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The prevalence of neurodegenerative disorders is increasing dramatically and one of the
major challenges today is the need of early and accurate diagnosis, the other is the need of
more effective therapies -in turn the development of such therapies also requires early and
accurate diagnosis-. The main hope for an earlier and more accurate diagnosis comes from
the use of biomarkers.

Much research is being done trying to solve the many interrogates related to the role of
biomarkers in clinical practice, including the early diagnosis, differential diagnosis and
follow-up of neurodegenerative disorders. This is a field where translational research is intense
enough to make this topic interesting for basic researchers and clinicians. Indeed, the amount
and quality of articles received in response to the call for contributions was very good.

This eBook contains a good amount of high quality articles devoted to diverse techniques
across several neurodegenerative disorders from different perspectives, including original
reports, reviews, methods reports and opinion letters on biochemical biomarkers in biological
fluids, neuroimaging techniques and multidimensional approaches linking clinical findings
with biomarkers. The disorders covered are also diverse: Alzheimer’s disease, Frontotemporal
Dementia, Dementia with Lewy Bodies, Huntington’s disease, Parkinson’s disease among
others.

As we can learn from articles in this Research Topic, biomarkers are allowing us to expand
the knowledge on the biological and anatomical basis of neurodegenerative diseases and to
implement diagnostic techniques in clinical practice and clinical trials.
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When I was invited by Frontiers to serve as Guest Editor of a
Research Topic I had no doubts about the topic to address: the
clinical use of biomarkers for neurodegenerative disorders. The
prevalence of ND is increasing dramatically and one of the major
challenges today is the need of early and accurate diagnosis, the
other is the need of more effective therapies -in turn the develop-
ment of such therapies also requires early and accurate diagnosis-.
The main hope for an earlier and more accurate diagnosis comes
from the use of biomarkers. Much research is being done trying
to solve the many interrogates related to the role of biomark-
ers in the early diagnosis, differential diagnosis, and follow-up
of neurodegenerative disorders. This is a filed where translational
research is intense enough to make this topic interesting for basic
researchers and clinicians. Indeed, the response to the call for con-
tributions was very good. I had the opportunity to receive and
edit a good amount of high quality articles devoted to diverse
techniques across several ND from different perspectives.

Several articles are devoted to laboratory, biochemical
biomarkers in neurodegenerative dementias. Researchers from
Japan assessed the association of plasmatic annexin A5 with
Alzheimer’s disease and with Dementia with Lewy Bodies, and
they found annexin A5 is indeed a good markers of both con-
ditions (Sohma et al., 2013). Regarding the usefulness of CSF
biomarkers in the differential diagnosis of FTLD vs. AD, an inter-
esting review by D Irwin, J Trojanowski, and M Grossman high-
light that CSF measurements of AB1-42, t-tau, and p-tau differ
significantly in FTLD from the abnormal levels seen in AD, and
in a subset of both FTLD-tau and FTLD-TDP there are extremely
low levels of t-tau of unclear etiology (Irwin et al., 2013). In other
review, ] Moreth, C Mavoungou, and K Schindowski discuss the
role of CSF AP in ongoing clinical trials for AD as well as the lat-
est regulatory strategies (Moreth et al., 2013). Researchers for the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) evaluated
the association of APOE with amyloid deposition, cerebrospinal
fluid levels (CSF) of AB, tau, and p-tau, brain atrophy, cognition,
and cognitive complaints in patients with early-Mild Cognitive
Impairment (E-MCI) and cognitively healthy older adults (HC)
and found that cortical amyloid deposition and CSF levels of
AP were significantly associated with APOE €4 status but not
E-MCI diagnosis, with €4 positive participants showing more
amyloid deposition and lower levels of CSF AP than e4 negative

participants (Risacher et al., 2013). These findings have practi-
cal repercussion, since clinicians, and researchers should consider
APOE genotyping when evaluating biomarkers in early stages of
the disease.

A number of articles addressed neuroimaging techniques.
Researchers from Karolinska Institute and King’s College London
explored how the progression of atrophy in dementia may be
predicted on the basis of the anatomical connectivity of the first
atrophic region and found that the subcallosal medial prefrontal
cortex is atrophied (in different extent depending on the brain
hemisphere assessed) in FTD, SD, PNFA an AD (Lindberg et al.,
2012). These results should also be taken into account when
using neuroimaging biomarkers in the differential diagnosis of
neurodegenerative dementias. There are two neuroimaging meth-
ods reports. One proposes the use of viscous fluid registration
in voxel based morphometry studies to enhance sensitivity and
localizing power in the software package SPM (Pereira et al,
2013) and the other describes the Medial Temporal Atrophy index
(MTAI), a simple planimetric method for measuring the rela-
tive extent of atrophy of the Medial Temporal Lobe (MTA) in
relation to the global brain atrophy (Menéndez-Gonzalez et al.,
2014a). Following with simple methods for assessing MTA in the
clinical setting, researchers from Florida describe the utility of
age-specific cut-offs for visual rating of medial temporal atrophy
in classifying Alzheimer’s disease, MCI, and cognitively normal
elderly subjects (Duara et al., 2013).

Some other studies followed a multidimensional approach. In
a multicentric study researchers performed a longitudinal and
multidimensional assessment of individuals with the gene expan-
sion for Huntington disease (HD) but not yet diagnosed who were
evaluated annually. They identified three clusters that represented
primarily cognitively impaired, behaviorally impaired, and cogni-
tively preserved phenotypes. Thus, this multidimensional method
results in an earlier diagnosis with less motor and cognitive
impairment than a motor diagnosis. These findings have impli-
cations for designing preventive trials and providing clinical care
in prodromal HD (Biglan et al., 2013). Again researchers for the
ADNI, show how the short-term (1 year) prognosis of progression
from amnesic MCI to dementia relates strongly to baseline mark-
ers of neurodegeneration, with the AD signature MRI biomarker
of cortical thickness performing the best among MRI and CSF
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Biomarkers in neurodegenerative disorders

markers studied here. However, longer-term (3 year) prognosis
in these individuals was better predicted by a marker indica-
tive of brain amyloid. Prediction of time-to-event in a survival
model was predicted by the combination of these biomarkers.
These results provide further support for emerging models of
the temporal relationship of pathophysiologic events in AD and
demonstrate the utility of these biomarkers at the prodromal stage
of the illness (Dickerson and Wolk, 2013). Gémez-Ramirez and
Wau review the network-based approach in biomarker discovery
as a source of key insights to fully understand the network degen-
eration hypothesis (the disease starts in specific network areas
and progressively spreads to connected areas of the initial loci-
networks, a concept also addressed in the article by Lindberg et
cols.) and introduce a new framework for the quantitative study
of biomarkers that can help shorten the transition between aca-
demic research and clinical diagnosis in AD (Gémez-Ramirez and
Wu, 2014).

We also have two original reports on Parkinson’s disease (PD)
and parkinsonisms. One is on the use of DaTSPECT in the diag-
nosis of patients with hard-to-classify tremor who have a normal
DaT-SPECT. Researchers from Spain and Mexico make a clinical
follow up study and provide a list of the final diagnosis behind
these cases (Menéndez-Gonzidlez et al., 2014b) at the time of dis-
cussing the role of DaTSPECT in the diagnosis of patients with
tremor. In the other report, a group of researchers leaded by
Prof Parnetti, assesses the differential role of CSF alpha-synuclein
species, tau, and AP42 in PD and conclude that the combina-
tion of CSF o/t-a-syn and AB42/tau ratios improve the diagnostic
accuracy of PD and that PD patients showing low CSF AB42 levels
at baseline are more prone to develop cognitive decline (Parnetti
etal., 2014).

Finally, I also had the opportunity of publishing a couple
of opinion articles: one on the many questions arising about
the use of biomarkers for diagnosing neurodegenerative diseases
routinely (Menéndez-Gonzalez, 2014a) and other discussing the
safety issues related to lumbar punctures performed for CSF anal-
ysis for the diagnosis of AD in daily clinical practice (Menéndez-
Gonzélez, 2014b).

Research on biomarkers on neurodegenerative disorders is a
hot topic where much work has to be done yet. As we can learn
from this Research Topic, biomarkers are allowing us to expand
the knowledge on the biological and anatomical basis of neu-
rodegenerative diseases and to implement diagnostic techniques
in clinical practice and clinical trials.
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INTRODUCTION

Background: Alzheimer's disease (AD) differs from other forms of dementia in its relation
to amyloid beta peptide (AB42). Using a cell culture model we previously identified annexin
AB, a Ca?t, and phospholipid binding protein, as an AD biomarker. Plasma level of annexin
Ab was significantly higher in AD patients compared to that in a control group. On the
other hand, AD has been identified to share a number of clinical and pathological features
with Dementia with Lewy bodies (DLB). The present study was done to examine whether
or not plasma annexin Ab is a specific marker for AD, when being compared with the levels
of DLB patients. As Apolipoprotein E (ApoE) gene subtype &4 (ApoE-e4) has been noticed
as the probable genetic factor for AD, we also examined and compared ApoE genotype in
both AD and DLB.

Methods: Blood samples were obtained from 150 patients with AD (aged 776 + 6.5
years), 50 patients of DLB (79.4 +£5.0) and 279 community-dwelling healthy elderly
individuals of comparable age and sex (75.6 = 8.1). All AD patients met NINCDS-ADRDA
criteria and all DLB patients were diagnosed as probable DLB according to the latest
consensus diagnostic criteria. Quantification was done using the Chemiluminescent
Enzyme Immunoassay (CLEIA) Technique (SpherelLight assay) using the monoclonal
antibodies against annexin A5. DNA genotyping of ApoE was performed by distinguishing
unigue combinations of Hha1 fragments of PCR-amplified genomic DNA products.

Results: The plasma level of annexin Ab was significantly higher in AD patients than
in the healthy individuals (control) (P < 0.0001). The plasma annexin A5 level was also
significantly higher in DLB patients than in the control group (P < 0.0001). From the ROC
curves with plasma annexin Ab concentrations, the mean areas under the curve were
0.863 and 0.838 for the AD/control and DLB/control, respectively. The rate of ApoE4 carrier
status and the frequency of the 4 allele were significantly higher in AD or DLB than in
control and there was no significant difference between AD and DLB.

Conclusions: These results suggest that both annexin Ab and ApoE4 are common
markers for AD and DLB.

Keywords: plasma biomarker, Alzheimer’s disease, dementia with lewy bodies, annexin A5, Ca2*-stress, ROC
curve, ApoE

to distinguish in clinical practice. Also, the lack of valid and

The augmented number of dementia patients is remarkable in
the aging of society in advanced countries. Alzheimer’s dis-
ease (AD) accounts for more than half of all dementia, and
Dementia with Lewy bodies (DLB) are the second most com-
mon, accounting for approximately 15% of cases at autopsy
(McKeith et al., 2004), both of which are common forms of
neurodegenerative dementia. DLB shares clinical and patholog-
ical features with other dementia subtypes such as AD, vascular
dementia and Parkinson’s disease (PD), which makes it difficult

reliable methods for assessing the core clinical symptoms of
both AD and DLB makes its identification even more difficult.
The diagnosis of AD is reliant on the use of National Institute
of Neurological and Communicative Disorders and Stroke-AD
and related Disorders Association (NINCDS-ADRDA) criteria.
The NINCDS-ADRDA criteria have high sensitivity (0.93), but
low specificity (0.23) in the diagnosis of AD among a group of
patients with cortical dementias [AD and frontotemporal demen-
tia (FTD)] (Varma et al., 1999). On the other hand, consensus
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criteria for DLB were developed in 1996 to assist with the ante-
mortem diagnosis (McKeith et al., 2005). Although the criteria
have high specificity (79-100%), the sensitivity is low (20-60%),
so that the diagnosis can be missed in many cases during life
(Litvan et al., 2003). The revised clinical consensus criteria were
published in 2005, which gives greater diagnostic weight to
clinical features suggestive of DLB (McKeith et al., 2005). In
light of the limited sensitivity of current methods of clinical
diagnosis, it is important to establish additional markers that
can improve diagnostic accuracy in combination with clinical
assessment.

Amyloid B peptide (AB), which is a proteolytic product of
amyloid precursor protein (APP), accumulates in the brains of
AD patients. Its toxicity is thought to cause neural cell death
(Mattson, 2004). Amyloid-dependent neurotoxicity is known to
perturb Ca?t homeostasis in neuronal cells (LaFerla, 2002).
Possibly, AB impairs membrane Ca** pumps and enhances Ca**
influx through voltage-dependent channels and ionotropic glu-
tamate receptors. Focusing on this mechanism, we identified the
Ca’*-related protein as a potential biomarker for AD using pri-
mary neurons as a cell culture model (Yamaguchi et al., 2010). It
was shown that the level of annexin A5 was augmented in both the
brain and blood plasma in an AD-model mouse (Tg2576 trans-
genic mouse), overexpressing mutant human APP (Yamaguchi
et al., 2010). In addition, the plasma level of annexin A5 was
significantly increased in AD patients compared to that in a con-
trol group (p-value of less than 0.0001 in the logistic regression
analysis), suggesting that annexin A5 is a favorable marker for
AD (Yamaguchi et al., 2010). As annexin A5 binds both Ca?*
and lipids, it might have a role to protect against Ca’*-induced
damage. A defensive role against apoptosis by annexin A5 is also
reported, in that annexin A5 plays a role in interacting with and
reducing the toxicity of the amyloidogenic proteins, islet amyloid
polypeptides and a-synuclein inclusion (Bedrood et al., 2009).

Apolipoprotein E (ApoE), which is a major component of
lipoproteins, is comprised of 299 amino acid residues and plays
a role in the metabolism and redistribution of cholesterol. ApoE
mediates the uptake of lipoprotein particles in the brain via the
low-density lipoprotein (LDL), receptor related protein (LRP),
and the very low-density family lipoprotein receptor (VLDL)
(Mahley, 1988; Paolo and Kim, 2011). The three major iso-
forms of ApoE, referred to as ApoE2, E3, and E4, are products
of three alleles (€2, €3, €4) at a single gene locus (Mahley,
1988). Three homozygous phenotypes (Apo-E2/2, E3/3, and
E4/4) and three heterozygous phenotypes (Apo-E2/3, E3/4, and
E2/4) arise from the expression of any two of the three alleles. The
¢4 allele of the ApoE gene was identified as the strongest genetic
risk factor for AD (Bertram and Tanzi, 2008). Neuropathological
studies demonstrated that the frequency of the ApoE gene sub-
type e4 (ApoE e4) allele in DLB is similar to AD and that ApoE4
has also been implicated in the development of DLB (Singletona
et al., 2002). We reported that ApoE4 genotypes were similar in
AD and DLB, giving further evidence that the e4 allele is a risk
factor for both disorders in Japanese subjects (Kobayashi et al.,
2011).

The present study was done to examine whether or not plasma
annexin A5 is a specific marker for AD, in comparison with the

levels of DLB patients. For that purpose, we analyzed plasma level
of DLB patients and compared with those of AD patients and age-
matched community dwelling healthy persons as a control. We
further discuss taking ApoE4 frequencies into consideration.

MATERIALS AND METHODS

HUMAN BLOOD PLASMA

The Sapporo Medical University Ethics Committee approved
human plasma studies on dementia biomarker study in 2007.
Informed written consent was obtained from all subjects. All
healthy volunteers and patients provided written permission. For
patients with impaired cognition we obtained written permission
from their family in accordance with the Declaration of Helsinki.
Blood samples were obtained from 150 patients with AD (aged
77.6 £ 6.5 years), 50 patients of DLB (aged 79.4 & 5.0 years), and
279 community-dwelling elderly individuals (healthy volunteers)
of comparable age and sex (75.6 & 8.1 years). All AD patients
met NINCDS-ADRDA criteria (McKhann et al., 1984) and DLB
patients were diagnosed as probable DLB according to the latest
consensus diagnostic criteria (McKeith et al., 2005). The patient’s
clinical symptoms were evaluated using the revised Hasegawa
Dementia scale (HDS-R) (Hasegawa, 1983), Mini-Mental State
Examination (MMSE), and clinical dementia rating (CDR). The
diagnosis of AD was also confirmed in all patients either by brain
magnetic resonance imaging or single photon emission computed
tomography. Blood was drawn with Venoject II vacuum tubes
containing EDTA-Na (final 4.5 mM) (Terumo, Tokyo, Japan) and
the plasma fraction was isolated by centrifugation at 2500 g for
15 min. This was repeated once to avoid possible cell debris in
blood. Blood was centrifuged within 6 h after sampling. Plasma
fractions were stored at —80°C until use.

QUANTIFICATION OF PLASMA LEVEL OF ANNEXIN A5 USING
SANDWICH CLEIA (SPHERELIGHT ASSAY)

Plasma annexin A5 was quantified using the Chemiluminescent
Enzyme Immunoassay (CLEIA) Technique (SphereLight assay) as
described (Yamaguchi et al., 2010). Briefly, annexin A5 present
in the specimen was trapped by a monoclonal antibody (mAb)
against annexin A5 (clone No. 23), conjugated to a glass bead and
a horseradish peroxidase (HRP)-labeled mAb against annexin A5
(clone No. 49). Unbound materials were removed by washing.
The chemiluminescent reagent consists of a luminol solution that
includes a phenol-derivative as an enhancer, to which a hydrogen
peroxide solution was added. The HRP in the bound conjugate
catalyzes the oxidation of the luminol derivative, producing light.
The light signals were read by the Olympus SphereLight180 fully
automated system (Olympus Optical Co., Ltd., Tokyo, Japan).
The amount of HRP conjugate bound was directly proportional
to the annexin A5 concentration. The required time and vol-
ume of the specimens were 20 min and 40 1, respectively, for the
SphereLight assay. The detection limit proved to be 0.16 ng/ml for
annexin A5 and this system was useful to quantify plasma annexin
A5 within the range of 0.16-20.0 ng/ml. Reproducible data were
obtained by intra-assay and inter-assay (data not shown). Because
annexin A5 is present in blood cells (Masuda et al., 2004), if
a prolonged period of time has passed (longer than 12h) after
collecting blood until centrifuging, the plasma annexin A5 level
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increases (data not shown) due to physical damage such as tem-
perature change, osmotic pressure change and so on. To avoid
inducible leakage of annexin A5 from blood cells, all the plasma
was separated by centrifugation within 6h of sampling. The
detection limit proved to be 0.16 ng/ml of annexin A5 as pre-
viously described (Yamaguchi et al., 2010). We also performed
a plasma dilution test and reproducibility studies of intra-assay
and inter-assay, which confirmed the assay method is reliable
(Yamaguchi et al., 2010).

APOLIPOPROTEIN E (ApoE) GENOTYPING

DNA genotyping of ApoE was performed according to the pro-
tocol described by Hixson and Vernier (1990). Briefly, using a
QIAamp DNA Blood Mini Kit (QIAGEN, Tokyo, Japan), genomic
DNA was extracted from the buffy coat after centrifugation of the
blood sample according to the manufacturer’s instructions. The
leukocyte DNA was amplified by PCR using the oligonucleotide
primers, Primer 1 (59-TAAGCTTGGCACGGCTGTCCAAGGA-
39), and Primer 2 (59-ACAGAATTCGCCCCGGCCTGGTACAC-
39) set on common sequence parts of ApoE isoforms. The
PCR products were digested with Hhal (New England Biolabs,
Japan, Inc., Tokyo, Japan) and the resulting digestion frag-
ments were separated by electrophoresis on polyacrylamide gels
(SuperSepTMDNA 15% gel (Wako, Tokyo, Japan)). Each geno-
type of ApoE was distinguished by unique combinations of Hhal
fragment sizes in all homozygotic and heterozygotic combina-
tions (Hixson and Vernier, 1990). After determining the ApoE
genotypes, we investigated the ApoE4 carrier status and the fre-
quency of the €4 allele in the 279 controls, 150 AD, and 50 DLB
cases.

STATISTICAL ANALYSIS

The mean response of each experimental group was compared
with its simultaneous control by the unpaired Student’s ¢-test.
Analysis of variance was used to compare the mean responses
of the experimental and control groups. A significant difference
was set at p < 0.05. Logistic regression modeling was employed
to construct receiver operator curves (ROC) by using JMP 9.0.0
(SAS Institute Inc., Cary, NC) to examine the plasma annexin A5
levels in diagnoses of AD and DLB. ROC curve comparisons were
based on the area under the curve (AUC), SE, and the associated
95% confidence interval (CI). We subsequently calculated sensi-
tivity of the various models using the predicted probability of each
subject by logistic regression modeling with specificity of at least
eighty percent. Fisher’s exact tests were used to assess the frequen-
cies of the &4 allele between groups using JMP 9.0.0 (SAS Institute,
Cary, NC, USA).

RESULTS

Plasma level of annexin A5 was analyzed using CLEIA Technique
(SphereLight assay) as described in Materials and Methods. In this
study, we measured 150 samples of AD (age 77.6 & 6.5), 50 sam-
ples of DLB (age 79.4 & 5.0), and 279 age-matched community
dwelling healthy persons (age 75.6 = 8.1) as a control. When aver-
age concentrations of plasma annexin A5 are compared among
AD, DLB, and control groups, the values of AD (3.33 & 1.60) and
DLB (3.02 + 1.08) were significantly higher than healthy control

14
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= .
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FIGURE 1 | Comparison of plasma levels of annexin A5 in AD, DLB
patients, and healthy volunteers (control). For quantitative analysis, we
established a chemiluminescent enzyme immunoassay system with
monoclonal antibodies against human annexin A5 and measured human
plasma annexin A5. Dot blot is shown. Each point represents the plasma
annexin A5 concentration of individual. AD, Alzheimer's disease; DLB,
dementia with Lewy bodies.

subjects (1.95 £ 0.68) (Figure1). The probability of both AD
and DLB can be predicted by a logistic regression model with
the plasma level of annexin A5. The ROC analyses revealed good
separation of patients with either AD or DLB from healthy con-
trol subjects (Figure2). The areas under the curve were 86.3%
(P < 0.0001) and 83.8% (P < 0.0001) for AD and DLB, respec-
tively. That is statistically significant, suggesting that annexin A5
is also a potential biomarker for both AD and DLB. On the other
hand, no significant difference was observed between AD and
DLB (p = 0.36).

Several risk factors for AD have been suggested such as med-
ical history, life style, environment and genes. Of these, ApoE-¢4
has been noticed as one of the genetic factors. We next identified
ApoE gene typing by analyzing the restriction enzyme products of
the PCR-amplified ApoE gene as shown in Materials and Methods
(Table 1, Figure 3). In the control group, 51 out of 279 subjects
were ApoE4 carriers (18.3%). Three subjects were homozygous
for the &4 allele (1.1%) and 48 subjects were heterozygous for the
e4 allele (17.2%). The total frequency of the €4 allele was 9.7%.
In the AD group, 63 out of 150 subjects were ApoE4 carriers
(42.0%). Nine subjects were homozygous for the €4 allele (6.0%)
and 54 subjects were heterozygous for the €4 allele (36.0%). The
total frequency of the €4 allele was 24.0%. In the DLB group,
21 out of 50 subjects were ApoE4 carriers (42.0%). Three sub-
jects were homozygous for the €4 allele (6.0%) and 18 subjects
were heterozygous for the €4 allele (36.0%). The total frequency
of the ¢4 allele was 24.0%. ApoE4 frequencies were compared
among AD, DLB, and control groups (Fisher’s exact test). ApoE4
carrier status was significantly different between AD and con-
trol groups (p < 0.0001), and between DLB and control (p =
0.0004). Allele frequencies of ApoE €4 were significantly higher
in AD (p < 0.0001) and DLB (p < 0.0001) than in the control

Frontiers in Aging Neuroscience

www.frontiersin.org

April 2013 | Volume 5 | Article 15| 9


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Sohma et al.

The biomarker for dementia

AD/Control

1.00
0.901
0.80]
0.70
0.60-]
0.50]
0.40-]
0.30
0.20
0.10

0.00 AL I T AL I I
0.00 0.20 0.40 0.60 0.80 1.00

AUC: 86.3%

Sensitivity
(True positive)

1-Specificity
(False positive)

FIGURE 2 | Receiver operating characteristic (ROC) curves showing
prediction of either AD or DLB by plasma annexin A5. The probability of
either AD or DLB can be predicted by a logistic regression model with the
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plasma level of annexin Ab. The areas under the curve are 86.3 and 83.8%
for AD and DLB, respectively. AD, Alzheimer’s disease; DLB, dementia with
Lewy bodies.

Table 1 | Distribution of ApoE4 carrier status and the frequency of
ApoE ¢4 allele in the population of AD, DLB, and control groups.

ApoE4 carrier* ApoE ¢4 allele**

Positive Negative Positive Negative
C 51 (18.3%) 228 (81.7%) 57 (10.2%) 501 (89.8%)
AD 63 (42.0%) 87 (68.0%) 72 (24.0%) 228 (76 %)
DLB 21 (42.0%) 29 (68.0%) 27 (24.0%) 73 (76.0%)

Numbers in parentheses represent the frequencies of ApoE4 carrier or ApoE
&4 allele. C, control group, AD, Alzheimer's disease group; DLB, dementia with
Lewy bodies group.

*Significantly different between AD and control groups (p < 0.0001), and
between DLB and control (p = 0.0004).

**Significantly higher in AD (p < 0.0001) and DLB (p < 0.0001) than in the
control group. No significant differences in rates of ApoE4 carrier status and
the frequencies of the ¢4 allele between AD and DLB.

group. However, there were no significant differences in rates of
ApoE4 carrier status (p = 0.57) and the frequencies of the €4
allele (p = 0.32) between AD and DLB. These results also indicate
the similarity of AD and DLB.

DISCUSSION

SIMILARITY OF AD AND DLB

The toxicity of AP is thought to cause neural cell death, which
is involved in the pathogenesis AD (Mattson, 2004). Decreased
degradation or dyscatabolism of AB, presumably related to aging,
results in both the accumulation of amyloid beta peptide (APa4;)
in the brain and the decreased concentration of ABs, in CSE
Thus, lowered concentration of CSF APy, has been noted as
a barometer for AD (Andreasen et al., 2001). AD is the most

common neurodegenerative dementia and DLB is the second
most common. DLB shares clinical and pathological features
with AD, which makes it difficult to distinguish in clinical prac-
tice. The CSF levels of APy, are similar between AD and DLB
(Gomez-Tortosa et al., 2003; Mollenhauer et al., 2005a). Amyloid-
dependent neurotoxicity is known to perturb Ca’* home-
ostasis in neuronal cells (LaFerla, 2002). Possibly, AR impairs
membrane Ca’* pumps and enhances Ca?* influx through
voltage-dependent channels and ionotropic glutamate receptors.
Focusing on proteins concerning Ca’* signaling, we identified
annexin A5 which is augmented in AB4, dependent manner and
showed it as a potential biomarker for AD (Yamaguchi et al,,
2010). Moreover, the plasma level of annexin A5 was shown to
be elevated in AD (Yamaguchi et al., 2010). In the present study,
plasma level of annexin A5 was shown to be elevated not only in
AD but also in DLB.

Genetic factors are increasingly recognized as major risk fac-
tors for dementia. Evidence from numerous studies has identified
the ApoE gene on chromosome 19 as a major risk factor for AD.
ApoE, which is a major component of lipoproteins, is comprised
of 299 amino acid residues and plays a role in the metabolism
and redistribution of cholesterol (Hatters et al., 2006). Three
major common isoforms, designated ApoE2, ApoE3, and ApoE4.
ApoE colocalizes with extracellular amyloid deposits, resulting in
isoform-specific clearance of AB. However, ApoE isoforms differ-
ently interact with AP isoform specific effects on AB-clearance.
In ApoE4, domain interaction occurs as a result of a putative
salt bridge, leading to tight structural formation. This interac-
tion does not occur to the same extent in ApoE2 and ApoE3
(Dong et al., 1994; Dong and Weisgraber, 1996). ApoE &4 is asso-
ciated with an increased risk for AD with an earlier age of disease
onset (Kim et al., 2009). On the other hand, findings regarding
ApoE polymorphisms in DLB have so far been inconclusive. It was
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FIGURE 3 | ApoE carrier statuses of AD (A), DLB (B), and healthy
volunteers (control) (C). ApoE carrier statuses are significantly different
between AD and control, and between DLB and control. However, no
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significant differences were observed between AD and DLB. ApoE typing
was done using pcr and restriction enzyme digestion using genomic DNA.
AD, Alzheimer's disease; DLB, dementia with Lewy bodies.

reported that ApoE4 carrier frequency was the highest in AD
among AD, DLB, and control groups, and it was higher in DLB
than in control groups (Carrillo Garcia et al., 2008). Other find-
ings have shown that ApoE4 carrier and allelic frequencies were
comparable for those with AD and DLB [(Kobayashi et al., 2011)
and Table 1].

Our results for annexin A5 and ApoE4 also revealed similar
characteristics for both AD and DLB patients.

DIFFERENCE BETWEEN AD AND DLB

It is apparent that DLB differs from AD in the disease progres-
sion and cure response experienced by patients. Accordingly, early
differentiation between the two forms of dementia is impor-
tant for effective and safe management (Aarsland et al., 2008;
Sinha et al., 2011). CSF levels of tau protein have been shown
to be significantly lower in DLB than in AD, which may help
to differentiate between the two diseases (Mollenhauer et al.,
2005a,b). On the other hand, another study also suggests that
the concentration of phosphorylated tau in CSF, which is highly
correlated with total tau levels, may provide a higher speci-
ficity to differentiate AD and DLB (Vanderstichele et al., 2006).
a-Synuclein is the major constituent of Lewy bodies found
in neurons in DLB. As a consequence of increased accumu-
lation of a-synuclein intraneuronally in DLB, several studies
have attempted its quantification in CSF. a-Synuclein has been
shown to induce disruption of cellular inorganic ion homeosta-
sis such as Ca’*, leading to cell death (Lowe et al., 2004; Danzer

et al., 2007; Ying et al., 2011). Whereas some groups show a
decrease in the total concentration of CSF a-synuclein in DLB
in comparison to other dementias (Mollenhauer et al., 2008;
Kasuga et al., 2010), other groups do not find the significant
difference for DLB (Spies et al., 1998; Noguchi-Shinohara et al.,
2009). Thus, future study on the discrimination of these diseases
is expected.

ABOUT BIOMARKERS

One of the main focuses of public health is prevention of disease.
Different stages in the disease process can be targeted for pre-
ventative action, including prior to development of the disease,
during the asymptomatic stage, and following clinical diagnosis.
Therefore, three stages of prevention can be recognized (Wright
et al., 2009; Weber et al., 2012).

From the CSF proteins identification, and MRI and PET imag-
ing studies, the alteration of both CSF biomarkers (A4, and Tau)
takes place prior to the appearance of brain structural change or
dementia symptoms (Jack et al., 2010). Our in vitro data demon-
strated that annexin A5 is elevated following the stimulation by
AB4z (Yamaguchi et al., 2010). Thus, onset of the annexin A5 ele-
vation in dementia occurs at the similar time to the deposition
of AB4y. Annexin A5 might be expected to be useful in the sec-
ondary and tertiary stages. It is conceivable that the appropriate
stage for utilizing each biomarker candidate is dependent upon
the properties of the biomarker. Therefore, to determine when
each biomarker candidate should be utilized it will be necessary
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to examine the significance of any biological changes that appear
at various stages.

Discrimination between neurodegenerative and non-
neurodegenerative dementia is another expectation for biomark-
ers. Shared clinical symptoms between AD and depression in
elderly have been reported (Starkstein et al., 2005), which might
lead to confusion in medical intervention. Our preliminary data
suggest that plasma annexin A5 levels of the six patients with
depression was comparable with controls (data not shown),
which might implicate annexin A5 as a biomarker for discrim-
inating between neurodegenerative and non-neurodegenerative
diseases.

Biomarkers should be reliable, reproducible, non-invasive,
simple to perform, and inexpensive. To achieve this role both
protein-based and genetic biomarkers have been particularly
investigated. Especially plasma biomarker is beneficial by being

less invasive in comparison with CSF biomarker. Gene typing
is also less invasive since it is available with leukocytes from a
blood sample and genetic biomarkers are of great use. ApoE4 g4
is widely recognized as a potential biomarker for the risk of AD.
As we demonstrated in this paper, ApoE €4 is also a risk factor for
DLB, indicating that ApoE €4 is unable to discriminate between
AD and DLB. No applicable genetic marker for such purpose
has been reported. Detailed molecular mechanism of the onset
of both AD and DLB may be needed to explore genetic factors.
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Accurate ante mortem diagnosis in frontotemporal lobar degeneration (FTLD) is
crucial to the development and implementation of etiology-based therapies. Several
neurodegenerative disease-associated proteins, including the major protein constituents
of inclusions in Alzheimer’s disease (AD) associated with amyloid-beta (ABq_42) plaque
and tau neurofibrillary tangle pathology, can be measured in cerebrospinal fluid (CSF) for
diagnostic applications. Comparative studies using autopsy-confirmed samples suggest
that CSF total-tau (t-tau) and ABq_42 levels can accurately distinguish FTLD from AD, with
a high t-tau to AB1_4o ratio diagnostic of AD; however, there is also an urgent need for
FTLD-specific biomarkers. These analytes will require validation in large autopsy-confirmed
cohorts and face challenges of standardization of within- and between-laboratory sources
of error. In addition, CSF biomarkers with prognostic utility and longitudinal study of
CSF biomarker levels over the course of disease are also needed. Current goals in the
field include identification of analytes that are easily and reliably measured and can be
used alone or in a multi-modal approach to provide an accurate prediction of underlying
neuropathology for use in clinical trials of disease modifying treatments in FTLD. To
achieve these goals it will be of the utmost importance to view neurodegenerative disease,
including FTLD, as a clinicopathological entity, rather than exclusively a clinical syndrome.

Keywords: cerebrospinal fluid, biomarker, tau, Ag,_4,, frontotemporal dementia, primary progressive aphasia,

Alzheimer’s disease

INTRODUCTION

Most neurodegenerative diseases are characterized by specific
abnormally-modified protein aggregates, with resulting neuronal
cell loss and gliosis. The gold standard for diagnosis is micro-
scopic examination at autopsy; however, there is considerable
variability of clinical manifestations associated with underlying

Abbreviations: FTLD, frontotemporal lobar degeneration; AD, Alzheimer’s dis-
ease; AP, amyloid-beta; CSE, cerebrospinal fluid; CNS, central nervous system;
FTLD-tau, FTLD with tau pathology; TDP-43, TAR DNA binding protein-43;
FTLD-TDP, FTLD with TDP pathology; PiD, Pick’s disease; CBD, corticobasal
degeneration; PSP, progressive supranuclear palsy; pathogenic MAPT mutations-
FTDP-17, FTD and parkinsonism linked to chromosome 17; ALS, amyotrophic
lateral sclerosis; FUS, fused-in-sarcoma protein; FTLD-FUS, FTLD with FUS
pathology; FTLD-UPS, FTLD with tau- and TDP-43-negative ubiquitinated inclu-
sions; FTLD-ni, FTLD in the absence of significant neuropathological inclu-
sions; GRN, progranulin gene; MAPT, tau gene; C9orf72, C9orf72 gene; VCP,
valosin-containing protein gene; TARDBP, TDP-43 gene; FTLD-ALS, clinical
FTLD with ALS; CHMP2B, charged mutlivesciular body protein 2B gene; bvFTD,
behavioral-variant frontotemporal dementia; PPA, primary progressive aphasia;
IvPPA, logopenic-variant PPA; svPPA, semantic-variant PPA; naPPA, non-fluent
aggramatic variant PPA; CBS, corticobasal syndrome; ABj_42, B-amyloid; MCI,
mild cognitive impairment; t-tau, total-tau; p-tau, phosphorylated-tau; p-tauigy,
phosphorylated tau at serine 181; p-tauz3;, phosphorylated tau at threonine 231;
ELISA, enzyme-linked immunosorbent assay; xMAP, luminex flow immunoas-
say; MRI, magnetic resonance imaging; DIAN, dominantly-inherited AD network;
MTBD, microtubule-binding domain; DTI, diffusion-tensor imaging; GM, gray
matter; GWAS, genome-wide association studies.

neuropathological diagnoses, as clinical symptoms most often
reflect the regional burden of pathology within the central ner-
vous system (CNS) rather than the specific underlying pro-
teinopathy. This is especially true in the heterogeneous family of
frontotemporal lobar degeneration (FTLD) clinical syndromes.
Two main pathologic FTLD subtypes exist (Figures 1A, 2):
cases with inclusions formed from the microtubule-binding pro-
tein tau (FTLD-tau) and those with TAR DNA binding protein-
43 (TDP-43) pathology (FTLD-TDP) (Mackenzie et al., 2010).
FTLD-tau includes the following tauopathies (Figures2A-D):
Pick’s disease (PiD), corticobasal degeneration (CBD), progres-
sive supranuclear palsy (PSP), FTD and parkinsonism linked
to chromosome 17 (pathogenic MAPT mutations; FTDP-17),
and unclassifiable tauopathies (Mackenzie et al., 2010). FTLD-
TDP (Figures 2E-G) can be subdivided into four subtypes (A-D)
based on the morphology and distribution of lesions (Mackenzie
et al, 2011) and can also be associated with TDP-43 inclu-
sions in the anterior horn of the spinal cord and gliosis of the
corticospinal tracts, suggesting a continuum of FTLD with amy-
otrophic lateral sclerosis (ALS; FTLD-ALS) (Geser et al., 2008,
2009). A smaller number of FTLD cases are associated with
inclusions of another DNA-binding protein, fused-in-sarcoma
protein (FUS; FTLD-FUS), or other rare, less-defined patholo-
gies (FTLD-UPS, FTLD-ni) (Mackenzie et al., 2010). The major
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FIGURE 1 | Clinicopathological and genetic associations in FTLD.

(A) Neuropathological classification of FTLD-tau and FTLD-TDP subtypes
(PSP, progressive supranuclear palsy; CBD, corticobasal degeneration; PiD,
Pick’s disease; FTDP17 frontotemporal dementia with Parkinsonism linked to
chromosome 17; Tauopathy NOS, unclassifiable tauopathy; Subtypes A-D,
morphological subtypes of FTLD-TDP; ALS-FTLD, amyotrophic lateral
sclerosis with FTLD-TDP; FTLD-FUS, FTLD with fused in sarcoma protein
inclusions; FTLD-UPS, FTLD with tau- and TDP-43-negative ubiquitinated
inclusions; FTLD-ni, FTLD in the absence of significant neuropathological
inclusions), (B) pathogenic mutation associations with underlying
neuropathology (dashed-line separates less common molecular etiologies of
FTLD; MAPT, tau resulting in FTDP-17; C90rf72, pathogenic hexanucleotide
expansion resulting in FTLD and/or ALS associated with FTLD-TDP B; GAN,

Language

(FTDP-17) (Subtype B)
GRN CHMP2B
(Subtype A) (FTLD-UPS)

( LD> FTLD)
(Subtype D)

Neuropathology
FTLD-tau

FTLD-TDP
AD

Fluent

progranulin resulting in FTLD-TDP type A; TARDP, TDP-43 resulting in ALS +
FTLD and less commonly FTLD; VCP, valosin-containing protein resulting in
inclusion body myopathy with Paget's disease of bone and frontotemporal
dementia with FTLD-TDP subtype D; FUS, fused-in sarcoma protein resulting
in FTLD-FUS; and CHMP2B, charged mutlivesciular body protein 2B resulting
in FTLD-UPS), (C) clinicopathological correlations of FTLD (colored regions of
clinical syndromes represent relative percentages of neuropathological
subtypes found in autopsy studies; AD, Alzheimer's disease; bvFTD,
behavioral variant of FTLD; PPA, primary progressive aphasia; svPPA,
semantic variant PPA; naPPA, nonfluent agrammatic variant PPA; [VPPA,
logopenic variant PPA; +ALS, co-morbid amyotrophic lateral sclerosis;

+EPS, co-morbid extra-pyramidal Parkinsonian symptoms: i.e., features of
akinetic-rigid syndromes of PSP or corticobasal syndrome).

genetic etiologies resulting in FTLD are exclusively associated
with specific underlying neuropathologies (Figure 1B), despite
heterogeneous expression of FTLD clinical syndromes, and
include pathogenic mutations in the gene for progranulin (GRN)
(Baker et al., 2006; Cruts et al., 2006), tau (MAPT) (Hutton et al.,
1998), and C9orf72 (C90rf72) (Dejesus-Hernandez et al., 2011;
Renton et al., 2011). Less common genetic etiologies of FTLD
include: valosin-containing protein (VCP) resulting in inclusion
body myopathy with Paget’s disease of bone and frontotemporal
dementia with FTLD-TDP subtype D neuropathology, TARDBP
coding for TDP-43 protein and causing ALS or ALS-FTLD (rarely
FTLD-TDP alone), CHMP2B coding for charged mutlivesciular
body protein 2B and resulting in FTLD-UPS, and mutations in
FUS causing FTLD-FUS (Figure 1B) (Mackenzie et al., 2010).

