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Abstract
The increasing prevalence of Alzheimer’s disease and the
devastating consequences of late-life dementia motivates
the drive to develop diagnostic biomarkers to reliably iden-
tify the pathology associated with this disorder. Strategies to
accomplish this include the detection of altered levels of tau
and amyloid in cerebrospinal fluid, the use of structural MRI
to identify disease-specific patterns of regional atrophy and
MRI Tqp to detect disease-related macromolecular protein
aggregation, and the directimaging of amyloid deposits us-
ing positron emission tomography and single photon emis-
sion computerized tomography. Success will facilitate the
ability to reliably diagnose Alzheimer’s disease while the
symptoms of brain failure are mild and may provide objec-
tive measures of disease-modifying treatment efficacy.
Copyright © 2008 S. Karger AG, Basel

Introduction
The steadily increasing number of individuals at risk

for late-life dementia and the promise of pathologically
targeted disease-modifying therapy has made the devel-

opment of methods to establish a reliable diagnosis of
Alzheimer’s disease (AD) at the earliest stage possible an
important public health goal. Biologic markers to detect
the presence of AD pathology represent one strategy to
accomplish that goal. Developing and validating bio-
markers capable of detecting the neurodegenerative
changes associated with AD is a major aim of the clinical
and laboratory neurodegenerative disease-focused pro-
grams at the University of Pennsylvania (PENN). Bio-
markers based on the detection of pathologically linked
proteins in spinal fluid, identification of neurodegenera-
tive disease-associated regional brain atrophy, and the
use of MRI to detect pathologic protein aggregation are
helping to move the identification of AD from the tradi-
tional approach based on recognizing diagnostically re-
lated cognitive and behavioral phenotype to the more de-
finitive and reliable detection of disease-specific pathol-

ogy.

Moving the Diagnosis from Identifying Signs
and Symptoms of Cognitive Brain Failure to the
Detection of Disease-Specific Pathology

There are a variety of neurodegenerative pathologies
associated with the development of late-life dementia,
with an equally complex and evolving array of diagnostic
labels. While AD is by far the most prevalent [1], cogni-
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tive brain failure associated with a variety of frontotem-
poral lobar degenerations (for example Pick’s disease,
frontotemporal dementia with parkinsonism, frontotem-
poral dementia with motor neuron disease) and mid-
brain syndromes (such as Parkinson’s dementia, progres-
sive supranuclear palsy, corticobasal degeneration) are
also associated with progressive dementia. Each has a
recognizable pathological fingerprint. The clinical phe-
notype, and thus the clinical diagnostic criteria for each,
is primarily based on the areas of the brain most affected
during the initial stage of the illnesses. However, mixed
pathologies are common, challenging the clinician’s abil-
ity to identify the single or dominant pathology respon-
sible for the patient’s cognitive brain failure.
Laboratory-based methods to detect the earliest
changes associated with these neurodegenerative pathol-
ogies and definitively identify the responsible pathology
have the potential to increase diagnostic certainty, par-
ticularly during the initial stage of cognitive brain failure,
and perhaps to provide information about disease activ-
ity that can be used to measure treatment efficacy [2].
AD is the major cause of late-life dementia in the Unit-
ed States, with an increasing personal, social and eco-
nomically devastating burden associated with the steady
growth of the number of individuals living into the eighth
and ninth decade of life [3]. As a result, progress in the
early and reliable identification of AD and the discovery
of disease-modifying treatments have become major pub-
lic health goals. Accomplishing both will require a shift
from the traditional approach of detecting and diagnos-
ing specific types of late-life neurodegenerative dementia
based on the clinical phenotype of cognitive failure to one
that includes the detection of the responsible pathology as
part of the diagnostic inclusion criteria. The laboratory
tools to accomplish this include biochemical methods
(detection of pathological proteins in cerebrospinal fluid),
imaging methods (detection of regional atrophy patterns
on MRI and the identification of deposits of aggregated
protein using MRI T1p), and the use of positron emission
tomography (PET) and single photon emission computer-
ized tomography (SPECT) compatible radioactive ligands
retained by the neuropathologic lesions to visualize the
distribution and intensity of the lesions. These tools are
collectively called biomarkers, as they use biologically
based methods to ‘mark’ the presence of pathology.
There are several reasons for the emerging need to in-
corporate biomarkers into the diagnostic criteria used by
clinicians to identify the dominant pathology (or mix of
pathologies) responsible for a patient’s cognitive failure.
They include the increasing recognition that a variety of
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neurodegenerative and vascular pathologies can coexist,
each capable of contributing to the symptomatic expres-
sion of cognitive brain failure. In addition, a single type
of pathology can produce a variety of different types of
cognitive and behavioral symptoms, making it difficult
to reliably identify the pathology based solely on the clin-
ical phenotype. And lastly, it is recognized that the path-
ological process begins decades before the first symp-
toms of brain failure, making early identification based
on symptomatic cognitive failure difficult in a situation
where the initiation of early treatment is imperative to
achieve the maximum benefit from pathologically tar-
geted disease-modifying drugs.

