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Summary: Recent advances in understanding the molecular
biology of Alzheimer’s disease (AD) offer the promise of use-
ful therapeutic intervention in the foreseeable future. Hence,
improved methods for early diagnosis and noninvasive surro-
gates of disease severity in AD have become more imperative.
Various quantitative magnetic resonance (MR) techniques that
measure the anatomic, biochemical, microstructural, func-
tional, and blood-flow changes are being evaluated as possible
surrogate measures of disease progression. Cross-sectional and
longitudinal studies indicate that MR-based volume measure-
ments are potential surrogates of disease progression in AD,
starting from the preclinical stages. The validity of MR-based

volumetry as a surrogate marker for therapeutic efficacy in AD
remains to be tested in a positive disease-modifying drug trial.
Recent development of amyloid imaging tracers for positron
emission tomography has been a major breakthrough in the
field of imaging markers for AD. Efforts to image plaques are
also underway in MR imaging. As with indirect MR measures,
these approaches of directly imaging the pathological substrate
will need to undergo a validation process with longitudinal
studies to prove their usefulness as surrogate markers in AD.
Key Words: Alzheimer’s disease, surrogate marker, magnetic
resonance imaging, magnetic resonance spectroscopy, mild
cognitive impairment, volumetry.

Alzheimer’s disease (AD) is the most common cause
of dementia. The number of individuals affected with the
disease is expected to grow with the increasing life ex-
pectancy. Disease-modifying therapies that are being de-
veloped may decrease the social and economic impact of
AD. Surrogate markers of disease progression are re-
quired for measuring treatment effects of the putative
disease-modifying therapies in development. The ideal
surrogate MR marker should be able to detect a funda-
mental feature of Alzheimer’s neuropathology, be diagnos-
tically sensitive and specific through validation in neuro-
pathologically confirmed cases, and be precise with good
test–retest reproducibility for monitoring the therapeutic ef-
fects on the pathology. Few biomarkers are likely to per-
form ideally in all three categories. The most promising
candidates in neuroimaging are amyloid-labeling agents
used in PET imaging.1,2 However, human validation studies
with nuclear medicine amyloid-labeling agents are incom-
plete at this time. It is our belief that indirect measures of

AD with quantitative MR techniques can be valid biomar-
kers as well, particularly of disease progression. This is the
subject matter addressed in this review. Various quantita-
tive MR techniques that measure the anatomic, biochemi-
cal, microstructural, functional, and blood-flow changes in
AD are being evaluated.

Validating the utility of MR measurements as surro-
gate markers for AD requires several steps of hypothesis
testing in a sequential manner: 1) quantitative MR tech-
niques that are sensitive to the presumed pathologic
changes in people with the clinical diagnosis of AD, 2)
quantitative MR techniques that are sensitive to the pre-
sumed early pathologic changes of AD in people who are
at a elevated risk of progressing to AD in the future, 3)
quantitative MR techniques that can predict future pro-
gression to AD in cognitively normal elderly and in risk
groups, 4) quantitative MR techniques that reflect the
pathologic stage across the entire severity spectrum, 5)
serial MR measurements that correlate with clinical dis-
ease progression across the entire severity spectrum, and
6) serial MR measurements that correlate with clinical
disease progression during therapeutic trials, and monitor
therapeutic efficacy.

The initial steps in the validation process involve cross-
sectional studies. A variety of quantitative MR techniques
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have been evaluated cross-sectionally. MR-based volum-
etry is the most extensively studied MR technique and
the only one for which all of the validation steps listed
previously have been evaluated. There are only few lon-
gitudinal studies, which evaluated other MR techniques
in AD. This article will review the literature on quanti-
tative MR techniques as potential surrogate markers in
AD, classified according to the validation steps listed
above.