Clinically, FTLD can be broadly divided into two main
subtypes, those with predominant behavioral and social com-
portment disorder (behavioral-variant frontotemporal dementia,
bvFTD) (Rascovsky et al., 2011) and those with primary language
disturbances (primary progressive aphasia, PPA) (Mesulam,
1982, 2001). Among PPA patients, three subgroups have been
recently divided (Gorno-Tempini et al., 2011) into the logopenic
(WPPA) (Gorno-Tempini et al., 2004, 2008), semantic (svPPA)
(Hodges and Patterson, 2007), and non-fluent aggramatic vari-
ant (naPPA) (Turner et al., 1996). Clinicopathological correla-
tions of these syndromes are complex (Josephs, 2008; Grossman,
2010). For example, large studies of autopsy-confirmed FTLD
(behavioral and aphasic variants) find roughly equal numbers of
FTLD-tau and FTLD-TDP (Hodges et al., 2004; Kertesz et al.,
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FIGURE 2 | FTLD-Tau and FTLD-TDP histology. Photomicrographs

of FTLD-tau (A-D) and FTLD-TDP (E-G) visualized with
immunohistochemistry (PHF-1 and pTDP 409/410 for tau and TDPR
respectively). (A) PSP frontal cortex with tau-positive tufted astrocytes
(arrows), (B) CBD temporal cortex with diffuse astrocytic plaques
(arrows) and neuronal tangles (asterisks), (C) Pick's disease with round
tau-positive Pick bodies (asterisks) in the dentate nucleus of the
hippocampus, (D) FTDP-17 case with p.P301L pathogenic mutation with
tau-positive neuronal tangles (arrows) and diffuse neuropil threads in
temporal cortex, (E) FTLD-TDP subtype A with cytoplasmic neuronal
inclusions (asterisks) and short dystrophic neurites (arrows) in superficial
layers of frontal cortex, (F) FTLD-TDP subtype B with prominent
cytoplasmic inclusions (asterisks) in deep temporal cortical layer, and
(G) long dystrophic neurites (arrows) in superficial layers of mid-frontal
cortex of a patient with FTLD-TDP subtype C. Scale bar = 100 um.

2005; Knopman et al., 2005; Shi et al., 2005; Forman et al,,
2006). Furthermore, a primary neuropathological diagnosis of
Alzheimer’s disease (AD) has been found in up to 30% of autopsy-
confirmed clinically defined FTLD cohorts (Kertesz et al., 2005;
Knopman et al., 2005; Forman et al., 2006; Knibb et al., 2006).
Examination of focal presentations of AD found it to be the pri-
mary diagnosis in 7% of bvFTD, 44% of naPPA, 10% of svPPA,
and 50% of the extrapyramidal and cognitive disorder, corti-
cobasal syndrome (CBS) patients (Alladi et al., 2007). Others have

also found a substantial proportion of AD in PPA cases (Forman
et al., 2006; Knibb et al., 2006) especially in IVPPA (Grossman
et al., 2008; Mesulam et al., 2008; Grossman, 2010) and also CBS
(Lee etal., 2011). Thus, differentiation of AD and FTLD spectrum
disorders poses a serious diagnostic challenge for clinicians.

Within the FTLD neuropathological spectrum, examination
of the specific clinical subtypes finds varying degrees of asso-
ciation with FTLD-tau and FTLD-TDP (Figure 1C). FTLD-tau
has been overrepresented in some naPPA cohorts (Hodges et al.,
2004; Josephs et al., 2006a,b; Knibb et al., 2006; Snowden et al.,
2007; Mesulam et al., 2008; Grossman et al., 2012), especially
when associated with apraxia of speech (Josephs et al., 2006a;
Snowden et al., 2007) and svPPA has been predominantly asso-
ciated with TDP-43 pathology (Hodges et al., 2004; Josephs
et al.,, 2006a; Snowden et al.,, 2007; Grossman et al., 2008);
while bvFTD contains similar proportions of FTLD-tau and
FTLD-TDP (Forman et al., 2006; Josephs et al., 2006b; Snowden
et al., 2007). Extrapyramidal symptoms may predict a tauopathy
(Forman et al., 2006; Josephs et al., 2006b) while co-morbid ALS
is almost certainly due to TDP-43 aggregation (Shi et al., 2005;
Forman et al., 2006; Josephs et al., 2006b). Clinicopathological
associations from these large autopsy studies are summarized in
Figure 1C.

A major challenge in the development and implementation of
disease-modifying therapy in FTLD is the accurate identification
of the neuropathological diagnosis during life, including differen-
tiation from AD, so that patients may be triaged to the appropriate
protein-targeted therapy (i.e., tau or TDP-43 targeted agents).

Biofluid biomarkers have the potential to optimize diagnos-
tic accuracy and detect disease earlier in the course of an illness
and possibly pre-symptomatically, such as prior to structural
changes of neurodegeneration seen on neuroimaging (Hu et al.,
2010a; Jack et al., 2010), making further exploration in this area
promising for the development of disease modifying treatments.
In addition, some clinical measures of disease progression in
FTLD, including functional scales, may be limited by floor- and
ceiling-effects (Knopman et al., 2008), so biofluid biomarkers are
potentially attractive surrogate end points for use in clinical trials
(Boxer et al., 2012b). The cerebrospinal fluid (CSF) is relatively
easy to obtain and contains a direct connection to the pathologi-
cal milieu in central nervous system, making it a desirable biofluid
for study. In this review we will discuss the current state of CSF
biomarker research in FTLD in terms of differentiation from AD
and future directions and challenges for the field in development
of FTLD-specific biomarkers.

ALZHEIMER'S DISEASE RELATED CSF BIOMARKERS: AB;_4,
AND tau

STUDIES IN ALZHEIMER'S DISEASE

As a first step in biofluid-based biomarker assessment of neurode-
generative disease, it is valuable to distinguish broadly between
AD and FTLD. CSF values of the major constituents of AD pathol-
ogy, tau and p-amyloid, (AP;_42) have been widely studied using
immune-based analytical platforms in AD and amnestic mild
cognitive impairment (MCI) patients, with lower AB;_4, values
and higher levels of total- and phosphorylated-tau (t-tau, p-tau)
compared with controls across multiple large studies (Shaw et al.,
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2009, 2011; De Meyer et al., 2010; Trojanowski et al., 2010; Weiner
et al., 2010). Furthermore, our group has shown prognostic util-
ity of these markers by accurately predicting MCI conversion to
AD (Shaw et al., 2009; De Meyer et al., 2010).

The majority of atypical clinical presentations of AD in early-
onset patients consisting of predominantly visuo-spatial difficul-
ties (i.e., consistent with poster cortical atrophy) or asymmetric
apraxia/rigidity (i.e., consistent with CBS) may have a similar CSF
biomarker profile to that of typical amnestic-AD (De Souza et al.,
2011; Seguin et al., 2011), with a further elevated t-tau level in
one study (Koric et al., 2010). Elevated CSF t-tau and low AB;_4
levels have also been described in some PPA patients (i.e., [vPPA)
(Bibl et al., 2011; De Souza et al., 2011) most likely due to under-
lying AD neuropathology in these individuals; however, to our
knowledge no autopsy-confirmed studies of atypical clinical AD
presentations have been performed.

The exact relationship between AD neuropathologic change
(i.e., tau neurofibrillary pathology and APj_4, extracellular
plaques) and observed measurement of these analytes in CSF is
unclear; however, the total tau level is thought to reflect underly-
ing neurodegeneration and neuron loss, as elevations are also seen
in other CNS insults (Otto et al., 1997; Hesse et al., 2000; Jin et al.,
2006; Ost et al., 2006; Krut et al., 2013). Lower Af_42 CSF lev-
els may be the result of sequestration of soluble interstitial brain
AB1—4 into extracellular plaques as there is an inverse correlation
of CSF ABj_4 levels and the degree of cortical plaque pathol-
ogy (Tapiola et al., 2009; Patel et al., 2012; Seppala et al., 2012)
and in vivo neuroimaging evidence of amyloidosis (Fagan et al.,
2006). Phosphorylated epitopes of tau (p-tau) can be measured in
CSF as well; while most phospho-epitopes of tau are also found in
healthy non-diseased brains and are not AD-specific, pathologi-
cal tau species overall are highly phosphorylated in AD (Matsuo
et al., 1994) and this altered state reflects the elevated levels of
p-tau seen in AD. The most commonly studied p-tau epitopes are
serine 181 (p-taujg;) (Vanmechelen et al., 2000), and threonine
231 (p-taups;) (Buerger et al., 2002a,b).

STUDIES IN FRONTOTEMPORAL LOBAR DEGENERATION

FTLD is not characterized pathologically by cerebral AB;_4, amy-
loidosis, and only FTLD-tau is characterized by significant tau
inclusions. From this perspective, measures of CSF t-tau and
AB1—42 may have helpful diagnostic utility in excluding AD
neuropathology. Indeed, in clinically-defined cohorts AD cases
have higher levels of t-tau, p-tau;g; and lower levels of AB;_4
compared to FTLD and controls in group-wise comparisons
(Blennow et al., 1995; Arai et al., 1997; Green et al., 1999; Sjogren
et al., 2000a, 2001; Vanmechelen et al., 2000; Riemenschneider
et al., 2002; Clark et al., 2003; Pijnenburg et al., 2004, 2007;
Schoonenboom et al., 2004, 2012; Engelborghs et al., 2006; Bibl
etal., 2007, 2011; Kapaki et al., 2008; Verwey et al., 2010; De Souza
et al., 2011; Gabelle et al., 2011; Van Harten et al., 2011).

A major challenge in FTLD CSF biomarker studies is the
heterogeneity of the condition (Figurel), making autopsy-
confirmation of diagnostic classification a crucial issue. As men-
tioned previously, up to 30% of clinically-defined FTLD cohorts
may have underlying AD neuropathologic change as the etiol-
ogy of their symptoms (Kertesz et al., 2005; Knopman et al,,

2005; Forman et al., 2006; Knibb et al., 2006) and contamination
with these atypical AD cases could influence results significantly.
Indeed, examination of diagnostic accuracy of CSF t-tau and
AB1_4 in a large autopsy-confirmed dementia cohort found
that use of the clinical diagnosis, rather than neuropathologi-
cal diagnosis as the gold standard for biomarker performance
resulted in a 10-20% underestimation of biomarker accuracy
(Toledo et al., 2012). Furthermore, since 1995 there has been
over a 10-fold increase in the number of FTLD manuscripts pub-
lished (NLM/NIH, 2012) and due to this exponential increase
in research in the field and our expanding knowledge of FTLD,
clinical criteria (Gorno-Tempini et al., 2011; Rascovsky et al.,
2011) have evolved resulting in refinement of our clinical def-
initions. Indeed, the emergence of the new clinical variant of
PPA, IvPPA (Gorno-Tempini et al., 2008, 2011), which is most
often associated with AD neuropathology (Mesulam et al., 2008;
Rabinovici et al., 2008; Grossman, 2010) (Figure 1C), and there-
fore suggested to be excluded from FTLD clinical trials (Knopman
et al., 2008), could influence group-wise CSF tau and AP;_4
results. Thus, the makeup of clinical cohorts used in earlier stud-
ies may not be entirely translatable to newer studies, limiting the
meaningful interpretation of the literature of clinically-derived
cohorts.

As such, study of autopsy/genetic-confirmed cases has been
a focus for our center. In an early study of autopsy-confirmed
cases by our group, AD was differentiated from a mixed demen-
tia cohort (including 13 FTLD cases) with reasonable sensitivity
(72%) and specificity (69%) using CSF t-tau levels (Clark et al.,
2003). Focused analysis of FTLD (with autopsy confirmation in
9 cases) in a later study found lower levels of t-tau and higher
levels of AB;_4> than AD, and roughly 30% of FTLD cases had sig-
nificantly decreased t-tau from controls (Grossman et al., 2005).
In a follow-up large autopsy/genetically confirmed FTLD series
(n = 30) t-tau levels were significantly lower in FTLD than AD,
while similar to controls on group-wise comparison; individual-
case analysis revealed that a considerable subset of FTLD patients
had markedly low t-tau values (Bian et al., 2008). Interestingly,
FTLD cases with substantially lower t-tau levels included both
FTLD-tau and FTLD-TDP (Bian et al., 2008), although a non-
significant trend was found for lower t-tau in FTLD-tau (Hu et al.,
2011). Furthermore, FTLD was differentiated from AD with high
accuracy using the t-tau/AB;_4, ratio; that is, FTLD cases had a
lower ratio (lower t-tau and higher AB;_4;) (Bian et al., 2008).

Measurement of these analytes in the CSF in most stud-
ies utilizes one of two immune-based platforms: enzyme-
linked immunosorbent assay (ELISA; Innotest, Innogenetics),
and a multiplex assay based on flow-cytometry of antibody-
coated fluorescent beads (INNO-BIA AlzBio3 xMAP; Luminex,
Innogenetics). Absolute values obtained from these platforms dif-
fer because the coefficient of variance (%CV) with the xMAP
Luminex platform is much narrower than with ELISA, but they
are highly correlated (Olsson et al., 2005; Lewczuk et al., 2009;
Fagan et al., 2011; Wang et al., 2012) and have similar lev-
els of diagnostic accuracy for AD (Fagan et al., 2011; Wang
et al., 2012) and differentiating AD from FTLD (Toledo et al.,
2012). Thus, values from one platform can be effectively trans-
formed into equivalent units of the other using a conversion
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factor (Fagan et al., 2011; Wang et al., 2012). Indeed, we were able
to transform values obtained from ELISA to equivalent xMAP
units using linear regression to create a larger autopsy/genetic-
confirmed FTLD dataset and help confirm our pervious observa-
tions of the diagnostic utility of the t-tau/Af;_4; ratio to differen-
tiate FTLD from AD (Irwin et al., 2012b). Maximizing available
data is crucial for these extremely valuable and well-annotated
research samples. In summary, in multiple large-scale autopsy-
confirmed studies we have demonstrated the diagnostic utility of
CSF t-tau, p-tau, and ABj_4; in differentiation of AD and FTLD
(Bian et al., 2008; Irwin et al., 2012b; Toledo et al., 2012).

Few other CSF studies have used autopsy-confirmed cohorts
of FTLD patients (Table1). One study included 10 autopsy-
confirmed FTLD patients and found similar results of lower t-tau
and p-tauig; levels in FTLD compared with AD, with high diag-
nostic accuracy of p-taujg; (Koopman et al., 2009). Another
study including 12 confirmed FTLD patients described “slightly
elevated tau levels” in several patients compared to an age-
dependent reference range and low compared to the majority
of AD cases (Brunnstrom et al., 2010). Neuropathological sub-
groups of FTLD (FTLD-TDP, n = 5 and FTLD-tau, n = 7) had
similar mean values, with 4/12 patients below the reference limit

by >70pg/ml (Brunnstrom et al., 2010). Thus, this study also
found a subset of individual FTLD patients with lower than nor-
mal t-tau levels. The diagnostic utility of t-tau/AB;_4; in differen-
tiating FTLD was not systematically explored in this small group
of AD cases (n = 8). Finally, to our knowledge the only additional
studies utilizing autopsy-confirmed FTLD cohorts included a
small number of FTLD cases (<10) in a non-AD category, with
no direct comparison of FTLD and AD (Engelborghs et al., 2008;
Tapiola et al., 2009; Schoonenboom et al., 2012). Thus, further
study is required in large prospective, autopsy-confirmed samples
to confirm our observations.

The higher ABj_4, in FTLD compared to AD most likely
reflects the absence of significant cerebral amyloidosis while the
biological basis for observed low CSF t-tau in some FTLD patients
is uncertain. One possibility is related to cortical tau depletion
(Zhukareva et al., 2001, 2003; Grossman et al., 2005) through
sequestration into the neuronal and glial inclusions in the absence
of significant extracellular tau pathology (FTLD-tau) Dickson,
2004, such as extracellular “ghost tangles” as seen in AD (Schmidt
etal., 1988), or altered post-translational stability of tau in FTLD-
TDP (Zhukareva et al., 2001, 2003); furthermore, CSF t-tau does
appear related to underlying FTLD pathophysiology as t-tau levels

Table 1 | Comparative studies of CSF biomarkers in autopsy/genetic-confirmed FTLD and AD cohorts.

Study Patients ABq_sg2 t-tau p-tauqgq Diagnostic accuracy (AD vs. FTLD)
Clark et al., 2003 (10) FTLD(74) AD*73 (4) CN  AD <FTLD,CN  CN<FTLD <AD NA No statistical analysis of FTLD diagnostic
accuracy performed
Grossman et al., 73 (11) FTLD(17) AD13CN  AD<FTLD,CN  CN, FTLD<AD CN,FTLD <AD t-tau
2005 AUC = 0.86, sens = 74%, spec = 82.4%
Bian et al., 2008 (30) FTLD(19) AD13 CN AD <FTLD,CN  CN, FTLD<AD NA t-tau/AB1_a2
AUC = 0.93, sens = 78.9%, spec = 96.6%
Engelborghs etal.,,  (2) FTLD(73) AD*100 CN NA NA NA No statistical analysis of FTLD diagnostic
2008 accuracy performed
Koopman et al., (10) FTLD(95) AD AD < FTLD FTLD <AD FTLD <AD p-tauigy
2009 AUC = 0.85, sens = 91%, spec = 80%
Tapiola et al., 2009  (9) FTLD(83) AD NA NA NA No statistical analysis of FTLD diagnostic
accuracy performed
Brunnstrom et al., (12) FTLD(8) AD* NA NA NA No statistical analysis of FTLD diagnostic
2010 accuracy performed
Irwin et al., 2012b (20) FTLD(41) AD* NA NA NA t-tau/AB1_a2
AUC = 0.99, sens = 90-100%, spec =
90-96%
Toledo et al., 2012 (71) AD(29) FTLD66 CN AD <FTLD<CN CN, FTLD<AD CN, FTLD <AD t-tau/AB1_42 (ELISA)

AUC = 0.96, sens = 90, spec = 82%
p-taurgi /AB1—42 (XMAP)
AUC = 0.98, sens = 100%, spec = 88%

Other diagnostic groups that may be present in some studies are omitted and only direct comparisons of FTLD group to AD or CN are reported. “<” or “> " denotes

significant difference between groups and “,” denotes non-significant difference between groups, () denotes autopsy/genetic confirmed cohort.

CN, non-demented controls; *, AD group contains cases with co-morbid Lewy Body or Vascular Disease; NA, Not assessed; AUC, Area under the curve for receiver

operating curve analysis; ELISA, enzyme-linked immunosorbent assay, xMAR luminex multiplex assay.
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in FTLD patients correlated to areas of frontal and temporal cor-
tical atrophy on magnetic resonance imaging (MRI) (Grossman
et al., 2005; McMillan et al., 2013). Further study of CSF protein
dynamics in animal models of disease may help clarify these seem-
ingly discordant associations of low tau levels with underlying
neuropathology in FTLD-tau and FTLD-TDP.

Despite the clear distinction of t-tau and AB;_4 levels between
AD and FTLD, there is more variability in the literature for
the relationship of these markers in FTLD compared with
non-demented controls (Table 1). There are several reasons for
these discrepancies; first, even in most autopsy-based studies,
autopsy data on controls is lacking (Table 1) and a significant
proportion of non-demented elderly can have underlying AD
neuropathology (Davis et al., 1999), and thus influence CSF ana-
lyte measures. Next, even with pathologic confirmation, patient
classification in FTLD is challenging, as another potential con-
founding issue is the presence of mixed pathologies in dementia
patients. Indeed, our group has shown in a large autopsy-
confirmed sample that mixed pathology is present in roughly
30% of cases, and that FTLD patients with significant AD neu-
ropathologic change can influence the CSF t-tau and APj_4
levels, causing higher t-tau and lower AB_4; in cases with mixed
FTLD and AD pathology compared to “pure” FTLD (Toledo et al.,
2012). Additionally, a recent largely clinically-defined cohort
study found an AD CSF biomarker profile in 30% of FTLD
(Schoonenboom et al., 2012) which may be due, in part, to
mixed pathology or inclusion of atypical AD cases mimicking
the FTLD clinical syndrome (Toledo et al., 2012). Thus, the use
of autopsy-confirmed samples is essential for in-depth study and
validation of the diagnostic accuracy of potential biomarkers
in FTLD.

Finally, variability in measurement between studies is another
potential issue as significant variation between centers in abso-
lute values measured in “spiked” pooled CSF control sam-
ples with known concentrations of analyte has been described
(Shaw et al., 2011). These discrepancies are most likely due to
sources of variation in CSF collection, handling and storage
(pre-analytical), equipment, reagents and methods of analysis
(analytical), and data management and interpretation (post-
analytical) (Mattsson et al., 2011). For these reasons, large
scale studies of measurement precision of these analytes and
coordinated multi-center quality control programs with stan-
dard operating procedures to minimize these sources of varia-
tion have been conducted (Mattsson et al., 2011; Shaw et al.,
2011).

Despite these issues, we have demonstrated (Bian et al., 2008;
Irwin et al., 2012b; Toledo et al., 2012) that these AD-specific
analytes (t-tau to ABj_4, ratio) may perform within the range
of sensitivity and specificity (>80%) for use in clinical trials
(Trojanowski and Growdon, 1998) to differentiate FTLD from
AD; however, these analytes are not as effective for differentiation
of FTLD from normal controls (Bian and Grossman, 2007; Toledo
et al., 2012). Although patients may present with decompensated
psychiatric issues or other non-progressive non-degenerative eti-
ologies resembling FTLD (phenocopy syndrome) (Kipps et al.,
2010), these patients may be identified with serial clinical exams
and neuroimaging (Kipps et al., 2010). The more urgent need

is for FTLD-specific biomarkers and those that can differentiate
between the two major neuropathologic subtypes (FTLD-tau and
FTLD-TDP) (Hu et al., 2011).

FUTURE DIRECTIONS

FURTHER STUDY OF CSF tau AND AB;_s,

Previous work in large cross-sectional studies in AD suggests
a temporal progression of dynamic biomarker change in AD
(Jack et al., 2010, 2012), as AP;_42 amyloidosis, and resultant
lower CSF APj_42, is thought to occur decades before clinical
symptoms emerge in AD, while increased CSF t-tau is thought
to be a later event in disease progression and correlates more
closely with cognitive decline. It is likely that t-tau, p-tau and
potential novel CSF biomarkers could display similar changes
throughout the course of disease in FTLD and could correlate
with clinical symptoms. Few studies have examined the change in
CSF biomarkers over time or their relation to clinical symptoms.
One study included a follow up CSF analysis in one FTLD-
tau patient, with similar t-tau and APj_4;, roughly 18 months
between CSF collections (Brunnstrom et al., 2010). Interestingly,
a recent study of bvFTD patients found a significant correlation
with AB;_4; levels and cognitive performance, even after removal
of patients with CSF profile suggestive of AD neuropathology
(Koedam et al., 2012). These results could suggest an influence
of co-morbid AD neuropathology; however autopsy information
in these cases was lacking. Other studies in clinical series with-
out autopsy confirmation found no association of these markers
and clinical measures or disease severity (Riemenschneider et al.,
2002; Engelborghs et al., 2006; De Souza et al., 2011). Further
study of clinical correlates of CSF biomarkers and longitudinal
profiles of CSF analyte change throughout the course of disease
will be helpful.

Similar to the dominantly-inherited AD network (DIAN) ini-
tiative to study patients with known pathogenic mutations to
cause AD (Bateman et al., 2012), study of prodromal FTLD
patients with pathogenic mutations may provide additional
insights into the temporal sequence of biomarkers in FTLD
(Boxer et al., 2012a). Furthermore, CSF analyte levels in symp-
tomatic patients with genetic forms of FTLD have not been
explored in detail and could potentially differ from sporadic
cases. Indeed, we found a more rapid rate of progression in
cognitive measures corresponding to more severe neurodegener-
ation in C9orf72-associated FTLD (Irwin et al., 2013) and others
have described unique neuroimaging patterns of atrophy across
different genetic forms of FTLD (Whitwell et al., 2012). This
evidence of biologic differences in genetic and sporadic FTLD
suggest alterations in CSF biomarker profiles are also a possibil-
ity, although one study found similar levels of CSF tau and AP _4,
in genetically-confirmed FTDP-17 (n = 9) compared to sporadic
FTLD (n = 17) (Rosso et al., 2003).

DEVELOPMENT OF FTLD-SPECIFIC BIOMARKERS

In the context of disease-modifying therapies targeting a spe-
cific histopathologic abnormality, an important goal is to dis-
tinguish between FTLD due to TDP-43 and FTLD due to tau.
Exploratory analyses for novel biomarkers that have diagnostic
utility in FTLD are ongoing and include several basic approaches.
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First, measurement of biologically relevant molecules is the most
straightforward approach, as tau and AB;_4, have been success-
ful biomarker candidates in AD. Using this rationale, the two
most obvious candidates for FTLD-specific biomarkers are TDP-
43 progranulin. Indeed, TDP-43 has been detected in human
CSF (Steinacker et al., 2008; Kasai et al., 2009) and serum
(Foulds et al., 2008), suggesting elevated levels may occur in
some patients with TDP-43 proteinopathies, but initial stud-
ies show limited diagnostic accuracy. Low serum progranulin
may identify FTLD patients with a pathogenic GRN mutation
resulting in progranulin haploinsufficiency (Ghidoni et al., 2008),
which could be useful in monitoring potential progranulin-
replacing therapies in development for FTLD (Boxer et al,
2012b).

Other biologically relevant potential biomarkers for FTLD
include specific isoforms or neoepitopes of tau. Tau undergoes
multiple post-translational modifications thought to contribute
to tangle formation. Indeed, we found acetylation of tau at a
specific residue in the microtubule-binding domain (MTBD)
to be exclusively found in tauopathies, providing promise for
this epitope as a useful marker of AD and FTLD-tau (Cohen
et al.,, 2011; Irwin et al., 2012a). Translating these immunohis-
tochemical observations to clinical assays may prove difficult,
as levels of tau in CSF are near the lower limits of biologic
detection (Hampel et al., 2010) limiting the further identifica-
tion of a specific subset of tau in the form of a neoepitope;
although one group has found promising evidence for diag-
nostic utility of specific C-truncated isoforms of tau in PSP
through immunoprecipitation and western blotting techniques
(Borroni et al., 2008, 2009) and others have developed assays to
measure 3- and 4R tau in CSF (Luk et al,, 2012). Alternatively-
truncated forms of AB;_4» may also have diagnostic importance
in FTLD (Pijnenburg et al., 2007; Bibl et al., 2011, 2012; Gabelle
et al., 2011) and cytoskeletal proteins, such as neurofilament
have also been explored (Sjogren et al., 2000b; De Jong et al.,
2007). These potential biomarkers warrant further study and
validation.

Another, possible approach is to screen a large number of
potential analytes without an a priori biologic rationale in a pro-
teomic analysis of CSF in FTLD. Indeed, using an immune-based
multiplex approach our group found promising CSF biomarker
candidates to differentiate FTLD-TDP and FTLD-tau with high
sensitivity and specificity, but these candidate analytes need fur-
ther study to confirm their utility as FTLD biomarkers (Hu et al.,
2010b). Finally, other non-immune based methods, such as mass-
spectrometry are also being explored to identify novel biofluid
biomarkers in FTLD (Mattsson et al., 2008).

Potential FTLD-specific biofluid biomarkers will be faced with
the same challenges of testing reliability and sources of varia-
tion (i.e., analytical, pre-/post-analytical) currently experienced
by CSF t-tau and AB;_4, measurements. As such, coordinated
and cooperative efforts between multiple centers will undoubt-
edly be necessary to help validate potential FTLD-specific CSF
biomarkers prior to clinical use.

Most likely, a multimodal assessment incorporating poten-
tial novel biofluid biomarker values with clinical, neuroimaging
and genetic markers may be the most effective approach to

accurately identify FTLD subtypes. Neuropsychological testing
can help differentiate AD from FTLD (Rascovsky et al., 2008;
Libon et al., 2011) as routine cognitive measures may not be sen-
sitive enough to detect the behavioral and language deficits in
FTLD. Indeed, our group has explored quantitative approaches
to language (Ash et al., 2006, 2009; Gunawardena et al., 2010)
and social cognition (Massimo et al., 2009, 2013; Grossman et al.,
2010; Eslinger et al., 2012; McMillan et al., 2012b) to exam-
ine brain-behavior relationships and improve diagnostic accuracy
in FTLD. Neuroimaging is another potential method with diag-
nostic utility alone, or as an adjunct to clinical and biofluid
biomarkers in FTLD; we have found combining neuropsycho-
logical testing and MRI can improve diagnostic accuracy in PPA
(Hu et al., 2010c¢); and others find combination of CSF tau
isoform levels and midbrain atrophy improve identification of
PSP (Borroni et al., 2010). Multiple modalities of MRI meth-
ods, including diffusion-tensor imaging (DTI) of white matter
may help identify FTLD patients in dementia cohorts. We have
demonstrated increased diagnostic sensitivity to differentiate AD
from FTLD cases using a combination of gray matter (GM) den-
sity and DTI measures (McMillan et al., 2012a). In addition, we
have also discovered promising diagnostic utility for differenti-
ating FTLD-tau and FTLD-TDP using DTI (unpublished data).
Cortical atrophy and CSF biomarker levels appear to be highly
correlated as we have recently demonstrated that GM density
could predict CSF t-tau and APj_4; levels, and these predicted
values could accurately distinguish AD and FTLD (McMillan
et al., 2013). These results indicate that MRI could potentially
serve as a surrogate for CSF, which would have significant util-
ity for patients where lumbar puncture would be difficult or for
clinical trial endpoints where repeated lumbar puncture may be
needed. Finally, recent genome-wide association studies (GWAS)
have found risk alleles associated with FTLD-TDP (Van Deerlin
et al, 2010) and FTLD-tau (Hoglinger et al., 2011). Further
knowledge of clinical, neuroimaging, and biofluid correlates of
these risk alleles in FTLD could provide further useful diagnos-
tic and prognostic information. Thus, comparative studies of
clinical, genetic, biofluid, and neuroimaging biomarkers in lon-
gitudinally followed, well-annotated, autopsy-confirmed subjects
will be a powerful method for improving our understanding of
the pathophysiology of FTLD and further directing diagnostic
and treatment efforts.

SUMMARY

CSF measurements of ABj_4;, t-tau, and p-tau in FTLD differ sig-
nificantly from the abnormal levels seen in AD, and in a subset of
both FTLD-tau and FTLD-TDP there are extremely low levels of
t-tau of unclear etiology. These properties allow for accurate dis-
tinction of FTLD from AD in autopsy-confirmed cohorts, while
FTLD-specific markers are still lacking.

As we move toward therapies that impact the progression of
the disease and target the underlying pathophysiology in FTLD
and other neurodegenerative disorders it will be essential for clin-
icians to view these disorders as clinicopathological entities with
the underlying neuropathological substrate in mind. Indeed, new
clinical criteria for AD incorporate this ideology with the desig-
nation of “pre-symptomatic AD” (Sperling et al., 2011). In the
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study of the complex clinicopathological spectrum of FTLD dis-
orders, where heterogeneity is the rule, useful markers to develop
homogenous clinical, genetic, and neuropathologic subgroups
will be crucial to further our goals toward meaningful treatments
that could potential slow disease progression and limit patient

disability.
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Amyloid-beta (AB) in Alzheimer’'s disease (AD) appeared to be a promising target
for disease-modifying therapeutic strategies like passive immunotherapy with anti-AB
monoclonal antibodies (mAbs). Biochemical markers in cerebrospinal fluid (CSF) include
alterations of AB that allow the diagnosis of AD. Biomarker strategies, such as the levels
of AB in CSF and plasma, currently play an important role in early clinical trials for AD.
Indeed, these strategies have a relevant impact on the outcome of such studies, since
the biomarkers are used to monitor the bioactivity of anti-Ag mAbs. The clinical trials of
Solanezumab were mainly based on the readout of AB levels in CSF and plasma, whereas
those of Bapineuzumab were based on cognition; however, little is known about the
mechanisms altering these biomarker levels, and no biomarker has yet been proven to
be a successful predictor for AD therapy. In addition, the AB biomarkers allow for the
determination of free and bound anti-Ap mAb in order to monitor the available amount of
bioactive drug and could give hints to the mechanism of action. In this review, we discuss
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clinical AB biomarker data and the latest regulatory strategies.

Keywords: passive immunization, dementia, therapeutic monoclonal antibodies, regulatory strategy, CSF, plasma
increase, mode of action, pharmacogenetics and pharmacogenomics

AB-AGGREGATES AND THEIR IMPLICATIONS ON
IMMUNIZATION

With about 70% of all cases, Alzheimer’s disease (AD) is the most-
common form of dementia (Alzheimer’s Disease International,
2009) and countries in demographic transition will experience
the greatest growth. AD is defined as a multifactorial disease
with the pathogenic cerebral deposition of the aggregated pro-
teins Amyloid-p (AB) and hyper-phosphorylated tau (phospho-
tau). Despite the well-accepted pathogenic role of AP (Selkoe,
2001), the underlying pathogenic mechanism is still elusive
(Broersen et al., 2010). AB-aggregates—majorly derived from
AB4o and APyy—are generated from amyloid precursor pro-
tein by sequential proteolysis (Haass and Selkoe, 2007) followed
by self-association from monomeric to soluble oligomeric and
protofibrillar AB. Protofibrillar AB further aggregates into insol-
uble AB-fibrils and deposits in the brain as amyloid plaques.
Since the number of these plaques does not correlate well with
the severity of dementia (Terry, 2006)—as opposed to soluble
AB-aggregates (McDonald et al., 2010)—the amyloid hypothe-
sis has been reformulated, positioning soluble AP aggregates as
hallmark in AD pathology (Walsh and Selkoe, 2007; Broersen

Abbreviations: aa, amino acid; AP, amyloid-beta; ABO, AP oligomers; AD,
Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-cognitive
subscale; ADDLs, Alzheimer derived diffusible ligands; ADNI, Alzheimer’s
disease neuroimaging initiative; AFM, atomic force microscopy; ApoE4,
ApolipoproteinE4; CSF, cerebrospinal fluid; DAD, disability assessment for
dementia; EMA, European Medicine Agency; FDA, food and drug administration;
J&J, Johnson&Johnson; LRP, low density lipoprotein receptor-related protein; MRI,
magnetic resonance imaging; PET, positron emission tomography; phospho-tau,
hyperphosphorylated tau; PK, pharmacokinetic; SDS-PAGE, sodium dodecyl sul-
fate polyacrylamide gel electrophoresis; TEM, transmission electron microscopy.

et al., 2010). A plethora of different AB-species with overlapping
size and morphology have been described (Broersen et al., 2010;
Benilova et al., 2012): AB-dimers (Shankar et al., 2008; O’Nuallain
etal., 2010), low-molecular weight oligomers comprising dimeric
to tetrameric AP (Walsh et al., 2005), pentamers and hexam-
ers (Ahmed et al., 2010), dodecameric AB56* (Lesne et al.,
2006; Reed et al., 2011), globulomers (Barghorn et al., 2005),
AB-oligomers (Kayed et al., 2003), Alzheimer-derived diffusible
ligands (ADDLs; Lambert et al., 1998), protofibrils (Walsh et al.,
1999), and amylospheroids (Hoshi et al., 2003). Although, the
size and molecular weight of these AB-species have predominantly
been used for differentiation, the peptide source, either synthetic
or endogenous, and the applied methods for characterization—
e.g., SDS-PAGE, TEM, AFM, Ultracentrifugation—hamper a
direct comparison (Moreth et al., 2013). Despite the pathological
relevance of endogenous AB-species, low protein concentrations
and protein heterogeneity elude a precise characterization of the
molecular identity. The synthetic AB-aggregate is applicable to
a more-precise characterization, but still retains limited rele-
vance, since the variety of reported AB-aggregates has yet to be
proven to be present in AD brain. Furthermore, the identification
of AB-aggregates is hampered owing to their meta-stability and
the ability for inter-conversion in different aggregation pathways
(Moreth et al., 2013), which was also mentioned by Bitan et al.
(2005). This is of great importance for immunization, since the
fate of the pre-aggregated AP is elusive after injection.

OCCURRENCE OF Ap SPECIES IN PLASMA AND CSF

From a set of upcoming biomarkers (Fagan and Perrin, 2012), the
most-established biomarkers for AD diagnosis in cerebrospinal
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fluid (CSF) are still the determination of AP4,, total-Tau and
phospho-Tau;g; (Di Carlo et al., 2012). Only a combination of
these three CSF biomarkers increases the validity of the diagno-
sis with a combined sensitivity of 95% (Blennow et al., 2010).
In AD, CSF-APy4; is significantly decreased, which is believed
to be due to decreased clearance of aggregated Af4, from the
brain. The ABy4o levels seem to be constant and therefore the
increased AB42/AP4o ratio has been suggested to improve early
AD-diagnosis. However, this is still controversial and for plasma-
derived AP reports are even more contradictory (Zetterberg,
2008; Zetterberg et al., 2010). To mention the prefibrillar Ap-
aggregates as the prime toxic agents in AD, one might address
these as potential biomarkers. However, there is still a lack of a
robust method for the detection of larger AB-aggregates in vivo
(e.g., ADDL, AB-oligomers). Some recent reports showed meth-
ods for AP-aggregate detection based on ELISA, IP western
blotting and AB-aggregate capture assays. All of these meth-
ods are based on conformation-specific antibodies, which do
not detect monomeric or fibrillar, but rather the prefibrillar
aggregates (Funke et al., 2009), even though the most relevant
APB-aggregate for AD diagnosis is still elusive. Furthermore, based
on the described meta-stability of Ap-aggregates (Moreth et al,,
2013), it might be misleading to focus on a single aggregate
species if the whole spectrum of aggregates from the dimer up
to protofibrillar AB are present in the brain and of importance in
AD-progression.

PLASMA AND CSF Ag AS BIOMARKERS TO MONITOR
PASSIVE ANTI-Ag IMMUNOTHERAPY CLINICAL STUDIES

AP has a complex pharmacokinetic profile, as it is permanently
produced in brain as well as in the periphery, and transported
back and forth between both pharmacokinetic compartments
(Zlokovic et al., 1993; Ghersi-Egea et al., 1996; Shibata et al.,
2000). Soluble AP is either degraded by proteases (Iwata et al.,
2005), transported via the blood-brain barrier by receptors like
LRP (Sagare et al., 2007), RAGE (Deane et al., 2003), and P-
glycoprotein (Ito et al., 2006), or aggregates to multimers and
plaques. Likewise, plaque AP is in steady-state equilibrium with
soluble AB (Kawarabayashi et al., 2001). Finally, Ap is rapidly
eliminated by hepatic and renal degradation (Ghiso et al., 2004).
PET scanning with the Pittsburgh compound (PiB) detects fibril-
lar AB. CSF AP 4, and PET measures of fibrillar AP are significantly
inversely correlated with each other, likely to reflect AR deposition
in the brain (Fagan et al., 2006).

Proteins in plasma, like antibodies that capture soluble AB, are
capable of sequestering soluble forms of AB from their bound and
circulating forms. Total AB plasma levels will therefore increase
while free AP levels reduce due to the longer half-life of protein-
complexed AP [see Figure 1A; (Park et al., 2012)]. The elimi-
nation of the AB-protein complex is according to the complex’s
half-life, which is rather long in the case of FcRn-recycled mon-
oclonal antibodies (mAbs). Complexed AP is predictably not
transported across the blood brain barrier, does not form mul-
timers, and influences the equilibrium between soluble Af and
plaque AP that appears to result in improved clearance of cere-
bral AP, e.g., CSF AB. The AB-binding proteins should have
an affinity to AP high enough to compete with endogenous

AR as biomarker for immunotherapy?

AB-binding proteins and transporters. Free AP drops rapidly
after AP is sequestered, but due to its rapid synthesis in various
tissues, it is restored to basal endogenous levels rather quickly
(Barten et al., 2005).

Peripherally-administered mAbs that sequester soluble AP
result in an increase of plasma AP (DeMattos et al., 2002) that
is correlated to its affinity; some mAbs are even capable of reduc-
ing CSF AB (Mavoungou and Schindowski, 2013). Several studies
used these biomarkers as clinical strategy (Table 1). Solanezumab
caused a sharp, sustained, and dose-dependent increase of plasma
AB1_40 and ARy _4 (Farlow et al., 2012). CSF AB;_40 and AB1_42
increased in the mild to moderate AD patients with 0.1% of
plasma levels of Solanezumab found in the CSFE. The rise in level
of total AP in plasma and CSF is assumed to be related to tar-
get engagement (Strobel and Bowman Rogers, 2012). Free CSF
AP was determined by protein G sepharose immunoprecipita-
tion to deplete immunoglobins and subsequent ELISA (Farlow
et al., 2012). Therefore, this method was used for CSF samples
only, since immunoglobulin plasma concentrations are too high
for this method. In a rather small cohort of patients, free CSF
AP1_40 decreased with treatment, while free AB;_4, did not. It
is suspected that the higher amount of free CSF AB;_4; is related
to the dissolution of plaques that were mainly composed of AB4;.
However, PiB scans of another subcohort showed no signifi-
cant change between the groups, although treated patients with
mild AD had a trend toward less amyloid, this lacked statistical
significance (Matthews and Bader, 2012).