Developing the tools to accomplish this goal is the pri-
mary aim of the biomarkers of late-life dementia pro-
gram at PENN. The focus is the identification of pathol-
ogy associated with AD.

Because it is unlikely a single biomarker will provide
the diagnostic certainty needed by clinicians and pa-
tients, we have initiated a multimodality approach that
incorporates biochemical methods, anatomic imaging,
molecular imaging, metabolic imaging and pathologic
imaging.

A unique advantage of the PENN biomarker develop-
ment program is the ability to determine the performance
characteristics of candidate biomarkers using patients
and cognitively normal elderly subjects comprehensively
evaluated and followed longitudinally in the PENN
Memory Center. All receive standardized assessments
using a protocol established by the National Alzheimer’s
Coordinating Center that is used for all individuals eval-
uated by the 32 Alzheimer’s Disease Centers, all of which
are funded by the National Institute on Aging. In addi-
tion, this ‘Uniform Data Set’ assessment protocol has in-
creasingly been adopted by national and international
collaborative studies, including the Alzheimer’s Disease
Neuroimaging Initiative funded by the National Institute
on Aging, reflecting a recognition of the considerable ad-
vantage associated with different studies that share com-
mon assessment protocols.

Biomarkers to Identify AD Pathology -
Current Status

Biochemical Biomarkers: Tau and 3-Amyloid in

Cerebrospinal Fluid

Quantification of tau and -amyloid (AB) in cerebro-
spinal fluid (CSF) represents the earliest and most inten-
sively studied biomarkers of AD [4-9]. Both proteins are

Clark/Davatzikos/Borthakur/Newberg/
Leight/Lee/Trojanowski



Table 1. CSF biomarker diagnostic

statistics — AD versus cognitively Biomarker  Dx cutoff Clinical diagnosis of AD Autopsy-confirmed AD
1
normal elderly pg/m subjects mean  sensi- subjects mean sensi-
n pg/ml tivity n pg/ml tivity
t-tau 347 319 658 75% 42 665 86%
p-tau 181 61 150 90 70% 38 90 71%
ABy 370 273 333 65% 39 309 71%

t-tau = Total tau; p-tau = phosphor-tau; ARy, = 42-amino-acid fragment of Ap.

directly linked to the 2 hallmark pathologic lesions of
AD; neuritic plaques (B-amyloid) and neurofibrillary
tangles (tau). Approximately 80% of patients who meet
clinical criteria for AD have increased levels of CSF tau
[9]. Autopsy studies confirmed this association and vali-
dated the relationship between high levels of CSF tau and
a pathologic diagnosis of AD (table 1) [7].

For reasons that remain unclear, the absolute level of
CSF tau in patients with AD does not correlate with the
severity of the cognitive impairment or the duration of
the dementia. And while it remains unknown how early
in the pathological process this finding can be detected,
there is general agreement that the levels of CSF tau are
elevated during the prodromal stage of mild cognitive
impairment (MCI) [10-13].