Quantitative MR techniques sensitive to the
presumed pathologic changes in people with the
clinical diagnosis of AD: cross-sectional case-control
studies

Progression of the neurofibrillary pathology of AD,
which correlates with neuron loss, follows a hierarchical
topographical course in the brain. It involves the medial
temporal limbic cortical structures: the entorhinal cortex
and hippocampus during the earliest stages, later pro-
gressing to paralimbic cortical areas, involving the neo-
cortex at the later stages of the disease.3 This orderly ana-
tomical progression of the neurofibrillary pathology is
important in evaluating potential surrogate MR markers for
early diagnosis and disease progression, specifically for
methods using measurements from predetermined anatomic
regions of interest. Because each MR marker measures a
certain feature of AD pathology, the strategic choice of
regions to study must be based on the progression of the
target pathology and the stage of the disease being studied.
It is expected that this approach would identify different
MR measurements from different brain regions of interest
that would be sensitive to pathological progression at dif-
ferent stages of disease severity.

Memory impairment is the earliest symptom of AD. In
keeping with that, medial temporal lobe limbic cortical
regions, which are essential for episodic memory func-
tion, are involved with the pathology of AD early in the
disease course.3 Neuron and tissue loss correlate closely
with the neurofibrillary pathology of AD, and atrophy is
the resultant macroscopic change.4 For this reason, the
medial temporal lobe is an attractive target for MR-based
volume measurements. Volume measurements from dif-
ferent medial temporal lobe structures have been exten-
sively studied to differentiate patients with AD from
cognitively normal elderly.5–14 Of these, the entorhinal
cortex and hippocampus volumes are generally consid-
ered to be the most accurate in differentiating patients
clinically diagnosed as AD from normal. The abilities of
these measures to discriminate patients with AD from
normal do not differ significantly.15,16 However, greater
difficulty with MRI boundary definition of the entorhinal
cortex compared with hippocampus is noted, resulting in
better test–retest reproducibility of hippocampal mea-
surements.

Proton MR spectroscopy (1H MRS) is a diagnostic
imaging technique that is sensitive to the changes in the
brain at the cellular level. With 1H MRS, several of the
major proton-containing metabolites in the brain are
measured during a common data acquisition period. The
metabolite N-acetyl aspartate (NAA) is a marker for neu-
ronal integrity. NAA decreases in a variety of neurological
disorders including AD.17–21 The decrease of NAA or the
NAA/creatine (Cr) ratio shows a regional variation in
AD.22–24 In patients with mild to moderate AD, NAA/Cr
levels are lower than normal in the posterior cingulate gy-
rus, whereas they are normal in the medial occipital lobe,
including in the visual cortex.23 This regional pattern is in
agreement with the distribution of the neurofibrillary pa-
thology, and the associated neuron loss in people with mild
to moderate AD, indicating that regional NAA/Cr levels are
potential surrogates for disease progression. Another me-
tabolite that is consistently found to be abnormal in people
with AD is myoinositol (mI) or mI/Cr ratio.23,25,26 The mI
peak consists of glial metabolites that are responsible for
osmoregulation.27,28 Elevated mI levels correlate with glial
proliferation in inflammatory CNS demyelination.29 It is
thought that the elevation of the mI peak is related to glial
proliferation and astrocytic activation in AD.23,25,26,30 One
other metabolite peak of interest in the 1H MRS of the brain
in AD is the choline (Cho) peak. Some studies identified
elevated Cho and Cho/Cr ratios, some reported normal lev-
els in people with AD compared with normal.31 The largest
amount of choline in the brain is in the choline-bound
membrane phospholipids that are precursors of choline and
acetylcholine synthesis. It has been postulated that the ele-
vation of Cho peak is the consequence of membrane phos-
photidylcholine catabolism to provide free choline for the
chronically deficient acetylcholine production in AD.32,33

Diffusion-weighted MR imaging (DWI) is sensitive to
the microscopic structural changes in the brain via mea-
surement of diffusivity of water molecules. The apparent
diffusion coefficient measurements of DWI indicate that
the diffusivity of water is higher in the hippocampus and
white matter regions in patients with AD than in cogni-
tively normal elderly.34–37 Elevation of the apparent dif-
fusion coefficients in the brains of people with AD is
attributed to the expansion of the extracellular space,
owing to the loss of neuron cell bodies and dendrites in
the gray matter and Wallerian degeneration in the white
matter. Another MR technique that is sensitive to the
mobility of water molecules is magnetization transfer
(MT) MRI. The MT ratio of immobile protons to free
protons in the hippocampus and in the whole brain is
lower in patients with AD than in normal.38–40 DWI and
MT MRI are both sensitive to the ultrastructural changes
in the brains of people with AD and their usefulness in
early diagnosis and disease progression remain to be
explored with longitudinal studies.