The clinical biomarker data from Bapineuzumab are more
difficult to interpret, due to the fact that Bapineuzumab binds
both soluble and plaque AP, and the methodological strategy is
rather unclear. AB;_49 and ABy_42 were detected by a sandwich
ELISA using 4G8 for capture and a C-terminal mAb for detection
(Figure 1B). 4G8 does not interfere with Bapineuzumab bind-
ing (Johnson-Wood et al., 1997; Clarke and Shearman, 2000).
Interestingly, AB;—_42 was determined with an ELISA using 3D6
as capture. 3D6 is the parental molecule of Bapineuzumab and
therefore these two mAbs compete with each other when bind-
ing AB. Consequently, Bapineuzumab-Af complexes in CSF will
predictably not be detected in this assay, though according to
PK data Bapineuzumab occurs in CSF with 0.3% incidence of
plasma levels (Blennow et al., 2012). Hence, the clinical data
reveal no changes in CSF APj_4 levels with Bapineuzumab
treatment, while Solanezumab treatment revealed an increase
in AP;_4, detected with the C-terminal mAb 21F12 and the
N-terminal 3D6. Moreover, to avoid signal suppression due to
steric hindrance, the authors of the Solanezumab study spiked
an excess of Solanezumab in the assay buffer (Farlow et al,
2012). Furthermore, Bapineuzumab treatment decreased CSF
phospho-tau (Salloway et al., 2012; Sperling et al., 2012). Like
Solanezumab, Bapineuzumab was not active on patient’s cog-
nition and activities of daily living unless subsequent post-test
of subcohorts were considered for re-analysis (Salloway et al.,
2009; Lilly, 2012; Matthews and Bader, 2012). In summary, both
antibodies engaged their target, but they hardly improved clin-
ical signs (Strobel and Bowman Rogers, 2012). Bapineuzumab’s
clinical development was discontinued for AD in 2012 (Johnson
& Johnson, 2012), AAB-003/PF-0523681 an engineered 3D6
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FIGURE 1| (A) Plasma AB levels after treatment with an AB sequestering
compound. Anti-AB mAbs capture soluble AB and form AB-mAb
complexes, which have a much longer half-life than free A alone.
Therefore, total AB (i.e., free and bound) plasma levels rise while free AB

Solanezumab/266

levels drop rapidly but return rather quickly to normal levels due to its
rapid synthesis in many tissues. (B) Binding sites on ABy_42 of
therapeutic and diagnostic mAbs. Adapted from Johnson-Wood et al.
(1997); Clarke and Shearman (2000).

replaced Bapineuzumab in the sponsor’s pipeline (Pfizer, 2013).
Dose-dependent plasma total AP increases were reported from
GSK933776 and Crenezumab with decreased free plasma AP
levels (GlaxoSmithKline, 2011; Adolfsson et al., 2012).

THE IMPORTANCE OF AN APPROPRIATE BIOMARKER
STRATEGY FOR AD

In an ideal world with a successful anti-AD therapy, the detection
of AD biomarkers should indicate appropriate patient selection
likely to derive therapeutic benefit. The EMA tried first to get

closer to this ideal world, at least from the regulatory side, and
introduced research diagnostic criteria that added specificity to
the prevailing concept of mild cognitive impairment (Dubois
et al., 2007). This set the stage for new types of trials (Strobel
and Bowman Rogers, 2012). The criteria are closer to the dis-
ease, combining a mild but measurable memory impairment with
a biomarker change. The EMA considered firstly that a pathologi-
cal signature based on CSF AP4, and phospho-tau was acceptable
for identifying prodromal-stage patients who are at risk of devel-
oping AD (European Medicines Agency, 2011b), secondly, using
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Table 1 | Clinical effects of anti-Ag mAbs on CSF and plasma A, adapted from Mavoungou and Schindowski (2013).

Study/cohort Subcohort size for Evaluated Clinical effect of treatment Clinical effect on PK data of mAb References
biomarker evaluation biomarker on biomarker cognition
BAPINEUZUMAB (HUMANIZED 3D6)
201 Phase Il Placebo: n= 14 CSF ABx_42 No changes In small cohort Approximately Salloway et al.,
BAPI: n =20 Total CSF tau No changes 6% less loss of 0.3% 2009
CSF phospho-tau  Trend to reduction ADAS-Cog scores  CSFplasma ratio
(p = 0.056) after 18 months
Phase I Placebo: n =19 CSF AB1_40 No changes Not determined Not determined  Blennow et al.,
pooled 201 BAPI: n = 26-27 CSF ABx_42 Decrease from baseline 2012
and 202 CSF AB1_42 No changes
Total CSF tau No changes
CSF phospho-tau  Reduction (p = 0.03)
Phase Ill: 301 Placebo: n =77 CSF phospho-tau  No changes at 0.5 mg/kg In a subcohort of ~ Not determined  Salloway et al.,
(ApoE4 0.5mg/kg: n=47 CSF phospho-tau  Reduction at 1.0 mg/kg mild cases at 2012
carrier) 1.0mg/kg: n =54 1.0 mg/kg ~30%
less loss of DAD
scores after 18
months
Phase Ill: 302  Placebo: n =85 CSF phospho-tau  Reduction at 0.5 mg/kg No effect on Not determined  Sperling et al.,
(ApoE4 non- 0.5mg/kg: n=127 cognition after 18 2012
carrier) months, even not

SOLANEZUMAB (HUMANIZED m266)

Phase I

Placebo: n=8;

SOLA: n=10-11 per

dose group

CSF total ABag
CSF total Aﬁ42
CSF free ABag
CSF free ABaz
Plasma total ABag

Increase at high dose
Increase at high dose
Decrease at high dose
Increase at high dose
Dose-dependent increase

for mild cases

No significant
cognitive benefit
on the ADAS-cog
score over after
12-weeks

0.1%
CSF-plasma ratio

Farlow et al., 2012

Plasma total ABs»
GSK933776 (DISCONTINUED FOR AD)
Phase | Placebo: n = 14;
GSK933776: n = 3-6

per dose group

Plasma total A
Plasma free A
CSF AB1-38
tau/phospho-tau No changes
CRENEZUMAB (MABT5102A)

Phase | MABT: n = 25-31 per

regime group

Plasma total ABag
Plasma total ABag

Dose-dependent increase
Dose-dependent decrease
Increase at the highest dose

Dose-dependent increase
Dose-dependent increase

Dose-dependent decrease

>0.2%
CSF-plasma ratio

GlaxoSmithKline,
2011

Not determined

Adolfsson et al.,
2012

Not determined Not determined

hippocampal volume (European Medicines Agency, 2011a), and
thirdly, using amyloid PET as a biomarker to enrich pre-dementia
trials (European Medicines Agency, 2011c). Likewise, the FDA
revised its criteria as well. Nevertheless, evidence is needed
that a surrogate marker predicts a subsequent clinical outcome.
Qualifying disease- and disorder-specific biomarkers for AD can
still be considered “exploratory” from a regulatory point of view,
therefore making an accurate validation and qualification ques-
tionable. Nevertheless, biomarkers, in particular those appropri-
ate to guide selection of patients for clinical trials as well as
those used as surrogate endpoint for drug efficacy, have reached
the status of “probable valid biomarker” within the scope of
investigation drugs along with an effective clinical trial strategy.
In conclusion, the results show that CSF biomarkers are bet-
ter predictors of progression to AD than plasma A isoforms
(Hansson et al., 2010).

Florbetapir, which binds Af plaques like PiB, was fast-track
reviewed by the FDA and is currently the first granted and there-
fore qualified imaging agent for clinical use (Food and Drug
Administration, 2012a). Following the results of the evalua-
tion, even though a positive scan indicates moderate to frequent
plaques, a positive Florbetapir scan is not AD specific, indicat-
ing that it is not appropriate to establish an accurate diagnosis
of AD (Food and Drug Administration, 2012b). In fact, nobody
currently knows why cognitively normal people accumulate AP
in their brains, and what that might mean for their future brain
health. The AD Neuroimaging Initiative (ADNI) belongs to one
of the instruments to gain more information on the disease by
means of PET and MRI linked to genetic disposition, cogni-
tive impairment as well as CSF and plasma biomarkers. The use
of such information obviously is crucial to set future clinical
designs for AD (Food and Drug Administration, 2012a) but also
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as prophylactic examination for physicians in case of genetic pre-
disposition for AD. On the other hand, exploring a set of imaging
and biochemical biomarkers helps to develop regulatory guide-
lines to change diagnostic criteria, their validation and finally to
support the potential use of biomarkers in different stages of drug
development.

While the expressed view is that CSF biomarkers indicate
the pathologic processes underlying AD, it is also important to
keep in mind that specific genotypes like ApoE4 and presenilin
mutations affect the degree of pathological change. Therefore,
using pharmacogenetics will enrich clinical drug development.
From the presented data it seems that use of CSF markers is an
unavoidable step for a correct and early diagnosis. However, the
data reported show only the positive results, with no negative
comments or discussion on potential pitfalls. Uncritical sup-
port without showing areas of uncertainty or controversy could
be misleading, in helping to improve the design of subsequent
randomized controlled clinical trials. The hazard ratio in lon-
gitudinal studies shows an extremely large confidence interval,
which is not that supportive for the utility of monitoring. The
specifications of the confidence interval for such a multifacto-
rial disease like AD might be nowadays too tight in the light of
the recent findings about the disease. That means it is under-
standable that the confidence interval cannot be met for most
of the cases. A combination of biomarkers to boost the sen-
sitivity and reliability for tracking AD progression at different
stage and widening the current specification limits with respect
to confidential interval would better match with the variability of
the results.

CONCLUSION

To summarize, AP-aggregates reveal a remarkable metastabil-
ity and the ability for reorganization within different aggregate
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Objective: Our goal was to evaluate the association of APOE with amyloid deposition,
cerebrospinal fluid levels (CSF) of AB, tau, and p-tau, brain atrophy, cognition and cognitive
complaints in E-MCI patients and cognitively healthy older adults (HC) in the ADNI-2
cohort.

Methods: Two-hundred and nine E-MCI and 123 HC participants from the ADNI-2 cohort
were included. We evaluated the impact of diagnostic status (E-MCI vs. HC) and APOE
¢4 status (¢4 positive vs. €4 negative) on cortical amyloid deposition (AV-45/Florbetapir
SUVR PET scans), brain atrophy (structural MRI scans processed using voxel-based
morphometry and Freesurfer version 5.1), CSF levels of AB, tau, and p-tau, and cognitive
performance and complaints.
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Results: E-MCI participants showed significantly impaired cognition, higher levels of
cognitive complaints, greater levels of tau and p-tau, and subcortical and cortical atrophy
relative to HC participants (p < 0.05). Cortical amyloid deposition and CSF levels of Ap
were significantly associated with APOE ¢4 status but not E-MCI diagnosis, with &4
positive participants showing more amyloid deposition and lower levels of CSF Ap than
¢4 negative participants. Other effects of APOE €4 status on cognition and CSF tau levels
were also observed.

Conclusions: APOE ¢4 status is associated with amyloid accumulation and lower CSF
AB, as well as increased CSF tau levels in early prodromal stages of AD (E-MCI) and
HC. Alternatively, neurodegeneration, cognitive impairment, and increased complaints are
primarily associated with a diagnosis of E-MCI. These findings underscore the importance
of considering APOE genotype when evaluating biomarkers in early stages of disease.

Keywords: apolipoprotein E (APOE), early mild cognitive impairment (E-MCI), Florbetapir/AV-45/Amyvid, positron

emission tomography (PET), magnetic resonance imaging (MRI), cerebrospinal fluid (CSF), Alzheimer’s disease
neuroimaging initiative (ADNI)

INTRODUCTION

mild cognitive impairment (MCI), which is characterized by

Alzheimer’s disease (AD) is the most common age-related neu-
rodegenerative disease, featuring cognitive decline, accumulation
of amyloid plaques and neurofibrillary tangles, and extensive neu-
rodegeneration (Alzheimer’s Association, 2011; McKhann et al.,
2011). The most commonly accepted prodromal AD stage is

clinically-relevant cognitive dysfunction in the absence of signif-
icant interference with daily functioning (Petersen et al., 1999;
Albert et al., 2011). Amnestic MCI features marked memory
impairments which are predictive of progression to clinical AD.
Recently, MCI patients have been classified into two forms based
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on severity: early MCI (E-MCI) and late MCI (L-MCI). Relative
to an age-appropriate normative level, E-MCI patients show an
approximately 1-1.5 standard deviation (SD) decline in memory,
while L-MCI patients show a 1.5 SD or greater decline. These
designated cut-offs for E-MCI and L-MCI have not been fully
explored to date. However, the identification of participants with
a 1-1.5 SD deficit in memory as E-MCI may be more sensitive for
identifying participants in the earliest stages of cognitive decline.
However, the specificity of these diagnostic criteria has yet to be
determined and may be lower than the L-MCI cut-offs, allowing
participants with more diverse causal factors of cognitive decline
(other than prodromal AD) to be included in this diagnostic cat-
egory. Future studies examining these clinical criteria and clinical
and pathological outcomes of identified E-MCI patients relative
to L-MCI patients will be important for understanding the cogni-
tive changes observed in these patients. Importantly, these new
guidelines provide an opportunity to evaluate the role of AD
biomarkers and other potential disease-causing factors in a very
early clinical stage. In fact, a recent study demonstrated increased
amyloid binding measured using ['®F]Florbetapir positron emis-
sion tomography (PET) in patients with E-MCI relative to HC,
but no alterations in metabolism as assessed using ['*F]JFDG PET
(Wu et al., 2012).

The most common genetic variant associated with late-onset
AD is the apolipoprotein E (APOE) €4 allele (Corder et al., 1993;
Bertram et al., 2010). The presence of an &4 allele confers a
significantly higher likelihood of developing AD. APOE genotype
is also associated with AD biomarkers, with the presence of
an APOE ¢4 allele associated with greater amyloid deposition
(Drzezga et al., 2009; Morris et al., 2010; Fleisher et al., 2011), a
higher degree and faster rate of neurodegeneration (Moffat et al.,
2000; Caroli and Frisoni, 2010), alterations in brain function
and glucose metabolism (Bookheimer et al., 2000; Bondi et al.,
2005; Langbaum et al., 2009), changes in cerebrospinal fluid
(CSF) measures of amyloid and tau (Vemuri et al., 2010; Tosun
et al., 2011), as well as more impaired cognition (Mayeux et al.,
2001; Farlow et al., 2004; Caselli et al., 2011) in patients with
L-MCI and AD and cognitively healthy older adults (HC).
However, the role of APOE genotype in E-MCI has not been
assessed. Therefore, the goal of this study is to evaluate the effect
of APOE ¢4 status on amyloid deposition, neurodegeneration,
and cognition in patients diagnosed with E-MCI, the earliest
clinically-defined prodromal stage of AD.

MATERIALS AND METHODS

ALZHEIMER'S DISEASE NEUROIMAGING INITIATIVE (ADNI)

ADNI was launched in 2004 by the National Institute on
Aging (NIA), the National Institute of Biomedical Imaging and
Bioengineering (NIBIB), the Food and Drug Administration
(FDA), pharmaceutical companies, and non-profit organiza-
tions, as a multi-year public-private partnership. The Principal
Investigator is Michael W. Weiner, MD, VA Medical Center and
UCSE. ADNI is a longitudinal study, ultimately including more
than 1200 participants (aged 55-90) recruited from over 50 sites
across the United States and Canada. Further information can be
found at http://www.adni-info.org/ and in previous reports (Jack
et al., 2010; Jagust et al., 2010; Petersen et al., 2010; Saykin et al.,

2010; Trojanowski et al., 2010; Weiner et al., 2010). Appropriate
Institutional Review Boards approval occurred at each ADNI site
and informed consent was obtained from each participant or
authorized representative.

PARTICIPANTS

Participants were selected if they were designated as E-MCI or HC
(continuing participants or newly enrolled) at the initial visit of
the ADNI-GO or ADNI-2 phases and had APOE genotype data.
The sample included 209 E-MCI patients and 123 HC. Patients
were diagnosed with E-MCI using criteria described in the
ADNI-2 procedures manual (http://www.adni-info.org/). Briefly,
patients were diagnosed with E-MCI using the following criteria:

1. Subject must have a subjective memory concern as reported by
subject, study partner, or clinician.

2. Abnormal memory function documented by scoring within
the education adjusted ranges on the Logical Memory II sub-
scale (Delayed Paragraph Recall, Paragraph A only) from the
Wechsler Memory Scale—Revised (the maximum score is 25):

a. 9-11 for 16 or more years of education.
b. 5-9 for 8-15 years of education.
c. 3-6 for 0-7 years of education.

3. Mini-Mental State Exam score between 24 and 30 (inclusive)
(Exceptions may be made for subjects with less than 8 years of
education at the discretion of the project director).

4. Clinical Dementia Rating = 0.5; Memory Box score must be at
least 0.5.

5. General cognition and functional performance sufficiently
preserved such that a diagnosis of Alzheimer’s disease cannot
be made by the site physician at the time of the screening visit.

In addition, all participants met ADNI inclusion and exclu-
sion criteria which have been described previously (Weiner et al.,
2010) and can be found at http://www.adni-info.org/.

APOE genotyping for all participants was performed as
previously described (Saykin et al., 2010). In the present study,
we sought to evaluate the impact of the presence or absence of
an APOE ¢4 allele on imaging and non-imaging phenotypes.
Therefore, all participants were divided into two groups based on
APOE ¢4 status, including participants with one or more €4 allele
(APOE ¢4 positive (e4+); 85 E-MCI, 30 HC) and participants
without an e4 allele (APOE €4 negative (e4—); 124 E-MCI, 93
HC).

CLINICAL AND NEUROPSYCHOLOGICAL ASSESSMENTS

All clinical and neuropsychological test performance data for
included participants was downloaded from the ADNI clinical
data repository on the Laboratory of Neuro Imaging (LONI) site.
Specifically, we evaluated participant performance on the Mini-
Mental State Exam (MMSE), Alzheimer’s Disease Assessment
Scale (ADAS), Montreal Cognitive Assessment (MoCA; Total and
all sub-scores), Rey Auditory Verbal Learning Test (RAVLT; Total
score, delayed recall score, delayed recognition score), Weschler’s
Logical Memory Scale—Revised (LM; Immediate and Delayed),
Clock Drawing Test (CDT), Trailmaking Test A and B (TMT-A,

Frontiers in Aging Neuroscience

www.frontiersin.org

April 2013 | Volume 5 | Article 11 | 33


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Risacher et al.

Role of APOE in E-MCI

TMT-B), Boston Naming Test (BNT), Animal Fluency, and the
American National Adult Reading Test (ANART). We also evalu-
ated clinical measures, including a measure of dementia severity
[Clinical Dementia Rating Scale (CDR), Sum of Boxes score],
general functioning [Functional Assessment Questionnaire
(FAQ)], depression [Geriatric Depression Scale (GDS)], and
stroke/vascular incident history (Modified Hachinski Scale).
Cognitive complaints were assessed using the Measure of
Everyday Cognition (E-Cog) from both the patient and an
informant. The total level of complaints on the E-Cog (overall
and within each domain) for both the participant and the
informant were assessed as percentage of items endorsed as either
“2 = questionably or occasionally worse,” “3 = consistently a
little worse,” or “4 = consistently much worse.” Items endorsed
as “9 = I don’t know” were excluded.

STRUCTURAL MRI SCANS

All available baseline 3 Tesla structural magnetic resonance imag-
ing (MRI) scans were downloaded from LONI for included
E-MCI and HC participants. Scans were corrected prior to down-
load as previously described (Jack et al., 2008, 2010). Most par-
ticipants had a minimum of two scans from the baseline visit.
All available scans were processed using voxel-based morphom-
etry (VBM) implemented in Statistical Parametric Mapping 8
(SPM8) (Ashburner and Friston, 2000) and Freesurfer version
5.1 (Dale et al., 1999; Fischl et al., 1999), as described in pre-
vious reports (Dale et al., 1999; Fischl et al., 1999; Ashburner
and Friston, 2000; Risacher et al, 2009, 2010) and briefly
below:

VBM

Scans were co-registered to a T1-weighted template, segmented
into grey matter (GM), white matter (WM), and CSF compart-
ments with bias correction, unmodulated normalized to Montreal
Neurologic Institute (MNI) space as 1 x 1 x 1 mm voxels, and
smoothed with an 8 mm Gaussian kernel. All scans underwent
extensive quality control. Mean GM density was extracted from
all available baseline scans for target regions of interest (ROIs)
using MarsBaR (Brett et al., 2002). Since most participants had
two or more baseline MRI scans, an average GM density measure
was calculated for each ROI using the mean GM density values
extracted from each of the available baseline scans. Eighteen par-
ticipants (5 HC e4—, 2 HC €4+, 5 E-MCI e¢4—, 6 E-MCI e4+)
were excluded from the GM density analyses for missing data or
failed processing.

Automated parcellation

Freesurfer version 5.1 was used to extract volumetric and cortical
thickness measures. Similar to the VBM ROI data, values from all
available baseline scans were averaged to create a mean volumetric
or cortical thickness value for each ROI. Seven participants (2 HC
g4—, 1 HC ¢4+, 2 E-MCI g4—, 2 E-MCI €4+ ) were excluded from
the cortical thickness and volumetric analyses for incomplete data
or failed processing.

AMYLOID PET SCANS (["'C]FLORBETAPIR)
Pre-processed ['!C]Florbetapir PET scans (Coregistered,
Averaged, Standardized Image and Voxel Size, Uniform

Resolution) were downloaded from LONI (http://adni.loni.ucla.
edu/). Before download, images were averaged, aligned to a
standard space, re-sampled to a standard image and voxel size,
smoothed to a uniform resolution and normalized to a cerebellar
GM reference region resulting in standardized uptake value ratio
(SUVR) images as previously described (Jagust et al., 2010). After
downloading, the images were aligned to each participant’s same
visit MRI scan and normalized to MNI space as 2 X 2 X 2 mm
voxels using parameters from the MRI segmentation. The
normalized scans were evaluated for the effect of APOE €4 status
on a voxel-wise basis using a two-sample ¢-test, masked using a
whole-brain mask, and covaried for age, gender, education, and
handedness. Significant results were displayed at a voxel-wise
threshold of p < 0.01 [family-wise error (FWE) correction for
multiple comparisons] with a minimum cluster size (k) of 50
voxels. SPM8 was used for all processing and voxel-wise analysis.
Mean regional SUVR values were also extracted for target ROIs
using MarsBaR. Fourteen participants (6 HC e4—, 5 HC ¢4+, 3
E-MCI e4—) were excluded from ['!C]Florbetapir analyses for
missing scan data or failed processing.

CSF BIOMARKERS

Levels of amyloid-beta 1-42 (AB), total tau, and phosphory-
lated tau (p-tau) were measured from all available CSF samples
as previously described (Shaw et al., 2009, 2011; Trojanowski
et al., 2010). CSF data was downloaded from the LONI site and
extracted for all included participants. Of the 332 included par-
ticipants, 44 participants (25 E-MCI and 19 HC) were missing all
CSF data. 4 additional participants (2 E-MCI, 3 HC) were missing
CSF tau data and 2 additional HC participants were missing CSF
p-tau data. Furthermore, participants with CSF levels outside 3
SDs above or below the mean were excluded, including 6 E-MCI
participants with tau levels more than 3 SDs above the mean and
2 E-MCI participants with p-tau levels more than 3 SDs above the
mean. Thus, the final samples for CSF analyses included 288 par-
ticipants in the CSF AP analysis, 278 participants in the CSF tau
analysis, and 284 participants in the CSF p-tau analysis.

STATISTICAL ANALYSES

We evaluated the effect of diagnosis and APOE €4 status on
demographics, cognition, cognitive complaints, amyloid depo-
sition, atrophy, and CSF biomarkers using two-way analysis
of covariance (ANCOVA) for continuous variables and a chi-
square test for categorical variables implemented in SPSS 19.0
(SPSS, Inc., Chicago, IL). Specifically, the effect of diagnosis
(HC vs. E-MCI), APOE ¢4 status (¢4+ vs. ¢4—), and the inter-
action of diagnosis and €4 status on performance on clinical
and psychometric tests, cognitive complaints, amyloid deposi-
tion (mean SUVR from target ROIs), CSF levels of Af, tau,
and p-tau, and brain atrophy (volume, cortical thickness, and
GM density from target ROIs) were assessed. All ANCOVA
analyses were covaried for age, gender, education, and hand-
edness. The analysis of neurodegenerative measures was also
covaried for total intracranial volume (ICV). The frequency
of having one or more APOE ¢4 alleles was also compared
between diagnostic groups (HC vs. E-MCI) using a chi-square
test.
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RESULTS

DEMOGRAPHICS, PSYCHOMETRIC PERFORMANCE, AND COGNITIVE
COMPLAINTS

Significantly more E-MCI were APOE g4+ than HC (p = 0.003),
with 85 of 209 E-MCI participants (40.7%) showing one or
more ¢4 alleles relative to only 30 of 123 HC participants
(24.4%). Demographics and psychometric performance variables
for E-MCI and HC participants stratified by APOE ¢4 status are
shown in Table 1. The effect of diagnosis, €4 status, and the inter-
action between diagnosis and €4 status are displayed. Age was
significantly different between diagnostic groups (p < 0.05) but
not APOE €4 groups. A significant interaction between diagno-
sis and €4 status on LM Immediate and Delayed performance
was observed, with ¢4+ HC showing worse performance on both
measures than ¢4— HC participants but no difference by €4 sta-
tus in E-MCI participants. A trend for a significant interaction on
the MoCA delayed recall sub-score (p = 0.05) was also observed,
again with a significant effect of 4 status in HC but not E-MCI
participants. Finally, a marginally significant interaction of diag-
nosis and €4 status for informant complaints in the visuospatial
domain (p = 0.05) was also seen, with €4 status having an effect
only in E-MCI participants.

Significant effects of diagnosis on the CDR-SB, FAQ, Modified
Hachinski Total, and GDS were observed (p < 0.05), with
E-MCI participants showing a greater CDR-SB, as well as higher
scores on the FAQ, Modified Hachinski, and GDS. Differences

in psychometric performance by diagnosis were observed for
nearly every test (p < 0.05), except for the RAVLT Delayed
Recognition, CDT (Total and Copy Scores), and the MoCA
language, executive-visuospatial function, and attention sub-
scores. Significant differences in cognitive complaints from
both the participant and the informant by diagnosis were also
observed in all domains (p < 0.001). In all cases, E-MCI partic-
ipants had worse cognition and more cognitive complaints than
HC participants.

Vascular risk factors and/or stroke history was significantly
different by APOE e4 status (p < 0.05), with g4+ participants
showing lower Modified Hachinski Total scores. In addition,
¢4 status was significantly associated with performance on a
number of psychometric tests, including the ADAS Total score,
MoCA Total score, RAVLT Total score, and the MoCA nam-
ing and attention sub-scores (p < 0.05). The effect of €4 status
was also significant at a trend level for TMT-A (p = 0.05). For
these comparisons, ¢4+ participants demonstrated worse perfor-
mance than e4—.

VOXEL-BASED COMPARISONS OF AMYLOID DEPOSITION

¢4+ E-MCI showed significantly greater amyloid deposition
upon voxel-wise analysis than e4— (Figure 1; voxel-wise thresh-
old: p < 0.01 (FWE), k = 50 voxels). The most significant clus-
ter was observed in the left orbitofrontal cortex (FigurelA).
Additional significant clusters were observed in the medial frontal

FIGURE 1 | Voxel-wise association of APOE &4 status and amyloid
deposition in E-MCI participants. Greater cortical amyloid deposition was
observed in APOE ¢4+ (n = 85) relative to APOE ¢4— (n=121) E-MCI
participants. Significant clusters were observed in the medial and lateral
frontal lobes (A), anterior and posterior cingulate (B), and lateral temporal

lobes. Surface renderings show the diffuse pattern of significant clusters
(C). All analyses were covaried for age, gender, education, and handedness
and a voxel-wise threshold of p < 0.01 (FWE correction for multiple
comparisons) and minimum cluster size (k) of 50 voxels was considered
significant.
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lobe/anterior cingulate cortex, the right orbitofrontal cortex,
and the posterior cingulate/precuneus (Figure 1B). The surface
rendering also reflects the widespread pattern of significant dif-
ferences with significant clusters throughout the frontal, pari-
etal, and temporal lobes (Figure 1C). No significant clusters
were observed in the reverse comparison (e4— > e4+; data not
shown).

ROI COMPARISONS OF AMYLOID DEPOSITION

ROI results were consistent with voxel-wise findings demonstrat-
ing significantly greater global and regional amyloid deposition
in g4+ relative to e¢4— E-MCI participants in the global cortex,
mean frontal lobe, anterior cingulate, and precuneus (Figure 2).
A significant effect of €4 status (p < 0.001) but not diagno-
sis was observed in all ROI measures, with g4+ participants
showing greater amyloid than e4— participants regardless of diag-
nosis (HC or E-MCI). Overall, amyloid PET results indicate
that e44 individuals showed greater amyloid deposition than
g4— regardless of cognitive impairment in the earliest stages of
decline.

ROI COMPARISONS OF NEURODEGENERATION

Hippocampal neurodegeneration (volume and GM density) was
associated with diagnosis (p < 0.001; Figures3A,B) but not
APOE ¢4 status. E-MCI participants showed more hippocam-
pal atrophy than HC. However, a significant interaction effect of
diagnosis and &4 status on mean temporal lobe cortical thickness
was observed (p = 0.008; Figure 3C), with g4+ HC participants
showing thicker mean temporal lobes than all other groups. Mean
temporal lobe GM density was also significantly associated with
diagnosis (p = 0.005) and €4 status (p = 0.047; Figure 3D), as
E-MCI patients showed smaller mean temporal lobe GM den-
sity than HC and e4— participants showed smaller mean temporal
lobe GM density than g4+ participants.

CSF LEVELS OF Ag, TAU, AND p-tau

CSF levels of AB, tau, and p-tau were significantly affected by
diagnosis and APOE &4 status (Figure4). Levels of CSF Af
were significantly associated with €4 status (p < 0.001), with
g4+ participants showing lower levels of AB than e4— partici-
pants (Figure 4A). CSF tau levels were significantly affected by
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FIGURE 2 | Regional effects of APOE ¢4 status on amyloid deposition in
E-MCI and HC participants. A significant effect of APOE ¢4 status on
regional amyloid deposition was observed (p < 0.001), including in the global
cortical mean amyloid (A), mean bilateral frontal lobes (B), anterior cingulate
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(C), and precuneus (D). In all evaluated regions, APOE 4+ E-MCI (n = 85)
and HC (n = 25) participants showed a higher mean standardized uptake
value ratio (SUVR) than APOE ¢4— E-MCI (n = 121) and HC (n = 87)
participants. No significant effect of diagnostic status was observed.
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FIGURE 3 | Temporal lobe atrophy is associated with APOE &4 status
and diagnostic group in E-MCI and HC participants. A significant effect of
diagnosis on neurodegeneration in the temporal lobe was observed

(p < 0.05), including in hippocampal volume (A) and grey matter (GM) density
(B), mean temporal lobe cortical thickness (C), and mean temporal lobe GM
density (D). In all evaluated regions, E-MCI participants showed more
temporal lobe atrophy than HC participants. In addition, APOE ¢4 status was
significantly associated with mean temporal lobe GM density, with APOE
e4— participants showing smaller mean temporal lobe GM density than
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APOE g4+ participants. Finally, a significant interaction effect of diagnosis
and APOE ¢4 status was observed in mean temporal lobe cortical thickness,
with e4— HC participants showing thicker mean temporal lobes than all other
groups. All analyses were covaried for age, gender, education, handedness,
and total intracranial volume (ICV). The total number of participants for each
analysis is indicated on each graph (Panels A-D). Note: Thirteen participants
were excluded from the GM density analyses, but not the cortical thickness
and volumetric analyses, for failed VBM segmentation (3 HC e4—, 2 HC ¢4+,
4 E-MCl e4—, 4 E-MCI g4+).

both diagnosis (p = 0.041) and e4 status (p < 0.001; Figure 4B).
E-MCI patients had higher tau levels than HC participants and
¢4+ participants had higher levels than €4— participants. Finally,
an interaction between diagnosis and €4 status on p-tau was also
observed (p = 0.046), primarily driven by a higher level of p-tau
in ¢4+ HC and E-MCI participants (Figure 4C).

DISCUSSION

This study provides a comprehensive evaluation of the impact
of APOE e4 status on cognition, cognitive complaints, amy-
loid deposition, neurodegeneration, and CSF Ap, tau, and p-tau
levels in E-MCI and HC. As expected, we observed a signifi-
cant association of diagnosis with clinical and cognitive status.
Furthermore, diagnosis was associated with neurodegeneration
and CSF tau and p-tau levels but not with amyloid deposition.

Cognitive performance, amyloid deposition, temporal lobe atro-
phy, and CSF tau and p-tau levels were significantly associated
with e4 status, with e44 participants showing poorer cognition,
less temporal lobe atrophy, and higher CSF tau and p-tau levels.
g4+ participants also showed greater cortical amyloid deposition
and lower CSF A levels. Finally, an interaction between diagno-
sis and €4 status was observed for memory performance, temporal
lobe cortical thickness, and CSF p-tau levels. Overall, the results
suggest that APOE &4 status impacts AD-related pathological and
clinical changes in E-MCI and HC.

The effect of APOE genotype on amyloid deposition has been
shown previously, including in middle-aged and older cognitively
healthy adults, as well as patients with L-MCI and AD (Drzezga
et al., 2009; Shaw et al., 2009; Morris et al., 2010; Fleisher et al.,
2011; Tosun et al.,, 2011). Biochemically, APOE genotype has
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FIGURE 4 | Effects of APOE ¢4 status and diagnosis on CSF protein
levels in E-MCI and HC participants. Diagnostic group and APOE ¢4
status significantly affected CSF levels of AB (A), total tau (B), and p-tau
(C). CSF AB was significantly associated to APOE ¢4 status (p < 0.001),
with APOE g4+ E-MCI and HC participants showing lower levels of AB
than APOE e4— E-MCI and HC participants, regardless of diagnosis. Total
tau levels were significantly affected by both diagnosis (p < 0.05) and
APOE ¢4 status (p < 0.001), with E-MCI patients showing higher total tau
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levels than HC participants and APOE ¢4+ showing higher levels than
APOE e4— participants. Finally, an interaction between diagnostic status
and APOE ¢4 status on CSF p-tau levels was also observed (p < 0.05),
primarily driven by a higher level of p-tau in APOE ¢4+ HC and E-MCI
participants relative to APOE e¢4— HC and E-MCI participants. The total
number of participants in each analysis is shown for each graph (Panels
A-C). Note: See text for description of participants excluded from the
CSF analysis.

been shown to affect A clearance rate, with the APOE ¢4 iso-
form showing significantly slower clearance (Deane et al., 2008;
Castellano et al., 2011; Holtzman et al., 2012). The lack of diag-
nostic effect on amyloid deposition in this study suggests that
in the earliest stages of cognitive change, APOE ¢4 status has a
stronger relationship to amyloid deposition than cognitive status.

The additional findings of a diagnostic effect on cognition,
cognitive complaints, neurodegeneration, and CSF tau and p-tau
levels underscore the importance of E-MCI as a diagnostic entity.
Thus, this report has notable clinical implications, particularly
in the potential implementation and utilization of E-MCI as a
clinical diagnostic entity. Patients with E-MCI show changes in
cognition and selected biomarkers, suggesting that these individ-
uals may have a higher likelihood of clinical progression. The
association of cognition and complaints to atrophic changes,
rather than amyloid levels, supports E-MCI as an intermediate
stage with pathology beyond amyloid accumulation.

These results further support the Jack et al. model of AD
biomarkers, suggesting that changes in cognition and neurode-
generation occur after measurable amyloid accumulation (Saykin
et al., 2010; Jack et al., 2011). Additionally, APOE €4 genotype
may alter the hypothesized sigmoidal curves, in particular amy-
loid accumulation. These results also indicate the importance
of genetic background in determining likelihood and extent of
amyloid accumulation, even in preclinical stages, which may be
particularly important in clinical trial enrollment. Further, in the
era of personalized medicine, the implications of APOE geno-
type disclosure to patients in a clinical setting must be carefully
considered, given the impact of APOE on AD risk and amyloid
deposition (Green et al., 2009; Roberts et al., 2011).

The observed greater temporal lobe cortical thickness and
GM density in €4+ participants, particularly in HC, is some-
what unexpected and may be related to the modest sample size
of the e44+ HC group. However, previous studies have observed
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increased cortical thickness, including in middle-aged APOE ¢4
positive participants (Espeseth et al., 2008), in cognitively HC
who are transitioning to become CSF AP biomarker positive
(Fortea et al., 2011), and in asymptomatic patients positive for
a PSENI mutation more than 9 years prior to the clinical onset
(Fortea et al., 2010). Thus, future studies including longitudi-
nal follow-up with an expanded sample will be important in
determining the significance of this finding.

The present study has a few notable limitations. First, we eval-
uated the effect of APOE €4 status on AD biomarkers in only HC
and E-MClI rather than across the disease spectrum. Although our
goal was to evaluate APOE in the earliest stages of AD, future stud-
ies assessing the full clinical spectrum are warranted. In addition,
we did not evaluate all known biomarkers of AD, including FDG
PET or advanced MRI techniques (i.e., diffusion tensor imaging,
resting-state functional MRI, etc.). These measures are available
in subsets of the ADNI-GO/2 cohort and thus, future studies eval-
uating these measures would augment the findings of the present
report. Thirdly, genome-wide genetic data for this cohort was
recently released. Future studies assessing other variants may pro-
vide information about the role of genetics in very early stages of
AD. Finally, the present study evaluates only cross-sectional mea-
sures. Future studies using longitudinal and clinical outcome data
will allow assessment of the role of APOE in progression of HC
and E-MCL

In summary, we assessed the role of APOE €4 status on clin-
ical and cognitive measures, cognitive complaints, and imaging
and CSF biomarkers in HC and E-MCI participants from the
ADNI-GO/2 cohort. We determined that APOE €4 status is asso-
ciated with increased amyloid deposition in both HC and E-MCI,
while diagnostic category is associated with measures of cog-
nition and cognitive complaints, as well as neurodegeneration.
Therefore, we conclude that APOE is an important mediator of
amyloid pathology in the earliest stages of AD-associated clinical
decline.
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INTRODUCTION

Regions affected late in neurodegenerative disease are thought to be anatomically
connected to regions affected earlier. The subcallosal medial prefrontal cortex (SMPC) has
connections with the dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex (OFC),
and hippocampus (HC), which are regions that may become atrophic in frontotemporal
lobar degeneration (FTLD) and Alzheimer’s disease (AD). We hypothesized that the SMPC
is a common site of frontal atrophy in the FTLD subtypes and in AD. The volume of the
SMPC, DLPFC, OFC, HC, and entorhinal cortex (EC) were manually delineated for 12
subjects with frontotemporal dementia (FTD), 13 with semantic dementia (SD), 9 with
progressive nonfluent aphasia (PNFA), 10 AD cases, and 13 controls. Results revealed
significant volume loss in the left SMPC in FTD, SD, and PNFA, while the right SMPC was
also atrophied in SD and FTD. In AD a non significant tendency of volume loss in the left
SMPC was found (p = 0.08), with no volume loss on the right side. Results indicated
that volume loss reflected the degree of brain connectivity. In SD and AD temporal
regions displayed most atrophy. Among the frontal regions, the SMPC (which receives the
strongest temporal projections) demonstrated most volume loss, the OFC (which receives
less temporal projections) less volume loss, while the DLPFC (which is at multisynaptic
distance from the temporal regions) demonstrated no volume loss. In PNFA, the left
SMPC was atrophic, possibly reflecting progression from the left anterior insula, while
FTD patients may have had SMPC atrophy at the initial stages of the disease. Atrophy of
the SMPC may thus be affected by either initial temporal or initial frontal atrophy, making
it a common site of frontal atrophy in the dementia subtypes investigated.

Keywords: Alzheimer’s disease, frontotemporal dementia, subcallosal medial prefrontal cortex, MRI

and TDP-43 aggregate and progress through specific anatomical

In recent years the view that regional atrophy in dementia results
from damage to particular brain networks has received increased
attention. This view not only relates regional damage to impair-
ment of mental functions, dependent on different brain networks,
but also allows inference as to how and where atrophy develops
during the course of disease. The assumption is that “later-
affected regions bear known anatomical connections with the
sites of earlier injury” (Seeley et al., 2009, p. 42). We will refer
to this as the “connection hypothesis.” The basic mechanism
of the connection hypothesis has previously been demonstrated
in monkey brain (Woolsey, 1947; Jones and Powell, 1970) and
in neuropathological postmortem studies of Alzheimer’s disease
(AD) (Pearson et al., 1985; De Lacoste and White, 1993).

The underlying mechanism of the connection hypothesis is
that molecular pathologies such as p-amyloid, tau, a-synuclein,

connections or brain networks (Seeley et al., 2009; Raj et al,
2012). Support for this assumption in both AD and FTLD has
been presented in a large study by Seeley et al. (2009). In another
study a model of brain connectivity was derived from whole brain
tractography on diffusion MRI scans on 14 healthy young con-
trols. On the basis of the strength of connectivity found in this
model several networks were proposed that in subsequent anal-
ysis was shown to correspond well with Seeley’s assumption of
network-specific progression of atrophy in FTLD and AD (Raj
et al., 2012).

AD and semantic dementia (SD), which is a subtype of
frontotemporal lobar degeneration (FTLD), are characterized
by severe hippocampal and temporal lobe pathology while the
frontal lobes are initially largely spared. This could be interpreted
as support for the connection hypothesis because most frontal
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regions are at a “multisynaptic” distance from the temporal
regions first affected. Most regions in the frontal lobe interact
with the hippocampus (HC) through the cingulate and posterior
parahippocampal gyri and entorhinal cortices (Goldman-Rakic
et al., 1984). Disease processes emanating from the temporal cor-
tex must thus progress through a number of synaptic connections
to reach the frontal parts of the brain.