The development of specific phosphate-dependent tau
antibodies raised the possibility that AD could be unique-
ly identified by quantifying tau phosphorylated at one of
several locations (threonine 181, serine 199 or threonine
231). While elevated levels of phosphor-tau 181 may be
slightly better at distinguishing AD from other late-life
dementias, measurement of total tau (t-tau) appears to be
best for distinguishing patients with AD from cognitive-
ly normal individuals. However, while elevated levels of
CSF t-tau in the appropriate clinical setting (for example
in the absence of acute stroke, head trauma or prion dis-
ease) support a diagnosis of AD, failure to find elevated
CSF t-tau simply reduces, but does not eliminate, the like-
lihood of AD pathology. Interestingly, in other neurode-
generative diseases characterized by tau pathology, such
as Pick’s disease, progressive supranuclear palsy and cor-
ticobasal degeneration, CSF tau levels are either normal
or only slightly elevated.

Neuritic plaques associated with AD contain 3-pleat-
ed sheets of amyloid. The 42-amino-acid fragment of A3
(AB4,) is especially prone to fibrillization and dispropor-
tionally accumulates in these extracellular lesions. Nu-

Biomarkers for Early Detection of
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merous studies have documented reduced levels of ARy,
in the CSF in AD patients [9, 14]. However, similar reduc-
tions occur in a variety of other conditions and as a diag-
nostic biomarker, CSF AR, provides modest additional
information beyond that obtained from knowing the CSF
t-tau level [7].

Regional Brain Atrophy — Detecting Disease-Related

Patterns of Neuron Death

The loss of brain volume is one of the earliest conse-
quences of neuron death. When extreme, it can be distin-
guished from age-related changes and reliably detected
by simple visual inspection of an MRI or CT scan. How-
ever, the key to differentiating between different neuro-
degenerative dementing illnesses lies in the identification
of disease-related patterns of atrophy that occur before
the process becomes widespread.

It has long been appreciated that AD produces region-
ally specific neurodegeneration, starting in the hippo-
campus and the entorhinal cortex [15-18]. Using stan-
dardized qualitative visual rating scales, it is possible for
experienced clinicians to detect this change [19]. While
helpful in supporting a diagnosis of AD, this approach is
confounded by the presence of atrophy due to other path-
ological processes and the generalized atrophy that oc-
curs as part of normal aging [20, 21]. In addition, the sub-
jective nature of this approach and the experience needed
to execute it reliably limit its use in routine clinical care.

Semiautomated techniques for quantitative measure-
ments of hippocampal volume have been developed and
shown to work when implemented in a clinical research
setting. However, they have not been assessed in routine
clinic environments. In addition, the diagnostic predic-
tive value of hippocampal atrophy alone is limited by the
large measurement overlap between normal age-related
changes and changes that are disease related (fig. 1).
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Fig. 1. Hippocampus volume in 3 diagnostic groups.

To achieve high diagnostic accuracy at the individual
patient level, MRI atrophy pattern measurements must
provide an almost complete separation between the dis-
ease and nondisease groups. To achieve this we have de-
veloped an atlas-based labeling and parcellation method
that allows the measurement of a large number of ana-
tomically defined areas, providing a comprehensive re-
gional pattern of brain atrophy [22]. Once the skull has
been stripped from the image, the volumes of each ana-
tomically defined region can be determined using an au-
tomated method and are then compared to age- and gen-
der-specific normal volumes to identify diagnostically
informative differences (fig. 2).

An advantage to the measurement of multiple ana-
tomically specific brain volumes is the recognition that
structures other than the hippocampus and entorhinal
cortex are affected by AD neurodegeneration. Examples
include the amygdala, superior temporal sulcus, cingu-
late gyrus, temporal-parietal regions and the frontal lobe
[23]. This provides the potential to increase the diagnos-
tic power of MRI-derived atrophy measurements by in-
creasing the number of anatomically defined regions as-
sessed.

An additional advantage to this method is the ability
to coregister the images with other structural images to
obtain measures of the regional distribution of the signal
of interest in those other images. For example, protein
aggregation and amyloid deposition within each of the
anatomical regions assessed can be obtained by coregis-
tration of the MRI T;p and amyloid ligand SPECT im-
ages from the same subject.
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The approach we have taken to accomplish this goal
uses computer-based brain image analysis and pattern
recognition to develop highly automated MRI-based
methods that can determine volumes in a broad array of
anatomically defined regions vulnerable to AD patholo-
gy. In a recent preliminary evaluation of 14 anatomical
regions we validated the ability of this approach to cor-
rectly distinguish AD from control subjects and from in-
dividuals with mild cognitive impairment.