Cerebral blood volume MR measurements using con-
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trast agents indicate a reduction in temporoparietal blood
volume in patients with AD.41–43 Another technique sen-
sitive to cerebral blood flow but that does not require
injection of contrast agents is arterial spin labeling
(ASL). Significant blood flow reductions were identified
in the temporal, parietal, frontal, and posterior cingulate
cortices of patients with AD relative to controls.44 ASL
is an appealing technique for blood flow measurements
because it does not require contrast injection or ionizing
radiation. Studies are needed to compare the accuracy of
ASL to nuclear medicine imaging modalities as surro-
gate markers for blood flow changes in AD.

Changes in cognitive function accompany and may
even precede the MR-detectable microscopic and mac-
roscopic structural changes related to AD pathology in
the brain. For this reason, functional imaging methods
are of interest for early diagnosis. Measurements of brain
activation with functional MRI (fMRI) show that activa-
tion patterns are different in people with AD compared
with cognitively normal elderly, using activation para-
digms such as visual saccades, visual and motor re-
sponses, semantic processing, angle discrimination, and
memory.45–53

All MR measurements discussed in this section are
sensitive to a certain feature of AD pathology in people
who are clinically diagnosed as AD. Autopsy studies,
however, indicate that the pathology of AD precedes the
clinical diagnosis of dementia, perhaps by decades. One
way of evaluating MR markers for early AD pathology is
by studying risk groups, which will be discussed in the
next section.

Quantitative MR techniques sensitive to the
presumed early pathologic changes in people who
are at an elevated risk of progressing to AD:
cross-sectional case-control studies

Although tangles and plaques are the pathological sig-
natures of AD, they are also commonly encountered in
individuals who are not clinically demented.54,55 Typi-
cally this pathology manifests as clinical AD only after a
certain quantitative threshold is reached. By the time the
individual is diagnosed with AD, a significant loss of
synapse and neuron had already occurred.56 The most
favorable stage for disease-modifying therapies in AD is
before the irreversible damage occurs. People who pos-
sess early AD pathology but are not yet demented are of
particular interest for preventive therapies and for deter-
mining surrogate markers of early pathology. One way of
identifying people who possess early AD pathology is
through studying risk groups. Aging is the strongest risk
factor for AD. Higher-risk groups in the aging population
are composed of individuals who have a greater proba-
bility of developing AD than their peers. The higher-risk
groups are identified either by clinical examination or by
family history and genetic testing.

Memory impairment is the earliest symptom of AD.
Many elderly individuals with memory impairment,
however, do not meet the clinical criteria for dementia.
The syndrome of mild cognitive impairment (MCI) was
defined on clinical grounds to identify those people with
memory impairment who are not clinically demented.57

Recently, those individuals have been subclassified as
amnestic MCI, single nonmemory domain, and multiple-
domain MCI.58 Only the outcome of people with amnes-
tic MCI has been validated with longitudinal studies,
revealing that people with amnestic MCI have a higher
risk of developing AD than their cognitively normal
peers,59 and that most of the people with amnestic MCI
will progress to AD during their lifetime.60 In accor-
dance with this, autopsy studies show that most people
with amnestic MCI have early AD pathology in the
limbic cortical structures that are responsible for memory
function.56,60 People with MCI therefore are an impor-
tant clinical group for preventive trials and for evaluating
surrogate MR markers for early diagnosis and monitor-
ing disease progression at the early stages of the disease.