Two regions in the frontal lobe, the subcallosal medial pre-
frontal cortex (SMPC), and to a lesser extent the orbitofrontal
cortex (OFC), are exceptions to the multisynaptic communi-
cation pattern described above. Studies with retrograde and
anterograde tracers on the rhesus monkey brain show that these
frontal regions receive direct projections from the hippocampal
formation (Goldman-Rakic et al., 1984; Barbas and Blatt, 1995;
Carmichael and Price, 1996). Such direct connections also exist
in humans (Kahn et al., 2008). The direct projections from the
HC to the SMPC and ORB originate mainly from the CA1 field
and the subiculum, and contrary to many brain connections, they
are strictly ipsilateral and unidirectional (Barbas and Blatt, 1995;
Laroche et al., 2000).

Monkey studies suggest that the entorhinal cortex (EC), heav-
ily affected in AD, also projects particularly to the OFC and
the SMPC (Ongur and Price, 2000; Munoz and Insausti, 2005;
Insausti and Amaral, 2008). There is, however, less convincing
evidence for such direct connections between the EC and the
SMPC in humans (Kahn et al., 2008).

In addition to the temporal regions, the SMPC has reciprocal
connections with several regions in the frontal lobe. Brodmann
areas (BA) 9 and 46 in the dorsolateral prefrontal cortex (DLPFC)
are connected to BA14 in the SMPC (Carmichael and Price, 1996;
Ongur and Price, 2000). It has further been demonstrated that
some areas of the SMPC (such as BA25) have reciprocal connec-
tions with regions in the OFC, as well as some parts of the anterior
agranular insula (Carmichael and Price, 1996; Ongur and Price,
2000).

In accordance with the connection hypothesis it can be
assumed that the SMPC and the OFC become pathologically
involved in dementia characterized by temporal/hippocampal
pathology. This has indeed been shown in both SD (Whitwell and
Jack, 2005; Schroeter et al., 2007; Rohrer et al., 2009) and AD
(Thompson et al., 2007). According to the connection hypoth-
esis, atrophy might also progress to the SMPC from a number
of frontal regions. In the behavioral variant of FTLD called

frontotemporal dementia (FTD), the OFC becomes atrophic early
(Perry et al., 2006), while the left anterior insula may be the first
area to display atrophy in progressive nonfluent aphasia (PNFA)
(Rohrer et al., 2009).

The hypothesis of the current study is that the SMPC is a com-
mon site of frontal atrophy in all types of FTLD as well as AD
because of its anatomical connections with regions suggested to
be the first sites of atrophy in these diseases.

To study this we compared the degree of atrophy in the SMPC
with atrophy in the EC, the HC, the DLPFC and the OFC in AD
and in the three subtypes of FTLD (FTD, PNFA, and SD).

METHODS

PARTICIPANTS

Participants were recruited retrospectively from the Memory
Clinic at the Karolinska University Hospital Huddinge,
Stockholm, Sweden. All participants went through a stan-
dard investigation procedure at the memory clinic. Clinical
diagnoses were determined at a multidisciplinary consensus
conference with physicians, neuropsychologists, speech-language
pathologists, and nurses (Andersson, 2007). FTLD syndromes
were diagnosed following international consensus criteria (Neary
etal., 1998). Patients with FTLD and AD at different stages of the
disease were included. Diagnoses of AD were based on criteria
of the ICD-10 International Classification of Diseases, Tenth
Revision (ICD-10). The control group (CTL) comprised indi-
viduals referred to the memory clinic because of mild subjective
forgetfulness in everyday life. Objective cognitive impairment was
ruled out through comprehensive neuropsychological assessment
(impairment was defined as performance 1.5 SD unit below the
age-normal mean on any cognitive test). To further minimize
the risk of including participants at the very early stages of
neurodegenerative diseases, we included only those participants
whose performance did not deteriorate over a minimum of
2-years follow-up. Volumetric MRI data were obtained from 12
FTD, 9 PNFA, 12 SD, and 10 AD patients, as well as 13 CTL
subjects.

The study was approved by the Regional Ethical Review Board
in Stockholm, Sweden. Demographic and neuropsychological
data are presented in Table 1. The dementia groups did not dif-
fer in age, but all dementia groups had, as expected, significantly
lower Mini-Mental State Examination scores (MMSE; Folstein
et al., 1975) than the CTL group.

Table 1 | Demographic and neuropsychological characteristics of the investigated groups.

CTL FTD PNFA SD AD
Number 13 12 9 13 10
Age (sd) 63.0 (7.4) 61.8 (74) 63.9 (6.7) 64.2 (7.3) 64.2 (6.8)
Years of disease (sd) - 2.50 (2.1)* 3.5(1.7) 3.9 (1.9) 3.0 (1.3)
MMSE (sd) 29.2 (0.9) 20.8 (6.1)* 16.9 (11.4)* 22.6 (6.9)* 22.4 (6.5)*
Female/male 7/3 9/3 6/3 9/4 7/3

CTL, controls; FTD, frontotemporal dementia; PNFA, progressive nonfluent aphasia; SD, semantic dementia; AD, Alzheimer's Disease; MMSE, mini mental state

examination; sd, standard deviation; *Significantly different from CTL on Kruskal-Wallis test with Mann-Whitney U-test post-hoc. *Significant longer illness duration

than FTD in One-Way analysis of variance with a Tukey post-hoc.
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IMAGE ACQUISITION
T1-weighted MR images were acquired on a 1.5T Magnetom
Vision Plus scanner (Siemens Medical Systems, Erlangen,
Germany). A 3D magnetization-prepared rapid gradient echo
pulse sequence (TR, 11.4 ms; TE, 4.4 ms; TI, 300 ms; flip angle,
10°; NEX, 1) was used to obtain 72 contiguous coronal 2.5-mm
sections with a 512 x 144 matrix and a 230-mm FOV.

The original images were subsequently interpolated to a 1 x
1 x 1 mm resolution dataset, on which volumetric analyses were
performed. Comprehensive quality control was carried out for all
MR images as previously described (Simmons et al., 2009, 2011).

CORTICAL PARCELLATION AND VOLUMETRY

The software program MRIcro (Version 1.37; http://www.mricro.
com, http://www.mccauslandcenter.sc.edu/mricro/mricron/)
was used for parcellation of the cortex. With this software,
an image can be viewed in horizontal, sagittal, and coronal
directions simultaneously with a reconstruction of the surface of
the brain. Measurements were subsequently performed using the
HERMES MultiModality software package (Nuclear Diagnostics,
Stockholm, Sweden). Regions of interest were traced manually
on contiguous coronal sections. The intracranial volume (ICV)
was obtained by using a stereologic point-counting technique
comprising manual tracing of the ICV on every fourth slice,
following landmarks proposed by Eritaia et al. (2000).

The SMPC was traced in the coronal orientation. The ante-
rior border was defined as the first slice in which the callosal
white matter connects the two hemispheres (Figure 1A) and the
posterior border was the last slice in which the inferior part of
the corpus callosum could be visualized (Figure 1B). Between
these landmarks all gray matter on the ventromedial surface was
included. Intraclass correlation coefficients (ICCs) were calcu-
lated to estimate the reliability of measurements. Tracings of other
frontal regions were carried out following Suzuki et al. (2005).
For DLPFC we combined the gray matter volume of the superior
frontal gyrus with that of the middle frontal gyrus. The reliabil-
ity of the SMPC measurements was investigated on two occasions
and was >0.91 both times. The ICC for other cortical regions has

FIGURE 1 | The subcallosal medial prefrontal cortex (SMPC). (A) The
anterior border of the delineated region. (B) The posterior border of the
delineated region.

been reported previously (Lindberg et al., 2009), but in short all
ICCs were greater than 0.90. All statistical calculations were per-
formed on normalized volume of measured region, derived by
dividing the volume of the region by the ICV.

STATISTICAL ANALYSIS
Volumetric data were analyzed by One-Way analysis of vari-
ance with a Fisher LSD post-hoc test using Statistica 10 (StatSoft,
Inc., 2011). All volumetric data were normalized by ICV by the
formula volume of region/ICV. A P value less than 0.05 was
considered significant.

CORRELATIONS BETWEEN REGIONAL VOLUMES

To investigate the relationship between frontal and tempo-
ral atrophy with atrophy of the SMPC, Pearson’s correlation
coefficient (r) was calculated for the total normalized volume
(left + right side) of each region and the total normalized volume
of SMPC.

MULTIVARIATE ANALYSIS

Principle component analysis (PCA) is an unsupervised method
which does not use a priori information about groups for the
analysis. The representations of a multivariate data table X, con-
sisting of rows (observations) and columns (variables) as a low-
dimensional plane, is an important feature of PCA. Statistically,
PCA reduces the dimensionality and complexity of the data by
finding lines and planes in the K-dimensional space (K = num-
ber of variables in the model) that approximates the data in the
best way possible in the least squares sense. This provides an
overview of the data and allows patterns, trends, and outliers to
be observed. It is also possible to view relationships between the
observations and the variables. A model usually reduces the K-
dimensional space to 2-5 dimensions (Eriksson et al., 2006). The
results from PCA are visualized by plotting two components in
a scatter plot. Components are vectors in the multivariate space
along which groups can be separated. These vectors are domi-
nated by the input variables (x). All the components created by
the models are, by definition, orthogonal to each other and span
the projection plane of the points. Each point in the scatter plot
represents one individual subject. Loadings plots illustrate how
the original variables influence the new latent variables (compo-
nents). The PCA model included all five groups (AD, SD, FTD,
PNFA, and CTL) and was created to investigate the constellation
of clusters that the program uses to separate dementia patients
from controls, not to create a model that effectively separated
different variants of dementia.

RESULTS

VOLUMETRIC ANALYSIS

The participants with FTD had significantly smaller gray matter

volume than the CTL group in all regions studied. The greatest

gray matter loss was found in the OFC, SMPC, and HC with a

loss of approximately 25% compared to CTL subjects. The EC and

right DLPFC regions had approximately 20% volume loss while

left DLPFC had 15% loss relative to CTL subjects (Figure 2).
Participants with PNFA displayed greater volume loss on the

left side. All regions had significant volume loss compared to the
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CTL group except the right SMPC. The left EC displayed the
greatest mean gray matter loss compared to CTL, followed by left
HC, left SMPC, and left DLPFC (Figure 3).

All temporal regions and the SMPC displayed significant gray
matter loss in participants with SD. The EC displayed most
loss (around 40%) followed by HC (30%) and then SMPC
(25%). No gray matter loss was found in the OFC or DLPFC
(Figure 4).

In participants with AD only the temporal regions displayed
significant gray matter loss. The greatest atrophy was found in EC
and left HC (around 25%) followed by right HC (18%). In the
left SMPC there was a tendency to volume loss (around 11%; p =
0.10), while the right SMPC, left and right OFC and DLPFC did
not demonstrate a statistically significant gray matter reduction
(Figure 5).

PRINCIPAL COMPONENT ANALYSIS (ALL GROUPS)

The PCA model containing all five groups revealed three com-
ponents, accounting for 70% of the variance of the original data
[R?(X)] and its cross-validated predictability, Q*(X) = 0.48. At
the extreme left end of the X-axis on the scatter plot (Figure 6A),
we found the dementia cases that displayed most severe frontal
and temporal atrophy, while on the right end we found mostly
CTL subjects. The loading plot of the PCA may indicate the rela-
tionship between frontal and temporal atrophy and the SMPC
(Figure 6B). The first component that is plotted along the X-axis
can be interpreted as an indicator of general degree of atrophy.
The second component (Y-axis) may potentially be interpreted as
temporal versus frontal atrophy. Notice that the EC and the HC
are plotted relatively close together. The same pattern is observed
for DLPFC and OFC.
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CORRELATIONS BETWEEN REGIONAL VOLUMES

In FTD there was a significant correlation between the total nor-
malized volume of OFC and the total normalized volume of
SMPC, while no correlation was found between HC and SMPC
(Figures 7A,B). The SMPC was also correlated with the total
volume of DLPFC (r = 0.76, p = 0.004).

In SD there was a significant correlation between the total nor-
malized volume of HC and the total normalized volume of SMPC,
while no correlation was found between the OFC and SMPC
(Figures 7C,D).

The total normalized volume of SMPC was not correlated with
any other region in AD or in PNFA.

DISCUSSION

This study explored the hypothesis that the SMPC may be par-
ticularly vulnerable to atrophy in FTLD and AD because of its
anatomical connections with frontal and temporal regions that
become atrophic in these diseases. In AD and SD, the EC and the
HC have been found to be early sites of atrophy (Braak et al.,
1996; Rohrer et al., 2009). The SMPC may receive the densest
efferent hippocampal projections in the frontal lobe (Barbas and
Blatt, 1995). The OFC receives less dense projections (Munoz and
Insausti, 2005) while the DLPFC is at a multiple synaptic dis-
tance from the HC. This pattern of connectivity is reflected by the

volumetric data. The EC and the HC have most volume loss, fol-
lowed by the SMPC and the OFC, while the DLPFC has no loss of
gray matter volume in AD and SD. As discussed in the introduc-
tion, there are some differences between man and monkey in the
findings concerning connectivity between the EC and the frontal
lobe. If there are direct projections from the EC to the SMPC, then
the atrophy of the EC could (as in HC) progress directly to the
SMPC. Another possibility is that atrophy of the EC progresses
to the HC as these regions are reciprocally connected (Pearson
et al., 1985; De Lacoste and White, 1993), and from the HC to
the SMPC.

In FTD, volumetric analyses revealed that the OFC and the
HC was the most atrophic region compared to CTL. The SMPC
has, however, almost as much volume loss. One previous study
suggests that the OFC may be the first site of atrophy in FTD
(Perry et al., 2006). Another study suggests that the so-called par-
alimbic network (of which the SMPC is part) becomes atrophic
first (Seeley et al., 2008). We found a non-significant difference
between the degree of atrophy in the OFC and the SMPC, which
potentially could support the view that the SMPC is part of a
network that becomes affected first in FTD.

In PNFA, left but not right SMPC was atrophic compared to
controls. Volume loss in the left SMPC might reflect a progression
from initial atrophy in the left anterior insula.
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We hypothesized that we also would find atrophy in the SMPC
in AD, however only a tendency was found on the left side. The
main reason for this was probably the relatively small number
of cases included in this dementia group. One reason for not
including more AD patients was that we wanted to have approxi-
mately the same statistical power for each dementia group. The
FTLD group represents almost all patients with this rare diag-
nosis treated at the memory clinic at Huddinge hospital during
a period of 10 years. It should also be noted that the general
degree of atrophy was less severe in the AD cases than in the FTLD
patients. Another strong indication that HC and SMPC atrophy
may be connected is that the ratio of HC volume and SMPC vol-
ume is almost identical for AD and SD. Thus the ratio between
left HC/Left SMPC is 0.85 in SD and 0.83 in AD, and the ratio
between R HC/R SMPC is 0.90 for both SD and AD.

From the discussion above it could be suggested that the devel-
opment of atrophy in the SMPC may be affected both by frontal as
well as temporal atrophy. The results of the PCA may support this
finding. As noted in the results section, the EC and the HC as well
as the DLPFC and the OFC are closely plotted together in the PCA
loading plot. The SMPC is plotted almost in the centre between
the EC/HC and the DLPFC/OFC. This could indicate that atrophy

of the SMPC may be almost as related to frontal as to temporal
atrophy.

This assumption may also be supported by the findings of
our correlation analyses. FITD was the dementia subtype that
displayed most frontal atrophy (centered in the OFC). In this sub-
type the total volume of SMPC was correlated with the total vol-
ume of OFC, but not with the total volume of HC (Figures 7A,B).
SD is the subtype that displayed most temporal atrophy centered
on HC and EC. Here the total volume of the SMPC was corre-
lated with the total volume of HC, but not with the total volume
of OFC (Figures 7C,D). Thus the volume of SMPC is correlated
to a region with severe frontal atrophy in FID and to a region
with severe temporal atrophy in SD.

Atrophy and laterality of atrophy of the SMPC may also be
relevant for behavioral and neuropsychiatric alteration in the
variants of dementia included in this investigation. The SMPC
is the most posterior part of the ventromedial prefrontal cortex
(VMPC). The VMPC has for example been associated with the
ability to infer other persons’ thoughts and feelings often referred
to as “theory of mind” (Gregory et al., 2002), the construct
of empathy (Shamay-Tsoory, 2010) and the broad concept of
“emotional intelligence,” which encompasses a number of social
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or emotional abilities that enable individuals to smoothly inter-
act in or adapt to a social environment (Bar-On et al., 2003). The
right VMPC may be particulary important for certain social abil-
ities, such as theory of mind (Shamay-Tsoory et al., 2005) and
empathy (Shamay-Tsoory et al., 2003). Rosen et al. (2005) also
found that right SMPC atrophy was associated with disinhibi-
tion in dementia, while atrophy of the more anterior parts of the
right VMPC was associated with apathy. They have further shown
that the right SMPC is important for self-appraisal (the ability to
assess one’s own abilities) (Rosen et al., 2010).

Our data suggest that the left SMPC may become atrophic
in PNFA and AD, while the right side is also involved in FTD
and SD. Considering the relative importance of the right side
for behavior symptoms (Rosen et al., 2005; Shamay-Tsoory et al.,
2005; Rosen et al., 2010) it could be hypothesized that FTD and
SD display more frequent alteration of behavior than PNFA and
AD. Indeed this has been described in the international consensus
criteria for diagnosing the subtypes of FTLD. FTD patients may
display “decline in social interpersonal conduct” and SD patients
may show “loss of sympathy and empathy” (Neary, 1999). PNFA
on the other hand is described as having “early preservation of
social skills” For the diagnosis of AD the American Psychiatric
Association ([DSM-IV-TR], 2000) does not include deficits in
social interaction skills, focusing on memory deficits as a core
diagnostic feature, in addition to at least one of the follow-
ing symptoms: aphasia, apraxia, agnosia or defecits in executive
functioning.

The fact that the left SMPC may become more involved in AD
may potentially also be explained by the connection hypothesis.
Several previous studies have found that hippocampal atrophy
at initial stages of AD may be more severe on the left side
(Shi et al., 2009). Thus pathology may first progress to the
left SMPC/VMPC and then as the disease develops to the right
temporal lobe and right SMPC/VMPC. Thus the right VMPC
may initially be relatively spared in AD and PNFA which may
preserve these patients social interaction skills longer than in
SD and FTD.

The most important limitation of this study is the lack of longi-
tudinal data to provide direct evidence for how atrophy develops
in the brain. The main point of this work is however that brain
connectivity in cross-sectional data may provide important clues
as to how and where atrophy may develop during the progression
of neurodegenerative diseases.

Another limitation is that only structural 3D images were
available in this study. Other MRI-techniques such as diffusion
tensor imaging (Catani et al., 2012) or resting state MRI (Yi et al.,

2012) could potentially reveal signs of pathology in brain net-
works before atrophy of regions that belong to these networks
become detectable.

A third factor that needs to be considered in the interpreta-
tion of our results is the characteristics of our control group who
sought consultation at the memory clinic because of subjective
feelings of forgetfulness. While objective memory deficits were
neither found at baseline investigation nor at follow up (with a
minimal interval of 2 years), this does not exclude that these indi-
viduals may develop a neurodegenerative disorder later than two
years after first examination. Differences between the investigated
neurodegenerative disease and controls may thus potentially be
even larger if subjects without subjective memory complaints had
been used as controls.

CONCLUSIONS

Our finding supports the view that the SMPC, owing to its
anatomical connections, may become a common site of frontal
pathology in AD and FTLD. This supports the assumption that
progression of atrophy in dementia may be predicted on the
basis of the anatomical connectivity of the first atrophic region.
Knowledge of the regional connectivity of the brain may thus help
to predict in which regions atrophy will appear in the progression
of neurodegenerative diseases.
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Improved registration of gray matter segments in SPM has been achieved with the
DARTEL algorithm. Previous work from our group suggested, however, that such
improvements may not translate to studies of clinical groups. To address the registration
issue in atrophic brains, this paper relaxed the condition of diffeomorphism, central to
DARTEL, and made use of a viscous fluid registration model with limited regularization
constraints to register the modulated gray matter probability maps to an intra-population
template. Quantitative analysis of the registration results after the additional viscous fluid
step showed no worsening of co-localization of fiducials compared to DARTEL or unified
segmentation methods, and the resulting voxel based morphometry (VBM) analyses were
able to better identify atrophic regions and to produce results with fewer apparent false
positives. DARTEL showed great sensitivity to atrophy, but the resulting VBM maps
presented broad, amorphous regions of significance that are hard to interpret. We propose
that the condition of diffeomorphism is not necessary for basic VBM studies in atrophic
populations, but also that it has disadvantages that must be taken into consideration
before a study. The presented viscous fluid registration method is proposed for VBM

studies to enhance sensitivity and localizing power.

Keywords: MRI, VBM, SPM, DARTEL, registration, dementia

INTRODUCTION

Imaging biomarkers are of considerable interest in dementia
research. Aside from the qualities of the biomarker itself, the
method with which it is analysed is crucial to consider as insen-
sitive or unstable methods could mean that real information
is lost (false negatives) or that spurious changes (false posi-
tives) are reported. Voxel-based image analysis has become a
cornerstone of assessing structural imaging biomarkers, yet such
methods are typically validated in simulations and the healthy
population. The DARTEL algorithm (Diffeomorphic Anatomical
Registration Through Exponentiated Lie Algebra) has been pre-
sented as an improvement for the registration of gray matter
probability maps used in voxel based morphometry (VBM)
(Ashburner, 2007) in the software package SPM (http://www.fil.
ion.ucl.ac.uk/spm/). One of the key advantages of DARTEL is
its explicit search for an inverse consistent, diffeomorphic trans-
formation. This leads to very smooth, large deformation fields
that follow elegant mathematical descriptors and that can be
easily inverted. Although such characteristics can be useful for
applications where it is important to consistently use reverse
deformation fields, that is not the case with standard VBM stud-
ies of dementia, where most often scans are simply registered to
standard space and nothing more is done with the deformation
fields (aside from their use for modulation for volume change)
(Ridgway et al., 2008). Moreover, a previously published study

(Pereira et al., 2010) demonstrated variability in the registration
accuracy both by region and disease categorization, raising ques-
tions about the spatially variant sensitivity of the resulting VBM
significance maps. Even though DARTEL shows improved perfor-
mance when using preprocessed scans (bias corrected and skull
stripped), the associated VBM results showed apparent false posi-
tives when compared to the standard SPMS5 results using the same
scans (Pereira et al., 2010). The motivation for the present study
was to explore a simpler, standard registration algorithm without
diffeomorphism, in order to assess whether DARTEL’ stringent
mathematical approach, is in effect inappropriately regularized
for use in neurodegenerative disease research. The approach taken
in the present study makes use of a long established high degrees
of freedom registration algorithm as an alternative: a viscous fluid
registration (Christensen et al., 1996). The novelty in the current
study compared to past fluid registration studies, however, is its
use as an additional registration step, on top of the standard reg-
istration in SPM. The hypothesis is that by relaxing the severe
regularization constraints intrinsic to DARTEL, the viscous fluid
algorithm will be able to account for more anatomical variabil-
ity, while also preserving structural detail post-registration. This
is especially applicable to atrophic brains, which may require both
finer (more local) and more extreme deformations than the ones
permitted by DARTEL. The resulting VBMs will be more sensi-
tive and more anatomically meaningful than either VBM with
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DARTEL or standard VBM. As the viscous fluid methods are
able to account for finer deformations than the limited degrees
of freedom discrete cosine transform (DCT) used in unified seg-
mentation (Ashburner and Friston, 2005), this study considered
the utility of applying the former as an additional step to include
after SPM’s registration. This was implemented as a hierarchical
registration model in which a low degrees of freedom algorithm
(DCT in unified segmentation) is applied first in order to account
for gross differences between the target and the subject, and then
a high degree of freedom method (viscous fluid) is applied to
address the finer details. The concept of working on top of already
registered gray matter probability maps is justified by the fact
that DCT registration is unable to account for all anatomical dif-
ferences between the subject and the template (Ashburner and
Friston, 1999). In short, rather than using a complicated, mathe-
matically rich approach like DARTEL in order to achieve smooth
deformation fields that might be of little benefit to a real clini-
cal study, better results might be achieved by adding an extra step
after the unified segmentation.

The method presented in this study was tested using real
datasets from neurodegenerative studies because these are pre-
cisely the datasets where such algorithms find application as VBM
studies. This is of paramount importance because other reg-
istration approaches, notably DARTEL, have been validated in
abstract mathematical frameworks or on healthy volunteer data
(Ashburner, 2007; Yassa and Stark, 2009) and then accepted as
clinical tools without thorough testing in clinical settings. The
clinical plausibility of the resulting statistical maps of VBM, as
compared with known patterns of atrophy from other assess-
ments, is a significant consideration if these methods are to be
robust for clinical studies. In the current study, the results were
assessed in comparison to prior knowledge of disease atrophy
patterns and manual hippocampal volumetry in patient groups.
Finally, fiducial markers were placed in a subset of subjects
so as to directly compare the method to the standard unified
segmentation and DARTEL methods.

MATERIALS AND METHODS

All algorithms presented in this section were written in Matlab7,
and run on a Dual Xeon 3.2 GHz Intel X86 64 bit processor with
4GB RAM running GNU Debian Linux version 3.1, except where
otherwise stated. The code of the fluid registration algorithm pre-
sented in this paper can be found in http://www.uc.pt/en/fmuc/
ibili/Archives/Articles/JPereira/MiMe.

VISCOUS FLUID ALGORITHM

A viscous fluid algorithm was implemented in order to reg-
ister the gray matter probability maps generated by SPMS8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). Viscous fluid
registration assumes a subject’s brain S to behave as a viscous fluid
when being registered to a target space T, with each point of the
subject scan being deformed by the action of an external driving
force field F. This force field is cancelled out at equilibrium by the
internal forces of the fluid body, as described by the Navier-Stokes
equation:

wV3v(x, 1) + (L +MNV(V-v(x, ) +Fx ux 1)) =0 (1)

with:

v(x, 1) = du(d}? 2

)

In Equation 1, F(x, u(x, t)) is the external force acting on the body
deformed by the displacement field u(x, ) at location x at time ,
V is the gradient operator, V2 is the Laplacian operator, and
and ) are the viscosity constants. From this point on, dependen-
cies will be dropped for the sake of simplicity [e.g., v(x, f) will be
written as v]. For the external forces calculation, a simple differ-
ence metric was used, based on the difference between the target
and the deformed subject, multiplied by the gradient of the latter
(Christensen et al., 1996).

As a linear differential equation, and using finite differences to
discretize it (Press et al., 1992), Equation 1 can be written as:

Lv=F (3)

where L is a linear operator, v is the velocity field and F is the
external force field. This system can be either explicitly solved or
a solution can be estimated using approximations to the linear
operator L.

The explicit solution requires the use of the successive over-
relaxation (SOR) method (Press et al., 1992; Wollny and Kruggel,
2002), which may be too time consuming. One possibility is
to speed it up by using adaptive updates (SOR with adaptative
updates, SORA) (Wollny and Kruggel, 2002). Another option
is to approximate the linear operator L with an adequate con-
volution kernel K. As a consequence, the velocity response to
each individual force vector can be estimated by its convolution
with K. It is known that K can be a Gaussian filter (Thirion,
1998). This is a simplistic solution that has been shown to cause
a decrease in registration quality (Gramkow and Bro-Nielsen,
1997). Another approximation, based on the eigenfunctions of
L, can be used to yield more accurate results through a “vis-
cous kernel” (Bro-Nielsen and Gramkow, 1996; Gramkow and
Bro-Nielsen, 1997). We assessed all three approaches in this
paper.

An Eulerian frame of reference describes the non-linear warp
field variables through fixed positions x associated with time
dependent displacement vectors u(x, f) such that the deformed
position at time ¢ is described as x—u(x, t) (Christensen et al.,
1996). The material derivative d/dt provides the instantaneous
rate of change a point x of the grid observes at time t. A parti-
cle of the viscous body flowing through position x at that time
will have a velocity v described by:

> Ju ou > Ju
+Zvl‘a—xi = E :R:V—Zvl‘g (4)

. 1
1= i=1

du_8u

M TR T

where v = (v, v2, v3) and x = (x1, x2, x3).

The sum element in Equation 4 accounts for the deformation
applied on the body and is zero when the body and the reference
grid match. As a consequence, the partial derivative of the defor-
mation u with respect to time yields a perturbation field R that is
used to update the warping. The deformation field u is updated
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for iteration k + 1 of the registration algorithm by R such that:
aF D — y® L Ag® = y® L RO ATH (5)

where AT® is an iteration dependent time step, thus perform-
ing an explicit Euler integration of the perturbation vectors,
which in themselves form a velocity field. The choice of time step
will depend on the maximum value of the perturbation field,
IR® || max. In the current work, AT® was chosen such that a
maximum displacement value m was enforced for each iteration
(D’Agostino et al., 2003):

®= (6)
I R® || ax

B. TOPOLOGY PRESERVATION

The determinant of the Jacobian of the deformation field must
at all times be positive in order to ensure that topology is pre-
served (Christensen et al., 1996). This is ensured by regridding
the deformation field every time this determinant crosses a cer-
tain threshold. Details of how this is done can be found in the
supplementary material.

VISCOUS FLUID ASSESSMENT
The viscous fluid registration method was used to register gray
matter probability maps in the context of VBM analyses of clini-
cal cohorts. The first set of analyses was performed using groups
of healthy controls (n = 18), Alzheimer’s disease (AD) (n = 19),
semantic dementia (SD) (n = 10) and behavioral variant fron-
totemporal dementia subjects (bvFTD) (n = 8). Subjects in each
of the disease groups were diagnosed according to standard cri-
teria (McKhann et al., 1984; Neary et al., 1998). These subjects
made up Set A. This diverse set of atrophy profiles—AD, SD, and
bvFTD—allowed for a thorough assessment of the proposed vis-
cous fluid method in contrast to DARTEL and a standard SPM
method. Demographic information about these groups can be
found in the supplementary material (Table S1). Hippocampal
volumes had been measured on the AD and control cohorts of
Set A for a previous study (Pengas et al., 2010), and are presented
in Table 1.

In order to not confine the assessment to a set of scans sharing
the same acquisition parameters, another set of scans (desig-
nated Set B) was also used. Set B comprised controls (n = 21),

Table 1 | Hippocampal volumes for subjects used in the AD VBM
study of Set A, normalized to the mean total intracraneal volume
(TIV) of the control cohort.

Right hippocampus
volume (mm3)

Left hippocampus
volume (mm3)

Controls 1667 £+ 301.0
AD 1399 £ 294.3 (—16.1%)

1574 £214.4
1270 £ 369.0 (—19.3%)

Values presented are mean + standard deviation. Average percentage volume
reduction relative to controls is shown in brackets. Values for the AD subjects
are significantly lower than controls (p < 0.05, one-tail t-test). TIV was not
statistically different between cohorts (not shown).

AD subjects (n = 16), SD subjects (n = 10), and n = 17 patients
diagnosed with mild cognitive impairment (MCI). The demo-
graphic details of these groups are listed in the supplementary
material (Table $2). Hippocampal volumes were measured for all
cohorts of Set B and are presented in Table 2. Details of how
these volumes were obtained can be found in the supplementary
material.

Set A was acquired with a 1.5T GE Signa MRI scanner
(GE Medical Systems, Milwaukee, WI). Volumetric T;-weighted
images were coronally acquired using SPGR (pixel dimensions
0.86 x 0.86 mm?, slice thickness 1.5 or 1.8mm). Set B was
acquired on a Siemens Trio 3T system (Siemens Medical Systems,
Erlangen, Germany) using a 3D MPRAGE pulse sequence for
the acquisition of volumetric T} -weighted images with 144 slices,
192 x 192 matrix dimensions and 1.25mm?® voxel size. Scans
were preprocessed according to a previously described pipeline
(Acosta-Cabronero et al., 2008) (see supplementary material).

All scans were registered and segmented using the unified seg-
mentation model provided in SPM8 (Ashburner and Friston,
2005). Probability maps of GM, WM, and CSF were also obtained
in native space from all subjects for automated total intracranial
volume (TIV) estimation (Pengas et al., 2008).

Subjects were also processed with the DARTEL algorithm, des-
ignated DARTELpe when used with preprocessed scans, using
default parameters and modulated gray matter probability maps.
The output probability maps of the DARTEL algorithm were used
in all subsequent analyses without any further processing.

VISCOUS FLUID REGISTRATION
Heuristic tests suggested that the eigenfunction-based kernel
approximation was faster than SORA, while providing better
results than the gaussian kernel approximation. As such, this was
the method of choice in this paper. The others methods, how-
ever, presented similar results, which will not be discussed herein.
All gray matter probability maps, normalized and resliced to an
isotropic resolution of 2mm?® were registered with the viscous
fluid method using the eigenfunction-based approximation to the
linear operator to solve the differential equation. This viscous
fluid method will be named “Fluid” from this point on.

For all sets of scans, a fixed random gray matter probability
map from the control cohort was used as the target to which

Table 2 | Hippocampal volumes for Controls, as well as for AD and
MCI subjects in Set B, normalized to the mean TIV of the control

cohort.
Right hippocampus Left hippocampus
volume (mm3) volume (mm3)
Controls 1286 + 157.5 1206 £ 209.6
AD 986 + 192.9 (—23.4%) 886 + 166.2 (—26.6%)
MCI 1037 £ 124.4 (—19.4%) 1008 + 101.3 (—16.4%)

Values presented are mean + standard deviation. Average percentage volume
reduction is shown in brackets. Values are significantly lower than controls in
all patient cohorts (p < 0.05 one-tail t-test). TIV was not statistically different
between cohorts (not shown).
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all other probability maps were registered. Given that these gray
matter probability maps are already registered to a template, no
further linear registration was performed.

VBM ANALYSES

A two-group f-test comparison was made between each diseased
cohort and the relevant control group (i.e., with the same acqui-
sition parameters). The control target was also included in the
control group for the statistical analyses.

A relative threshold mask of 0.2 was used for all studies, except
where otherwise stated. Scans were smoothed with an 8 mm full
width half maximum (FWHM) Gaussian kernel. All analyses
were also performed with 6 and 10 mm FWHM kernels, but as
results were very similar to those obtained with the 8 mm kernel
these are not shown or discussed. All tests were performed with
total intracraneal volume (TIV) as a nuisance covariate.

The analyses of the scans of Set A included both gray matter
probability maps from raw (not preprocessed) volumes and pre-
processed volumes. Set B was only analysed using preprocessed
scans. All probability maps were modulated by the Jacobian
determinant of the non-linear viscous transformation. The mod-
ulation step was required for consistency with the original prob-
ability maps; moreover, the fine deformation fields result in
determinant values that contain important information about
local volume changes in the brain. All analyses had a statistical
threshold of ppwE corrected = 0.05, unless the resulting glass brains
were blank (or showed only noise), in which case the threshold
of puncorrected = 0.001 was used. The extent threshold k was set
at 0 for all analyses. No correction was made for the differing
initial voxel dimensions in Set A as this was a systematic error
introduced in all studies and can be discounted when comparing
the results (Pereira et al., 2008). Results of DARTEL, DARTELe,
Fluid and Fluidpe were analysed in their own template space.

REGISTRATION ASSESSMENT
Registration quality was assessed by comparing the results of the
viscous fluid re-registration analyses with those of SPM8’s unified
segmentation and DARTEL.

A quantitative analysis of the registration performance was
also performed using a subgroup of Set A that had fiducial points
placed on the original scans as part of a previous study (Pereira
et al., 2010). A set of 20 locations were chosen for fiducial marker
placement. The consistency of location for each fiducial marker
cluster was analysed with three metrics—the degree of disper-
sion error after warping in the direction of greatest location
uncertainty (A1), and the extent to which dispersion was dis-
tributed along a given plane (R;). The first metric (h;) is similar
to a standard deviation of the registration error on a specific
location—ideally, it should be zero. The second metric (R;) is
a ratio between the amount of registration misalignment in the
main error direction and the total sum of errors in all directions—
it complements the amount of error by providing information on
the anisotropy of that error, i.e., if the misalignment has a pref-
erential direction (anisotropic) or if it is randomly distributed in
space (isotropic). The resulting X} and R; values of the fiducial
clusters from Fluid and Fluid,. were then compared with the cor-
responding results from SPM, SPMypre, DARTEL, and DARTELyre.

Further details of this method and results can be found in the
supplementary material.

RESULTS

VBM RESULTS

The VBM results for Set A are presented in Figures 1-3, and the
results for Set B are in Figures 4-6.

It was observed that VBMs performed with the Fluid reg-
istration algorithms showed greater sensitivity than both SPM
and DARTEL. This effect was especially evident for mild atrophy
scenarios, namely for the AD cohorts. In these cases, hippocam-
pal atrophy—known to be present from the manually measured
hippocampi—in Fluid was more extensive than with SPM and
(especially) SPMpe, without the apparent cost of localization
reduction visible in the DARTEL results. In fact, the DARTEL
algorithm fared better in terms of eliminating apparent extra-
neous results in mild atrophy cases, but at the apparent cost
of eliminating true positives, a problem previously described in
detail (Pereira, 2010) and seen here in Figure 1, where the detec-
tion of hippocampal atrophy, in DARTEL without preprocessing,
was less pronounced than with the other methods.

Compared to DARTEL, the results obtained with the Fluid
algorithms retained greater anatomical detail, comparable to the
detail obtained with both SPM methods. DARTEL destroys the
anatomical detail of the results, especially in severely atrophic
regions that appear as amorphous areas, as seen in the SD analyses
shown in Figures 2, 6.

ASSESSMENT OF FIDUCIAL POINTS

A detailed analysis of the fiducial study has been included in the
supplementary material. The \; values dispersion values for Fluid
(both with and without preprocessed scans) remained compara-
ble to those of all other methods for most cases. The Fluid results
were very consistent with the other methods. Also as observed
previously using SPM and DARTEL (Pereira et al., 2010), there
was an interaction between brain pathology and registration dif-
ficulties shown across all metrics, with severe focal atrophy still
presenting the greatest challenge.

DISCUSSION

The use of viscous fluid registration algorithms to re-register gray
matter probability maps demonstrates potential for VBM anal-
yses. Overall, the VBM results from the analysis of each cohort
were consistent with prior knowledge of atrophy profiles. Fluid
registration enhanced the sensitivity of VBM while retaining
anatomical detail. There was evidence for improvement over both
standard SPM and DARTEL in several analyses.

REGISTRATION ASSESSMENT

The quantitative assessment of Fluid registration when compared
to both SPM and DARTEL (further details and results can be
found in the supplementary material) showed that all methods
were broadly comparable. Despite the good match between tar-
get and subject, the registration algorithms seemed to be limited
by the inherent variability between subjects that eludes warping.
The registration performance values were quite variable across
brain regions, and a disease grouping interaction for all methods
was visible. The quantitative analysis of fiducial metrics closely
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FIGURE 1| VBM results for the AD cohort of Set A, with in both DARTEL results. The MNI template was used for SPM and
Puncorrected = 0.001. The projection of the results on three coronal SPMpre, and the bespoke target was used for both DARTEL results, as
slices are presented, at y = —20, —16, and 0 mm, emphasizing the well as for both Fluid results. Due to the use of bespoke template

hippocampal region, expected to be atrophic in this pathology and visible  spaces, the presented coronal slices are not strictly comparable across
in all methods. The entorhinal cortex, however, also likely atrophic, is lost  different methods.
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FIGURE 2 | VBM results for the SD cohort of Set A, with regained with the Fluid methods, with an increase in sensitivity compared to
PrwEcorrected = 0.05. The projection of the results on three coronal slices are the SPM methods. The MNI template was used for SPM and SPMpyre, and
presented, at y = —20, —10, and 0 mm, emphasizing the temporal lobes, the bespoke target was used for both DARTEL results, as well as for both
expected to be atrophic in this pathology. The lack of anatomical detail in Fluid results. Due to the use of bespoke template spaces, the presented
DARTEL is notable, especially around the mesial temporal lobe. This detail is coronal slices are not strictly comparable across different methods.
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FIGURE 3 | VBM results for the bvFTD cohort of Set A, with
PrwEcorrected = 0.05. The projection of the results on three coronal slices
are presented, at y = 10, 36, and 50 mm, emphasizing the frontal lobe,
expected to be atrophic in this pathology. This was the only case where
the use of Fluid methods did not provide tangible benefits; DARTEL was

SPM SPM,. DARTEL DARTEL,
NN [ . ‘
nk 20y x : » Ju *ov

pre

also not more informative than the SPM methods. The MNI template
was used for SPM and SPMpe, and the bespoke target was used for
both DARTEL results, as well as for both Fluid results. Due to the use
of bespoke template spaces, the presented coronal slices are not strictly
comparable across different methods.

resembled the results for SPM5’s unified segmentation that were
reported previously (Pereira et al., 2010). This is not unexpected,
as the viscous fluid registration was based on SPM8’s registered
probability maps (similar to SPM5’s) and the algorithm was also
limited to 15 iterations'.

Importantly, the observation that the dispersion values of the
fiducial markers were not significantly worsened by the Fluid
methods suggesting that these registration algorithms are pre-
serving the anatomical validity of the registration—in theory,
there is a danger that geometric overfitting could lead to a loss of
anatomical validity (i.e., that better fitting comes at the expense of
moving anatomical structures). The quantitative results indicate
that this did not occur.

