphometry at baseline but that CSF 
biomarker levels showed moderate relationships to longi-
tudinal atrophy rates in numerous brain areas, not restricted 
to medial temporal structures (Fig. 8). However, CSF bio-
markers were not more predictive of atrophy than baseline 
morphometry. Interestingly, MCI patients with levels of 
Aβ42 comparable with controls and of p-tau lower than 
controls still showed more atrophy than the controls. Thus, 
low levels of CSF Aβ42 do not seem to be a prerequisite 
for higher atrophy rates in MCI. In addition, morphom-
etry predicted clinical change (in CDR-sb) better than did 
CSF biomarkers. These results indicate that morphometric 
changes in MCI and AD are probably not secondary to CSF 
biomarker changes, at least not in a subgroup of the patients, 
and that the 2 types of biomarkers yield complementary 
information. Within the model proposed by Jack and others 
(2010), one may speculate that atrophy independent of CSF 
Aβ42 levels is a sign that the disease is already at a stage 
where the role played by Aβ is less important and that other 
mechanisms are driving brain atrophy, leading to progres-
sive loss of cognitive functions.

In a study related to the above described one, the same 
group found that levels of CSF Aβ42 below a certain 
empirically established threshold value were strongly 
related to brain atrophy in healthy controls (Fjell and oth-
ers 2010c). Above this cut off, there were no significant 
relationships between CSF Aβ42 and rate of atrophy. The 
low Aβ42 group also showed tendencies for slightly more 
atrophy than the high group, but the 2 groups had indis-
tinguishable memory performance. These results indi-
cate that Aβ42 is related to atrophy only in a subgroup of 
cognitively normal elderly (about one third) but that sig-
nificant atrophy is seen in healthy elderly with normal lev-
els of CSF Aβ42. Thus, Aβ42 is unlikely to be a driving 

 at Universitet I Oslo on December 5, 2015nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


602		  The Neuroscientist 17(5)

force of atrophy in most cognitively normal elderly. The 
participants were followed for 2 years, but without even 
longer follow-up intervals, it is not possible to decide 
whether the normal controls with low Aβ42 levels eventu-
ally will develop AD. According to Jack and others (2009), 
the estimated average time taken to move from a negative 
to a positive PiB scan result is 23.8 years. Thus, substan-
tially longer follow-up examinations are needed to decide 
on the significance of the low Aβ42 correlations in the 
cognitively healthy controls. However, the Aβ42 atrophy 
correlations were not strongest in the regions most affected 
early in AD, and the memory scores at baseline and after 
1 year were normal. It can be argued that as Aβ42 is more 
diffusively spread out in the brain, one would not expect 
correlations with atrophy in the typical AD regions to be 
stronger than correlations with atrophy in other regions. 
However, as the earliest signs of atrophy as evidenced by 
MRI and by neuropsychological examinations are typi-
cally in the temporal lobes, it is certainly possible that the 
atrophy related to Aβ42 in other parts of the brain in the 
healthy controls is not of an AD-like character.

Also, research should focus on further development 
of novel biomarkers based on CSF samples and MRI. 
For instance, a recent study measured levels of 151 novel 
analytes from ante-mortem CSF samples from AD patients, 
patients with other neurodegenerative dementias, and 

cognitively normal subjects who had been followed 
longitudinally with repeated examinations (Hu and oth-
ers 2010). The main conclusion was that AD was best 
distinguished from non-AD cases by a combination of 
traditional AD biomarkers and novel biomarkers. Six of 
the novel biomarkers (C3, CgA, IL-1α, I-309, NrCAM, and 
VEGF) also correlated with severity of cognitive impair-
ment at CSF collection, and altered levels of IL-1α 
and TECK were associated with subsequent cognitive 
decline in 38 longitudinally followed MCI patients. Thus, 
enrichment of the collection of CSF biomarkers could 
aid in early detection, increase our understanding of the 
neurobiological mechanisms involved, and ultimately 
contribute to the development of better therapeutical 
interventions.