In line with the autopsy findings, MR-based volume
measurements indicate that the hippocampus and ento-
rhinal cortex volumes of people with mild impairment
syndromes are smaller than normal.61–64 Furthermore,
similar to people with AD, 1H MRS measurements of the
posterior cingulate gyri mI/Cr ratios23,65 and DWI mea-
surements of the hippocampal apparent diffusion coeffi-
cients36 are higher, whereas MT MRI measurements of
temporal lobe MT ratios are lower than normal40,66 in
people with MCI. These MR measurements are in agree-
ment with the clinically transitional nature of MCI, re-
siding between normality and dementia. An important
consideration in evaluating imaging markers for early
AD is that some members of any cognitively normal
control group will likely have preclinical AD pathology.
The expectation from imaging markers therefore should
not be complete separation of cognitively impaired indi-
viduals from normal individuals. Some degree of overlap
between the clinically identified groups is expected be-
cause preclinical AD pathology is not uncommon in the
elderly.

A recent fMRI study showed that people with MCI and
AD have a similarly low medial temporal lobe activation
on a memory task when compared with cognitively nor-
mal elderly.67 Memory dysfunction is the earliest symp-
tom of AD, and it is common to both MCI and AD.
Longitudinal studies are needed to test if fMRI is sensi-
tive to the functional changes before memory impair-
ment becomes clinically apparent, such as in cognitively
normal people who are destined to develop MCI or AD.

The APOE �4 allele increases the risk of developing
AD in a dose-dependent manner and also lowers the
average age of disease onset.68 Quantitative MR studies,
which investigated the association between APOE geno-
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type and MR measurements report conflicting findings.
Some found smaller whole-brain and medial temporal
lobe volumes in patients with AD possessing the APOE
�4 allele,69,70 whereas others did not find any difference
in the hippocampal volumes of APOE �4-positive and
APOE �4-negative individuals.71–73 One 1H MRS study
showed that metabolic alterations in postmortem AD
brain are exaggerated by APOE �474; another, however,
did not identify such an effect.75 The differences in age,
disease duration, and the number of subjects in these
studies may be responsible for the discrepancies.

Quantitative MR techniques predicting future
progression to AD in cognitively normal elderly and
in risk groups: longitudinal clinical cohort studies

The value of quantitative MR techniques for predicting
future progression to AD both in cognitively normal
elderly and in risk groups is assessed with longitudinal
studies that test whether baseline MR measurements can
predict clinical outcome in these individuals after several
years of follow-up. People with mild impairment syn-
dromes are an attractive group to study to identify quan-
titative MR techniques for predicting clinical outcome,
because most of them eventually progress to AD. MR-
based medial temporal lobe, hippocampal, and entorhinal
cortex volumetry is predictive of subsequent progression
to AD in people with mild impairment syndromes.76–78

However because patients with MCI progress to AD at
different rates, MR-based volumetry was also tested for
predicting the rate of progression to AD in people with
MCI. Kaplan-Meier analysis performed on 80 patients
with MCI who were followed at an average of 32.6
months indicates that patients with a smaller hippocam-

pal volume at baseline progress to AD faster than the
ones with larger volumes76 (FIG. 1). Furthermore, lon-
gitudinal studies on cognitively normal elderly people
indicate that loss of temporal lobe volume may mark the
beginning of the disease process as much as 6 years
before dementia onset.79

Quantitative MR techniques reflecting pathologic
stage across the entire severity spectrum:
MR–pathologic correlation studies

Histopathological findings are considered to be the
“gold standard” in evaluating surrogate markers for di-
agnosis and disease progression in AD. Few studies have
correlated quantitative MR measurements with the his-
topathologic diagnosis and staging so far. The correlation
between antemortem MR measurements of the hip-
pocampal volumes and postmortem Braak and Braak
staging3 indicate that hippocampal atrophy, although not
specific for AD, is a fairly sensitive marker of pathologic
stage80 and hippocampal neurofibrillary tangle burden.81

MR-based hippocampal volume measurements on post-
mortem samples further show a strong correlation be-
tween hippocampal volumes and neuron numbers, vali-
dating the sensitivity of the technique to hippocampal
neurodegeneration.82