VBM ANALYSES

All methods were able to identify the key abnormalities known
from prior knowledge: hippocampal atrophy in AD and MCI
groups (Galton et al., 2001; Du et al., 2004; Pennanen et al., 2004;
Du et al., 2007); rostral temporal lobe atrophy in SD (Chan et al.,
2001; Rosen et al., 2002; Williams et al., 2005; Nestor et al., 2006);
and frontal atrophy in bvFTD (Rosen et al., 2002; Williams et al.,
2005; Cardenas et al., 2007; Pereira et al., 2009). The preprocessed
viscous registration results were, however, more concentrated on

A more liberal convergence criterion was also tested, up to a maximum of 25
iterations, but the resulting VBM glass brains started to show false positives
around the cerebellum. These results suggested that the chosen number of
iterations was adequate.

these areas of known atrophy in several of the analyses. This might
suggest a reduction in false positives though it is important to
highlight that, in the absence of ground-truth measurements for
unexpected locations, this might also reflect lack of sensitivity
to true, albeit unanticipated, abnormalities. On the other hand
there was evidence to suggest that adding the viscous registra-
tion step offered superior results in detecting true positives and
preserving anatomical detail, particularly in contrast to DARTEL.
For instance, the AD analysis found fairly restricted hippocampal
abnormalities in the temporal lobe using DARTEL. In contrast,
the fluid registration method showed blobs extending into the
adjacent temporal lobe (Figure 1). This result is far more con-
sistent with previous manual volumetric studies of the entorhinal
region (Du et al., 2004; Pennanen et al., 2004) and with knowl-
edge of the spread of neuropathology in very early AD (Braak and
Braak, 1991). It should be noted that SPM without DARTEL also
detected change in this region. Regarding anatomical precision,
the SD analysis also suggested superior performance with vis-
cous registration over DARTEL. As seen in Figures 2, 6, DARTEL
identified the rostral temporal abnormality but the blobs were
essentially amorphous. In contrast, the viscous method produced
results that adhered to the gray matter and were maximal in the
rostral inferior surface, again consistent with prior knowledge
from manual volumetrics (Chan et al., 2001; Galton et al., 2001;
Davies et al., 2004). The difficulties shown by DARTEL when
analysing atrophic brains have also been made evident in a recent
paper (Ashburner and Friston, 2011), where it is clear that the
algorithm underperforms when large deformations are required.
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FIGURE 4 | VBM results for the MCI cohort of Set B, with

PrWEcorrected = 0.05. The projection of the results on three coronal slices
are presented, aty = —20, —10, and 0 mm, emphasizing the hippocampal
region, expected to be atrophic in this pathology. WWhereas DARTEL detects
the atrophy, the Fluid methods are also able to detect it with further
anatomical detail. The loss of sensitivity with DARTEL is clear. The MINI
template was used for SPM and SPMye, and the bespoke target was used
for the DARTEL result, as well as for the Fluid result. Due to the use of
bespoke template spaces, the presented coronal slices are not strictly
comparable across different methods. A different colour scale was use for
Fluidpre to highlight the detected areas.

The loss of anatomical detail due to averaging of subjects with
DARTEL is shown in Figure 7. Even though DARTEL iteratively
builds the template in order to reduce differences between sub-
jects and to create a sharp average, the effects of blurring were
still present. The viscous fluid algorithms, in contrast, generate
gray matter probability maps that are locally deformed in order
to conform to precise anatomical reference structures, whereas
the DARTEL probability map results are degraded, leading to
loss of localization power and to VBM results that are smoother
and seemingly amorphous (Figures2, 6). Moreover, DARTEL
has more regularization constraints than the viscous registration
method presented in this paper that prevent it from creating the
very local warps that a viscous fluid method can generate. This
creates smooth diffeomorphic deformation fields but leads to
limited local warping capabilities.

It must be acknowledged, nevertheless, that the use of a single
subject template has some potential disadvantages, namely bias-
ing the registration result for more similar brains. The nature
of the gray matter probability maps, however, bypasses some of
those limitations as the registered subjects already share a space
very similar to the template. To address this concern, the Fluid
algorithms were also tested by using as registration target the aver-
age of all subjects in each analysis, but results were essentially the
same as the ones presented. Even if the templates were similar,
the Fluid methods are more lightly regularized and are able to
produce fields that can flow more freely than with DARTEL. It

- ”
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e
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FIGURE 5 | VBM results for the AD cohort of Set B, with

PrwEcorrected = 0.05. The projection of the results on three coronal slices
are presented, at y = —20, —10, and 0 mm, emphasizing the hippocampal
region, expected to be atrophic in this pathology. As before, whereas
DARTEL detects the atrophy, the Fluid methods are also able to detect it
with further anatomical detail. The MINI template was used for SPM and
SPMpyre, and the bespoke target was used for the DARTEL result, as well as
for the Fluid result. Due to the use of bespoke template spaces, the
presented coronal slices are not strictly comparable across different
methods. A different color scale was use for Fluidpe to highlight the
detected areas.

must be also noted that the use of a bespoke template in DARTEL,
based on the iterative average of the registered gray matter prob-
ability maps, is prone to errors if at least one of the probability
maps is poorly segmented. Heuristic tests have shown that such
an approach may lead to false positives and to the propagation of
segmentation errors. This issue will be addressed in future work.

It also important to highlight that while fluid registration
yielded results that were more consistent with prior knowledge
and/or manual volumetry (AD and MCI) and greater preser-
vation of anatomical detail (SD), the bvFTD analyses did not
show a benefit for this technique. All three approaches showed
changes in the frontal lobe as would be expected from prior
knowledge, though they were least extensive with fluid registra-
tion. The frontal lobes are large, and this results suggests that in
the face of a large spatial extent of atrophy, the registration step is
less important. Interestingly, in this group, it was not DARTEL but
rather the default SPM analysis that yielded the most significant
and extensive frontal abnormalities.

Finally, in common with many previous clinical VBM stud-
ies, this work made use of low numbers of subjects per cohort in
order to simulate the real world application as closely as possi-
ble. We speculate that low numbers of subjects hinder the quality
of a bespoke template—this would explain why DARTEL under-
performed so often in the scenarios presented in this article.
Moreover, a future application of the work presented in this paper
is to make single subject VBM-like analyses possible in a clinical
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FIGURE 6 | VBM results for the SD cohort of Set B, with

PrwEcorrected = 0.05. The projection of the results on three coronal slices
are presented, aty = —20, —10, and 0 mm, emphasizing the temporal lobes,
expected to be atrophic in this pathology. The gain in sensitivity with the
Fluid methods compared to the SPM approaches is clear; the gain in
anatomical detail compared to DARTEL is again notable. The MNI template
was used for SPM and SPMe, and the bespoke target was used for the
DARTEL result, as well as for the Fluid result. Due to the use of bespoke
template spaces, the presented coronal slices are not strictly comparable
across different methods.

context. Understanding the practical limitations of the avail-
able methods when using low numbers of subjects is therefore
fundamental to this aim.

CONCLUSIONS

The use of a viscous fluid registration algorithm to re-register
the gray matter probability maps produced by the unified seg-
mentation proved to be a useful tool, especially in terms of
the qualitative assessment of VBM results. This Fluid registra-
tion method was able to provide detailed results with probability
maps generated from both unpreprocessed and (especially) pre-
processed scans; this was true for both a very focal atrophic
cohort such as SD and in milder, more diffuse, atrophy such
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BACKGROUND

Background and purpose: Despite a strong correlation to severity of AD pathology, the
measurement of medial temporal lobe atrophy (MTA) is not being widely used in daily
clinical practice as a criterion in the diagnosis of prodromal and probable AD. This is
mainly because the methods available to date are sophisticated and difficult to implement
for routine use in most hospitals—volumetric methods—or lack objectivity—visual rating
scales. In this pilot study we aim to describe a new, simple and objective method for
measuring the rate of MTA in relation to the global atrophy using clinically available
neuroimaging and describe the rationale behind this method.

Description: This method consists of calculating a ratio with the area of 3 regions traced
manually on one single coronal MRI slide at the level of the interpeduncular fossa: (1)
the medial temporal lobe (MTL) region (A); (2) the parenchima within the medial temporal
region, that includes the hippocampus and the parahippocampal gyrus—the fimbria taenia
and plexus choroideus are excluded—(B); and (3) the body of the ipsilateral lateral ventricle
(C). Therefrom we can compute the ratio “Medial Temporal Atrophy index” at both sides
as follows: MTAi = (A— B)x10/C.

Conclusions: The MTAI is a simple 2D-method for measuring the relative extent of atrophy
in the MTL in relation to the global brain atrophy. This method can be useful for a more
accurate diagnosis of AD in routine clinical practice. Further studies are needed to assess
the usefulness of MTAI in the diagnosis of early AD, in tracking the progression of AD and
in the differential diagnosis of AD with other dementias.

Keywords: medial temporal lobe atrophy, biomarker, Alzheimer, mild cognitive impairment, MRI, neuroimaging,
diagnosis

region—composed by the hippocampus and the parahippocam-

Alzheimer’s disease’s (AD) pathology accumulates for years and
may be even decades before it is typically diagnosed (Morris
et al., 1996). Sensitive biomarker techniques may be able to pick
up signs of neurodegeneration presymptomatically. Recently pro-
posed criteria for research purposes for prodromal AD (Sperling
et al., 2011), mild cognitive impairment (MCI) due to AD
(Albert et al., 2011), and probable AD dementia (McKhann et al.,
2011) incorporate evidence of AD pathology including molecular
changes and brain structure and function as supportive biomark-
ers. MRI-based biomarkers are among the supportive evidence
for a diagnosis of early AD and MCI due to AD. By focusing
on cortical regions known to be affected in AD dementia, subtle
but reliable atrophy is identifiable in asymptomatic individuals
nearly a decade before dementia, making this measure a poten-
tially important imaging biomarker of early diagnosis (Dickerson
et al., 2011). Volume losses in the medial temporal lobe (MTL)

pal gyrus—and posterior cingulated and orbitofrontal regions
have been observed in AD and confirmed in many studies
(Kesslak et al., 1991; Parnetti et al., 1996; Smith and Jobst, 1996;
de Leon et al., 1997; Jack et al., 1997; Nagy et al., 1999; Bouwman
et al., 2007; Eckerstrom et al., 2010; Jack et al., 2010; Zhang et al.,
2010; Apostolova et al., 2012; Ewers et al., 2012; Leung et al., 2013;
Heister et al.). This leads to a predictable pattern of brain atro-
phy that could be very useful to improve diagnosis and follow
up and help making a better assessment of the neuroprotective
effects of a therapy. The quantification of atrophy in the MTL
(MTA) has been attempted using several different neuroimaging
measurements, including rating scales, linear measurements, and
volumetric methods.

Visual assessment rating scales are quick, and can be
performed on large numbers of scans in a clinical setting, the
disadvantage being that there is a loss of accuracy compared
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with objective analysis and are subjected to interrater variability
(Westman et al., 2011). Some studies found that visual rat-
ing assessment of the MTL gave similar prediction accuracy
to multivariate classification and manual hippocampal volumes
(Ringman et al., 2010; Duara et al., 2013) while others reported
the visual rating assessment failed to detect patients at high risk,
such as people carrying mutations of familial AD and also failed
to detect progression over time (Ridha et al., 2007; Pereira et al.,
2013). In addition, clinical, demographic, and genetic variables
can influence the classification of MTA cut-off scores, leading
to misdiagnosis in some cases. These variables, in addition to
the differential sensitivity and specificity of each cut-off, should
be carefully considered when performing visual MTA assessment
(Scheltens et al., 1992).

Linear measures of brain regions are easy to take using clin-
ically available neuroimaging. Some studies attempted to define
sentinel changes that will allow the use of linear measurements
of the hippocampus or the temporal horn to support clinical
decision making. These studies have yielded variable results, with
sensitivities ranging from 33 to 93% and specificity of approxi-
mately 95% (Dahlbeck et al., 1991; Erkinjuntti et al., 1993; Frisoni
etal., 2002).

Volumetric analysis provides an accurate and detailed measure
of a predetermined circumscribed area or region of interest. For
AD, the most used structure is the whole hippocampus. Some
indices comparing the extent of atrophy in the hippocampus
with the whole brain atrophy are also being described (http://
brainatrophyindices.blogspot.com). Manual volumetry is consid-
ered the gold standard but it has some drawbacks. First it requires
training since the tracer must learn to delineate the hippocam-
pus’s boundaries and anterior- and posterior-limits. Then seg-
mentation of the hippocampus takes approximately 20-30 min,
depending on user experience (Soininen et al., 1994; Petrella
et al.,, 2003), which limits routine clinical use. Some groups auto-
mated segmentation techniques and protocols for multi-atlas
driven automatic segmentation of the hippocampus (Morra et al.,
2008; Brewer et al., 2009; Kovacevic et al., 2009). Results of a
study comparing manual and automated determination of hip-
pocampal volumes in MCI and early AD indicated that these
two methods derived highly correlated results with strong agree-
ment (Shen et al., 2010). Albeit homogenization efforts are under
development (Frisoni and Jack, 2011; Boccardi et al., 2013), the
complexity and diversity of protocols used for volumetry keeps
being a limitation today.

In summary, despite convenience and strong correlation to
severity of AD pathology, MTA is not being used in daily clini-
cal practice for diagnosing prodromal and probable AD yet, as it
is in clinical trials and research studies. This is mainly because the
methods already described lack accuracy (visual methods) or are
not convenient enough to be routinely used by clinicians in busy
departments (volumetric methods).

PURPOSE

In this report we aim to describe a new, objective and simple
2D-method for measuring atrophy of the MTL using clinically
available neuroimaging. We also aim to explain the rationale
behind this method. However, we do not seek to describe here the

validity of this parameter for diagnosing AD since these researches
are being conducted currently and results will be addressed in
future publications.

PROTOCOL DESCRIPTION

This method consists of measuring the area of 3 brain regions
on one single MRI slide and then use these data for calculat-
ing a simple ratio. First, we take the coronal slide at the level of
the interpeduncular fossa on the TIR sequence. Then, regions
are traced manually, simply using the pointer-rule tool of any
software for visualizing DICOM images. As guidelines to draw
structures and boundaries we followed the atlases by Mai et al.
(1997) and Duvernoy (1998). The three areas are: (1) the MTL
region (A), defined in a coronal brain slide as the four-sided
space bordered in its inferior side by the tentorium cerebelli, in
its medial side by the cerebral peduncles, in its upper side by the
roof of the temporal horn of the lateral ventricle and in its lateral
side by the collateral sulcus and a straight-line linking the collat-
eral sulcus with the lateral edge of the temporal horn of the lateral
ventricle; (2) the parenchima within the medial temporal region,
that includes the hippocampus and the parahippocampal gyrus—
the fimbria taenia and plexus choroideus are excluded—(B); and
(3) the body of the ipsilateral lateral ventricle (C) (Figure1).
Therefrom, we can compute the ratio “Medial Temporal Atrophy
index (MTAI)” at both sides as follows: MTAi = (A - B) x 10/C.
An example is shown in Figure 2.

If we have two MRI studies from different times (1 =
first one, 2 = second one), we can also compute the yearly
rate of MTA as follows: yrMTA = (A2 — B2) — (A1 — B1) x
120/(#months between MRI studies) and the yearly rate of rel-
ative MTA as follows: (yrMTAr) = (A2 — B2) — (Al — B1) x
120/(C2 — C1) x (#months between MRI studies).

EXPRESSING THE MEDIAL TEMPORAL ATROPHY INDEX

When we compute the MTAi we obtain 2 values, one for
each hemisphere. In addition, it is also interesting to com-
pute the median of these 2 values, and the index of asymme-
try (IA). We determine the IA using formula IA = (IMTAi —
dMTAi) /(IMTAi + dMTAi) x 100. Small positive or negative IA
values of magnitude less than ~ +3% indicate that there is not
a significant hemispheric asymmetry and the median MTAi can
be used alone as a parameter of the global relative MTA. Higher
IA values indicate significant hemispheric asymmetry and the
median value should not be used alone since it is not a good rep-
resentative value of the extent of relative MTA. Thus, the MTAi
can be presented directly as the absolute right/left MTAi values or
as the median MTAi with the IA (Table 1).

RATIONALE BEHIND THE MEDIAL TEMPORAL ATROPHY
INDEX

The rationale behind this method is based on two premises:
First, AD is a disease affecting the hippocampus, not a disease
of the hippocampus. From a neuropathological point of view
it is evident that that the characteristic pathological changes in
AD begin outside the hippocampus, with development of neu-
rofibrillary tangles in the transentorhinal and entorhinal cortex,
spreading subsequently to the subiculum and CA1 regions of the
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FIGURE 1 | MRI from a patient with MCI with boundaries of the three
areas needed for calculating the Medial Temporal Atrophy index
(MTAI). The section passes through the interpeduncular fosae. The three
areas are: (1) the medial temporal lobe region (A), defined in a coronal brain
slide as the space bordered in its inferior side by the tentorium cerebelli, in
its medial side by the cerebral peduncles, in its upper side by the roof of
the temporal horn of the lateral ventricle and in its lateral side by the
colateral sulcus and a straight-line linking the colateral sulcus with the
lateral edge of the temporal horn of the lateral ventricle; (2) the parenchima
within the medial temporal region, that includes the hippocampus and the
parahippocampal girus (B); and (3) the body of the ipsilateral lateral ventricle
(C).

hippocampus (Jack et al., 1992; Braak and Braak, 1985; Convit
etal., 2000; Kerchner et al., 2010; Lim et al., 2012) and later to lim-
bic, and ultimately to neocortical regions, such as the precuneus,
middle frontal gyrus, and posterior cingulate gyrus. The severity
of this atrophy, at least in the medial temporal regions, corre-
lates with the severity of underlying neuropathological changes
seen on postmortem studies (Echédvarri et al., 2011). The second
premise is that, despite most volumetric methods focus on the
hippocampus and disregard the parahippocampal gyrus, many
studies have shown that parahippocampal atrophy is as good indi-
cator of AD as the hippocampus atrophy is (Nestor et al., 2008;
Burgmans et al., 2011; Smith et al., 2012; Zarei et al., 2012). Thus,
the entorinal cortex, the hippocampus, and the parahippocampal
gyrus may be considered as the “epicentrum” of the neurodegen-
erative process. Therefore, in order to pick up the disease early we
do not need to find out the volume of the whole hippocampus but
detect atrophy at “the point” where the pathology is visible first.

THE SLICE SELECTED

Functionally, the hippocampus can be segmented into three
distinct anatomical and functional subregions (head, body,
and tail), according to the morphology and relative connec-
tivity with prefrontal cortex (PFC), posterior cingulate cortex
(PCC), and thalamus, respectively. The AD group show stronger
hippocampus—PFC and weaker hippocampus—PCC functional

=
C’: Perim 55.4 mm

C:Perm558mm _
Area 1?&2 mm

Area 189.7 mm?2
Avg -683.3 GY Avg - 658.1GY
~ Dev 126.1 Dev i ;2.0

: { ( j ! \‘i
‘ ‘

A’: Perim 68.5 mm
Area 326.5 mm?2
Avg-248.3GY
Dev 192.4

- C{/ %

A: Perim 68.4 m
Area 326.5 mm?

Avg - 325.1 GY B’: Perim 67.1 mm

Dev 240.2 Area 224.0 mm?

B: Perim 68.3 mm ~ Avg-161.8GY

Area 201.4 mm? ~ Dev1197
Avg - 191.7 GY B

FIGURE 2 | Example of the Medial Temporal Atrophy index (MTAI) in a
patient with mild AD. The three areas were traced manually on each
hemisphere using the software for visualizing radiological images IMPAX.
The data needed to compute the index are displayed automatically. We have
underlined the different areas in colors as in Figure 1. The MTAI in the right
hemisphere is: IMTAI = (326.5 — 201.4) x10/189.7 = 6.59. The MTAI in the
left hemisphere is: IMTAI = (326.5 — 224.0) x10/175.2 = 5.85. Note how in
spite of the coincidence of this case with exactly the same medial temporal
region (A and A’) in both hemispheres, the right MTAI is clearly higher than
the left MTAI. Indeed when we calculate the Index of Asymmetry (IA), it is
higher than 3: IA = (5, 85 — 6.59)/(5, 85 + 6.59) x100 = -5, 15%.

Table 1 | Mean of the mean Medial Temporal Atrophy index (mMTAI)
and Index of Asymmetry (lA) values in short series of patients with
MCI (3), mild AD (3), moderate AD (3), severe AD (3), FTLD -not
staged- (3), LBD -not staged- (3) and 5 healthy controls. Values are
merely illustrative -not informative-.

Mean mMTAiI Mean Al
Healthy control 2,4 1,8
MCI 3,1 2,4
Mild AD 4,6 2,6
Moderate AD 5,2 2,8
Severe AD 5,8 3,4
FTLD 3,8 8,2
DLB 2,7 3,7

connectivity, the magnitudes of which correlate with cognitive
performance (Convit et al., 2000; Dickerson et al., 2011; Libby
et al.,, 2012). In line with this fact and in order to assess the
body of the hippocampus we have taken the coronal section
passing through the interpeduncular fossa where the body of
the hippocampus can be clearly viewed. However, this index
might be performed on any other coronal slide where the MTL
structures are viewed.

THE AREAS SELECTED
Age-associated differences are detected in the MTL (Parnetti et al.,
1996; Jack et al., 1997; Apostolova et al., 2012; Leung et al., 2013)
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with an acceleration of MTA starting around 72 years of age in
healthy people (Jack et al., 1997). However, these changes are
modest and their rate of progression over time is relatively slow
with a mean rate of about 1.6% per year (Leung et al., 2013).
Accelerated MTA is a consistent finding in AD and MCI with
rates of about 2.8% in stable MCI, 3.7% in MCI transition-
ing to AD (MCI progressors), and up to 4.0% in AD (Kesslak
et al., 1991; Parnetti et al., 1996; Jack et al., 1997; Bouwman
et al., 2007; Eckerstrom et al., 2010; Jack et al., 2010; Apostolova
et al., 2012; Ewers et al., 2012; Leung et al., 2013; Heister et al.).
Frontotemporal dementia may also lead to MTA, but in a dif-
ferent pattern: frontotemporal dementia and semantic demen-
tia show atrophy in the anterior portion of the hippocampus,
and in semantic dementia the atrophy is asymmetrical, with
the left hippocampus being affected more severely. No signifi-
cant hippocampal atrophy is detected in non-fluent progressive
aphasia (Barber et al., 1999; Schacter and Wagner, 1999; Chan
et al., 2001; van de Pol et al., 2006). Other diseases such as
dementia with Lewy bodies do not show MTA or it is much
milder (Hashimoto et al., 1998; Whitwell et al., 2007; Chou et al.,
2010).

In contrast to MTA, ventricular enlargement (body of lateral
ventricles) in old people lacks specificity representing a measure
of global brain atrophy due to aging or any neurodegenerative
disorder. Global ventricular enlargement correlates with decline
in cognitive performance and with cerebrospinal fluid pathologic
markers of AD (Thompson et al., 2004; Apostolova et al., 2010).
Absolute ventricular volumes and ventricular enlargement are
greater in subjects with AD and MCI compared to age-matched
controls. Ventricular enlargement also demonstrated sensitivity
to disease progression by way of discriminating between sub-
jects with stable MCI and those that progressed to AD (Nestor
etal., 2008). However, it is important to note that all these studies
were made using absolute ventricular volumes, without differ-
entiation among the different portions of the lateral ventricles,
while the lateral (temporal) horns are the portion contributing
most to the ventricular enlargement in early AD (Giesel et al.,
2006). It is well-known that enlargement of lateral ventricles is
a measure of unspecific global brain atrophy since it is strongly
associated both with aging in healthy and with neurodegeneration
(Apostolova et al., 2012). Almost any neurodegenerative disorder
affecting the brain hemispheres leads to some degree of ven-
tricular enlargement, including Parkinson’s disease (Meyer et al.,
2007; Apostolova et al., 2010; Dalaker et al., 2011), Lewy-Bodies
Dementia (Meyer et al., 2007), Frontotemporal Lobe Dementia
(Galton et al., 2001; Gordon et al., 2010), and Corticobasal
Degeneration (Hauser et al., 1996) and so do some psychiatric
conditions (Swayze et al., 1990; Mathalon et al., 2001). Thus, it
would be interesting to compare the extent of atrophy in the MTL
with the extent of global brain atrophy (Table 1).

THE RATIO

This index reflects the rate of atrophy in the MTL—that is a value
rather specific of AD since its early stages—in relation to the
global unspecific atrophy represented by ventricular enlargement.
Thus, it is a measure estimative of the contribution of the atrophy
in the MTL to the whole brain atrophy.

ADVANTAGES AND LIMITATIONS OF THE MTA INDEX

From the clinician’s point of view, the MTA index has the
following advantages over other methods: (1) Measurement and
scoring of MTA index is objective and reliable, providing a
distinct advantage over visual techniques. (2) Volumetric mea-
surements require the use of special software, and much greater
technical stringency in the acquisition of the MRI scans and are
far more prone to a variety of measurement errors. Delineating
the areas needed for calculating the MTA index is fast and easy;
little training is needed. Therefore, it can be implemented for
daily clinical practice using basic neuroimaging facilities currently
available in most hospitals with busy clinical settings. (3) An addi-
tional advantage of using MTA index over volumetric measures
is that regional brain volumes are variable across individuals and
need to be normalized by conversion to a ratio of the absolute vol-
umes to intracranial volume, whereas the MTA index has built-in
normalization and thus avoids multiplicative errors inherent in
using ratios of two quantitative variables. (4) The same way, as
aging affects both the hippocampus and lateral ventricles inde-
pendent of AD pathology, aging should be included as covariate
in methods providing absolute volumes or scores. The MTA index
is an “intra-patient” ratio comparing the MTL and lateral ventri-
cles, so it will probably not need cut-off scores adjusted by age. For
the yearly rate of MTA and the yearly rate of relative MTA, nor-
malization is not necessary neither because each subject serves as
their own control.

On the other hand, the main limitation of the MTA index is
that scoring is based on measurements performed on a single
coronal slice, thereby providing a limited perspective of overall
brain pathology. It is also expected that other conditions affecting
the ventricular morphology, such as hydrocephalus, will probably
alter the interpretation of the MTAi in these cases.

This paper is a methodological description only. Cut-off scores
have to be calculated and its use as a parameter for diagnosing AD
in research and clinical practice has to be validated. Particularly,
prospective studies are needed to assess the usefulness of MTA
index in the diagnosis of early AD, in tracking the progression of
AD and in the differential diagnosis of AD with other dementias.

CONCLUSIONS

We report a new, manual method for assessing medial temporal
lobe atrophy (MTA) that is objective and easy to apply using clin-
ically available neuroimaging. It may have some advantages over
visual and volumetric methods that still need to be evaluated.
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The utility of age-specific cut-offs for visual rating of medial
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Background: New research criteria for diagnosing Alzheimer’s disease (AD) in the mild
cognitive impairment stage (MCI-AD) incorporate biomarkers to assign a level of certainty
to the diagnosis. Structural MRl is widely available but greatly underutilized for assessing
atrophy of structures affected in early AD, such as the hippocampus (HP), because the
guantification of HP volumes (HP-v) requires special expertise, and normative values have
not been established.
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Methods: Elderly subjects (n = 273) from the Florida ADRC were classified as having
no cognitive impairment (cognitively normal, CN), amnestic mild cognitive impairment
(@MCI) or AD. Volumes for the hippocampus (HP-v) were measured on structural MRI
scans. A validated visual rating system for measuring medial temporal atrophy (VRS-MTA),
including hippocampal, entorhinal cortex and perirhinal cortex atrophy was employed. The
participants were subdivided into younger (less than or equal to 75 years of age) and older
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Results: Volumetric and VRS-MTA measures were equivalent in predicting classification
of CN vs. aMCI for older (area under the receiver operator curves [aROC]: 0.652 vs.
0.723) and younger subjects (aROC: 0.764 vs. 0.736). However, for younger AD subjects,
aROC values were significantly higher for VRS-MTA measures (0.920) than for volumetric
measures (0.847). Relative to HP-v, VRS-MTA score was significantly more correlated to
impairment on a range of memory tests and was more associated with progression of
aMCl to AD than HP-v.

Conclusion: Structural MRI with VRS-MTA assessment can serve as a biomarker for
supporting the diagnosis of MCI-AD. Age-adjusted VRS-MTA scores are at least as
effective as HP-v for distinguishing aMCl and AD from CN and for predicting progression
from aMCI to AD. VRS-MTA is convenient for use in the clinic as well as for clinical trials
and can readily be incorporated into a standardized radiological report.

Keywords: volumetric measures, hippocampus, visual rating, medial temporal atrophy, aMCI, Alzheimer’s disease

INTRODUCTION

Recently revised criteria for diagnosing an early clinical stage of
AD (“Mild Cognitive Impairment, or MCI, due to AD”; MCI-
AD) (Albert et al., 2011) and “Prodromal AD” (Sperling et al.,
2011) incorporate biomarkers to increase the certainty of the
diagnosis. One such biomarker, atrophy of the hippocampus
(HP) and other medial temporal lobe (MTL) structures on struc-
tural MR, increase the likelihood of a neurodegenerative disor-
der, such as AD, as the cause of MCI. In spite of the widespread use
of MRI scans for the assessment of individuals with various forms

of cognitive impairment, this biomarker is used primarily for
excluding causes of cognitive impairment other than AD, such as
hydrocephalus, vascular and space-occupying lesions. However,
MRI can be used to confirm the presence of neurodegenerative
pathology among patients presenting with MCI and dementia
(Frisoni et al., 2010) and is greatly underutilized for this pur-
pose by clinicians and radiologists. Although prodromal forms
of AD are in a continuum with, and may be clinically indistin-
guishable from what is described as “Probable AD,” current diag-
nostic research standards incorporate a biomarker to support the
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Age-adjusted MRI ratings in aMCl

diagnosis of prodromal AD or MCI-AD It is clear that the diag-
nosis of both Probable AD and Prodromal AD/MCI-AD would
be more secure in the presence of a positive biomarker which
provides further evidence of the presence of a neurodegenerative
disease (Albert et al., 2011; Sperling et al., 2011).

Neurodegenerative changes such as atrophy which are char-
acteristic of Alzheimer’s disease (AD), and occasionally of other
dementing diseases, such as Fronto-temporal Lobar Dementia
(FTLD) or Hippocampal Sclerosis, may be detected using vol-
umetric analysis or, more conveniently, using visual rating of
MRI scans. Nevertheless, the incorporation of MRI for confirm-
ing the diagnosis of neurodegenerative disease has yet to receive
widespread utility, in part because of (a) lack of awareness of the
value and accuracy of MRI for this purpose, (b) automated, quan-
titative volumetric methods for measuring hippocampal volume
are unwieldy, expensive and not easily adapted for routine clinical
use, and (c) the lack of widely accepted age-adjusted norms and
cut-scores for hippocampal volume (HP-v) and medial temporal
atrophy (MTA).

The goal of this study was to evaluate user-friendly methods
to evaluate structural MRI scans and to provide appropriate age-
adjusted cut scores for both visually rated MTA measures and HP-
v structures, which best distinguish normal elderly subjects from
those who have AD. Accordingly, we compared hippocampal vol-
umes (HP-v) to a refinement of the semiquantitative visual rating
method, initially developed by Scheltens et al. (1995). This new
visual rating system for assessing medial temporal atrophy (VRS-
MTA) (Duara et al., 2008; Urs et al., 2009) provides a total MTA
score by combining atrophy levels in individual medial temporal
structures, including the HP, the entorhinal cortex (ERC), and the
perirhinal cortex (PRC). We established appropriate age-related
cut-offs for both volumetric measures of the HP and VRS-MTA
measures, which correctly classified 70-80% of cognitively nor-
mal [CN] subjects without cognitive impairment. We chose these
levels of specificity because at least 20-30% of CN subjects are
known to harbor the pathology of AD on post-mortem evalua-
tion (Morris, 2006). We then compared the accuracy of these two
methods for distinguishing CN from subjects with aMCI and AD,
the associations of these two measures with neuropsychological
measures of cognition and the ability to predict progression from
aMCI to dementia.

METHODS

SUBJECT RECRUITMENT

The current sample was recruited from a group of 273 subjects
(107 CN, who were enrolled in the Florida Alzheimer’s Disease
Research Center Clinical Core (FADRC-CC) in Miami Beach
FL between 2005 and 2009 (Duara et al., 2010). Subjects were
diagnosed as cognitively normal (CN) or having amnestic MCI
(aMCI) or dementia. The study was approved by the Institutional
Review Board at Mount Sinai Medical Center, Miami Beach, and
the University of South Florida, Tampa. All subjects or a legal
representative provided informed consent.

EVALUATIONS

The following were completed on all subjects: (1) full clini-
cal history, obtained from a reliable informant; (2) neurological
evaluation; (3) psychiatric evaluation, including administration

of the Geriatric Depression scale (Sheikh and Yesavage, 1986)
and the Neuropsychiatric Inventory (Cummings et al., 1994); (4)
Clinical Disease Rating scale (CDR-SB; Morris, 1993); (5) Mini-
Mental State Examination (MMSE; Folstein et al., 1975); (6) a
neuropsychological test battery, as described below; (7) Unified
Parkinson Disease Rating Scale (UPDRS, motor section; Fahn and
Elton, 1987) which has been documented as a sensitive tool for
quantifying motor dysfunction and parkinsonism in patients with
various forms of MCI and dementia.

Cardiovascular Risk (CVR) Score was calculated as the sum
of 10 independent risk factors (14) selected from the National
Alzheimer’s Coordinating Center (NACC) Uniform Data Set
(UDS) Subject Health History assessment protocol (Appel et al.,
2009).

DIAGNOSTIC PROCEDURES

DETERMINING A CONSENSUS DIAGNOSIS FOR COGNITIVELY
NORMAL, DIFFERENT MCI SUBTYPES AND DEMENTIA

The physician assigned a cognitive diagnosis of CN, MCI, or
Dementia, as described previously (Duara et al., 2010). Briefly,
the PhyDx was based on the subject’s entire clinical history and
functional status, which was derived from the history itself, CDR
rating, functional activity questionnaire, MMSE score and sub-
scores, taking into account the subjects’ educational and cultural
background, sensory (especially visual and hearing) and motor
deficits, language and speech disorders, medical and psychiatric
conditions and the perceived reliability of the informant. In
addition to the physician’s diagnosis, an independent neuropsy-
chological diagnosis was rendered by a neuropsychologist.

NEUROPSYCHOLOGICAL DIAGNOSIS (NPDx)

All neuropsychological tests were administered in the sub-
jects’ native language (English or Spanish) and compared to
age and education adjusted normative data, as described pre-
viously (Loewenstein et al., 2009). The tests included all of
those outlined in the NACC protocol (Beekly et al., 2007), as
well as additional tests, including the Three Trial Fuld Object
Memory Evaluation (FOME; Fuld, 1981), and the Hopkins
Verbal Learning Test-Delayed Recall (HVLI; Benedict et al.,
1998). Memory measures were: the FOME, HVLT, and Delayed
Visual Reproduction of the Wechsler Memory Scale-R (Wechsler,
1987). Non-memory tests included: category fluency (Monsch
et al,, 1992), letter fluency (language; Monsch et al., 1992),
Block Design-WAIS-III (visuospatial; Wechsler, 1997), Trails B
(Executive; Army Individual Test Battery, 1944), and Similarities-
WAIS-R (Executive; Wechsler, 1997). Neuropsychological classi-
fication were made as follows: (a) a test score of 1.5 SD or greater
below expected normative values on any single test for MCI syn-
dromes; and (b) 2.0 SD or greater below expected normative
values in one memory and one non-memory test for dementia
(corresponding to NINCDS-ADRDA criteria; (McKhann et al.,
1984). Nomenclature used for NPDx was Normal, Non-Amnestic
MCI (naMCI; single or multi-domain), amnestic MCI (aMCI;
single or multi-domain) and Dementia.

ALGORITHMIC CONSENSUS COGNITIVE DIAGNOSES (AlgDx)
An algorithmic approach to consensus diagnosis (Duara et al.,
2010) combined the PhyDx with the NPDx, as follows: (a) a
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PhyDx and a NPDx of Normal received an AlgDx of cognitively
normal (CN); (b) a PhyDx diagnosis of MCI and a NPDx of aMCI
received an AlgDx of aMCI; (c) a PhyDx of dementia and a NPDx
of aMCI or Dementia received an AlgDx of Dementia. Patients
diagnosed with aMCI met Petersen criteria for MCI (Petersen
et al., 1999). Probable AD was diagnosed according to National
Institute of Neurological and Communicative Disorders and
Stroke (NINCDS)-Alzheimer’s Disease and Related Disorders
Association (ADRDA) criteria for AD (McKhann et al., 1984) and
the criteria set forth by the National Alzheimer’s Coordinating
Center.

MRI Scans were acquired using a proprietary 3-D volu-
metric protocol on a Siemens Symphony, 1.5 Tesla machine
(Iselin, NJ) or a GE 1.5 T machine, using proprietary three-
dimensional magnetization-prepared rapid-acquisition gradient
echo (Siemens) or the three-dimensional spoiled gradient recalled
echo (General Electric) sequences; MRI scans were acquired in the
coronal plane, and contiguous slices with thickness of 1.5 mm or
less were reconstructed.

VOLUMETRIC ANALYSIS OF BRAIN MRIs

Volumetric analysis is performed using Individual Brain Atlas
and Statistical Parametric Mapping (IBASPM; Alemdn-Gomez
et al., 2006). In IBAPSM, the volume of brain regions is calcu-
lated after normalization or spatial transformation to Montreal
Neurological Institute (MNI; McGill University, 2009) templates.
The scans are segmented into three types of tissue in each hemi-
sphere: gray matter, white matter, and cerebrospinal fluid. An
individual brain atlas for each subject is created with the trans-
formation matrix obtained from the normalization step, and
anatomical automatic labeling (AAL) to specify 116 regions.
Hippocampal volume (HP-vol) was calculated as the ratio of the
volume of each HP (right and left) to the total intracranial volume
(Shen et al., 2011).

VISUAL RATING METHODS ASSESSING BRAIN MRIs
The scope and utility of Scheltens’ system was expanded by Duara
et al. (2008) and Urs et al. (2009), to provide reliable visual rat-
ings of individual MTL regions, i.e., hippocampus (HPC), ERC,
and PRC. Reliability and accuracy were achieved using very thin
coronal slices (1.2 to 1.5 mm thickness), perpendicular to the AC-
PC line and intersecting the mammillary bodies (Urs et al., 2009).
We have previously reported excellent inter-rater reliability for
measuring individual MTL structures; kappa values among two
raters ranged between 0.75 and 0.94 for inter-rater reliability and
0.87 and 0.93 for intra-rater reliability. (Urs et al., 2009). With
VRS-MTA, semi-quantitative assessments of atrophy of the HP,
ERC, and PRC were assigned as follows: a score of Grade 0 corre-
sponded to no atrophy, Grade 1 to minimal atrophy, Grade 2 to
mild atrophy, Grade 3 to moderate atrophy and Grade 4 to severe
atrophy (Figure 1). The VRS-MTA program provides a library
of drop-down images, depicting the anatomical boundaries of
these structures as well as each grade of atrophy for the ERC, HP,
and PRC.

ApoE genotype was determined using standard methods
(Wenham et al., 1991). ApoEe4 frequencies were subsequently
calculated for each diagnostic group.

FIGURE 1 | Visual rating scale. Image depicting four degrees of atrophy in
Hippocampus and Entorhinal cortex according to visual rating scale where
0 = no atrophy, 1 = minimal atrophy, 2 = mild atrophy, 3 = moderate
atrophy and 4 = server atrophy (Score shown corresponds to both
structure).

DERIVING CUT-OFFS FOR HP-VOL AND VRS-MTA VALUES FOR
DIFFERENT AGE GROUPS AND BOTH BRAIN SIDES

To derive cut-scores for HP-vol (measured as percentage of
intracranial volume) for the older CN group we used the scores
of 20 subjects, aged 76 years and above (mean age = 79.64 years;
SD = 3.2 years range = 76-90 years), who had an algorithmic
diagnosis of CN. The cut-off scores for the lowest 20% (liberal cut
score <0.0249%) and 30% (conservative cut score <0.0224%) of
HP-vol, for each side, which was then used to identify hippocam-
pal atrophy for all diagnostic groups aged 76 or greater. Similarly,
we determined the approximate cut score (range of 0-12 points
for each side), for highest 20-30% (liberal cut score >4) or 30—
40% (conservative cut score >5) of combined HP, ERC, and PRC
ratings on the left and right sides. These cut scores were then used
to identify threshold levels of MTA for all diagnostic groups, aged
76 years or greater, separately for the right and left sides in each
subject.

To derive a cut-score for the younger CN group, we took
the scores of 87 cognitively normal individuals aged 6375 years
(mean age = 68.33 years; SD = 3.2 years) and used a simi-
lar procedure as for the older CN. The derived cut scores for
HP-v (liberal cut score <0.027; conservative cut score <0.0257)
and VRS-MTA ratings (liberal cut score >2.0; conservative cut
score >3) for the right and left sides for each subject. In addition,
so as to identify localized atrophy within the medial temporal
region on each side, independent of the total VRS-MTA score,
we determined the highest VRS scores for the right and left HP
and ERC for each subject. For these measures a liberal (<1.5) and
a conservative (<2.0) cut score were determined that would clas-
sify not more than 20 or 33% of both young and old CN group
as having abnormal atrophy. These cut scores were also applied to
subjects diagnosed with amnestic MCI and dementia.