MRI Tp Detection of Abnormal Protein Aggregation

Although very high-resolution MRI can be used to im-
age neuritic plaques in tissue specimens [24], it is cur-
rently not possible to accomplish this in a clinical setting.
However, by modifying existing clinical MRI acquisition
protocols to incorporate measures of T1p relaxation time,
it is possible to quantify the accumulation of abnormal
protein aggregation in anatomically defined brain re-
gions [25, 26]. This opens the possibility of developing an
MRI-based molecular imaging biomarker of AD-related
pathology that could be used in a community healthcare
setting.

In an initial test of the potential of this approach, MRI
T p values were determined for 5 AD, 2 MCI and 7 con-
trols subjects. Typ values from pixels located in the tem-
poral lobe regions as defined by the regional cortical at-
rophy maps were averaged for gray and white matter pix-
els separately. Average Tip was significantly higher (p =
0.0235) for the AD cohort in the gray matter of both left
and right temporal lobes compared to MCI and controls
(fig. 3).

When combined with regional cortical atrophy and
CSF tau measurements, MRI T p could significantly im-
prove the certainty that AD-related pathology is pres-
ent.

Using PET and SPECT to Identify AD Pathology

AD is associated with a metabolic impairment that of-
ten has a ‘typical’ regional pattern, initially affecting the
parietal and temporal lobes as well as the posterior cin-
gulate before progressing to the frontal lobes and other
brain structures. In general, the cerebellum, lower brain-
stem and spinal cord are spared. These metabolic chang-
es can be visualized using ['*F]-2-fluoro-deoxy-D-glu-
cose PET (FDG-PET) and the pattern of impairment is
often helpful in distinguishing AD from other causes of
late-life dementia [27, 28]. Alternative methods of view-
ing the images, such as stereotactic surface projection,
make it possible for a physician not formerly trained in
neuroradiology to reliably interpret the studies [29]. Nev-
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Fig. 2. Volumetric measurements using
high-dimensional  template  warping
(HAMMETR technique).

ertheless, the final interpretation of the image remains a
qualitative judgment as to whether the pattern and inten-
sity of regional FDG activity supports a diagnosis of
AD.

More recently, radioactive ligands have been devel-
oped to visualize aggregates of AB. The benzothiazole-
derived [''C]-Pittsburgh compound B PET (PIB-PET) li-
gand is an early example. It is retained in the areas of the
brain known to harbor amyloid plaques and increased
levels can be demonstrated in some individuals with
MCI. However, abnormal retention can also occur in in-
dividuals with normal cognition, and longitudinal stud-
ies to date have not clearly demonstrated progressively
increased retention of PIB in patients with AD [30-34].
In addition, the 20-min half-life of !C limits its clinical
application.

More recently, '8F (SB-13) stilbene derivatives have
been developed as potential PET amyloid ligands [35]. 1¥F
ligands are of particular benefit because the longer half-
life of the isotope makes it possible to use them in a clin-
ical setting. Nevertheless, while the successful develop-
ment of an AP amyloid PET ligand would have both re-
search and clinical benefits, the cost and limited
availability of PET scanners will constrain their wide-
spread use.

Single Photon Emission Computerized Tomography

Routine SPECT images provide a qualitative visual
map of cerebral perfusion and have been used for many
years in the evaluation of patients with cognitive impair-
ment as a surrogate marker of impaired neuronal me-
tabolism. While they provide some clinically useful in-
formation [36], the results are often not definitive and, in
general, do not provide information about the specific
pathology responsible for the reduced cerebral perfu-
sion.

Biomarkers for Early Detection of
Alzheimer Pathology
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Fig. 3. Gray matter MRI Typ in AD and control subjects.