Neurofibrillary pathology and associated neuron loss is
present in some elderly individuals with normal cogni-
tion. This pathology in normal elderly is usually confined
to the medial temporal lobe corresponding to the Braak
stages I and II. MR-based hippocampal volumetry on
postmortem scans of the Nun Study participants suggest
that hippocampal volumes may be useful in identifying
early pathology of AD in nondemented individuals.83

FIG. 1. Hippocampal W score and crossover from MCI to AD. Kaplan-Meier curves of patients whose hippocampal W score at baseline
is �0 (n � 13), 0 � W � �2.5 (n � 54), and ��2.5 (n � 13). Patients with a lower hippocampal W score at baseline progress to AD
faster than those with higher W scores. Reproduced with permission from Neurology 52:1397-1403, 1999.
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Both antemortem and postmortem MR studies indicate
that MR-based hippocampal volumetry is a valid marker
for the pathologic stages of AD, regardless of the clinical
diagnosis.

Serial MR measurements correlating with clinical
disease progression across the entire severity
spectrum: serial MRI studies in longitudinal clinical
cohorts

The neurodegenerative pathology of AD causes pro-
gressive atrophy and deformation of the brain over time.
Serial MR measurements that are sensitive to this change
can potentially be useful for tracking the pathological
progression. The earliest and most severe atrophy during
the progression of AD takes place in the medial temporal
lobe. Serial MR-based volume measurements of the hip-
pocampus in healthy young volunteers in whom no
change is expected show that hippocampal volumetry is
a reproducible technique with a quite low coefficient of
variation (0.28%).84 MR-based hippocampal measure-
ments on serial scans of 24 patients with AD and 24
age-matched and gender-matched controls showed ap-
proximately 2.5 times higher rate of hippocampal vol-
ume loss in patients with AD compared with normal
elderly.84 Another study, that followed 27 patients with
AD and eight controls for 3 years, showed a statistically
nonsignificant trend toward accelerated volume loss in
the AD group compared with controls.85

As discussed in the previous section, hippocampal vol-
ume loss on MRI correlates with the pathologic progres-
sion, which begins in the medial temporal lobe years
before the clinical diagnosis of AD. One study followed
30 nondemented elderly individuals annually over a
mean period of 42 months.79 Twelve of these subjects
cognitively declined and eventually were diagnosed as
AD during the follow-up. Although these subjects who
declined had significantly lower baseline hippocampal
volumes than the ones who did not decline, the rate of
hippocampal volume loss was not different between the
two groups. The rate of temporal lobe volume loss, on
the other hand, was higher in the decliners than in the
stable ones. This result was interpreted to indicate that an
individual starts showing signs of cognitive impairment
only after atrophy extends beyond the hippocampus to
the temporal lobe neocortex.

Another study that followed a group of normal elderly
individuals, however, identified higher rates of hip-
pocampal atrophy in normal elderly who cognitively de-
clined and progressed to MCI or AD than the ones who
were clinically stable.86 The normal elderly subjects in
this study were younger than the subjects of the former
study (78 vs. 86 years of age).79 Risk for AD increases
with age. An older cohort of cognitively normal elderly
subjects is more likely to have a higher proportion of
incipient AD cases that have not yet declared themselves.

In line with this argument, the hippocampal atrophy rates
of the stable elderly people were higher in the older than
the younger subjects (�2.09% vs. �1.7% per year), sug-
gesting that undetected preclinical AD pathology in older
subjects may confound estimates of atrophy rates in nor-
mally aging elderly cohorts. Furthermore, rates of hip-
pocampal atrophy in people with MCI are higher than
those in normal elderly,86 and rates of hippocampal at-
rophy in MCI subjects who progress to AD in the future
are higher than MCI subjects who do not progress. Peo-
ple with MCI progress to AD at different rates, and
although most people with MCI progress to AD during
their lifetime, some do not. Baseline hippocampal volu-
metry in MCI provides predictive information on the risk
of future progression to AD. It is possible that measure-
ments of the rate of hippocampal atrophy would increase
the diagnostic accuracy of baseline measurements for
predicting the risk and rate of progressing to AD in
individual patients with MCI.