LONGITUDINAL EVALUATION PROCEDURES

A total of 72 of the 103 subjects had at least one-annual follow-up
evaluation (mean = 33.1 months; SD = 14.1 months), includ-
ing neurological, psychiatric and neuropsychological evaluations,
and re-diagnosis by the AlgDx. The mean age of this sample
was 76.8 (SD = 5.8 years) and mean MMSE scores of were 26.1
(SD = 2.4) making the sample comparable to the aMCI patients
who were originally diagnosed at baseline.
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STATISTICAL ANALYSIS

Group comparisons of demographic variables across three study
groups were analyzed using analyses of variance (ANOVA) or chi-
square tests, as appropriate. Post-hoc tests of means were exam-
ined by the Tukey-Kramer procedure at p < 0.05. Comparative
analyses of VRS-MTA and HP-v measures were assessed using
receiver operator (ROC) curves. HP-v and MTA-VRS scores were
correlated to a broad array of cognitive measures among mem-
ory impaired patients. Comparisons between correlation coeffi-
cients were tested statistically using SISA binomials (Uitenbroek,
1997). Finally, differences in progression rates across groups were
assessed using chi-square procedures.

RESULTS

DEMOGRAPHICS

In the entire sample of subjects (age range = 63-93 years; mean
age = 75.0 & 7.2 years) there were statistically significant demo-
graphic differences between CN, aMCI, and AD groups, with
regards to age, gender and educational attainment as well as on
MMSE scores [F(,, 269) = 172.05; p < 0.001] (Table 1). Post-hoc
tests revealed that CN patients were younger, better educated, had
higher MMSE scores and were more frequently female compared
to the other two groups. AD subjects were older and had lower
MMSE scores than aMCI subjects. There were significant group
differences with regards to Spanish vs. English-speaking subjects
or percentage of subjects carrying one or more ApoE €4 allele.
As indicated in Table 1, CN subjects scored higher than aMCI
and AD subjects on all neuropsychological measures, and demon-
strated less atrophy in comparison to aMCI and AD subjects
on VRS-MTA and HP-v scores. AD subjects had more atrophy

than aMCI subjects on VRS-MTA and HP-v measures, as well as
impairment on all neuropsychological measures, with the excep-
tion of the Block Design test, in which there was no difference in
scores between AD and aMCI subjects.

PERFORMANCE OF VRS-MTA vs. HP-v

For the discrimination of amnestic MCI from CN, in both the
younger and older age groups, there was no difference in the
areas under receiver operating curve (aROC) between HP-v mea-
sures and VRS-MTA measures (Z = 1.26; p < 0.27) (Table 2).
For the discrimination of AD from CN, among the younger
age group (63-75 years), VRS-MTA performed better than HP-v
(aROC: 0.92 vs. 0.847, p < 0.046). The corresponding sensitiv-
ity/specificity values for VRS-MAT and HP-v were: 89.2/82.1%
and 75.7/82.1% for the more liberal cutoffs described in the
methods. There was no difference between the performance of
VRS-MTA and HP-v in the older group, for the classification of
AD vs. CN. Considering the correct age-associated cut-offs for
impairment for the total sample, 63% of those subjects who did
not meet criteria for impairment using HP-v, did meet criteria for
impairment using VRS-MTA, and conversely, only 30% of those
who were VRS-MTA negative were HP-v positive.

CORRELATIONS WITH COGNITIVE MEASURES

In a combined group of aMCI and AD subjects, who had ade-
quate cognitive testing data, both HPv and VRS-MTA measures
were strongly correlated with scores on various memory tests and
with the category fluency test (a measure of speed of search from
semantic lexicon) (Table 3). Tests of visuospatial function (block
design), processing speed and attention (Trails A) and executive

Table 1 | Demographics and MRI measures.

CN (n = 107) aMCI (n = 105) AD (n = 56) f-value
Age 71.1¢ (5.8) 779° (5.3) 79.52 (6.8) 42.59***
Education 15.0? (3.2) 12.4° (3.9) 12.4° (4.1) 16.71%%*
Gender (Female) 75.7% 50.0% 53.7% X2=16.93%**
Hispanic % 474% 48.0% 57.4% X2=1.64%**
ApoE % 24.7% 30.6% 42.9% X2= 413 ***
MMSE 29.02 (1.1) 25.9° (2.5) 22.4° (3.1) 172.05%**
Fuld OME 25.72 (2.0) 18.9° (4.8) 10.6°(6.5) 195.35***
HVLT-Total Recall 25.32 (4.3) 17.4° (4.5) 13.2° (4.7) 159.48***
HVLT-DEL 9.28 (1.7) 3.7°(2.9) 1.3 (2.2) 258.75%**
Semantic interference test (SIT) score 13.32 (2.9) 8.2° (3.2) 3.1¢(3.0) 209.04***
Visual reproduction test-delayed 23.02 (79) 8.3 (72) 3.4° (5.7) 149.08***
Memory for Passages (Delayed) 11.52 (3.5) 5.6° (3.7) 2.2° (3.0 149.92%**
Two Category Fluency 34.28 (73) 24.1° (6.2) 17.2¢ (5.9) 134.24%**
Block Design- WAIS-IV 31.54 (9.4) 19.11° (79) 18.8° (7.8) 64.39%**
Trails A 35.92 (11.3) 54.5° (23.9) 73.5°¢ (33.5) 55.04***
Trails B 95.12 (48.2) 199.4° (88.6) 254.1¢ (73.7) 106.58***
HP-v (most impaired side) 0.002752 (0.0003) 0.00240° (0.004) 0.00208°¢ (0.005) 60.3%**
VRS-MTA score (most impaired side) 1.78 (1.8) 4.2 (2.7) 6.9¢ (3.3) 81.31***

CN, Cognitively normal, aMCI, amnestic cognitive impairment;, MMSE, Mini-mental status exam; HVLT Hopkins verbal learning test; HP-v, Hippocampal volume;

*

VRS-MTA, Visual rating scale-mdial temporal atrophy.
Kramer test.

**b < 0.001; means with different superscripts are statistically different at p < 0.05 by the Tukey-
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Table 2 | HP-v and VRS-MTA measures in the classification of subjects with Amnestic MCI and Alzheimer’s disease.

aROC for
HP-v measure

Diagnostic comparison
and age group

Sensitivity/Specificity
(%) for HP-v

aROC for VRS-
MTA measure

Sensitivity/Specificity
(%) for VRS-MTA

Comparison of aROCs
for Hp-v and VRS-MTA

AMNESTIC MILD COGNITIVE IMPAIRMENT VERSUS ELDERLY NORMAL

63-75 years (n = 60) 36.0/82.1 0.652 (SE = 0.06)
76+ years (n = 45) 60.0/81.6 0.764 (SE = 0.05)
ALZHEIMER'’S DISEASE VERSUS ELDERLY NORMAL

63-75 years (n = 37) 75.7/82.1 0.847 (SE = 0.05)
76+ years (n = 19) 63.2/81.6 0.713 (SE = 0.08)

55.0/82.1 0.723 (SE=0.06) Z=1.38;p>0.26
51.1/78.2 0.736 (SE =0.05) Z=0.60; p > 0.64
89.2/82.1 0.920 (SE=0.03) Z=2.00; p < 0.046
68.4/78.2 0.8563 (SE=0.04) Z=1.66;p<0.10

HP-v, hippocampal volume; VRS-MTA, Visual rating system- medial temporal atrophy, aROC, Area under the receiver operating curve; AD, Alzheimer’s disease; MCI,

amnestic MCI; CN, Cognitively normal.

Table 3 | Comparative correlations between volumetric and VRS-MTA measures among 129 cognitively impaired patients.

Correlation Correlation Test of difference p-value
with HP-v with VRS-MTA in correlations
coefficients”

Fuld object memory evaluation 0.35*** —0.67*** 2.33 <0.01
HVLT (Delayed Recall) 0.15 —0.29%** 1.91 <0.030
WMS- memory for passages (Delayed Recall) 0.20* —0.36%** 2.27 <0.013
WM S-visual reproduction (Delay Recall) 0.33*** —0.47*** 1.96 <0.027
Two word category fluency 0.31%** —0.32%** 0.14 446
Trails A -0.14 0.07 NA NA
Trails B —0.05 0.1 NA NA
Block-design WAIS-II 0.05 —0.09 NA NA
Similarities WAIS-R —0.10 0.09 NA NA

HP-v, hippocampal volume; VRS-MTA, Visual rating system-medial temporal atrophy. * Difference in correlations tested using SISA polynomials (Uitenbroek, 1997)/

*p < 0.05, ***p < 0.001.

function (Trails B) were not correlated significantly with HP-v
or VRS-MTA imaging measures. In most instances the mem-
ory measures (using the Fuld OME, for example) were more
strongly correlated with VRS-MTA (r = —0.51) than with HP-v
(r=—0.35) (t = 2.33; p < 0.02) (Table 3).

PROGRESSION FROM aMCI TO AD

Among a sample of aMCI subjects (n = 72; mean age = 76.8 &
5.8 years: educational attainment = 12.83 & 3.6 years) with ade-
quate follow-up data (mean follow-up period = 33.1 £ 14.1
months) the percentage of progressors vs. non-progressors to
AD was predicted using both stringent and liberal VRS-MTA
cut-off scores (Table 4). Using stringent VRS-MTA criteria, 51%
of aMCI subjects scoring at or above the impairment cut-off
were found to be progressors, as compared to 21% scoring at or
above the impairment cut-off being non-progressors (x> = 5.51;
p = 0.019). In contrast, for HP-v 41 % of aMCI subjects scoring
at or above the impairment cut-off were found to be progressors,
as compared to 29% scoring at or above the stringent impairment
cut-offs being non-progressors (x> = 1.19; p = 0.28).

DISCUSSION

In this study, we showed that VRS-MTA is superior to volumet-
ric assessment of the HP (HP-v) for distinguishing aMCI patients

Table 4 | VRS-MTA score, HP-v and progression from alVICl to AD.

Progressors Non-progressors Chi-square p-value
to AD

VRS-MTA
score
(Conservative
criteria)

HP-v
(Conservative
criteria)

50.7% 20.6% 5.51 0.019

441% 28.9% 1.19 0.275

HP-v, hippocampal volume, VRS-MTA, Visual rating system-medial temporal
atrophy.

and normal elderly controls. When we divided the subjects into
“young-old” (63-75 years) and “older-old” (76 years+) sub-
groups, our previous findings hold true, in much smaller groups
of subjects (Duara et al., 2008; Shen et al., 2011). We have also
shown that VRS-MTA ratings correlate more strongly than do
HP-v with memory measures and CDR ratings (Shen et al., 2011).
In this study, we have additionally provided age-corrected cut-
scores for HP-v and VRS—-MTA scores for classifying subjects with
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aMCI and AD and have shown that VRS-MTA scores, but not HP-
v scores in this cohort, were predictors of progression from aMCI
to AD.

The use of structural MRI scans as biomarkers, in association
with clinical criteria, for distinguishing CN subjects from those
with incipient or Probable AD requires the use of age-adjusted
cut- scores for research and for clinical practice. For the first
time, to our knowledge, we have shown that specific age-related
cut-scores for VRS-MTA and HP-v measures can be used for
distinguishing CN from AD subjects. By deriving scores for the
most impaired hemisphere, based upon age-related norms, we
may have further enhanced the overall sensitivity of VRS-MTA.
Indeed, almost two thirds of those subjects who did not meet cri-
teria for impairment using HP-v, did meet criteria for impairment
using VRS-MTA, and conversely, less than a third of those who
were VRS-MTA negative were HP-v positive. Thus, each measure
provides unique information, most notably VRS MTA, which
includes independent and additive measures of the HP, ERC,
and PRC.

An advantage of using VRS-MTA over HP-v is that regional
brain volumes are variable across individuals and need to be
normalized by conversion to a ratio of the absolute volume of
the HP to intracranial volume, whereas VRS-MTA has built—in
normalization and thus avoids multiplicative errors inherent in
using ratios of two quantitative variables. From the clinician’s
vantage point, VRS-MTA has the following additional desirable
attributes: (1) measurement and scoring of VRS-MTA is quick
and reliable by the clinician, providing a distinct advantage over
traditional volumetric techniques; (2) HP-v measurements, as
compared to VRS-MTA measurements, require much greater
technical stringency in the acquisition of the MRI scans and
are far more vulnerable to a variety of measurement errors;
(3) HP-v measurements require a technical interface for obtain-
ing quantitative assessment whereas VRS-MTA does not (Duara
et al., 2008; Shen et al., 2011). Although volumetric analysis of
regional brain atrophy can be performed by a variety of pro-
grams which are widely available, they have been used almost
exclusively in research applications, and not in clinical practice.
Currently, measurement of HP-v is inconvenient and expensive
in time and money and technical problems that often occur
during the image acquisition protocol may invalidate the use
of a substantial proportion of MRI scans performed in the
community.

From a biological standpoint it is clear that hippocampal
atrophy is non-specific and that the characteristic pathologi-
cal changes in AD (Braak and Braak, 1985; Braak et al., 2006)
begin outside the HP, with development of neurofibrillary tangles
in the transentorhinal and entorhinal cortex, spreading subse-
quently to the subiculum and CALI regions of the HP. Subsequent
spread of pathology occurs to limbic, and ultimately to neocor-
tical regions, such as the precuneus, middle frontal gyrus and
posterior cingulate gyrus. The severity of this atrophy, at least in
the medial temporal regions, correlates with the severity of under-
lying AD-related neuropathological changes seen on postmortem
(Jack et al., 2002).

The use of VRS-MTA methodology affords a unique
perspective, not available to those using quantitative HP-v

measures, of the presence and severity of the neurodegener-
ative process in AD. Atrophy of the entorhinal and perirhi-
nal cortices and the HP, widening of the collateral sulcus
and atrophy of the white matter band between the subicu-
lum and the ERC are well known pathological features of AD
and are readily visible on appropriately obtained MRI scans
acquired or reconstructed in the coronal plane in thin, con-
tiguous brain slices. This information often times serves to
confirm the clinical diagnosis, especially in a patient in which
non-neurodegenerative causes of cognitive impairment, such
as cerebrovascular disease or psychiatric conditions are also
under consideration. The absence of confirmatory neurode-
generative findings on the MRI scan alerts the clinician to
alternative causes of impaired cognitive performance, such as
systemic disorders, attention deficit disorders, sleep-apnea syn-
drome, depression, anxiety, and cultural or language related
factors.

The current investigation has the following advantages over
previous studies: (1) Optimal age- related cut-scores for VRS-
MTA and HP-v have been derived for normal subjects and
then applied to aMCI and AD cases; (2) the importance of
frequently-observed asymmetrical atrophy in medial temporal
regions and HP-v volumes has been recognized and incorpo-
rated into the algorithm for distinguishing CN from aMCI and
AD subjects, using either VRS-MTA or HP-v measures (typ-
ically, rather than using the most atrophic side in the algo-
rithm, bilateral regions are combined into a single score). Using
these methods our results indicate that VRS-MTA is at least as
good, and more likely better than using HP-v for distinguish-
ing both younger and older aMCI and AD subjects from CN
subjects. VRS-MTA scores are also better correlated than are
HP-v measures with memory and functional indices. Finally,
VRS-MTA measures are better than HP-v measures in pre-
dicting progression to AD or dementia over a defined period
of time. This suggests that VRS-MTA may provide a clearer
indication of neurodegenerative pathology related to AD than
merely HP-v.

Some of the limitations of using VRS-MTA include the fact
that ratings are based on assessments performed on a single
coronal slice, thereby providing a limited perspective of over-
all brain pathology (this limitation can be easily overcome by
evaluating multiple adjacent coronal slices). In addition, atro-
phy in the medial temporal regions may not be specific to AD,
but in some cases may be indicative of hippocampal sclerosis,
frontotemporal lobar dementias, Lewy body dementia, vascular
dementia, or cognitive impairment (Jack et al., 2002; Barkhof
et al., 2007). Also, a larger and more diverse group of elderly
normals will be required to extend age-related cut-off scores
further than we have been able to do in this study. Age is a
risk factor for AD and other neurodegenerative disorders and
up to 30% elderly adults with underlying brain pathology may
have sufficient cognitive reserve so that they do not present with
cognitive symptoms. Hence, it is likely that among elderly vol-
unteers, who are cognitively normal, substantial AD pathology
is present, which may be reflected in their VRS-MTA scores,
thereby apparently reducing the specificity of VRS-MTA cut-off
scores.
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At present, the primary utility of structural MRI, in the diag-
nosis of disorders causing cognitive impairment, is to rule out
specific pathologies such as pathologies as hydrocephalus, vascu-
lar, inflammatory or demyelinating, and space-occupying lesions
as the cause of the cognitive syndrome, but not for confirming
the presence of AD-like pathology and its severity. Our results
suggest that VRS-MTA, which could readily be incorporated
into the routine assessment of patients presenting with mem-
ory symptoms, will likely assist in strengthening the diagnosis
of AD or ruling it out, thereby improving both sensitivity and
specificity of a clinical diagnosis of probable and prodromal AD.

REFERENCES

Albert, M. S., Dekosky, S. T., Dickson,
D., Dubois, B., Feldman, H. H., Fox,
N. C,, et al. (2011). The diagnosis
of mild cognitive impairment due
to Alzheimer’s disease: recommen-
dations from the National Institute
on Aging-Alzheimer’s Association
workgroups on diagnostic guide-
lines for Alzheimer’s disease.
Alzheimers Dement. 7, 270-279. doi:
10.1016/j.jalz.2011.03.008

Alemén-Goémez, Y., Melie-Garcia, L.,
and Valdés-Hernandez, P. (2006).
“IBASPM: Toolbox for automatic
parcellation of brain structures,” in
Presented at the 12th Annual Meeting
of the Organization for Human
Brain Mapping (Florence). Available
on CD-Rom in Neurolmage, Vol.
27, No.1.

Appel, J., Potter, E., Bhatia, N., Shen,
Q., Zhao, W., Greig, M. T., et al.
(2009). Association of white mat-
ter hyperintensity measurements on
brain MR imaging with cogni-
tive status, medial temporal atro-
phy, and cardiovascular risk fac-
tors. AJNR Am. J. Neuroradiol. 30,
1870-1876. doi: 10.3174/ajnr.A1693

Army Individual Test Battery (1944).
Manual of Directions And Scoring.
Washington, DC: War Department,
Adjutant General’s Office.

Barkhof, F., Polvikoski, T. M., van
Straaten, E. C., Kalaria, R. N,,
Sulkava, R., Aronen, H. J., et al.
(2007). The significance of medial
temporal lobe atrophy: a post-
mortem MRI study in the very old.
Neurology 69, 1521-1527. doi: 10.
1212/01.wnl.0000277459.83543.99

Beekly, D. L., Ramos, E. M., Lee,
W. W.,, Deitrich, W. D., Jacka,
M. E, Wu, ], et al. (2007). NIA
Alzheimer’s Disease Centers. The
National Alzheimer’s Coordinating
Center (NACC) database: the
Uniform Data Set. Alzheimer Dis.
Assoc. Disord. 21, 249-158. doi:
10.1097/WAD.0b013e318142774¢

Benedict, R. H. B., Schretlen, D,
Groninger, L., and Brandt, J. (1998).
Hopkins verbal learning test-

revised: normative data and analysis
of inter-form and test-retest relia-
bility. Clin. Neuropsychol. 12, 43-55.
doi: 10.1076/clin.12.1.43.1726

Braak, H., and Braak, E. (1985).
On areas of transition between
entorhinal allocortex and tempo-
ral isocortex in the human brain.
Normal morphology and lamina-
specific pathology in Alzheimer’s
disease. Acta Neuropathol. (Berl.) 68,
325-332. doi: 10.1007/BF00690836

Braak, H., Alafuzoff, 1., Arzberger, T.,
Kretzschmar, H., and Del Tredici, K.
(2006). Acta Staging of Alzheimer
disease-associated  neurofibrillary
pathology using paraffin
tions and immunocytochemistry.
Neuropathol. 112, 389-404. doi:
10.1007/s00401-006-0127-z

Cummings, J. L., Mega, M., Gray, K,
Rosenberg-Thompson, S., Carusi,
D. A., and Gornbein, J. (1994).
The neuropsychiatric inventory:
comprehensive assessment of neu-
ropathology in dementia. Neurology
44, 2308-2314. doi: 10.1212/WNL.
44.12.2308

Duara, R., Loewenstein, D. A., Greig,
M., Acevedo, A., Potter, E., Appel, J.,
et al. (2010). Reliability and validity
of an algorithm for the diagnosis of
normal cognition, MCI and demen-
tia: implications for multi-center
research studies. Am. J. Geriatr.
Psychiatry. 18, 363-370. doi:
10.1097/JGP.0b013e3181c534a0

Duara, R., Loewenstein, D. A., Potter,
E., Appel, A., Greig, M. T., Urs,
R., et al. (2008). Medial tempo-
ral lobe atrophy on MRI scans and
the diagnosis of Alzheimer disease.
Neurology 71, 1986-1992. doi: 10.
1212/01.wnl.0000336925.79704.9f

Fahn, S., and Elton, R. (1987). “Unified
Parkinson’s disease rating scale,” in
Recent Developments in Parkinson
Diseases, eds S. Fahn, D. Marsden,
and D. Calne (London: Macmillan),
153-163.

Folstein, M., Folstein, S., and McHugh,
P. (1975). Mini-mental state. A
practical method for grading the
cognitive state of patients for the

sec-

Moreover, VRS-MTA need not be used exclusively for clinical
purposes; it could also serve as a research tool, especially in
clinical trials when accuracy of the clinical diagnosis is a major

requirement.

ACKNOWLEDGMENTS

Research was supported by the National Institute of Aging,
NIH 5R01AG020094-03 and NIH 1P50AG025711-03, & Byrd
Alzheimer Center and Research Institute grants. Statistical anal-
ysis was performed by David A. Loewenstein, Ph.D., University of

Miami.

physician. J. Psychiatr. Res. 12,
189-198. doi: 10.1016/0022-3956
(75)90026-6

Frisoni, G. B., Fox, N. C., Jack, C. R.
Jr., Scheltens, P., and Thompson,
P. M. (2010). The clinical use of
structural MRI in Alzheimer dis-
ease. Nat. Rev. Neurol. 6, 67-77. doi:
10.1038/nrneurol.2009.215

Fuld, P. A. (1981). Fuld Object-Memory
Evaluation. Illinois, IL: Stoelting Co.

Jack, C. R., Dickson, D. W., Parisin, J.
E., Xu, Y. C., Cha, R. H., O’Brien, P.
C., et al. (2002). Antemortem MRI
findings correlate with hippocampal
neuropathology in typical aging and
dementia. Neurology 58, 750-757.
doi: 10.1212/WNL.58.5.750

Loewenstein, D. A., Acevedo, A., Potter,
E., Schinka, J. A., Raj, A., Greig, M.
T., et al. (2009). Severity of medial
temporal atrophy and amnestic
mild cognitive impairment: select-
ing type and number of memory
tests. Am. J. Geriatr. Psychiatry
17, 1050-1058. doi: 10.1097/JGP.
0b013e3181b7ef42

McGill University. (2009). Montreal,
QC. Available online at: http://
www.bic.mni.mcgill.ca/brainweb/
(Accessed June 12, 2006; July 1,
2009).

McKhann, G., Drachman, D. A,
Folstein, M. E, Katzman, R., Price,
D. L, and Stadlan, E. (1984).
Clinical diagnosis of Alzheimer’s
disease: report of the NINCDS-
ADRDA  Work Group under
the auspices of the Department
of Health and Human Services
Task Force on Alzheimer’s dis-
ease. Neurology 34, 939-944. doi:
10.1212/WNL.34.7.939

Monsch, A. Y., Bondi, M. W., Butters,
N., Salmon, D. P, Katzman, R,
and Thal, L. (1992). Comparison
of verbal fluency tasks in the
detection of dementia of the
Alzheimer’s type. Arch. Neurol.
49, 1253-1258. doi: 10.1001/arch-
neur.1992.00530360051017

Morris, J. C. (1993). The clini-
cal dementia rating (CDR),
Current  version and scoring

rules. Neurology 43, 2412-2414. doi:
10.1212/WNL.43.11.2412-a

Morris, J. C. (2006). Mild cognitive
impairment is early-stage Alzheimer
disease: time to revise diagnostic
criteria. Arch. Neurol. 63, 15-16. doi:
10.1001/archneur.63.1.15

Petersen, R. C., Smith, G. E., Waring,
S. C., Ivnik, R. J., Tangalos, E. G.,
and Kokmen, E. (1999). Mild cogni-
tive impairment: clinical character-
ization and outcome. Arch. Neurol.
56, 303-308. doi: 10.1001/arch-
neur.56.3.303

Scheltens, P, Launer, L. J., Barkhof,
E., Weinstein, H. C., and van Gool,
W. A. (1995). Visual assessment of
medial temporal lobe atrophy on
magnetic resonance imaging: inter-
observer reliability. J. Neurol. 242,
557-560. doi: 10.1007/BF00868807

Sheikh, J. I, and Yesavage, J. A.
(1986). “Geriatric Depression Scale
(GDS): recent evidence and devel-
opment of a shorter version,” in
Clinical Gerontology: A Guide to
Assessment and Interventions, ed
T. L. Brink (New York, NY: The
Haworth Press), 165-173.

Shen, Q., Loewenstein, D., Potter,
E., Zhao, W., Appel, J., Greig,
M., et al. (2011). Volumetric
and visual rating of MRI scans
in the diagnosis of amnestic
MCI and Alzheimer’s Disease.
Alzheimers Dement. 7, 101-108. doi:
10.1016/j.jalz.2010.07.002

Sperling, R. A., Aisen, P. S., Beckett,
L. A., Bennett, D. A, Craft, S,
Fagan, A. M., et al. (2011). Toward
defining the preclinical stages of
Alzheimer’s disease: recommenda-
tions from the National Institute
on Aging-Alzheimer’s Association
workgroups on diagnostic guide-
lines for Alzheimer’s disease.
Alzheimers Dement. 7, 280-292. doi:
10.1016/j.jalz.2011.03.003

Urs, R, Potter, E., Barker, W., Appel,
J., Loewenstein, D. A., Zhao, W.,
et al. (2009). Visual rating sys-
tem (VRS) for assessing magnetic
resonance images (MRIs): a tool
in the diagnosis of MCI and

Frontiers in Aging Neuroscience

www.frontiersin.org

September 2013 | Volume 5 | Article 47 | 73


http://www.bic.mni.mcgill.ca/brainweb/
http://www.bic.mni.mcgill.ca/brainweb/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Duara et al.

Age-adjusted MRI ratings in aMCl

Alzheimer’s disease. J. Comput.
Assist.  Tomogr. 33, 73-78. doi:

10.1097/RCT.0b013e31816373d8

Uitenbroek, D. G. (1997). SISA
Binomial. ~ Southampton: D.G.
Uitenbroek. Available online

at: http://www.quantitativeskills.com
/sisa/distributions/binomial.htm
(Accessed January 01, 2004)
Wechsler, D. (1987). The Wechsler
Memory Scale-Revised. San Antonio,
TX: The Psychological Corporation.
Wechsler, D. (1997). The Wechsler
Adult Intelligence Scale, 3rd Edn.

San Antonio, TX: The Psychological
Corporation.

Wenham, P. R., Price, W. H., and
Blandell, G. (1991). Apolipoprotein
E genotyping by one-stage PCR.
Lancet 337, 1158-1159. doi:
10.1016/0140-6736(91)92823-K

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 21 June 2013; accepted: 20
August  2013; published online: 18
September 2013.

Citation: Duara R, Loewenstein DA,
Shen Q, Barker W, Varon D, Greig MT,
Curiel R, Agron ], Santos I and Potter
H (2013) The utility of age-specific cut-
offs for visual rating of medial temporal
atrophy in classifying Alzheimer’s dis-
ease, MCI and cognitively normal elderly
subjects. Front. Aging Neurosci. 5:47. doi:
10.3389/fnagi.2013.00047

This article was submitted to the journal
Frontiers in Aging Neuroscience.

Copyright © 2013 Duara, Loewenstein,
Shen, Barker, Varon, Greig, Curiel,
Agron, Santos and Potter. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Aging Neuroscience

www.frontiersin.org

September 2013 | Volume 5 | Article 47 | 74


http://www.quantitativeskills.com/sisa/distributions/binomial.htm
http://www.quantitativeskills.com/sisa/distributions/binomial.htm
http://dx.doi.org/10.3389/fnagi.2013.00047
http://dx.doi.org/10.3389/fnagi.2013.00047
http://dx.doi.org/10.3389/fnagi.2013.00047
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

frontiers n

AGING NEUROSCIENCE

ORIGINAL RESEARCH ARTICLE
published: 02 April 2013
doi: 10.3389/fnagi.2013.00012

=

Refining the diagnosis of Huntington disease: the
PREDICT-HD study

Kevin M. Biglan', Ying Zhang?, Jeffrey D. Long?®, Michael Geschwind*, Gail A. Kang*, Annie Killoran’,
Wenjing Lu?, Elizabeth McCusker®, James A. Mills®, Lynn A. Raymond®, Claudia Testa’,
Joanne Wojcieszek?®, Jane S. Paulsen®*, and the PREDICT-HD Investigators of the Huntington

Study Group

" Department of Neurology, University of Rochester, Rochester, NY, USA

2 Department Biostatistics, University of lowa, lowa City, I1A, USA

3 Department of Psychiatry, University of lowa, lowa City, IA, USA

4 Department of Neurology, University of California San Francisco, San Francisco, CA, USA

5 Department of Neurology, Westmead Hospital, Sydney, NSW, Australia

% Division of Psychiatry, University of British Columbia, Vancouver, BC, Canada

7 VICU Parkinson’s and Movement Disorders Center Virginia Commonwealth University, Richmond, VA, USA
8 Department of Neurology, Indiana University, Indianapolis, IN, USA

Edited by:
Manuel Menéndez-Gonzalez,
Hospital Alvarez-Buylla, Spain

Reviewed by:

Hiroshi Morita, Sinshu University,
Japan

Katsutoshi Furukawa, Tohoku
University, Japan

Diego Ruano, University of Sevilla,

Spain
Andrea Ciarmiello, S. Andrea
Hospital ASL5 Spezzino, Italy

*Correspondence:

Jane S. Paulsen, Department of
Psychiatry, Roy J. and Lucille A.
Carver College of Medicine
Research, The University of lowa,
1-305 Medical Education Building,
lowa City, IA 52242-1000, USA.
e-mail: jane-paulsen@uiowa.edu

INTRODUCTION

Participants with the gene expansion for Huntington disease (HD) but not yet diagnosed
were evaluated annually. Unidimensional diagnosis (UD) was a motor diagnosis defined as
a diagnostic confidence level (DCL) of 4 (unequivocal motor signs, >99% confidence) on
the standardized motor exam of the Unified Huntington Disease Rating Scale (UHDRS).
Multidimensional diagnosis (MD) was defined as answering yes on Question 80 (Q80)
of the UHDRS, >99% confidence of manifest HD based on the entire UHDRS. Motor,
cognitive, and behavioral measures of phenotype at first diagnosis were compared
by t-tests between participants diagnosed via motor exam (UD) and those diagnosed
via multidimensional input (MD). Cluster analysis identified clusters based on UHDRS
domains.186 participants received a diagnosis of HD during a maximum of 6.4 years
of follow-up. In 108 (58.1%) the diagnosis by MD and UD occurred simultaneously,
while in 69 (37.1%) the diagnosis by MD occurred prior to UD. Participants who were
diagnosed by MD prior to UD were less impaired on motor (12.2 + 6.7 vs. 22.4 + 9.3,
p < 0.0001), and cognitive (290.7 £ 56.2 vs. 258.0 + 53.7, p = 0.0002), but not behavioral
measures (16.3£21.2 vs. 18.6 +£22.1, p = 0.49) when compared with those diagnosed
simultaneously. Cluster analysis identified three clusters that represented primarily
cognitively impaired, behaviorally impaired, and cognitively preserved phenotypes. A
multidimensional method results in an earlier diagnosis with less motor and cognitive
impairment than a motor diagnosis. Findings have implications for designing preventive
trials and providing clinical care in prodromal HD.

Keywords: Huntington’s disease, trinucleotide repeat diseases, cohort studies, natural history studies, outcome
research

or prodromal phase (Huntington Study Group, 2006; Paulsen
et al., 2006).

Huntington disease (HD) is an adult-onset, autosomal dominant,
progressive, and fatal neurodegenerative disease characterized by
the clinical triad of a movement disorder, cognitive decline, and
behavioral disturbances caused by a cytosine-adenine-guanine
(CAG) repeat in the 5'-translated region of the gene on the short
arm of chromosome 4 (Duyao et al., 1993). The precise point of
disease diagnosis is poorly characterized, with clinical abnormal-
ities emerging gradually over many years during a “pre-manifest”

Abbreviations: AD, Alzheimer disease; CAG, cytosine-adenine-guanine;
DCL, diagnostic confidence level; HD, Huntington disease; PREDICT-HD,
Neurobiological Predictors of Huntington’s Disease; Q80, Question 80; SDM, sym-
bol digit modalities; TFC, Total Functional Capacity; UHDRS, Unified Huntington
Disease Rating Scale.

A challenge of therapeutic research is in the identification of
treatments that impact the manifestation of disease in individuals
at varying stages of disease progression. For the neurodegenera-
tive diseases, much effort has been devoted to early identification
and staging using clinical outcome measures or biomarkers. For
instance, there are widespread efforts to detect “mild cogni-
tive impairment” prior to dementia so that therapeutics might
be considered before extensive cell death has occurred. Even in
HD, in which a cohort can be identified years prior to diagno-
sis, challenges remain in designing trials aimed at delaying ill-
ness progression. The Neurobiological Predictors of Huntington’s
Disease (PREDICT-HD) study is a longitudinal prospective eval-
uation in individuals at risk for HD with known gene status.
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The PREDICT-HD study should help identify outcomes for use in
trials aimed at delaying the manifestation of illness in prodromal
HD. However, in order to show that an intervention can delay dis-
ease, there needs to be consensus on how to best define the clinical
diagnosis of HD. The traditional method of HD diagnosis rests on
the motor manifestation of disease though the cognitive and psy-
chiatric aspects of HD have been recognized for decades. Efforts
toward more refined disease staging may be improved with a more
comprehensive consideration of HD. Therefore, we compared two
methods of diagnosis in the PREDICT-HD cohort: a multidimen-
sional diagnosis (MD) and a unidimensional diagnosis (UD) or
motor diagnosis.

MATERIALS AND METHODS

All aspects of the study were approved by the Institutional Review
Board at each participating institution. Participants signed con-
sents for participation and to release their de-identified data for
analyses.

OVERVIEW OF PREDICT-HD

The PREDICT-HD study is designed to prospectively characterize
refined clinical, neurobiological, and neurobehavioral markers of
HD prior to the point of traditional motor diagnosis in a pop-
ulation known to carry the HD CAG expansion (Paulsen et al.,
2006). Participants at risk for HD were recruited from 32 sites
in the United States, Canada, Australia, and Europe beginning in
2001. All participants were required to have voluntarily under-
gone genetic testing for the HD CAG expansion independent
from the study. Participants were evaluated annually with stan-
dardized assessments of motor, cognition, behavior, function, and
clinical diagnosis.

Only individuals with the HD CAG expansion and without
manifest disease (prodromal HD) as defined by the absence of
unequivocal motor signs (diagnostic confidence level of less than
4 on question 17 of the UHDRS, Table 1A) on their initial exam-
ination were included in the current analysis. Control subjects

Table 1 | The Unified Huntington Disease Rating Scale diagnostic
confidence level and Q80 diagnostic criteria.

A. Diagnostic confidence level

To what degree are you confident that this person meets the
operational definition of the unequivocal presence of an otherwise
unexplained extrapyramidal movement disorder (e.g., chorea,
dystonia, bradykinesia, rigidity) in a subject at risk for HD?

0 = normal (no abnormalities)

1 = non-specific motor abnormalities (less than 50% confidence)

2 = motor abnormalities that may be signs of HD (50-89% confidence)
3 = motor abnormalities that are likely signs of HD (90-98% confidence)
4 = motor abnormalities that are unequivocal signs of HD

(>99% confidence)

B. Q80 diagnostic criteria

Based on the entire UHDRS (Motor, Cognitive, Behavioral, and
Functional components) do you believe with a confidence level >99%
that this participant has manifest HD? (0 = No, 1 = Yes)

were those participants who had tested negative for the HD CAG
expansion and had participated in at least two visits. For purposes
of this analysis, the last visit in controls was used for comparison
with cases.

CLINICAL ASSESSMENTS

Huntington disease clinical diagnosis

Motor Diagnosis: The Huntington Disease Rating Scale
(UHDRS) diagnostic confidence level (DCL) is the standard
measure used for clinical diagnosis in at-risk individuals and
is based solely on the motor evaluation. It is a categorical scale
(Table 1A) with a range from 0 (normal) to 4 (unequivocal signs
of HD, >99% confidence > on the part of the examiner). The
DCL has previously shown fair inter-rater reliability (weighted
kappa = 0.67, SE = 0.09) (Hogarth et al., 2005). Participants
had a clinical diagnosis of HD at the time of the first rating of a
DCL =4.

Multidimensional Diagnosis: Question 80 (Q80) of the
UHDRS asks raters to take into account all aspects of the UHDRS
(motor, cognitive, behavioral, and functional) and to make a deci-
sion (yes or no) whether a subject has a diagnosis of HD with a
confidence level 99% (Table 1B). The first occurrence of Q80 =
yes was the multidimensional diagnostic criteria used for the
current analyses.

The primary analysis compared participants who were diag-
nosed by MD prior to receiving a diagnosis by UD with partici-
pants who received a diagnosis of MD and UD simultaneously. A
small proportion of individuals received a diagnosis by UD prior
to MD and these participants were not included in the analysis.

UNIFIED HUNTINGTON DISEASE RATING SCALE OUTCOMES

The current analyses focused solely on the UHDRS assessments,
since UD is rated on the motor UHDRS only and MD specifically
asks raters to make a determination based on the entirety of the
Hungtington Study Group (1996). The motor UHDRS assessed
for the presence and severity of motor features (Hungtington
Study Group, 1996). The motor UHDRS is a standardized assess-
ment consisting of 31 items rated on a scale from 0 to 4 with
a score of 0 indicating no abnormalities and 4 indicating the
most severe impairment. The maximum possible total score is
124. Previously motor scores have been shown to distinguish con-
trols from prodromal HD cases and subtle motor abnormalities
were associated with closer estimated diagnosis of disease (Biglan
et al., 2009). In manifest HD, oculomotor, rigidity, chorea, dysto-
nia, and bradykinesia domains have been identified and were used
to clarify if specific motor features were associated with specific
clusters at time of clinical diagnosis (Marder et al., 2000).

The cognitive section of the UHDRS includes verbal fluency,
symbol digit modalities test, and Stroop word, color, and interfer-
ence tests (Hungtington Study Group, 1996; Biglan et al., 2009).
Each of these cognitive tests has been shown to distinguish gene
mutation carriers from controls in prodromal HD (Paulsen et al.,
2008; Stout et al., 2011). Total cognitive scores are calculated
by summing the five individual scores in the UHDRS cognitive
domain.

The behavioral section of the UHDRS consists of 11 items eval-
uating various behavioral signs and symptoms. Individuals are
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ranked on both severity and frequency on a 0 to 4 scale with 0
being not present and 4 being severe and frequent (Hungtington
Study Group, 1996). Total behavioral scores are calculated by
summing the severity and frequency items and ranges from 0 (no
behavioral symptoms) to 88 (most severe behavioral symptoms).
The functional section of the UHDRS includes the Functional
Assessment Scale, Independence Scale, and the Total Functional
Capacity (TFC) (Hungtington Study Group, 1996). The TEC
is a standard assessment of overall function in HD and has a
demonstrated reliability for indexing progression in various diag-
nosed HD populations (Marder et al., 2000; Huntington Study
Group, 2001). The TFC rates individuals’ function on the follow-
ing domains: occupation, handling finances, domestic chores, and
activities of daily living. The TFC ranges from 13 (normal func-
tion) to 0 (complete loss of function). In prodromal HD, there is
a strong tendency for participants to have the maximum score,
as most have normal function; thus the TFC was treated as a
dichotomous variable (TFC < 13) to indicate whether an indi-
vidual has some kind of impairment in functionality for daily
living (Paulsen et al., 2010). For assessment of employment status
UHDRS item #43 (ability to work at accustomed employment)
and item #44 (ability to work at any employment) were used.

STATISTICAL ANALYSIS

Kaplan-Meier curves were generated to describe the probability
of being diagnosis-free over time and to evaluate the tempo-
ral relationship between incident diagnoses using the different
diagnostic criteria.

UHDRS total motor, total cognitive, and total behavioral
scores at the time of incident diagnosis were compared between
the different diagnostic groups using ¢-tests.

Chi-square tests were used to compare differences in the fre-
quency of diagnosis by the same vs. different raters between the
different diagnostic groups.

To evaluate the factors associated with diagnosis in those par-
ticipants who received a diagnosis of MD prior to UD, K-mean
clustering with the pseudo-F statistic criterion was performed to
identify categories of participants (clusters) at the time of diag-
nosis. The UHDRS total motor score, total cognitive score, and
total behavior score at diagnosis were used in the cluster analy-
sis. In order to ascertain if raters utilized participants’ functional
status in the diagnostic decision, TFC, and employment status
were compared across the clusters. To determine if specific motor
features were associated with different clusters, the sum of each
motor domain was compared across clusters. The ANOVA, Fisher
Exact Tests, or Kruskall-Wallis Test were performed as appropriate
to determine the difference between the clusters and the control
group and post-hoc pairwise comparisons using t-tests or chi-
square tests, corrected for multiple comparisons (alpha < 0.01)
to determine the statistical ordering among the groups.