For MRI, diffusion tensor imaging (DTI) studies have 
shown that the white matter microstructure of MCI and 
AD patients is affected to a substantial degree and that 
this affection is at least partly independent of gray matter 
atrophy and Wallerian degeneration (Salat and others 
2008). Since DTI is not yet an established AD biomarker, 
we have not included it in this review. Also, recent efforts 
focusing on the intensity of the MR signal in T1-weighted 
scans are promising and may add further to the possibility 
of using MRI as a tool for early detection of AD (Westlye 
and others 2010). Much more research is needed, but a 

Figure 8. Relationship between cortical atrophy and CSF biomarkers in mild cognitive impairment. The temporoparietal network 
illustrated in Figure 7 is projected onto semi-inflated models of the right hemisphere. Left panel: Significantly thinner cortex in MCI 
patients than healthy controls is illustrated with yellow and red colors. As can be seen, all areas of the temporoparietal network 
are affected, especially the medial regions. Middle panel: Correlations between levels of p-tau and rate of atrophy in MCI patients 
from ADNI. Right panel: Correlations between levels of Aβ42 and rate of atrophy in MCI patients from ADNI. As can be seen, 
there is some overlap between the network and the areas showing correlations between CSF biomarker levels and atrophy, 
especially in the medial temporal cortex for p-tau. However, CSF biomarker levels generally seem at least as closely related to 
areas outside the network, for example, lateral temporal areas. All data are from Fjell and others (2010a).
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great advantage of this method is that quantification of 
signal intensity does not require extra scanning in that 
regular MRI sequences can be used. Further, as intensity 
measures are not related to morphometry, they are prob-
ably more sensitive to the microstructure of brain tissue 
than regular thickness and volume analyses and may thus 
constitute an even earlier marker of neurodegenerative 
processes than morphometric markers.

Thus, CSF and MRI biomarkers are extremely useful 
in research. CSF measures are applied in clinical settings 
in several countries, while the potential of MRI mor-
phometry is increasingly often used. While both classes 
of biomarkers can be used to aid diagnosis and prediction 
of disease progression and conversion, MRI morphome-
try seems more appropriate as a marker of disease pro-
gression and predictor of cognitive and clinical change in 
MCI and AD groups. More normative studies are needed 
for MRI to fulfill its diagnostic potential also in clinical 
settings. Still, we know too little about the relationships 
between these biomarkers and the development of the 
disease, which neurobiological mechanisms each of them 
are sensitive to, and how to best utilize the information 
that these biomarkers give us in aiding presymptomatic 
diagnosis and intervention.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect 
to the authorship and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research and/or authorship of this article: This work 
was supported by grants from the Norwegian Research Council 
to Kristine B. Walhovd (grant 177404, 186092, and 192663) and 
Anders M. Fjell (175066 and 189507).

References

Andersson C, Blennow K, Almkvist O, Andreasen N, Engfeldt P, 
Johansson SE, and others. 2008. Increasing CSF phospho-
tau levels during cognitive decline and progression to 
dementia. Neurobiol Aging 29:1466–73.

Apostolova LG, Hwang KS, Andrawis JP, Green AE,  
Babakchanian S, Morra JH, and others. 2010. 3D PIB and 
CSF biomarker associations with hippocampal atrophy in 
ADNI subjects. Neurobiol Aging 31:1284–303.

Arriagada PV, Marzloff K, Hyman BT. 1992. Distribution of 
Alzheimer-type pathologic changes in nondemented elderly 
individuals matches the pattern in Alzheimer’s disease. 
Neurology 42:1681–8.

Ashe KH, Zahs KR. 2010. Probing the biology of Alzheimer’s 
disease in mice. Neuron 66:631–45.

Atiya M, Hyman BT, Albert MS, Killiany R. 2003. Structural 
magnetic resonance imaging in established and prodromal 

Alzheimer disease: a review. Alzheimer Dis Assoc Disord 
17:177–95.

Bakkour A, Morris JC, Dickerson BC. 2009. The cortical signa-
ture of prodromal AD: regional thinning predicts mild AD 
dementia. Neurology 72:1048–55.

Blennow K. 2004. Cerebrospinal fluid protein biomarkers for 
Alzheimer’s disease. NeuroRx 1:213–25.

Blennow K, de Leon MJ, Zetterberg H. 2006. Alzheimer’s disease. 
Lancet 368:387–403.

Blennow K, Hampel H. 2003. CSF markers for incipient 
Alzheimer’s disease. Lancet Neurol 2:605–13.