Another region that was studied with serial measure-
ments is the corpus callosum. Serial measurements of the
corpus callosum volumes in 21 patients with AD and 10
elderly controls indicate that the rate of total corpus
callosum, splenium, and rostrum atrophy in patients with
AD is higher than normal. It was thought that corpus
callosum atrophy reflects loss of intracortical projecting
neurons in the neocortex. If so, corpus callosum volum-
etry may be a potential marker for tracking neocortical
pathology. Relation of the atrophic change to the patho-
logic involvement, however, needs to be demonstrated
with postmortem studies.87

Automated or semiautomated MR volumetry tech-
niques that are less labor-intensive than tracing specific
regions of interest are being used to track the structural
changes that take place within the brain during the pro-
gression of AD. One of the most promising techniques
used for this purpose is the brain boundary shift integral
(BBSI) developed by Fox and Freeborough.88 The BBSI
measures the change in brain boundaries first by spatially
coregistering 3D scans acquired at different points in
time and measuring the intensity difference over the 3D
surface of the brain in the combined data. Thus the
longitudinal shrinkage of the whole brain volume and the
expansion of the ventricular volume can be measured.
Using BBSI, brain atrophy rates on serial scans of 18
patients with AD were 2.37% � 1.11% per year com-
pared with 0.41% � 0.47% per year in an age-matched
and gender-matched control group.89 Furthermore, the
rate of atrophy correlated with the cognitive decline in
AD based on the Mini-Mental State Examination scores
implying the relevance of this marker to clinical progres-
sion.90 In another study, which calculated volumes using
automated techniques, the annual rate of change in the
whole brain, temporal lobes, and the ventricle, identified
higher rates of temporal lobe and whole brain atrophy
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and ventricular enlargement in 14 people with AD than
14 age-matched and gender-matched controls. Combin-
ing temporal lobe atrophy rate with ventricular enlarge-
ment rate, the discriminant function completely sepa-
rated normal elderly and people with AD.91 Table 1
summarizes the literature on serial MR-based volume
measurements in AD.

One drawback of global cerebral atrophy measure-
ments is that this phenomenon is not specific to AD. A
variety of neurological disorders can cause global or
regional atrophy in the brain. For example cerebrovas-
cular disease, a common disorder in the elderly, may
confound the rates of cerebral atrophy in a patient with
AD. Measurements of regional atrophy may be more
specific to the pathological process of AD. The topology
of AD pathology in the brain varies with disease pro-
gression. The rate of atrophy at specific strategic regions
such as the hippocampus may be most significant during
the early stages. However, as the pathology spreads to
the neocortex, the rate of atrophy in other regions of the
brain may be more significant than the rate of hippocam-
pal atrophy. Because of this regional variability in the

rate of atrophy, deformation of the brain is nonlinear. A
fluid registration model developed by Freeborough and
Fox92 uses a viscous fluid model to compute a deforma-
tion field throughout the baseline image at the voxel
level, giving an estimate of volume change occurring at
each voxel with serial scans over time. Statistical para-
metric mapping (SPM) was used to compare the defor-
mation computed by fluid registration in 10 people with
mild AD and 12 people with moderate AD and four
presymptomatic cases with a family history of autosomal
dominant early onset AD who progressed to AD during
the follow-up.93 There was a regional variation in the
rate of atrophy with increasing disease severity, which
correlated with the pathologic progression of the disease.
Increased rates of hippocampal and medial parietal lobe
atrophy were identified in presymptomatic and mildly
affected patients. Increased atrophy rates spread to the
temporal and parietal lobes in people with mild to mod-
erate AD. Atrophy rates of the frontal lobe were in-
creased only in people with moderate AD.