RESULTS

Since 2001, a total of 1054 individuals have been enrolled in the
PREDICT-HD study. Of these participants, 821 (78%) carried the
CAG expansion and were considered prodromal (DCL < 4) at
baseline. A total of 233 (22%) of the participants enrolled did not
carry the CAG expansion (controls); of these, 194 had at least two
follow-up visits.

Over a mean follow-up of 3.1 years (SD = 1.4 years and
range = 6.4 years) a total of 186 CAG expanded participants (23%
of total CAG expanded) received a first diagnosis of manifest HD
by either diagnostic criteria (MD or UD). Of these diagnosed
individuals, 108 (58.1%) received a diagnosis by UD and MD
simultaneously, 69 (37.1%) by MD prior to UD, and 9 (4.8%)
by UD prior to MD. Figure 1 shows the Kaplan-Meier estimates
of the diagnosis-free probability curves over 6 years of follow-up
for diagnosis based on the UD and MD criteria.

Of those diagnosed, 148 (79.6%) had the same rater, whereas
38 (20.4%) had different raters for UD and MD. DCL = 4 and
Q80 diagnoses were more likely to occur simultaneously when the
rater was the same (89.8%). Q80 diagnosis also preceded DCL =
4 diagnosis more often when the rater was the same (73.9%)
(Table 2).

Table 3 demonstrates the clinical features at the time of diag-
nosis by the different criteria. Participants who were diagnosed
by MD prior to UD were less impaired on UHDRS total motor
scores (12.2 £ 6.7 vs. 22.4 9.3, p < 0.0001) and on total cogni-
tive scores (290.7 £ 56.2 vs. 258.0 = 53.7, p = 0.0002) compared
with individuals who received the diagnoses simultaneously.
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FIGURE 1 | Kaplan-Meier estimate of the probability of being
diagnosis-free during follow-up by type of diagnosis (UHDRS Q80 =
yes and UHDRS DCL = 4).

Table 2 | Diagnostic agreement between by same vs. different

raters® 1.

Diagnosis Same rater Different rater Total
Simultaneous Q80/DCL =4 97 (89.8%) 11 (10.2%) 108
Q80 before DCL =4 51 (73.9%) 18 (26.1%) 69
Total 148 (83.6%) 29 (16.4%) 177

*p = 0.005 for the comparison of clinical diagnosis by rater category.
"Does not include the 9 participants where DCL = 4 occurred before Q80.
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There was no statistical difference on UHDRS behavioral scores
(16.3 £21.2vs. 18.6 £ 22.1, p = 0.49) between the two groups.
A cluster analysis using K-mean clustering in the partici-
pants that received MD prior to UD was performed and a three
cluster solution was identified based on the pseudo-F statistic
criterion. Table 4 shows the mean total motor, cognitive, and
behavioral scores by clusters and controls. Cluster 1 identifies a
predominantly cognitively impaired phenotype because it had the
lowest UHDRS cognitive mean, but the second highest behavior
mean and the highest total motor mean (Cluster 1 might also
be labeled as predominantly cognitive/motor). Cluster 2 identi-
fies a predominantly behaviorally impaired phenotype as it had
the highest behavior mean, but had the second highest cognitive
mean and the lowest total motor mean among the gene-expanded
participants. Cluster 3 represents a cognitively preserved group

because the cluster had the highest cognitive mean (even higher
than controls), the lowest behavior mean, and the second high-
est total motor mean among gene-expanded participants. All
clusters had significantly worse motor scores compared with
controls. A more detailed assessment of motor features using
the motor sub-domains (Table 4) suggests that cluster 3 (cogni-
tively preserved) had the most chorea while cluster 1 (cognitively
impaired) performed the worst on the bradykinesia domain. A
cluster analysis of the participants that received simultaneous
diagnoses identified a three-cluster solution that was qualitatively
similar (i.e., cognitive, behavioral, and preserved phenotypes),
except that participants performed worse on motor and cognitive
measures than the same clusters in participants with MD prior
to UD (results not shown). All three clusters were more likely
than controls to have greater functional impairment as measured

Table 3 | Clinical features at time of diagnosis.

Variables Q80 before DCL = 4 (n = 69) Simultaneous Q80/DCL = 4 (n = 108) Controls’ (n = 194) p-value*
Gender (%F) 65.7 66.7 66.0 0.89
Age (mean £ SD) 46.3+9.2 46.7 £10.3 46.7 £11.1 0.81
CAG (mean £ SD) 43.1 £ 3.1 43.5+ 3.1 20.1+35 0.43
UHDRS motor (mean =+ SD) 12.2+6.7 22.4+9.3 2.8+ 3.1 <0.001
UHDRS cognition (mean + SD) 290.56+56.5 258.0 +£53.7 341.4+47.4 <0.001
UHDRS behavior (mean + SD) 16.3+21.2 18.6 +22.1 57+9.3 0.49
UHDRS TFC (% <13) 31.9 48.1 7.0 0.03

*p-values are for the comparison between Q80 diagnosis before DCL = 4 and simultaneous diagnosis.

TThe values of controls were taken at the last visit.

Table 4 | Group comparisons between clusters.

Variables Control Cluster 1 Cluster 2 Cluster 3 ANOVA Pair-wise comparisons (alpha 0.01)
(n = 194) (n=21) (n=32) (n=15) p-value
Age
(mean + SD) 46.75+11.13 45.70 +9.32 47.26 +9.97 4470+ 7.70 0.85 -
CAG
(mean + SD) 20.12 +£3.45 43.58 4+ 2.59 43.22 4+ 3.66 42.73+2.09 <0.001 Control < C1, C2, C3
UHDRS
Total motor
(mean + SD) 2.75+3.08 16.52 £+ 5.60 9.56 4+ 6.03 11.86 +6.78 <0.001 Control < C2, C3 < C1
Motor domains
Oculo (mean 4 SD) 0.65+1.23 4.52 +2.36 2.344+2.89 3.567+3.06 <0.001 Control < C2 < C1; Control < C3
Brady (mean + SD) 1.44+1.91 6.67 +3.12 4.03+3.10 3.79+2.81 <0.001 Control < C2, C3 < C1
Rigidity (mean + SD) 0.31+0.68 0.67 +1.15 0.534+0.72 0.924+1.07 0.004 Control < C3
Dystonia (mean =+ SD) 0.06 +0.34 1.05+1.56 0.38+0.87 0.43+0.76 <0.001 Control < C2 < C1;C3 < C1
Chorea (mean + SD) 0.29+0.69 3.62+2.52 2.28+2.05 3.14+2.28 <0.001 Control < C1,C3; C2 < C1
Cognition
(mean + SD) 341.4+47.4 224.0+25.7 303.8+19.4 361.8+22.6 <0.001 C1 < C2 < Control, C3
Behavior
(mean + SD) 5.69 4+ 9.29 12.65 + 18.63 20.25+21.28 7.47 +10.05 <0.001 Control, C3 < C2

Cluster 1, predominantly cognitive, Cluster 2, predominantly behavioral; Cluster 3, cognitively preserved.
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by TFC. Whereas participants in cluster 3 were more likely to
be employable compared to the other clusters, this did not meet
the threshold for significance and all clusters were less likely
to be employable compared with controls (see Supplementary
Table e-1).

There was no statistical difference between the clusters in the
proportion of raters that were the same vs. raters who were
different (see Supplementary Table e-2).

DISCUSSION

In participants with prodromal HD enrolled in the PREDICT-HD
study, a multidimensional diagnosis occurs earlier and with less
motor and cognitive impairment than a diagnosis based on the
motor examination. Given the results of our analysis, a diagno-
sis that considers cognitive and behavioral features in addition to
motor features has face validity. Therefore, compared to the tra-
ditional motor diagnosis, a multidimensional diagnosis may be a
preferable outcome for use in future trials aimed at delaying the
manifestation of HD.

The current analysis also identified different phenotypes
in HD at the time of diagnosis: predominantly cognitively
impaired (with motor impairments), predominantly behaviorally
impaired, and cognitively preserved. These phenotypic clusters
had motor impairments greater than controls at diagnosis despite
marked differences among the clusters in cognitive and behav-
ioral performance. Thus, while the traditional motor diagnosis
selects for the identification of a predominantly motor pheno-
type, a multidimensional diagnosis may identify predominantly
non-motor presentations.

It is unclear why certain participants were given a multidi-
mensional diagnosis in the absence of significant impairment in
cognition or behavior in cluster 3 (cognitively preserved). This
was not related to worse functional performance in this group.
It may be that worse chorea in this group influenced raters to
make a diagnosis even when the overall motor impairment was
not deemed sufficient to make a motor diagnosis; or this could
reflect differences in how raters diagnose HD. In the future it may
be useful to ask raters what factors influenced their diagnostic
decision. It may also be beneficial to establish objective methods
for diagnosis, such as the establishment of certain cut-off scores
on the UHDRS.

Despite these findings, even individuals receiving a multi-
dimensional diagnosis are being identified relatively late after
the accumulation of significant clinical signs. PREDICT-HD and
other studies suggest that striatal atrophy and clinical features
may develop decades prior to diagnosis (Aylward et al., 20005
Thieben et al., 2002; Paulsen et al., 2008). Recently, Sperling
et al. published recommendations from the National Institute
for Aging and the Alzheimer’s Association Working Group for
the research diagnosis of preclinical Alzheimer disease (AD)
(Sperling et al., 2011). They proposed a staged diagnosis for
preclinical AD with the earliest stage being associated with
biomarkers of AD pathophysiology (A-beta on PET or in CSF),
followed by biomarker evidence of neuronal injury (atrophy on
MRI) and finally the presence of subtle clinical signs that did
not meet criteria for mild cognitive impairment (Albert et al.,
2011). Using a similar strategy in prodromal HD, many CAG

expanded individuals at the time of enrollment in PREDICT-HD
already had evidence of subtle motor, cognitive, and behav-
ioral features and would have fallen into the last preclinical
stage using the AD model (Solomon et al., 2007; Beglinger
et al., 2008; Biglan et al., 2009; Duff et al., 2010; Stout et al.,
2011).

While HD does not yet have the same breadth of valid and
specific biomarkers as the AD research community, the iden-
tification of a similar staged categorization of prodromal HD
could be considered using neuroimaging biomarkers. Thus in
stage 1, CAG expanded individuals would have no evidence
of neuronal injury using volumetric MRI imaging or clinical
signs of HD on examination; in stage 2, there would be evi-
dence of neuronal injury as suggested by striatal atrophy on
volumetric MRI but no clinical signs of HD; finally in stage
3, individuals would have subtle clinical signs but would not
yet meet criteria for diagnosis. Ultimately, clinical trials aimed
at delaying manifestation in prodromal HD could evaluate the
impact of interventions on the progression through the pro-
posed stages, changes in volumetric imaging variables, changes
in clinical measures and finally the impact on a multidimensional
diagnosis of HD.

The current analysis has many limitations and caveats.
Foremost is the use of different raters for the motor and multi-
dimensional diagnoses. This introduced bias with a higher like-
lihood of discrepant diagnoses when the raters were different.
However, different raters were relatively Uncommon (see
Table 2), and there was no difference in rater type amongst the
three phenotypic clusters identified. Future studies using multi-
dimensional diagnosis should either have the rater making the
diagnostic rating complete all the appropriate assessments or, if
multiple individuals are doing the assessments, the multidimen-
sional diagnosis should be based on consensus after reviewing all
the data.

Another limitation was that raters were not specifically trained
on how to answer Q80. Differences in the timing of diagnosis
and the observed clinical phenotypes may relate to differences in
how raters make the assessment of a multidimensional diagnosis.
Some raters may be comfortable with diagnosing HD based on
the combination of subtle motor, cognitive, and behavioral signs,
whereas others may put more weight solely on the motor exam.
Future studies utilizing a multidimensional diagnosis will have to
standardize this decision process.

The significance of a clinical diagnosis is unclear. Striatal atro-
phy and subtle clinical features develop decades before traditional
diagnosis. In addition, while subjects at diagnosis were more
functionally impaired compared with controls, most individu-
als continued to work full-time and have minimal functional
impairment by the measures used in this study even at the time
of diagnosis. It remains to be seen whether regulatory bodies
will consider a delay in diagnosis as sufficient to show that an
intervention is effective or whether it will be necessary to show
a slowing in functional decline. If the latter proves to be true,
more refined measures of function in prodromal HD will be
necessary.

Finally, it is important to emphasize that the proposed diag-
nostic criteria is for research purposes only and not necessarily
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for the clinical diagnosis of patients. The decision to render a
clinical diagnosis in individuals at risk for HD is a complicated
one based on clinical features of disease, patient preferences, and
a detailed understanding of relevant psychosocial factors. The
potential clinical and emotional impact on patients and their
families of diagnosing individuals earlier and with less motor
impairment remains unknown.

A multidimensional diagnosis occurs earlier and with less
motor and cognitive impairment than the traditional motor
diagnosis and identifies clinical phenotypes that may have pre-
dominant non-motor features. A staging system in prodromal
HD, similar to that proposed in AD, may be of value. A better
understanding of diagnostic decision making may allow for better
standardization of diagnosis, and the development of clear crite-
ria for research and clinical diagnoses that may be utilized as an
outcome measure in future trials aimed at delaying diagnosis in
prodromal HD.
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INTRODUCTION

When insidious in onset and gradually progressive, mild cognitive
impairment (MCI) is a clinical syndrome commonly arising as a

Objective: New diagnostic criteria for mild cognitive impairment (MCI) due to Alzheimer’s
disease (AD) have been developed using biomarkers aiming to establish whether the
clinical syndrome is likely due to underlying AD. We investigated the utility of magnetic
resonance imaging (MRI) and cerebrospinal fluid (CSF) biomarkers in predicting progression
from amnesic MCI to dementia, testing the hypotheses that (1) markers of amyloid
and neurodegeneration provide distinct and complementary prognostic information over
different time intervals, and that (2) evidence of neurodegeneration in amyloid-negative
MCI individuals would be useful prognostically.

Methods: Data were obtained from the ADNI-1 (Alzheimer’s Disease Neuroimaging
Initiative Phase 1) database on all individuals with a baseline diagnosis of MCl, baseline MRl
and CSF data, and at least one follow-up visit. MRI data were processed using a published
set of a priori regions of interest to derive a measure known as the “AD signature,” as well
as hippocampal volume. The CSF biomarkers amyloid-g, total tau, and phospho tau were
also examined. We performed logistic regression analyses to identify the best baseline
biomarker predictors of progression to dementia over 1 or 3 years, and Cox regression
models to test the utility of these markers for predicting time-to-dementia.

Results: For prediction of dementia in MCI, the AD signature cortical thickness biomarker
performed better than hippocampal volume. Although CSF tau measures were better than
CSF amyloid-p at predicting dementia within 1 year, the AD signature was better than all
CSF measures at prediction over this relatively short-term interval. CSF amyloid-p was
superior to tau and AD signature at predicting dementia over 3 years. WWhen CSF amyloid-
B was dichotomized using previously published cutoff values and treated as a categorical
variable, a multivariate stepwise Cox regression model indicated that both the AD signature
MRI marker and the categorical CSF amyloid-B marker were useful in predicting time-to-
event diagnosis of AD dementia.

Conclusion: In amnesic MCI, short-term (1 year) prognosis of progression to dementia
relates strongly to baseline markers of neurodegeneration, with the AD signature MRI
biomarker of cortical thickness performing the best among MRI and CSF markers studied
here. Longerterm (3 year) prognosis in these individuals was better predicted by a marker
indicative of brain amyloid. Prediction of time-to-event in a survival model was predicted by
the combination of these biomarkers. These results provide further support for emerging
models of the temporal relationship of pathophysiologic events in AD and demonstrate the
utility of these biomarkers at the prodromal stage of the illness.

Keywords: Alzheimer’s disease, MRI, biomarkers, mild cognitive impairment, CSF biomarkers

result of neurodegenerative pathology (Petersen etal., 2006). In
living persons, evidence of neurodegenerative pathology is pro-
vided by a growing array of imaging and fluid biomarkers. If the
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goal is to determine whether MCI appears highly likely to be due
to underlying Alzheimer pathology, the recently published MCI
diagnostic criteria require evidence of (1) cerebral amyloidosis
[amyloid positron emission tomography (PET) or cerebrospinal
fluid (CSF) amyloid-B] and (2) neurodegeneration [magnetic
resonance imaging (MRI)-derived atrophy, fluorodeoxyglucose
(FDG)-PET-derived hypometabolism, or CSF tau; Albert etal.,
2011]. A number of studies have now shown that, within a group
of persons with MCI, the presence and prominence of these
biomarkers are predictive of the likelihood of Alzheimer’s dis-
ease (AD) dementia within a few years (Jack etal., 1999; Hansson
etal., 2006; Wang etal., 2006; Vemuri etal., 2009b; Visser etal.,
2009; Blennow etal., 2010; De Meyer etal., 2010; Jack etal., 2010;
Landau etal., 2010; Buchhave etal., 2012). Despite the importance
of observations from these studies, a number of questions remain,
particularly when considering how to use biomarkers in the design
of clinical trials of putative interventions. Further, as more clin-
icians are beginning to incorporate these measures into clinical
practice, a deeper understanding of the relative implications of
these biomarkers is critical.

In persons with MCI, what are the best MRI-derived biomark-
ers of neurodegeneration with regard to prediction of progression
to dementia? One very commonly used measure is hippocampal
volume, which has consistently been shown to predict dementia
in MCI (Frisoni etal., 2010). We have developed an AD signature
cortical thickness marker (Dickerson et al., 2009), and hypothesize
that this marker will outperform commonly used MRI-derived
biomarkers as an indicator of AD-related neurodegeneration in
MCI that is predictive of AD dementia.

Another major question relates to the temporal utility of
biomarkers. What are the best markers for short-term vs. longer-
term prediction of dementia? Although current clinico-pathologic
constructs of AD require evidence of cerebral amyloidosis, data
are conflicting as to whether markers of amyloid or neurodegen-
eration best predict dementia and to our knowledge none have
specifically tested hypotheses about the comparative utility of
amyloid vs. neurodegenerative markers at different time intervals.
We tested two hypothesis here: (1) rapid progression (i.e., over
1 year) from MCI to AD dementia is better predicted by mark-
ers of neurodegeneration rather than the presence of amyloid; (2)
longer-term progression from MCI to dementia (i.e., 3 years) is
best predicted by the presence of abnormal levels of brain amyloid.
This prediction follows from the notion that cerebral amyloidosis
may be a relatively earlier development in AD pathophysiology
compared to evidence of neurodegeneration measured using in
vivomethods (Jack etal., 2013). Further, neurodegenerative mark-
ers appear to be more sensitive to disease state than measures
of cerebral amyloid (Jack etal., 2009; Vemuri etal., 2009a). As
such, amyloid measures may differentiate individuals who will
eventually progress to AD over longer-term follow-up while neu-
rodegenerative markers may indicate an elevated risk for more
proximate cognitive decline and dementia.

Finally, the focus of a number of studies of biomarker predic-
tion of AD dementia in amnestic MCI has been on the 50-75%
of subjects with evidence of cerebral amyloidosis. What about the
other individuals, especially those who may show evidence sugges-
tive of neurodegeneration (Knopman etal., 2012; Petersen etal.,

2013)? Are MRI-derived markers useful in predicting dementia
in individuals with MCI who do not have evidence of cerebral
amyloidosis?

Here we undertook a set of analyses of the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) dataset to investigate these
questions, focusing on the utility of MRI and CSF biomarkers for
prognosis in MCI.

MATERIALS AND METHODS

PARTICIPANTS

Data used in the preparation of this article were obtained from the
ADNI database!. The ADNI was launched in 2003 by the National
Institute on Aging (NIA), the National Institute of Biomedical
Imaging and Bioengineering (NIBIB), the Food and Drug Admin-
istration (FDA), private pharmaceutical companies, and non-
profit organizations, as a $60 million, 5-year public—private part-
nership. The primary goal of ADNI has been to test whether serial
MRI, PET, other biological markers, and clinical and neuropsycho-
logical assessment can be combined to measure the progression of
MClI and early AD. Determination of sensitive and specific markers
of very early AD progression is intended to aid researchers and clin-
icians to develop new treatments and monitor their effectiveness,
as well as lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W.
Weiner, MD, VA Medical Center and University of California — San
Francisco. ADNI is the result of efforts of many co-investigators
from a broad range of academic institutions and private corpora-
tions, and subjects have been recruited from over 50 sites across
the U.S. and Canada. The initial goal of ADNI was to recruit 800
subjects but ADNI has been followed by ADNI-GO and ADNI-
2. To date these three protocols have recruited over 1500 adults,
ages 55-90, to participate in the research, consisting of cogni-
tively normal older individuals, people with early or late MCI, and
people with early AD. The follow-up duration of each group is
specified in the protocols for ADNI-1, ADNI-2, and ADNI-GO.
Subjects originally recruited for ADNI-1 and ADNI-GO had the
option to be followed in ADNI-2. For up-to-date information, see
www.adni-info.org.

For the current analysis, we selected individuals with a baseline
diagnosis of MCI who had baseline MRI and CSF data available,
and at least 1 year of clinical follow-up (n = 154). Detailed diag-
nostic, inclusion, and exclusion criteria are described on the ADNI
website?,

STANDARD PROTOCOL APPROVALS, REGISTRATIONS, AND PATIENT
CONSENTS

Each participant gave written informed consent in accordance
with institutional Human Subjects Research Committee guide-
lines.

MRI IMAGING AND ANALYSIS
Magnetic resonance imaging scans were collected on a 1.5T

scanner using a standardized MPRAGE protocol: sagittal plane,
TR/TE/TI, 2400/3/1000 ms, flip angle 8°, 24 cm FOV, 192 x 192

Iwww.adni.loni.ucla.edu

Zhttp://www.adni-info.org/
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in-plane matrix, 1.2 mm slice thickness (Jack etal., 2008). Fully
pre-processed scans were downloaded for analysis.

T1 image volumes were examined quantitatively by a cortical
surface-based reconstruction and analysis of cortical thickness,
using a hypothesis-driven approach as described in multiple pre-
vious publications (Bakkour etal., 2009; Dickerson etal., 2009,
2011; Wolk etal., 2010). Briefly, we utilized nine regions of interest
(ROIs, see Figure 1) previously determined to be associated with
AD, the “cortical signature” of AD (Bakkour et al., 2009; Dickerson
etal., 2009).

For the purposes of this study, we employed a primary diag-
nostic biomarker, the single summary “AD signature measure,’
the average thickness of all nine ROIs. With the goal of adjust-
ing this measure for normal age-related influences on these brain
regions, we also measured a set of “Aging signature” ROIs, as pre-
viously published (Bakkour etal., 2013). We calculated an “AD
signature index” measure by first performing a linear regression
in the amyloid-negative control group with the Aging signature as
the independent variable and the AD signature as the dependent
variable. We then used this equation to calculate the “AD signa-
ture index values for each MCI patient.” Thus, an individual with
a lower AD signature index value has cortical thickness within
the AD signature ROIs that is disproportionately smaller than
the thickness of the Aging signature ROIs, likely reflecting more
specific AD-related neurodegeneration. Alternatively, an individ-
ual with a higher AD signature index value has cortical thickness
within the AD signature ROIs that is of similar relative magnitude
to Aging signature ROIs, possibly reflecting more diffuse effects.

In addition, for comparison purposes, we analyzed hippocam-
pal volume using the measure provided by the automated segmen-
tation procedure from FreeSurfer, divided by total intracranial
volume. Our standard procedure is to visually inspect selected
coronal slices of each automated segmentation and identify scans
with errors in processing of the structure of interest. We also
inspect the distribution of the quantitative volumetric data and

review scans at either tail of the distribution and outliers in
greater detail. In the present analysis, no scans were identified
with important errors of hippocampal segmentation.

BASELINE CEREBROSPINAL FLUID MEASURES

We also examined baseline CSF levels of amyloid-B, total tau (t-
tau), and phosphorylated tau (p-tau). For the primary analyses, we
used the raw values as continuous measures; however, t-tau and
p-tau were log-transformed to better approximate normality in
distribution. For analyses in which we classified subjects as having
CSF amyloid-p values consistent with those of autopsy-proven AD,
we used a cutoff value of levels less than 192 (Shaw etal., 2009).
Individuals with levels >192 were considered to be unlikely to have
cerebral amyloidosis.

LONGITUDINAL OUTCOMES

Here we used outcomes at 1 or 3 years. The primary outcome mea-
sures used in the present analysis were conversion to a diagnosis
of AD dementia at 1 or at 3 years.

STATISTICAL ANALYSIS

Tests of group differences were performed using Chi-square anal-
ysis (for frequencies) or Analysis of Variance (for continuous
measures) with post hoc pairwise comparisons where relevant;
a = 0.05. Since effect sizes were expected to be subtle and strong
a priori hypotheses were being tested, no multiple comparisons
correction procedures were performed. In addition, the impact
of biomarkers on clinical outcome was analyzed using separate
logistic regression models for each of the two intervals of follow-
up, constructed using the dichotomous conversion to dementia
outcome measure as the dependent variable. Cox regression mod-
els were constructed to investigate the relationship of baseline
biomarkers to the likelihood of progression to AD dementia using
a more fine-grained time-to-event outcome rather than the two
follow-up intervals employed in the other analyses. A multivariate

A

FIGURE 1 | (A) The cortical signature of AD is composed of a priori
regions of interest in which consistent atrophy has been previously
observed in multiple samples of patients with mild AD dementia. (B) The
cortical signature of normal aging is composed of a priori regions of
interest in which consistent atrophy has been previously described in
healthy cognitively intact older adults compared with younger adults. We
calculated the "AD signature index” measure by performing a linear
regression with the Aging signature (excluding regions overlapping with AD

signature regions; see Figures 1 and 2 of Bakkour etal.,, 2013) as the
independent variable and the AD signature as the dependent variable. The
residuals of this regression analysis were then saved as the “AD signature
index.” Key: A: medial temporal, B: inferior temporal, C: temporal pole, D:
Angular, E: superior frontal, F: superior parietal, G: supramarginal, H:
precuneus, |: middle frontal, J: calcarine, K: caudal insula, L: cuneus, M:
caudal fusiform, N: dorsomedial frontal, O: lateral occipital, P: precentral,
Q: inferior frontal.
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Cox regression model was then constructed including indepen-
dent variables that reached a trend-level effect (p < 0.1) in the
univariate analyses (p-value-to-enter <0.05). Covariates of age,
education, and gender were generally not significant in the mod-
els and had minimal impact on the findings. Statistical analyses
were performed using IBM SPSS 21.0.

RESULTS

Of the 156 MCI participants with baseline MRI and CSF data who
were followed for 1 year, 31 (20%) were diagnosed with probable
AD dementia. Of the 111 who had 3-year outcome data, 48 (43%)
were diagnosed with probable AD dementia. In the subset of MCI
participants with baseline CSF evidence of cerebral amyloidosis,
26 of 116 (22%) were diagnosed with probable AD dementia at
1 year and 45 of 83 (54%) at 3 years. In contrast, in the subgroup
of MCI participants with normal baseline CSF amyloid-f levels,
only 5 of 40 (13%) converted to AD dementia at 1 year and 3 of
27 (11%) at 3 years. See Table 1 for additional details.

We first sought to determine which of the baseline biomark-
ers would be useful in prediction of the likelihood of a diagnosis
of probable AD dementia in the entire sample of MCI subjects.
For the 1-year outcome interval, baseline cortical thickness mea-
sured with the AD signature MRI biomarker index was strongly
associated with the likelihood of probable AD: a logistic regres-
sion model predicting a 1-year AD outcome indicated a nearly
threefold increase in the likelihood of AD dementia for each 1
SD thinner cortex [odds ratio (OR) = 2.7, 95% C.I.: [1.7-4.5],
p < 0.0001). In addition, baseline CSF p-tau levels were predic-
tive of AD dementia, with each 1 SD increase in CSF p-tau levels
being associated with a 1.7-fold increase in the likelihood of AD
dementia (OR = 1.7, 95% C.L: [1.09-2.7], p = 0.02). None of
the other biomarkers demonstrated effects or trend-level effects.
In the stepwise multivariate logistic regression model, the AD sig-
nature MRI marker entered but CSF p-tau did not, indicating that
CSF p-tau did not explain additional variance in outcome beyond
that explained by the AD signature MRI marker.

In contrast, 3-year conversion was best predicted by baseline
CSF amyloid-p levels, with each 1 SD of reduction indicatinga 1.9-
fold increase in 3-year likelihood of AD dementia (OR = 1.9, 95%
C.1.: [1.2-3.0], p=0.003). A slightly weaker effect was observed for
the AD signature index (OR = 1.7,95% C.L.: [1.12-2.6], p=0.01).
Significant effects were also observed for CSF p-tau (OR = 1.8,
95% C.L: [1.14-2.7], p = 0.01) and CSF t-tau (OR = 1.6, 95%
C.1.: [1.06-2.5], p = 0.03) while hippocampal volume displayed a
strong trend (OR = 1.5, 95% C.I.: [1.00-2.29], p = 0.05). In the
stepwise multivariate model, CSF amyloid-f entered but the other
two did not.

Figure 2 depicts the values for the AD signature cortical thick-
ness MRI marker and CSF amyloid-B for each of the three MCI
subgroups based on outcome (stable over 3 years, 3-year con-
verters who did not convert by year 1, and 1-year converters).
The mean values for CSF amyloid-f are lower in both groups
of converters than in stable MCI (1-year: p < 0.05; 3-year:
p < 0.01), but there is no difference based on year of conver-
sion (p > 0.3). Alternatively, values for AD signature cortical
thickness are lower for both groups of converters than the sta-
ble group (1-year: p < 0.001; 3-year: p = 0.05), but also for the
1-year converters compared to the 3-year converters (p < 0.05; all
values shown are Z scores derived from the normative values of
controls).

We next investigated the utility of biomarkers for prediction of
a diagnosis of AD dementia in subgroups of MCI subjects divided
on the basis of baseline CSF amyloid- levels. In the subgroup of
MCI subjects with abnormally low baseline CSF amyloid-f lev-
els (consistent with cerebral amyloidosis), 1-year conversion to
AD dementia was predicted by the AD signature MRI biomarker
(OR = 2.2, 95% C.I.: [1.3-3.8], p = 0.005). None of the other
biomarkers were predictive in these univariate models. For 3-
year prediction, a significant effect for the AD signature MRI
biomarker (OR=1.7,95% C.L.: [1.1-2.7], p=0.03) and a trend for
hippocampal volume (OR = 1.5, 95% C.L.: [0.95-2.5], p = 0.08)
were observed.

Table 1| Demographic and baseline biomarker characteristics of sample.

Subject group

1-year outcome (N = 156)

3-year outcome (N = 111)

N (%) or M (SD) MCI (N = 125) AD (N = 31) MCI (N = 63) AD (N = 48)
Age (years) 74.9 (7.6) 72.3 (6.90) 74.7 (7.3) 74.3 (7.7)
Gender 84 M. 41F 17 M: 14 F 47 M: 16 F 30 M: 18 F
Education (years) 15.8 (3.0) 15.1 (3.2) 15.6 (3.0) 15.6 (3.4)
MMSE 275 (1.7) 26.7 (1.9) 273 (1.8) 26.7 (1.9)
CDR-SB 1.9(0.8) 2.4 (0.9* 1.7 (0.6) 2.2 (1.0)%
CSF amyloid-B Z score —0.73 (1.00) —0.99 (0.70) —0.56 (1.12) —1.15 (0.65)**
CSF Total tau Z score 0.69 (1.07) 1.17 (1.13) 0.74 (1.22) 1.26 (1.13)%
CSF P-tau Z score 0.69 (1.06) 1.20 (0.99)* 0.62 (1.04) 1.12 (0.93)*
AD signature Z score —0.82 (1.13) —1.82 (1.27)** —0.63 (1.12) —1.26 (1.19)*
Hippo vol Z —0.94 (1.14) —1.24 (1.06) —0.75 (1.05) —1.15 (1.04)"

*p < 0.05, **p < 0.005 groups are different from each other.
*p = 0.05, groups demonstrate trend-level difference from each other.
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FIGURE 2 | Values for the AD signature cortical thickness and CSF
amyloid-g for each of the three MCI subgroups based on outcome
(stable over 3 years, 3-year converters, and 1-year converters). The
mean values for CSF amyloid-g are lower in both groups of converters than
in stable MCI (left), while the values for AD signature index of cortical
thickness are lower in the 1-year converters than in the other two groups
(right; all values shown are Z scores derived from the normative values of
controls and bars represent statistically significant comparisons).

In the subgroup of MCI subjects with normal CSF amyloid-f
levels, indicating the likely absence of cerebral amyloidosis, 1-year
conversion to AD dementia was best predicted by the AD signature
MRI biomarker (OR = 6.4, 95% C.I.: [1.5-27.5], p = 0.01), with
hippocampal volume showing utility as well (OR = 3.5,95% C.L.:
[1.2-10.7], p = 0.03) but not entering the multivariate model.
None of the CSF markers demonstrated predictive value. For 3-
year prediction, none of the markers were useful although power
was extremely low due to the small number of individuals who
were diagnosed with AD dementia.

Finally, we performed a survival analysis to investigate the util-
ity of these biomarkers for predicting the time to a diagnosis of AD
dementia. Univariate Cox proportional hazards regression mod-
els indicated that each of the biomarkers was a predictor of time
to diagnosis of AD dementia over the 3-year follow-up period
(Table 2). In multivariate analysis, a stepwise forward conditional
model demonstrated that the AD signature MRI biomarker was
the best and only predictor when each independent variable was
entered as a continuous variable. However, when CSF amyloid-f
was dichotomized using previously published cutoff values (Shaw
etal., 2009) and treated as a categorical variable, the multivariate
stepwise Cox regression model indicated that both the AD signa-
ture MRI marker and the categorical CSF amyloid-f marker were
useful in predicting time-to-event diagnosis of AD dementia. Of
all the models, this was the model with the overall strongest sta-
tistical results (X? = 19.4, p < 0.001). This result is illustrated in
Figure 3 in which the AD signature was also dichotomized to maxi-
mize sensitivity and specificity between amyloid-negative controls
and amyloid-positive mild AD patients from the ADNI cohort.

Finally, to begin to assess the specificity of the refined AD sig-
nature index measure we analyzed the relationships between CSF
biomarkers and the raw AD signature measure (in millimeters) and
the adjusted AD signature index measure (adjusted for thickness
of the Aging signature regions as described in Section “Materials

Table 2 | Results of Cox regression analyses of baseline CSF and MRI
biomarker measures predicting probable AD diagnosis.

X? HR 95% ClI

AD signature 13.7 (p < 0.001)** 1.61 1.25-2.08
AD signature dichotomous  12.9 (p < 0.001)** 2.28 1.44-3.63
CSF amyloid- 12.2 (p < 0.001)** 3.66 1.68-7.99
dichotomous

CSF amyloid-g 74 (p < 0.01)* 1.42 1.10-1.83
CSF p-tau 9.2 (b < 0.01)* 1.47 1.15-1.90
CSF t-tau 5.5 (p < 0.05)* 1.33 1.05-1.70
Hippocampal volume 4.8 (p < 0.05)* 1.31 1.03-1.67
Combination of CSF 19.4 (p < 0.0001)** AB3.0 1.38-6.7
dichotomous amyloid-§ ADsig 1.4 1.07-1.77

and AD signature

*n < 0.05, **p < 0.005.

and Methods.” The adjusted AD signature index exhibited sub-
stantially stronger correlations (Table 3) with all CSF biomarkers
relative to the raw AD signature, suggesting that this adjustment
for “brain age” improves the specificity of this MRI biomarker for
AD-related neurodegeneration.

DISCUSSION

When individuals are diagnosed with MCI, the two most pressing
clinical questions relate to etiology and prognosis. We now have
a growing armamentarium of biomarkers for AD and other neu-
rodegenerative diseases, and reasonably mature diagnostic criteria
for “MCI of the Alzheimer type” (Albert etal., 2011) which hinge
on a typical clinical syndrome and the presence of one or more
imaging or fluid biomarkers. In this analysis, we used ADNI data
to test two major hypotheses in patients with MCI: (1) markers
of amyloid and neurodegeneration provide distinct and comple-
mentary prognostic information over different time intervals, and
that (2) evidence of neurodegeneration in amyloid-negative MCI
individuals is useful prognostically. We found compelling support
for both hypotheses.

For prediction of AD dementia in MCI, the AD signature
cortical thickness biomarker performed better than hippocampal
volume. Although CSF tau measures, also putative neurodegen-
erative biomarkers, were better than CSF amyloid-f at predicting
dementia within 1 year, the AD signature was better than all CSF
measures at prediction over this relatively short-term interval. CSF
amyloid-B was superior to tau and AD signature at predicting
dementia over 3 years. In an analysis examining the combined use
of CSFand MRI measures, when CSF amyloid-f was dichotomized
using previously published cutoff values and treated as a categor-
ical variable, a Cox regression model indicated that both the AD
signature MRI marker and the categorical CSF amyloid-f marker
were useful in predicting time-to-event diagnosis of AD demen-
tia. These results provide further support for emerging models
of the pathophysiology of AD and demonstrate the utility of the
combined use of these biomarkers at the prodromal stage of the
illness (Jack etal., 2010; Landau et al., 2010; Vemuri et al., 2010).
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FIGURE 3 | Survival curves in MCI participants who were “amyloid-negative” at baseline (left) vs. those who were “amyloid positive” (right) as a
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Table 3 | Relationships of CSF biomarkers to MRI biomarkers.

Age CSF t-tau CSF p-tau CSF amyloid-8
Aging signature r=-0.38(p < 0.001) r=-0.05NS r=-0.04 NS r=-0.06 NS
AD signature r=-0.30 (p < 0.001) r=-0.26 (p < 0.01) r=-0.21(p < 0.01) r=-—0.09 NS
Adjusted AD signature r =0.05 NS r=-0.37 (p < 0.001) r=-0.35(p < 0.001) r=0.22 (p <0.01)
Hippocampal volume r=-0.19 (p < 0.05) r=-—0.04 NS r=-0.03 NS r=0.05NS

A major novel contribution of the present study is the investiga-
tion of the prognostic utility of different biomarkers over intervals
of varying times after the markers were obtained at baseline. To
our knowledge, no prior study has explicitly examined separate
follow-up intervals in MCI and measured the differential util-
ity of amyloid vs. structural MRI markers. As we plan clinical
trials of pharmacologic and non-pharmacologic interventions in
MCI, it is critical not only to consider methods to homogenize
the patient population for inclusion (e.g., requiring MCI patients
to have cerebral amyloidosis for inclusion); it may also be valu-
able in some trial designs to use a marker of neurodegeneration to
identify patients in whom progression to dementia is likely within
a relatively short time interval, such as 1 year. Such a stratified
design for inclusion might be valuable in that most such partici-
pants would be likely to decline substantially during a reasonable
follow-up interval, thereby maximizing power to detect a bene-
ficial effect of the intervention. Of course, it is also possible that
in these more “aggressive” cases of prodromal AD a drug might
be less efficacious than in more indolent forms of the disease, but
that remains an open question.

These considerations are also becoming of greater relevance in
clinical practice, particularly in light of recent FDA approval of the
amyloid PET ligand florbetapir. Further, with the development of
the above-described guidelines for incorporation of biomarkers
into the assessment of MCI patients, it is likely that clinicians will
be bringing these measures into their clinical practice for prog-
nostication of MCI. The current work emphasizes that these tests
may provide somewhat different information, which may have
important implications for their value depending on the question

that is being addressed. For example, MRI may be more valuable
when interested in determining the likelihood of decline in the
near future, which could influence life decisions that need to be
made within that timeframe whereas the presence of amyloid may
more definitively reflect the likelihood of progression, but have
less value in predicting the timing.

It seems intuitive, based on current models of biomarkers of AD
pathophysiology (Jack etal., 2013), that the presence of cerebral
amyloidosis would be valuable for longer-term prognosis while an
MRI-derived marker of neurodegeneration would demonstrate
utility in shorter-term prognosis. As the individuals with MCI in
this study were followed longitudinally, those with baseline cere-
bral amyloid progressed to dementia at a rate of about 15-20%
per year, while only about 10-15% of those without baseline brain
amyloid progressed to dementia after 3 years, most doing so within
the first year of follow-up. Those who progressed to AD demen-
tia at 3 years had baseline CSF amyloid-p levels that are similarly
reduced to those who progressed at 1 year. This is consistent with
models that suggest that amyloid deposition is an early feature of
the disease that largely plateaus by the symptomatic stage of disease
resulting in relatively poor resolution of disease state (i.e., proxim-
ity to dementia) at that stage (Villemagne etal., 2013). In contrast,
the baseline MRI-derived AD signature measure of cortical thick-
ness was substantially lower in individuals who progressed at 1 year
than in those who progressed at 3 years (Figure 2). This indicates
that once AD-related neurodegenerative cortical atrophy is promi-
nent enough in MCI patients, further cognitive decline and loss
of functional independence is imminent. Such a finding demon-
strates the greater degree by which markers of neurodegeneration,
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particularly structural MRI measures, track disease state during
symptomatic stages of disease.