Braak H, de Vos RA, Jansen EN, Bratzke H, Braak E. 1998. 
Neuropathological hallmarks of Alzheimer’s and Parkinson’s 
diseases. Prog Brain Res 117:267–85.

Brookmeyer R, Johnson E, Ziegler-Graham K, Arrighi HM. 
2007. Forecasting the global burden of Alzheimer’s disease. 
Alzheimers Dement 3:186–91.

Buckner RL, Wheeler ME. 2001. The cognitive neuroscience of 
remembering. Nat Rev Neurosci 2:624–34.

Buerger K, Alafuzoff I, Ewers M, Pirttila T, Zinkowski R, 
Hampel H. 2007. No correlation between CSF tau protein 
phosphorylated at threonine 181 with neocortical neurofi-
brillary pathology in Alzheimer’s disease. Brain 130:e82.

Buerger K, Ewers M, Pirttila T, Zinkowski R, Alafuzoff I, 
Teipel SJ, and others. 2006. CSF phosphorylated tau pro-
tein correlates with neocortical neurofibrillary pathology in 
Alzheimer’s disease. Brain 129:3035–41.

Cairns NJ, Ikonomovic MD, Benzinger T, Storandt M, Fagan AM, 
Shah AR, and others. 2009. Absence of Pittsburgh compound 
B detection of cerebral amyloid beta in a patient with clini-
cal, cognitive, and cerebrospinal fluid markers of Alzheimer 
disease: a case report. Arch Neurol 66:1557–62.

Cavanna AE, Trimble MR. 2006. The precuneus: a review of 
its functional anatomy and behavioural correlates. Brain 
129:564–83.

Chou YY, Lepore N, Avedissian C, Madsen SK, Parikshak N, 
Hua X, and others. 2009. Mapping correlations between 
ventricular expansion and CSF amyloid and tau biomark-
ers in 240 subjects with Alzheimer’s disease, mild cognitive 
impairment & elderly controls. Neuroimage 46:394–410.

Davatzikos C, Xu F, An Y, Fan Y, Resnick SM. 2009. Longi-
tudinal progression of Alzheimer’s-like patterns of atro-
phy in normal older adults: the SPARE-AD index. Brain 
132:2026–35.

de Leon MJ, DeSanti S, Zinkowski R, Mehta PD, Pratico D, 
Segal S, and others. 2006. Longitudinal CSF and MRI bio-
markers improve the diagnosis of mild cognitive impairment. 
Neurobiol Aging 27:394–401.

de Leon MJ, George AE, Stylopoulos LA, Smith G, Miller DC. 
1989. Early marker for Alzheimer’s disease: the atrophic 
hippocampus. Lancet 2:672–3.

Driscoll I, Davatzikos C, An Y, Wu X, Shen D, Kraut M, 
Resnick SM. 2009. Longitudinal pattern of regional brain 

 at Universitet I Oslo on December 5, 2015nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


604		  The Neuroscientist 17(5)

volume change differentiates normal aging from MCI. 
Neurology 72:1906–13.

Du AT, Schuff N, Kramer JH, Rosen HJ, Gorno-Tempini ML, 
Rankin K, and others. 2007. Different regional patterns of 
cortical thinning in Alzheimer’s disease and frontotemporal 
dementia. Brain 130:1159–66.

Dubois B, Feldman HH, Jacova C, Dekosky ST, Barberger-
Gateau P, Cummings J, and others. 2007. Research crite-
ria for the diagnosis of Alzheimer’s disease: revising the 
NINCDS-ADRDA criteria. Lancet Neurol 6:734–46.

Fagan AM, Mintun MA, Mach RH, Lee SY, Dence CS, Shah AR, 
and others. 2006. Inverse relation between in vivo amyloid 
imaging load and cerebrospinal fluid Abeta42 in humans. 
Ann Neurol 59:512–9.

Fan Y, Batmanghelich N, Clark CM, Davatzikos C. 2008. Spa-
tial patterns of brain atrophy in MCI patients, identified via 
high-dimensional pattern classification, predict subsequent 
cognitive decline. Neuroimage 39:1731–43.

Fennema-Notestine C, Hagler DJ Jr, McEvoy LK, Fleisher AS, 
Wu EH, Karow DS, Dale AM. 2009. Structural MRI bio-
markers for preclinical and mild Alzheimer’s disease. Hum 
Brain Mapp 30:3238–53.