Regional structural markers for disease progression
may vary with the pathologic stages of AD. Measuring

TABLE 1. Summary of the Literature on Serial MR-Based Volume Measurements in AD

Source Region N (control/AD)

Change in Controls
(mean � SD per

year)

Change in AD
(mean � SD per

year)
Difference
per year

Kaye et al.79 Hippocampi 18/12 (preclinical AD) �2.09% �2.33% �0.14%
Parahippocampal gyri �2.16% �2.92% �0.76%
Temporal lobes 0% �1.27% �1.27%*

Whole brain volume 0.27% 0.08% 0.19%

Jack et al.84 Hippocampi 24/24 �1.55% � 1.38% �3.98% � 1.92% �2.43%*

Temporal horns 6.15% � 7.69% 14.16% � 8.47% 8.01%*

Fox et al.89 Whole brain volume 18/18 �0.41% � 0.47% �2.37% � 1.11% �1.96%*

Laakso et al.85† Right hippocampus 8/27 �1.6% � 15.1% �6.9% � 18.2% �5.3%
Left hippocampus �3.6% � 15.1% �7.2% � 20.1% �3.6%

Teipel et al.87 Corpus callosum (total) 10/21 �0.9% � 5.0% �7.7% � 6.7% �6.8%*

C1 (rostrum and genu) 1.6% � 6.3% �12.1% � 15.1% �13.7%*

C2 (anterior truncus) 3.9% � 12.1% �10.3% � 18.8% �14.2%*

C3 (middle truncus) �1.6% � 9.5% �3.0% � 10.6% �1.4%
C4 (posterior truncus) �3.7% � 12.7% 4.0% � 18.1% 7.7%
C5 (splenium) 0.7% � 3.6% �7.3% � 9.3% �8%*

Bradley et al.97 Brain volume 32/5 �0.2% � 0.23% �2.14% � 0.52% �1.94%*

Ventricle volume 4.1% � 0.9% 13.0% � 2.4% 8.9%*

Ventricle/brain ratio �4.3% � 1.1% �15.6% � 2.8% �11.3%*

Wang et al.91 Cerebrum 14/14 �0.4% � 0.5% �2.4% � 1.2% �2%*

Lateral ventricles 1.9% � 4.2% 13.8% � 4.8% 11.9%*

Temporal lobes �0.7% � 0.5% �3.4% � 2.0% �2.7%*

Silbert et al.81 CNS volume 24/15 �1.8 cc � 9.6 cc �17.9 cc � 18.0 cc �16.1 cc
Ventricle volume 3.3 cc � 3.5 cc 5.5 cc � 3.2 cc 2.2 cc

*There is a statistically significant difference between the rate of change in controls and patients with AD.
†Change in 3 years.
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global atrophy rates and statistical mapping of the dif-
ference from normal at different stages of disease sever-
ity may reveal the best regional measurement for each
stage of disease progression. Longitudinally followed
cognitively normal elderly and people with MCI would
be of interest in such studies for understanding the ear-
liest structural changes that may be useful as surrogate
markers for therapies. Figure 2 represents a hypothetical
graph of the regional structural MR measurement change
at different stages of disease progression.

The only other MR technique that has been employed
for serial measurements in AD is 1H MRS. Three such
longitudinal studies have been published so far. Al-
though one study identified a longitudinal decrease in
NAA levels in 12 people with AD,94 another did not
reveal a change in medial temporal lobe NAA/Cr levels
in 13 people with AD.95 Both studies identified a corre-
lation between cognitive decline and NAA levels. One
recent study identified a significant decrease in left but
not right hippocampal NAA levels in eight people with
AD.96 Longitudinal 1H MRS studies in larger subject
groups are necessary to clarify these discrepancies.

Serial MR measurements correlating with clinical
disease progression during therapeutic trials to
monitor therapeutic efficacy

The standard for assessing the progression of AD in a
living person is by clinical and neuropsychological mea-

sures. Measuring the effect of a disease-modifying agent
on a specific pathological process, however, requires
valid markers of the pathology. MR-based volumetry is a
sensitive marker for the pathologic progression of AD.80

Two studies showed that MR-based volumetry tech-
niques in AD may have enough power to measure the
rate of structural change in the brain in a clinical trial
setting if the magnitude of treatment effect is �10%.89,97

The feasibility of MR-based volumetry as a treatment
outcome measure in AD was tested in a multisite thera-
peutic trial of milameline, a centrally active muscarinic
agonist.98 Using a centrally coordinated quality control
program for MRI, the hippocampal volume measure-
ments were found to be consistent across sites, validating
the feasibility of multisite acquisition MR-based volum-
etry in AD. This study however did not prove that
MR-based volumetry is a valid biomarker of therapeutic
efficacy, because therapeutic efficacy was not demon-
strated (the trial was not completed due to a projected
lack of efficacy). The validity of MR-based volumetry as
a surrogate marker for therapeutic efficacy in AD re-
mains to be tested in a positive disease-modifying drug
trial.