More recently, SPECT-compatible amyloid ligands
have been developed. This approach offers considerable
advantage over the use of PET scans, as the imaging hard-
ware is considerably cheaper and much more widely
available. Our initial studies used an '*I imidazol de-
rivative (IMPY) synthesized in the radiopharmaceutical
chemistry section of PENN’s Department of Radiology.
In postmortem studies, IMPY bound to AP amyloid
plaques in postmortem brain tissue from patients with a
pathological diagnosis of AD [37]. Subsequent studies in
humans using a 2] version of the compound document-
ed that this first-generation SPECT amyloid ligand could
distinguish AD patients from elderly control subjects (ta-
ble 2).

Neurosignals 2008;16:11-18 15
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Fig. 4. Improvement in biomarker performance with data fu-
sion.

We are now evaluating a second-generation com-
pound (AV-57) that appears to have superior amyloid
binding properties.

Data Fusion - Combining Biomarkers for Better
Diagnostic Certainty

While each of the candidate biomarkers has the poten-
tial to identify the presence of AD-related neurodegen-
erative pathology, it is unlikely any single one (imaging
or biochemical) will have adequate positive or negative
predictive power to be sufficient as the only test needed
to make a definitive diagnosis in an individual patient.
More likely, it will be necessary to select a number of bio-
marker tests that in combination will be most informative
for the clinical question asked. Thus, developing methods
to select and combine data from different biomarkers
(data fusion) to generate a diagnostic decision with the
highest predictive value represents an important com-
ponent of the PENN biomarker development program.

Since the biomarkers differ from each other in funda-
mental ways (that is, brain volumes vs. protein concentra-
tions vs. ligand retention ratios), the two main tasks for
data fusion are to determine the type of preprocessing
that must be done on the results from each biomarker and
how to combine the postprocessed information to yield
the best overall diagnostic performance.

16 Neurosignals 2008;16:11-18

Table 2. IMPY uptake ratios (cortex to striatum)

Brain area AD (n=5) Controls (n=4) p value
Right frontal 1.20 (0.15) 0.86 (0.09) 0.01
Left frontal 1.31(021)  0.87 (0.09) 0.02
Right parietal 1.18 (0.22) 0.82 (0.10) 0.04
Left parietal 1.20 (0.19) 0.79 (0.05) 0.01
Right temporal 1.22 (0.20) 0.88 (0.13) 0.05
Left temporal 1.22(0.19) 0.88 (0.14) 0.04
All areas 122 (1.18)  0.85(0.09) 0.03

Data are presented as means with SD in parentheses.

Using data from 14 AD and 15 control subjects, we re-
cently evaluated 3 standard supervised learning algo-
rithms: logistic regression (LogReg), support vector ma-
chine (SVM) and linear discriminate analysis (LDA) to
test the diagnostic performance before and after combin-
ing the values for CSF t-tau and AB4, with the volumes
from 24 anatomically defined regions obtained from the
MRIs. The goal was to determine if (1) combining mul-
tiple CSF biomarkers yields better diagnosis than indi-
vidual biochemical biomarkers, (2) combining multiple
MRI features yields better diagnosis than individual MRI
features, and (3) combining CSF and MRI biomarkers
can further improve the diagnostic accuracy. The results
support the advantage of a data fusion strategy in that
combining information from different biomarkers al-
ways reduced the diagnostic error rate compared to de-
pending upon information from a single biomarker.

Combining one CSF and one MRI biomarker each
produces alower error (6.9%) than any single CSF or MRI
biomarker, and combining the best CSF pair and MRI
pair led to the best diagnostic prediction (fig. 4).

Conclusion

The development of biomarkers to detect specific
types of neuropathology that cause dementia and, most
importantly, those associated with AD-related MCI will
allow clinicians in the community to successfully iden-
tify patients and initiate disease-modifying treatment at
the earliest recognizable stage of disease. And it is pre-
cisely at this stage when the clinical diagnosis is most dif-
ficult. It is also likely that overall treatment effectiveness
will be maximized when the treatment is started as early
in the pathological process as possible.
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Given the prevalence of AD, it is likely that most pa-
tients will be diagnosed and selected for treatment on the
basis of evaluations done by community-based physi-
cians. Thus, the overarching goal of the PENN biomark-
er development program is to provide tools community-
based physicians can use to safely and reliably accomplish

that task.
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