Fjell AM, Walhovd KB, Amlien I, Bjornerud A, Reinvang I, 
Gjerstad L, and others. 2008. Morphometric changes in the 
episodic memory network and tau pathologic features cor-
relate with memory performance in patients with mild cogni-
tive impairment. AJNR Am J Neuroradiol 29:1183–9.

Fjell AM, Walhovd KB, Fennema-Notestine C, McEvoy LK, 
Hagler DJ, Holland D, and others. 2009. One-year brain 
atrophy evident in healthy aging. J Neurosci 29:15223–31.

Fjell AM, Walhovd KB, Fennema-Notestine C, McEvoy LK, 
Hagler DJ, Holland D, and others. 2010a. CSF biomark-
ers in prediction of cerebral and clinical change in mild 
cognitive impairment and Alzheimer’s disease. J Neurosci 
30:2088–101.

Fjell AM, Amlien IK, Westlye LT, Stenset V, Fladby T, 
Skinningsrud A, and others. 2010b. CSF biomarker pathol-
ogy correlates with a medial temporo-parietal network 
affected by very mild to moderate Alzheimer’s disease but 
not a fronto-striatal network affected by healthy aging. Neuro
image 49:1820–30.

Fjell AM, Walhovd KB, Fennema-Notestine C, McEvoy LK, 
Hagler DJ, Holland D, and others. 2010c. Brain atrophy in 
healthy aging is related to CSF levels of Abeta1-42. Cereb 
Cortex 20:2069–79.

Forsberg A, Engler H, Almkvist O, Blomquist G, Hagman G, 
Wall A, and others. 2008. PET imaging of amyloid deposi-
tion in patients with mild cognitive impairment. Neurobiol 
Aging 29:1456–65.

Fyhn M, Molden S, Witter MP, Moser EI, Moser MB. 2004. Spatial 
representation in the entorhinal cortex. Science 305:1258–64.

Goedert M, Spillantini MG. 2006. A century of Alzheimer’s disease. 
Science 314:777–81.

Hampel H, Burger K, Pruessner JC, Zinkowski R, DeBernardis J, 
Kerkan D, and others. 2005. Correlation of cerebrospinal 
fluid levels of tau protein phosphorylated at threonine 231 
with rates of hippocampal atrophy in Alzheimer disease. 
Arch Neurol 62:770–3.

Hesse C, Rosengren L, Vanmechelen E, Vanderstichele H, 
Jensen C, Davidsson P, Blennow K. 2000. Cerebrospinal 
fluid markers for Alzheimer’s disease evaluated after acute 
ischemic stroke. J Alzheimers Dis 2:199–206.

Holland D, Brewer JB, Hagler DJ, Fenema-Notestine C, Dale AM. 
2009. Subregional neuroanatomical change as a biomarker for 
Alzheimer’s disease. Proc Natl Acad Sci U S A 106:20954–9.

Holmes C, Boche D, Wilkinson D, Yadegarfar G, Hopkins V, 
Bayer A, and others. 2008. Long-term effects of Abeta42 
immunisation in Alzheimer’s disease: follow-up of a ran-
domised, placebo-controlled phase I trial. Lancet 372:216–23.

Horaitis O, Talbot CC Jr, Phommarinh M, Phillips KM, 
Cotton RG. 2007. A database of locus-specific databases. 
Nat Genet 39:425.

Hu WT, Chen-Plotkin A, Arnold SE, Grossman M, Clark CM, 
Shaw LM, and others. 2010. Novel CSF biomarkers for 
Alzheimer’s disease and mild cognitive impairment. Acta 
Neuropathol 119:669–78.

Ikonomovic MD, Klunk WE, Abrahamson EE, Mathis CA, 
Price JC, Tsopelas ND, and others. 2008. Post-mortem cor-
relates of in vivo PiB-PET amyloid imaging in a typical 
case of Alzheimer’s disease. Brain 131:1630–45.

Jack CR Jr, Knopman DS, Jagust WJ, Shaw LM, Aisen PS, 
Weiner MW, and others. 2010. Hypothetical model of dynamic 
biomarkers of the Alzheimer’s pathological cascade. Lancet 
Neurol 9:119–28.