In another centrally acting muscarinic agonist (xa-
nomeline) trial, brain Cho/Cr ratios were measured with
1H MRS two times within the trial period of 6 months.99

Cho/Cr levels declined in 10 AD patients who were

FIG. 2. Regional structural markers for disease progression may vary with the pathologic stages of AD. This hypothetical graph
represents the regional structural MR measurement change at different stages of disease progression. Regional measurements such as
hippocampal atrophy rates (1) may be fastest early in the earliest pathologic stages, and may slow down later in the disease. Temporal
lobe atrophy rates (2) may be fastest later during the intermediate or the MCI stage, and frontal lobe atrophy rates (3) may be fastest
in clinically established AD. The choice of MR-based regional measurements should be tailored based on the severity of the disease.
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taking xanomeline, and were stable in two AD patients
who were taking a placebo. The decline in Cho/Cr ratio
was attributed to decreased free choline levels based on
the hypothesis that muscarinic agonists reduce neuronal
membrane breakdown by reducing the cellular require-
ment for free choline for acetylcholine synthesis. Al-
though this study suggests that 1H MRS may be useful in
detecting therapeutic response to cholinergic agonists,
long-term trials in larger groups are required to validate
1H MRS as a therapeutic outcome measure in AD.

Amyloid imaging and future directions
A major recent breakthrough in the field of imaging in

AD has been the development of amyloid imaging trac-
ers for PET.1,2 Early efforts to image plaques are also
underway in MRI. �-amyloid plaques contain signifi-
cantly elevated levels of metal ions, which accelerate the
T2* relaxation rate of the plaques. This property enables
visualization of �-amyloid plaques as foci of decreased
intensity on T2*-weighted MR microscopy of postmor-
tem brain specimens in patients with AD.100 However,
neither the accelerated T2* relaxation rate nor the pres-
ence of metal ions are specific to plaques. Focal areas of
accelerated T2* relaxation may be present in normal
individuals as well as in a variety of pathologic condi-
tions. Furthermore, endogenous iron is contained in the
hemoglobin in blood vessels and in microhemorrhages.
This necessitates development of MR contrast agents
that specifically bind to the �-amyloid plaques and se-
lectively enhance these plaques on MRI.101,102 A novel
approach in this regard is molecular probes that carry the
MR contrast agent gadolinium–diethylenertiaminepenta-
acetic acid (DTPA) across the blood-brain barrier, and
bind specifically to �-amyloid plaques.101 With high-
resolution MRI of gadolinium-DTPA-labeled �-amyloid
plaques, it would be possible to noninvasively monitor
the pathological progression of AD in vivo by directly
imaging the pathology itself.

As we enter the age of imaging the amyloid pathology
of AD, new research questions arise. Although amyloid
plaques are one of the key mechanisms in AD, the social
and economic impact of the disease on both the individ-
ual and society depends on the severity of clinical de-
mentia. One important question is: how well does amy-
loid plaque density correlate with the clinical disease
severity? Autopsy data show that synaptic loss is a better
correlate of disease severity than the amyloid plaque
burden. Amyloid imaging will require studies correlating
clinical severity with amyloid plaque density. Another
area that needs to be explored is amyloid imaging for
therapy decisions. Amyloid plaques are common in cog-
nitively normal elderly people.103 For example, will a
cognitively normal person with amyloid plaques need
preventive therapy, and will the change in amyloid
plaque burden be a surrogate marker for clinical demen-

tia progression? As with indirect MR measures, direct
MR measures of the AD pathology will need to undergo
a validation process with longitudinal studies to prove
their usefulness as surrogate markers in AD.
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