Jack CR Jr, Lowe VJ, Weigand SD, Wiste HJ, Senjem ML, 
Knopman DS, and others. 2009. Serial PIB and MRI in nor-
mal, mild cognitive impairment and Alzheimer’s disease: 
implications for sequence of pathological events in Alzheim-
er’s disease. Brain 132:1355–65.

Jonsson L, Eriksdotter Jonhagen M, Kilander L, Soininen H, 
Hallikainen M, Waldemar G, and others. 2006. Determi-
nants of costs of care for patients with Alzheimer’s disease. 
Int J Geriatr Psychiatry 21:449–59.

Kohannim O, Hua X, Hibar DP, Lee S, Chou YY, Toga AW, and 
others. 2010. Boosting power for clinical trials using classifiers 
based on multiple biomarkers. Neurobiol Aging 31:1429–42.

Lee HG, Zhu X, Nunomura A, Perry G, Smith MA. 2006. Amyloid 
beta: the alternate hypothesis. Curr Alzheimer Res 3:75–80.

Leow AD, Yanovsky I, Parikshak N, Hua X, Lee S, Toga AW, 
and others. 2009. Alzheimer’s disease neuroimaging initia-
tive: a one-year follow up study using tensor-based mor-
phometry correlating degenerative rates, biomarkers and 
cognition. Neuroimage 45:645–55.

Lesne S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A, 
and others. 2006. A specific amyloid-beta protein assembly 
in the brain impairs memory. Nature 440:352–7.

 at Universitet I Oslo on December 5, 2015nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


Fjell and Walhovd	 605

McDonald CR, McEvoy LK, Gharapetian L, Fennema-
Notestine C, Hagler DJ Jr, Holland D, and others. 2009. 
Regional rates of neocortical atrophy from normal aging to 
early Alzheimer disease. Neurology 73:457–65.

McEvoy LK, Fennema-Notestine C, Roddey JC, Hagler DJ Jr, 
Holland D, Karow DS, and others. 2009. Alzheimer disease: 
quantitative structural neuroimaging for detection and pre-
diction of clinical and structural changes in mild cognitive 
impairment. Radiology 251:195–205.

Mormino EC, Kluth JT, Madison CM, Rabinovici GD, Baker 
SL, Miller BL, and others. 2009. Alzheimer’s disease neu-
roimaging initiative: episodic memory loss is related to 
hippocampal-mediated beta-amyloid deposition in elderly 
subjects. Brain 132:1310–23.

Neve RL. 2008. Alzheimer’s disease sends the wrong signals: a 
perspective. Amyloid 15:1–4.

Okonkwo OC, Alosco ML, Griffith HR, Mielke MM, Shaw LM, 
Trojanowski JQ, Tremont G. 2010. Cerebrospinal fluid abnor-
malities and rate of decline in everyday function across the 
dementia spectrum: normal aging, mild cognitive impairment, 
and Alzheimer disease. Arch Neurol 67:688–96.

Pimplikar SW. 2009. Reassessing the amyloid cascade hypothesis 
of Alzheimer’s disease. Int J Biochem Cell Biol 41:1261–8.

Portelius E, Zetterberg H, Gobom J, Andreasson U, Blennow K. 
2008. Targeted proteomics in Alzheimer’s disease: focus on 
amyloid-beta. Expert Rev Proteomics 5:225–37.

Price JL, Morris JC. 1999. Tangles and plaques in nondemented aging 
and “preclinical” Alzheimer’s disease. Ann Neurol 45:358–68.

Rabinovici GD, Jagust WJ. 2009. Amyloid imaging in aging 
and dementia: testing the amyloid hypothesis in vivo. Behav 
Neurol 21:117–28.

Radde R, Duma C, Goedert M, Jucker M. 2008. The value of 
incomplete mouse models of Alzheimer’s disease. Eur J Nucl 
Med Mol Imaging 35 Suppl 1:S70–4.

Salat DH, Tuch DS, van der Kouwe AJ, Greve DN, Pappu V, 
Lee SY, and others. 2008. White matter pathology isolates 
the hippocampal formation in Alzheimer’s disease. Neuro-
biol Aging 31:244–56.

Saura CA, Choi SY, Beglopoulos V, Malkani S, Zhang D, 
Shankaranarayana Rao BS, and others. 2004. Loss of 
presenilin function causes impairments of memory and 
synaptic plasticity followed by age-dependent neuro
degeneration. Neuron 42:23–36.

Schmand B, Huizenga HM, van Gool WA. 2010. Meta-analysis of 
CSF and MRI biomarkers for detecting preclinical Alzheimer’s 
disease. Psychol Med 40:135–45.

Schuff N, Woerner N, Boreta L, Kornfield T, Shaw LM, 
Trojanowski JQ, and others. 2009. MRI of hippocampal 
volume loss in early Alzheimer’s disease in relation to ApoE 
genotype and biomarkers. Brain 132:1067–77.

Scoville WB, Milner B. 1957. Loss of recent memory after bilateral 
hippocampal lesions. J Neurol Neurosurg Psychiatry 20:11–21.

Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, 
Smith I, and others. 2008. Amyloid-beta protein dimers 
isolated directly from Alzheimer’s brains impair synaptic 
plasticity and memory. Nat Med 14:837–42.

Sluimer JD, Bouwman FH, Vrenken H, Blankenstein MA, 
Barkhof F, van der Flier WM, Scheltens P. 2010. Whole-
brain atrophy rate and CSF biomarker levels in MCI and 
AD: a longitudinal study. Neurobiol Aging 31:758–64.

Spires-Jones TL, Stoothoff WH, de Calignon A, Jones PB, 
Hyman BT. 2009. Tau pathophysiology in neurodegenera-
tion: a tangled issue. Trends Neurosci 32:150–9.

Strozyk D, Blennow K, White LR, Launer LJ. 2003. CSF Abeta 
42 levels correlate with amyloid-neuropathology in a popu-
lation-based autopsy study. Neurology 60:652–6.

Tisserand DJ, Pruessner JC, Sanz Arigita EJ, van Boxtel MP, 
Evans AC, Jolles J, Uylings HB. 2002. Regional frontal 
cortical volumes decrease differentially in aging: an MRI 
study to compare volumetric approaches and voxel-based 
morphometry. Neuroimage 17:657–69.

Trojanowski JQ, Vandeerstichele H, Korecka M, Clark CM, 
Aisen PS, Petersen RC, and others. 2010. Update on the 
biomarker core of the Alzheimer’s Disease Neuroimaging 
Initiative subjects. Alzheimers Dement 6:230–8.

Vann SD, Aggleton JP, Maguire EA. 2009. What does the retro-
splenial cortex do? Nat Rev Neurosci 10:792–802.

Vemuri P, Wiste HJ, Weigand SD, Shaw LM, Trojanowski JQ, 
Weiner MW, and others. 2009a. MRI and CSF biomarkers 
in normal, MCI, and AD subjects: predicting future clinical 
change. Neurology 73:294–301.

Vemuri P, Wiste HJ, Weigand SD, Shaw LM, Trojanowski JQ, 
Weiner MW, and others. 2009b. MRI and CSF biomarkers 
in normal, MCI, and AD subjects: diagnostic discrimination 
and cognitive correlations. Neurology 73:287–93.

Walhovd KB, Fjell AM, Brewer J, McEvoy LK, Fennema-
Notestine C, Hagler DJ Jr, and others. 2010. Combining MR 
imaging, positron-emission tomography, and CSF biomark-
ers in the diagnosis and prognosis of Alzheimer disease. 
AJNR Am J Neuroradiol 31:347–54.

Walhovd KB, Westlye LT, Amlien I, Espeseth T, Reinvang I, 
Raz N, and others. 2009. Consistent neuroanatomical age-
related volume differences across multiple samples. Neuro-
biol Aging. Jun 29 [Epub ahead of print].

Wallin AK, Blennow K, Zetterberg H, Londos E, Minthon L, 
Hansson O. 2010. CSF biomarkers predict a more malig-
nant outcome in Alzheimer disease. Neurology 74:1531–7.

Westlye LT, Walhovd KB, Dale AM, Bjornerud A, Due-
Tonnessen P, Engvig A, and others. 2010. Differentiating mat-
urational and aging-related changes of the cerebral cortex by 
use of thickness and signal intensity. Neuroimage 52:172–85.

Zetterberg H, Blennow K, Hanse E. 2010. Amyloid beta and 
APP as biomarkers for Alzheimer’s disease. Exp Gerontol 
45:23–9.

 at Universitet I Oslo on December 5, 2015nro.sagepub.comDownloaded from 

http://nro.sagepub.com/