The differences described here in temporal prediction and,
ultimately, the complementary nature of biomarkers of cerebral
amyloidosis with neurodegeneration are quite consistent with a
number of recent studies in the literature exploring this issue. For
example, Buchhave etal. (2012) recently described that while the
presence of low CSF amyloid-B predicted conversion to AD in
MCI patients, CSF p-tau status was associated with the timing
of this conversion (abnormal: conversion in 0-5 years; normal:
conversion in 5-10 years). Another group, also using the ADNI
dataset, compared dichotomous measures of hippocampal atro-
phy, memory testing, and CSF total tau, p-tau, and amyloid-f
in prediction of conversion. They found that median survival
was generally shorter for neurodegenerative biomarkers while CSF
amyloid-f had the longest median time before conversion (Heister
etal., 2011). Further, using a FDG-PET “signature” of AD, simi-
lar to the structural one applied here, Landau etal. (2010) found
that this measure was also superior to CSF amyloid-f for predic-
tion of conversion in MCI patients with mean follow-up under
2 years. This group also described a tighter link between cogni-
tive decline and cerebral amyloidosis, based on amyloid imaging,
in asymptomatic individuals, but stronger association of decline
with FDG-PET status in MCI (Landau etal., 2012). Thus, the cur-
rent findings serve as additional support for the leading model
of the proposed biomarker cascade (Jack etal., 2013), which has
also found additional verification in longitudinal study of asymp-
tomatic dominantly inherited AD mutation carriers (Bateman
etal., 2012).

A variety of MRI measures have been proposed as potential
biomarkers of neurodegeneration in early AD, both with regard
to the identification of presumed atrophy consistent with AD
and with regard to monitoring changes over time that indicate
progression of neurodegeneration. Hippocampal volume is the
most widely employed and discussed measure of this type, and
while clearly informative, it is increasingly appearing to be less
sensitive and specific than other measures such as regional corti-
cal thickness. We have previously shown using receiver operating
characteristic analyses that the AD signature measure is superior to
hippocampal volume in discriminating individuals with prodro-
mal AD who progress to dementia within 3 years from those who
donot (Bakkouretal.,2009). Here we used logistic and Cox regres-
sion models to demonstrate the superiority of the AD signature
over hippocampal volume in predicting progression to dementia
in both amyloid-positive and amyloid-negative individuals with
MCI. Nonetheless, it is worth noting that while not as strongly
predictive of conversion as the AD signature, hippocampal vol-
ume still had predictive value in most of these analyses consistent
with prior work using this measure (for review, see Frisoni etal.,
2010). Further, much of the literature has applied cutoff values or
categorical groupings of hippocampal volumes in similar analyses
to those presented here, which may provide additional predictive
power (Jack etal., 1999, 2010; Landau etal., 2010; Heister etal.,
2011). Future work should explore optimized cutoffs for the AD
signature and other structural measures, allowing for comparison
of these measures in both continuous and dichotomous
forms.

It is also important to note that we compared CSF molecular
biomarkers on an individual basis, as opposed to the combina-
tion of these markers. However, it appears that a combination of
these measures may further enhance prediction (Shaw et al., 2009;
De Meyer etal., 2010). In particular, ratios of t-tau or p-tau to
amyloid-B may improve prediction by incorporating both neu-
rodegenerative and amyloid-based measures, akin to our finding
that the combination of the AD signature and CSF amyloid-
B produced the strongest model in the Cox regression analysis.
Nonetheless, the current analysis was developed to specifically
compare across these classes of biomarkers and, as such, we chose
to keep the CSF measures uncoupled.

In the present study, we employed a novel approach to the calcu-
lation of our AD signature measure. In the past, we have generally
not adjusted for age-related cortical atrophy, but in some analyses
have simply corrected statistically for a participant’s chronologi-
cal age. We recently reported on the cortical signature of normal
aging (the “Aging signature”), describing a set of association and
sensorimotor regions that undergo the most prominent loss of
thickness in cognitively normal elderly adults compared to young
adults (Bakkour etal., 2013). In the analyses here, we used the
Aging signature set of regions to adjust for the “cortical age” of the
individuals, creating an AD signature index, which represents the
residual variance of the AD signature after accounting for varia-
tions in the Aging signature regional measurements. This corrects
for the fact that some individuals may have thinner cortex in atleast
some of the regions vulnerable to AD simply as a result of more
widespread cortical atrophy associated with normal aging, while
those with thinner cortex in AD-vulnerable regions who have pre-
served thickness in Aging-vulnerable regions are much more likely
to be exhibiting atrophy associated specifically with AD pathology.
To our knowledge, this type of an adjustment of MRI biomarkers
has not been performed previously. We are continuing to explore
the strengths and weaknesses of this approach.

Finally, our analysis indicated that the MRI-derived AD signa-
ture biomarker was useful for predicting progression to dementia
within 1 year in MCI participants with baseline CSF amyloid-f
levels not low enough to meet typical cutoffs indicating cerebral
amyloidosis. Even though the percentage of individuals who pro-
gressed to dementia in this subgroup was low (13%), the MRI
marker was still useful for prediction in this short time interval.
To interpret this finding, we have considered several possibilities.
First, it is possible that these individuals have a non-Alzheimer
pathology that is associated with atrophy in some of the same
structures affected by AD. Although this consideration certainly
seems reasonable when the structural MRI measure is of the
hippocampus, since pathologies such as hippocampal sclerosis
could be playing a role, it seems harder to reconcile with an MRI
biomarker measuring a spatially distributed pattern of atrophy.
We are currently examining the use of the AD signature marker in
differential diagnosis of other neurodegenerative diseases, includ-
ing frontotemporal dementias and Lewy body dementia; findings
from this work will provide important data on the specificity of
this marker in other neurodegenerative diseases. It is also possible
that these individuals actually have underlying AD pathology but
are “below the threshold” of amyloid pathology to meet current
CSF cutoffs. This group could also be akin to previously reported
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cognitively normal and MCI individuals with evidence of AD-like
neurodegeneration and negative amyloid status, which has been
labeled suspected non-Alzheimer pathology (sNAP; Knopman
etal., 2012; Petersen et al., 2013; Prestia et al., 2013). While debate
continues regarding the underlying pathology in these individuals,
Prestia etal. (2013) also similarly reported that such individuals
with an MCI phenotype also had a high rate of conversion to clini-
cal dementia. As they note, it is worth at least considering that these
patients may require adaptation of the model of biomarker change
used here, as has been recently discussed (Jack et al., 2013). Itis also
worth noting that the individuals in this group in the present anal-
ysis who progressed to dementia were diagnosed clinically with
probable AD dementia rather than a non-AD dementia.

Limitations of the present study include the relatively short
follow-up period and the small number of individuals who were
amyloid-negative at baseline with adequate longitudinal follow-up
data. Furthermore, a more broadly representative sample of indi-
viduals with MCI might be helpful to better determine whether
these findings are generalizable to clinical practice. Nevertheless,
we believe the results of the present analysis provide valuable
insights about the use of biomarkers in an MCI sample likely
to be similar to that considered for clinical trials of putative AD
interventions.
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By 2050 it is estimated that the number of worldwide Alzheimer's disease (AD) patients
will quadruple from the current number of 36 million people. To date, no single test, prior
to postmortem examination, can confirm that a person suffers from AD. Therefore, there is
a strong need for accurate and sensitive tools for the early diagnoses of AD. The complex
etiology and multiple pathogenesis of AD call for a system-level understanding of the cur
rently available biomarkers and the study of new biomarkers via network-based modeling
of heterogeneous data types. In this review, we summarize recent research on the study of
AD as a connectivity syndrome. \We argue that a network-based approach in biomarker dis-
covery will provide key insights to fully understand the network degeneration hypothesis
(disease starts in specific network areas and progressively spreads to connected areas of
the initial loci-networks) with a potential impact for early diagnosis and disease-modifying
treatments. We introduce a new framework for the quantitative study of biomarkers that
can help shorten the transition between academic research and clinical diagnosis in AD.

Keywords: Alzheimer’s disease, network degeneration hypothesis, network-based biomarkers, default-mode

network DMN, resting-state functional connectivity

INTRODUCTION

A biomarker is a parameter that can be used as an indicator of
normal biological processes, pathogenic processes, or pharmaco-
logical responses to therapeutic drugs (Biomarkers Definitions
Working Group, 2001). In Alzheimer’s disease (AD), potential
biomarker information comes from multiple sources, including
clinical tests for memory impairment, bodily fluid or tissues,
neuroimaging, and smell tests among others. AD biomarkers
are typically assumed to belong to the following two categories:
biofluid analytes, e.g., cerebrospinal fluid (CSF), peripheral blood
samples such as urine and imaging measures, e.g., magnetic reso-
nance imaging (MRI), magnetic resonance spectroscopy (MRS),
or positron emission tomography (PET) (Henriksen et al., 2014).
At present there are five well-established AD biomarkers: two are
CSF analytes that measure abnormal protein aggregates — low
level of CSF amyloid-beta and elevated level of both total and
phosphorylated CSF tau protein; and three imaging biomark-
ers — the Pittsburgh compound-B PIB PET tracer for amyloid-beta
deposition, for which MRI scans may detect atrophied sensible
brain areas; and Fludeoxyglucose FDG PET to quantify abnormal
neuronal glucose consumption (Jack, 2012).

The diagnostic criteria for AD has not been modified since its
original formulation in 1984 until it was recently updated in 2010
(Dubois et al., 2010). In the original criteria, AD was strictly diag-
nosed on a clinical basis (McKhann et al., 1984). Other sources
of information such as imaging lacked a positive diagnostic role.
New diagnostic criteria reckons AD as a complex disorder char-
acterized by a gradual and progressive pathogenesis, with three
phases — preclinical or asymptomatic, prodromal or mild cognitive
impairment (MCI), and overt dementia (Dubois et al.,2007; Albert

etal.,2011; Sperling, 2011). Despite technological and conceptual
advances in AD, we are still lacking preventive therapies to delay
the onset of AD as well as disease-modifying treatments. Despite
the strong need for early diagnose of AD, and the fact that bio-
markers have proved useful in correlating with the different stages
in which the disease unfolds, CSF and imaging biomarkers still play
a surprisingly minor role in clinical diagnosis. They are, however,
increasingly prominent in clinical trials and academic research.
There is a growing consensus between clinical researchers that
the application of biomarkers should follow a multi-modal and
integrative approach. Truly predictive models of disease progres-
sion need to take into account the combined effects of biomarkers
interactions at the individual subject level. Unfortunately however,
few studies have specifically addressed the issue of the integration
of different biomarkers for efficient and quantitative diagnostics.
Furthermore, it has been particularly difficult to link findings on
molecular biomarkers to early stages of the neurodegenerative
disease, and no real groundbreaking discovery in imaging-based
biomarkers has been produced. Thus, there is a lack of novel
therapeutic approaches that efficiently target the underlying mech-
anisms and disease progression of AD (Corbett and Ballard, 2012).
There is clear evidence that AD and other neurodegenerative dis-
orders evolve at the systems level (Eidelberg and Martin, 2013) and
that biomarkers — molecular, imaging, or CSF — need to be con-
sidered with a holistic point of view. Functional imaging may help
us understand disease-related changes in interconnected brain
areas. In this regard, functional imaging techniques unburdened
of subject compliance such as RS-functional magnetic resonance
imaging (fMRI) and TMS/EEG, are being extensively used for
biomarkers discovery in neurodegenerative disorders.
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In this review, we provide a brief panoramic view on recent
research on the discovery of AD biomarkers, putting special
emphasis on neuroimaging biomarkers derived from functional
connectivity data in resting state, that is, the subject is not perform-
ing an explicit task. Network-based biomarkers are introduced,
and we provide a new framework for the quantitative study of
biomarkers that can help shorten the transition between academic
research and clinical diagnosis in AD.

AD BIOMARKERS

Clinical tests for AD diagnosis involve subjective reasoning by
experienced practitioners. Episodic memory impairment has lit-
tle or no relevance in early diagnosis, but it still remains the
core diagnostic criterion. Current diagnostic criteria (DSM-IV
and NINCDS-ADRDA) have high sensitivity but low specificity
(Knopman et al., 2001). The delay from symptoms to diagnosis is
20 months on average in the EU, and 36 months in the UK (Mat-
tila et al., 2012). Furthermore, molecular pathomechanisms of AD
become active for several years before symptoms such as cognitive
impairment manifests itself.

Blood samples are a non-invasive and cost-effective technique
for the identification of plasma biomarkers that has proven use-
ful in distinguishing individuals with AD from cognitively healthy
control subjects (Doecke et al., 2012). Plasma biomarkers can be
used to extract metabolomics (Trushina et al., 2013) and pro-
teomics biomarker signatures in AD (Hye et al., 2006). Contrary
to diagnostic tools like CSF and PET, plasma amyloid-beta mea-
surements are neither invasive nor expensive. Plasma AB40 and
AP42 can be measured in peripheral blood, but they cannot be
used in AD identification. Vanderstichele et al. (2000) found no
differences in AB42 levels between controls and patients with AD.
Further work is required before plasma amyloid-beta measure-
ments are unanimously regarded as clinically useful (Mayeux and
Schupf, 2011; Toledo et al., 2013).

Using Smell tests to detect hyposmia is another example of
inexpensive biomarker in AD (Kjelvik et al., 2007). However, the
reduced capability to detect odors shown in AD may be more an
effect of the cognitive decline characteristic of the disease than a
symptom with predictive value (Serby et al., 1991).

Neuroimaging biomarkers in AD measure brain signals at both
mesoscopic (MRI) and macroscopic scales (fMRI, MRS, and PET).
Morphometric analysis with MRI data (e.g., atrophy in medial
temporal lobes, specifically in the hippocampus and entorhinal
cortex) is a well-known marker of disease progression in AD. Hip-
pocampus atrophy correlates with neuronal loss and therefore
MRI biomarkers could be used in proof-of-the-concept stud-
ies to distinguish between disease-modifying and symptomatic
treatment effects (Saumier et al., 2009; Hampel et al., 2011).
PET neuroimaging allows us to collect molecular information.
PET image analysis can provide evidence of the accumulation of
amyloid-beta plaques that is independent from structural brain
changes. It also provides evidence of a reduction of glucose metab-
olism in the parietal and temporal lobe regions that are involved
in memory and executive function (Habeck et al., 2012). Both
structural MRI and FDG-PET imaging reflect the effects of the
disease progress in symptomatic stages, however it is the diagnosis
in AD’s asymptomatic stages that remains to be solved. Molecular

pathomechanisms, such as the accumulation of amyloid plaque,
become active several years before cognitive deficit manifest. Fur-
thermore, amyloid-beta is not specific to AD, but may also be
found in normal aging.

RESTING-STATE fMRI

Functional magnetic resonance imaging allows us to assess func-
tional connectivity mapping at high temporal resolution by means
of correlations in the blood-oxygen-level-dependent (BOLD) sig-
nal in spatially distant brain regions. Since the seminal work of
Biswal (Biswal et al., 1995), task-free or resting-state fMRI (R-
fMRI) has been successfully incorporated into the functional MRI
imaging repertoire, and represents a comprehensive alternative
to the task-based approach. R-fMRI experiments are consider-
ably less demanding for the subject, which makes this technique
especially attractive to brain dementia researchers, as it is rela-
tively free of subject compliance and training demands. R-fMRI
measures the spontaneous or intrinsic brain activity in terms of
low-frequency (<0.1 Hz) BOLD fluctuations. Fluctuations in the
BOLD signal measured in humans in resting state represent the
neuronal activity baseline and shape spatially consistent patterns
(Fransson,2005; Raichle and Gusnard, 2005). The systematic study
of those patterns using correlation analysis techniques has iden-
tified a number of resting-state networks, which are functionally
relevant networks found in subjects in the absence of either goal
directed-task or external stimuli. Despite the variability in the
data acquisition protocols, statistical data analysis, and groups of
subjects employed, resting-state networks have been consistently
reported in multiple studies. There are at least eight commonly
identified resting-state networks: the primary sensorimotor net-
work, the primary visual and extra-striate visual network, bilateral
temporal/insular, and anterior cingulate cortex regions, left and
right lateralized networks consisting of superior parietal and supe-
rior frontal regions, and the default-mode network (DMN) (Van
den Heuvel and Hulshoff Pol, 2010).

The DMN is a specific anatomically defined brain system that
is preferentially active when individuals are focused on introspec-
tive activities such as autobiographical memory retrieval, rather
than on the external environment (Buckner et al., 2008). A num-
ber of studies indicate that the default network is also relevant
for understanding mental disorders including depression (Sheline
et al., 2009), autism (Washington et al., 2013), and AD. Studies
show a decrease in DMN functional connectivity in normal aging,
MCI and AD (Hafkemeijer et al., 2012). Functional connectivity
of the DMN may prove to be a sensitive and specific biomarker for
mild AD (Greicius et al., 2004; Balthazar et al., 2014).

The visual identification of the overall connectivity patters in
R-fMRI has been assessed using either model-based or model-free
approaches. In the former, statistical parametric maps of brain
activation are built upon voxel-wise analysis location (Wang et al.,
2009; Faria et al., 2012). This approach has been successful in the
identification of motor networks, but it shows important limita-
tions when the seed voxel cannot be easily identified, for example
in brain areas with unclear boundaries such as cognitive networks
involved inlanguage or memory. Independent component analysis
(ICA) (Comon, 1994; Stone, 2002), on the other hand, is a model-
free approach that allows separating resting fluctuations from
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other signal variations, resulting in a collection of spatial maps,
one for each independent component, that represent functionally
relevant networks in the brain. While ICA has an advantage over
model-free methods that it is unbiased, that is, it does not need
to posit a specific temporal model of correlation between regions
of interest (ROI), the functional relevance of the different compo-
nents is still computed relative to their resemblance to a number of
networks based on criteria that are not easily formalized (Friston,
1998). More recently researchers using graph-theory based meth-
ods have been able to not only visualize brain networks, but also
to quantify their topological properties as well (He et al., 2009;
Wang et al., 2010). Graph-theory provides a formal and rigorous
framework to quantitatively analyze the connectivity pattern, at
either a local or global level, underlying cognitive networks. How
these network properties are modified during normal develop-
ment, aging, or pathological conditions is addressed in the next
section.

R-fMRI AND AD

Altered resting-state functional connectivity patterns have been
shown in an impressive range of pathologies and conditions — AD,
schizophrenia, multiple sclerosis, Parkinson’s disease, depression,
autism, and attention deficit/hyperactivity disorder — see (Lee
et al., 2013) for a review on clinical applications. In the context of
AD, both amyloid-beta and tau pathologies affect DMN integrity
before the clinical onset of the disease (Li et al., 2013; Wang
et al., 2013). DMN regions such as the precuneus and the poste-
rior cingulate are selectively vulnerable to amyloid-beta deposition
(Sperling et al., 2010). AD weakens structural and functional con-
nectivity between the cingulate cortex and other regions within the
DMN, which is consistent with the reduction in metabolic activity
and atrophy observed with FDP-PET and volumetric MRI, respec-
tively within the DMN (Zhu et al., 2013). Patients with severe AD
show decreased connectivity between distant brain regions (Liu
et al., 2013). Interest in understanding the pathomechanisms of
tau-mediated neurodegeneration has been fostered by the failure
of amyloid-beta therapies to prevent neurodegeneration by Af
removal. Tau abnormalities have been found to be more closely
related to cognitive dysfunction than Ap (Yoshiyama et al., 2012).
Tau deposition is initially located in the medio-temporal lobe to
spread later to lateral temporal and frontal parietal areas. This
orderly progression found in hypophosphorylated tau maps the
regional specificity in the deployment of symptoms in AD, i.e.,
episodic memory loss in the MTL is followed by semantic mem-
ory loss in lateral temporal cortex to aphasic symptoms in parietal
cortex (Pievani et al., 2011).

Functional imaging has been successfully used in population
selection in cross-sectional studies to classify between normally
aging, MCI, and AD subjects (Rombouts et al., 2005; Damoi-
seaux, 2012). R-fMRI can be also used to track AD progression
in longitudinal studies. For example, in Damoiseaux et al. (2012)
it is shown that functional connectivity in default-mode subnet-
works decreases in AD patients compared to healthy controls.
Resting-state functional connectivity can help detect early mani-
festations of genetic effects related to AD. For instance, in (Sheline
et al., 2010) cognitive normal individuals were categorized into
PIB— (no evidence of brain amyloid) and PIB+ (PET evidence

of amyloid deposition) and compared with AD patients using
resting-state functional connectivity. The study showed that the
PIB+ and AD groups share similar modifications in both func-
tional and effective connectivity. Thus, R-fMRI can be used to
detect early manifestations of genetic effect, e.g., amyloid deposi-
tion in APOE4 carriers, and therefore holds great potential in early
diagnosis and disease-modifying strategies. It goes without saying
that like any technique, R-fMRI has advantages and disadvantages.
fMRI measures the BOLD signal, which is an indirect measure of
neural activity and it is susceptible to several imaging artifacts and
has, in general, worse temporal resolution than EEG and MEG, and
spatial resolution that is not as good as more invasive procedures
such as single-unit electrodes. The analysis and interpretation of
R-fMRI data is particularly challenging, and further work is still
required to address complex issues like network identification,
effective connectivity between brain networks, detecting AD risk
groups, etc. For a review on the progress and pending problems of
statistical approaches to analyzing R-fMRI, see Cole et al. (2010).

NETWORK-BASED BIOMARKERS

Contrary to other conditions such as brain injury whose onset
can be tracked both in location and time, late sporadic AD — the
most common form of dementia and two orders of magnitude
more frequent than inherited AD (Bateman et al., 2012) — has a
gradual onset that lacks a specific location or temporal window.
Experimental studies based on neuropathology, neuroimaging,
and transgenic animal models suggest that neurodegeneration
relates to neural network dysfunction. Disease-vulnerable intrin-
sic functional networks are not diffuse or random (Sanz-Arigita
etal.,, 2010), however, researchers are still uncertain about the spe-
cific way in which neurodegeneration spreads beyond the sites of
initial impairment. The network degeneration hypothesis (See-
ley et al., 2009) — disease starts in small network assemblies, to
progressively spread to connected areas of the initial locus — sup-
ports the view that neurodegenerative disorders can be study as
connectivity disorders. In this light, AD can be understood as a
disconnection syndrome in which the structural and functional
connectivity of large-scale networks is progressively modified by
molecular pathomechanisms that are not fully understood.

A diagnostic biomarker, in order to be considered as such,
should reflect a core pathogenic process. The established bio-
markers in AD hold this promise as they measure, for example,
amyloid-beta and tau deposition levels, which are responsible
for the formation of senile plaques and neurofibrillary tangles.
However, it is far from clear whether amyloid and tau deposi-
tion are etiologically linked to memory deficits or they rather
reflect secondary effects of a different pathogenic mechanism
(Eidelberg and Martin, 2013). AD is a complex and multifactorial
condition and so “secondary processes” such as oxidative stress,
immune responses, or inflammation and how they interact with
core pathogenic mechanisms need to be properly understood.

The discovery of AD biomarkers must go beyond detecting
abnormal protein deposition levels and be able to monitor both
disease progression and treatment effects in a coherent and inte-
grative way. To that end, a network-based approach for biomarker
discovery is required. Erler and Linding (2010) argue that bio-
markers should be deployed as network models themselves. The
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rationale behind this idea is that biomarker discovery needs to
take into account the network state and the biological context in
which the network evolves, rather than focus on individual nodes
or events, e.g., phosphorylation. A network-based approach for
biomarker discovery is also being fostered in complex diseases
such as cancer and diabetes (Ahn et al., 2006).

The multifactorial pathogenesis of complex diseases such as AD
is at odds with the current implementation of biomarkers which
are single-dimensional. Thus, we propose to redefine biomarker as
anetwork model that can be used as an indicator of normal (including
adaptive) biological processes, pathogenic processes, or pharmacologi-
cal responses to therapeutic drugs. Under this definition, biomarkers
are multidimensional, as they are embedded into a network model
in which network parameters, that represent normal or patholog-
ical processes but also adaptive responses, can be characterized.
This new definition of biomarker allows us to quantify adap-
tive processes triggered by early pathogenic events, fostering an
integrative and multidimensional approach of use in AD early
diagnose. For example, it is unclear if, as the disease progresses,
functional connectivity in large neural systems is attenuated, e.g.,
inthe DMN (Wuetal.,2011; Liuetal.,2013; Zhu et al.,2013) or on
the contrary, AD may induce an increase in functional connectivity
that compensates for the disease related atrophy of affected regions
(Sanz-Arigitaetal.,2010). An increase in focal frontal connectivity
and heightened hippocampal activation during early stages of AD
has been reported in Dickerson et al. (2004 ). Functional disruption
hasbeen observed in the prodromal stage or even earlier and there-
fore a characterization of this imaging phenotype has potential
impact in early prevention and disease-modifying therapies. The
relationship between brain development, aging and disease and
brain connectivity is not univocal, but instead involves a number of
complex mechanisms that alter the network topology in multiple
ways. The mechanisms that mediate in the increase in functional
connectivity observed in prodromal AD are in dispute. There are
several potential explanations for this phenomenon. For example,
the increase in connectivity in the early phases of AD could reflect
compensatory effects to neutralize the disruption in functional
integrity, or represent some form of glutamate receptor-mediated
excitotoxicity (Wu et al., 1995). An interesting hypothesis bor-
rowed from economic theory is that early network alterations can
be interpreted as a discount factor that anticipates the expectation
of pending functional network integrity deterioration.

Combining existing biomarkers poses important challenges not
only in terms of intelligibility due to the heterogeneous and com-
plex nature of biomarker data, but also in terms of cost of data
extraction, e.g., expensive SPECT or MRI can not be used in sub-
jects with metal implants, and genetic mutations account for only
a small percentage of AD cases (Bertram and Tanzi, 2004). Truly
predictive models of disease progression need to take into account
the combined effects of biomarkers interactions at the individ-
ual subject level. Few studies however, have specifically addressed
the issue of the integration of different biomarkers (Gomar et al.,
2011). The long sought goal of early diagnosis of AD necessarily
passes by the integration of existing biomarkers and the discov-
ery of new ones. Network-based biomarkers provide a unifying
approach for AD biomarker discovery and testing. Graph-based
network analysis allows to quantitatively characterize the global

organization of the brain and to integrate heterogeneous datain a
“neutral” and general mathematical body.

A NETWORK-BASED APPROACH IN AD BIOMARKERS
Biomarkers can be compounds obtained from bodily fluids or
tissues, or technically derived correlates of pathophysiological
events. While three of the five most important AD biomarkers
are imaging-based, functional neuroimaging is absent in current
diagnostic criteria.

Markers of alterations in resting-state functional connectiv-
ity networks can discriminate between AD patients and healthy
elderly people with a satisfactory level of sensitivity and specificity.
Functional connectivity analysis of the DMN has great potential
as network biomarker able to objectively quantify asymptomatic
and prodromal stages of the disease and as secondary endpoint in
multicenter clinical trials in AD (Chhatwal et al., 2013). The study
of AD biomarkers with R-fMRI imaging, however, has focused on
detecting alterations in specific networks such as the DMN and
finding abnormal levels of protein deposition, metabolic disrup-
tion, and atrophy within the DMN. A system-level understanding
of the dependencies that exist among the different biomarkers
has not been achieved. The advent of “Big Data” science makes it
possible to share large amount of data with unprecedented pro-
cessing capability. The Alzheimer’s disease neuroimaging initiative
(ADNI) makes access to clinical imaging and biomarker data freely
available to researchers worldwide. The whole genome sequences
of the 800 individuals enrolled in the ADNI will be soon available
through the Global Alzheimer’s Association Interactive Network
(GAAIN).

The much-needed insight into the pathomechanisms that
mediate in AD will benefit from the construction of probabilistic
networks from large databases of AD biomarkers that systemat-
ically capture the probabilistic dependencies among biomarkers.
Once the network or networks are built, a supervised classification
algorithm can be used to classify new subjects within different
classes, for example healthy and AD. Thus, in a training set of
patients diagnosed as healthy or AD, we first build the generative
graphs — My and Map — containing biomarker dependencies of
healthy and AD subjects, respectively, to later perform a classifi-
cation inference, that is, estimate the likelihood that My or Map
has generated new data, i.e., a new subject to be diagnosed.

Let us see this with an example. Figure 1 shows a classification
procedure for AD using a biomarker network-based approach. BM
is a list of AD biomarkers considered in this example, BM = (w,
0, T, aP, hg, fc, tac). For convenience, we assume that BM takes
discrete values, that is, BM; =1 when biomarker i reaches the
threshold of positivity. Thus, w (Word recognition) and o (Orien-
tation) are neuropsychological markers included in the ADAS-Cog
(Alzheimer Disease Assessment Scale-Cognitive) (Rosen et al.,
1984), T and AP are CSF biomarkers that indicate whether the pro-
tein deposition is relevant, hc (hippocampus) is equal to 1 when
a significant reduction of the hippocampus volume is found, fc
(functional connectivity) indicates whether regions in, for exam-
ple, the DMN such as the precuneus or the posterior cingulate
cortex, has functional connectivity alterations reported in the lit-
erature or any other pattern that we want to be tested against other
biomarkers. The tactile biomarker (tac) is an inexpensive marker
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. Generative model of biomarkers
AMH network of healthy patients

BM Word Orientation Tau Amyloid HC fMRI Tactile Diagnosis
recognition
subject_1 w(1) o(1) (1) ap() he(l) fmri(l) tac(l) AD
subject_ 2 w(2) o(2) 7(2) aB@R) he(2) fmri(2) tac(2) H
subject_ 3 w(3) o(3) 7(3) aB@B) he(3) fmri(3) tac(3) AD
subject n  w(n) o(n) T(n) aPf(n) he(n) fmri(n) he(n) AD
Bayesian Learning and Model Selection
\
word_rec word_rec
orientation orientation
tau
amyloid . amyloid
HC He
DMN DMN
tactile tactile
word_rec orientation  tau  amyloid HC DMN  tactile word_rec orientation  tau  amyloid  HC DMN  tactile

Generative model of biomarkers

Mip  network of AD patients

BM; Word Orientation Tau Amyloid HC fMRI Tactile
recognition
subject_ s w(1) o(1) (1) aP(l) he(l) fmri(1) tac(l)

FIGURE 1 | Seven biomarkers of interest are listed in BM. For
convenience, we assume that BM is a binary vector, that is, BM(i) =0, 1. For
example, if the measurement of the biomarker Word recognition reaches the
positive threshold BM(1) =1, if not, BM(1) = 0. The table in the top of the
figure shows the training set S consisting of n samples or subjects with their
biomarkers BM, and diagnosed as AD or healthy. The data in the table can be
summarized via the construction of generative networks, one for each

maxG:{MHJWAD}P(BMG'G)

diagnostic category, in our example H and AD. There is a number of possible
network structures that can characterize the training set, so the generative
networks My, and M,y are the result of model selection. The diagnosis of new
patients can be thus be addressed via the computation of the probability that
the new data, BV is generated by the biomarker network that captures the
dependencies among biomarkers in healthy subjects or by the biomarker
network of healthy subjects.

of cognitive and motor decline of interest in AD found in our lab-
oratory (Yang et al., 2010). This list of biomarkers can be extended
with others, e.g., smell, epigenetic, blood, genetic, etc., with the
caveat that a large number of parameters need even larger data
sets in order to avoid having an overwhelming choice of networks
that are potentially good at explaining the data.

The training data set S is ideally composed of a large number
of diagnosed subjects with the BM vector of biomarker informa-
tion for each one. Thus, the training set is given by S =[(BM;,

¥)(BM2, ¥),. . .(BMy,, )], where BM; is the vector containing the
biomarkers measured in patient i, and y represents the diag-
nostic class in which a subject can be classified, e.g., Healthy or
AD. Now, we want to build a probabilistic network that captures
dependencies among the biomarkers for each diagnostic class. For
example, if the training data set contains biomarker information
of n subjects diagnosed as healthy or AD [y = (yu, yap)], two
generative biomarker networks — My and Map — need to be built.
This approach is entirely different to conventional AD biomarker
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Table 1 | Differences between the standard and the network-based AD biomarker approaches.

AD biomarker

AD network-based biomarker (NBB)

Dimensionality

Statistical

classification

Temporal scale

Spatial scale

Early diagnosis

1-Dimensional, unsuited for multi-modal integration of
heterogeneous data
Classifier based on group differences between HC, MCI, AD

Temporal window of biomarker efficiency is not considered

Study of selective vulnerability in region specific neuron classes,
i.e., neuronopathy or network component specific, e.g., the
precuneus in the DMN

Diagnosis of patients with overt dementia

N-Dissmensional, integrate multi-modal biomarkers in a common
framework

Supervised classifier for the assessment of risk disease in
relation to large population data. Allows group risk classification
based on individual-based risk measure built upon network
biomarker parameters

Well suited for longitudinal studies by implementing
computational models of network disruption effects in temporal
windows, e.g., short/long term

Unbiased, NBB address large-scale distributed networks. Long
rage disease spread shaped by network connectivity profiles,
i.e., network-opathy (Comon, 1994)

Characterization of asymptomatic and prodromal stages. NBB
can be used as surrogate end points and provide in vivo
intermediate phenotypes of pathology

Potential for early diagnosis and disease-modifying therapies by
detecting alterations in functional connectivity

Automated extraction of network parameters borrowing tools

Preventive Inefficient for disease-modifying or preventive therapies, e.g.,
therapy reduction of AB production has shown limited therapeutic impact
Feature Absence of standardized quantitative metric for AD imaging
extraction biomarkers

and methods from network theory

studies, summarized above, that treat biomarkers as quantities
that reflect relevant biological processes whose correlations with
other biomarkers need to be investigated through heuristics meth-
ods (Table 1). An interesting improvement in the quantification
and integration of AD biomarkers aiming to improve the effi-
ciency and of AD diagnosis can be found in Mattila et al. (2011). A
supervised classifier is implemented via a disease state index (DSI)
that compares the biomarker measurements of new patients with
previously diagnosed patients’ biomarkers. Thus, the DSI is an
aggregate measure of a number of biomarkers that allows us to
classify based on biomarker data.

Our network-based approach in AD biomarkers differs from
these approaches in that biomarkers are here characterized as
structured objects, i.e., networks, in which the dependencies
among the network components, i.e., individual biomarkers, need
to be quantified via experimentation or computational simula-
tion of the network dynamics. For a training set of diagnosed
biomarker data, the computation of the generative biomarker
network for each diagnostic class, e.g., My, Map is a network
structure discovery problem. The idea is to provide a structural
model, i.e., a network of the training data set, i.e., biomarker data.
For example, for a training data set of patients diagnosed into
the categories healthy and AD, two networks — My, Map — are
built. The nodes represent the random variables of the training set
(biomarkers) and the edges represent the stochastic dependency
between these variables. Dependency structures can be analyzed
using Bayesian network models (Buntine, 1996). In the context
of AD biomarkers, the network represents the dependency struc-
ture of the underlying distribution of any two biomarkers. For
example, in Figure 1, the generative network My, which con-
tains a structural representation of the biomarkers dependencies
in the subjects diagnosed as healthy, shows no dependency among

biomarkers and only one biomarker, amyloid-beta deposition,
reaches the threshold of positivity. In the Map network, the gen-
erative matrix of patients diagnosed as AD, we find stochastic
dependency between all pairs of biomarkers except in fMRI and
tactile.

The identification of the generative models My and M sp from
data is the result of statistical learning followed by model selec-
tion. It ought to be noted that when the amount of data — the
number of diagnosed individuals — is small compared to the size
of the model — the number of biomarkers — there are likely many
candidate models that explain the data, and therefore the gen-
erative model provided by model selection may not be a good
approximation of the underlying process. On the other hand,
model selection is more likely to provide a good approximation
when a large amount of data is available in models with a rel-
atively small number of parameters. The number of candidate
networks is super exponential of the number of model parame-
ters, therefore small size models relative to the large data sample
are preferable. For a discussion of the p, n (p = model size, n = data
size) problem in statistics, see Gomez-Ramirez and Sanz (2013).
The diagnosis of a new subject can be computed via the maxi-
mum probability of the biomarker configuration BM; conditional
to the generative models, My and Map, maxg = (Mpy, Map)
P(BM;IG).

The utility of this approach will ultimately rely on its power to
generate decision support systems to assist the physician in early
diagnosis and symptomatic treatment. This work describes the
blueprint for the construction of uncomplicated and cost-effective
tools for the identification of disease’s signatures, based on a new
understanding of biomarkers as multidimensional objects, i.e.,
networks. Thus, biomarkers can be seen here as the heterogeneous
building blocks in network-based models.
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Conceptually, the work flow for the implementation of decision
models based on the theoretical framework described here can be
divided into three phases: (1) data extraction for biomarker selec-
tion, (2) network-based model building, and (3) model valida-
tion using classification algorithms. The first phase is intrinsically
hypothesis driven. Quantities susceptible to work as biomarkers
are selected experimentally or via public repositories such as the
ADNTI initiative. In the second phase, the interdependencies among
biomarkers are studied quantitatively. The idea is to understand
how the different biomarkers act together within a network model
that can be further characterized in terms of network parameters
such as clustering or modularity. As a result, generative models of
diagnostic categories, e.g., My and Map are built. In the last step,
new subjects can be diagnosed via the maximum probability of the
biomarker configuration for a new subject s (BM;) conditional to
the generative models, maxg = (My, Map) P(BM;IG). Thus, in
essence, this approach can be seen as a supervised classifier that
allows us to assess the clinical value of the network models built
upon heterogeneous and structured biomarker data. It ought to
be remarked that the Bayes’ theorem allows us to calculate the pos-
terior probability P(GIBMj) or the updating of probabilities from
an experiment that results in the biomarker values BM;. Gener-
ally speaking, by increasing the sample size it is possible to reduce
the importance of the prior distribution, P(G), which is partic-
ularly difficult to specify, and represents the uncertainty about
the network structure before the data are examined (Migon and
Gamerman, 1999).

CONCLUSION

The network-based biomarker approach described here is in com-
pliance with the new emerging paradigm of network medicine
(Barabasi et al., 2011). In this respect, network medicine, in order
to be successful, must offer healthcare professionals not only a
conceptual framework, but also comprehensive methodologies
and a practical toolkit able to address the challenges and limi-
tations in AD biomarkers research in new ways. New classification
methods, such as support vector machine (SVM), have proven
to be effective for the identification of MClIs from normal aging
using resting-state functional connectivity data (Wee et al., 2012).
Bayesian network analysis of effective connectivity show differ-
ences in the DMN between AD and healthy controls and could be
used in the future as a biomarker (Wu et al., 2011).

The development of efficient tools for use in clinical diagnosis
and monitoring of disease progress require the improved use of
already known biomarkers and new methods of biomarkers dis-
covery. There is a strong need for objective- and quantitative-based
biomarkers of use in asymptomatic and prodromal stages of AD.
The systemic understanding of the interactions between biomark-
ers can be seen as statistical learning followed by a model selection
problem. The inclusion of functional imaging biomarkers in the
clinical diagnoses of AD necessarily passes over the standardization
of imaging protocols and quantitative metrics. In this respect, the
network-based biomarkers approach presented here goes beyond
the current emphasis on the study of the relationship between
specific networks (e.g., DMN) and molecular biomarkers (e.g.,
amyloid-beta) to learn dependencies between biomarkers from
heterogeneous data implemented as a graph, where the nodes

are biomarkers and the edges represent the stochastic dependency
among the biomarkers.

There are, however, challenges that are not addressed here. For
example, the review has focused on the integration of predeter-
mined biomarkers, but biomarker selection is a standing prob-
lem in AD research. Non-linear relationships between biomarker
measurements and disease severity, and handling sparse obser-
vations constrain biomarker prediction. Alterations in functional
connectivity may play a key role in detecting signatures in pre-
symptomatic and prodromal stages. However, functional imaging
related biomarkers have so far focused on alterations in intrinsic
connectivity networks and the co-occurrence of protein deposi-
tion within those networks. Quantified and standardized metrics
for AD neuroimaging biomarkers and a system-level understand-
ing of the dependencies among the existing biomarkers are still
missing. The network-based approach introduced here aims to
bridge this gap by providing a statistical framework able to learn
structural representations of biomarkers interactions from bio-
marker data of previously diagnosed patients. To fully capitalize
on the large amount of data that big data science projects are
bringing to AD research, a new mathematical framework for find-
ing effective combinations of multi-modal biomarkers is sorely
required. Biomarkers deployed as network models rather than as
quantities will foster our understanding of disease, paving the way
for a predictive, preventive, and personalized medicine.
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INTRODUCTION

Tremor is an involuntary, rhythmic, oscillatory movement of a
body part. It is the most common movement disorder encoun-
tered in clinical practice. There is no diagnostic standard to
distinguish among common types of tremor, which can make
the evaluation challenging. History and physical examination can
provide a great deal of certainty in diagnosis. However, some cases
showing more than one type of tremor or associating other signs
and symptoms are specially difficult. Establishing the underlying
cause is important because prognosis and specific treatment plans
vary considerably.

PD is a common neurodegenerative disorder characterized by
progressive degeneration of dopaminergic neurons in the sub-
stantia nigra, with loss of their nerve terminals in the basal
ganglia structures, especially in the striatum. The dopaminergic
system is the most studied neurochemical system in patients with
PD because damage to nigrostriatal neurons is the most impor-
tant component in the pathophysiology of PD. Clinically it is
characterized by the so called “parkinsonian syndrome,” consist-
ing of extrapiramidal signs, including bradykinesia and at least
one of the following: muscular rigidity, 4-6 Hz rest tremor and
postural instability not caused by primary visual, vestibular, cere-
bellar, or proprioceptive dysfunction. More than 70 percent of
patients with Parkinson disease have tremor as the presenting fea-
ture. The classic parkinsonian tremor begins as a low-frequency,

different conditions behind these cases.

Keywords: DaTSPECT, tremor, Parkinson disease, Movement Disorders, SWEDD

pill-rolling motion of the fingers, progressing to forearm prona-
tion/supination and elbow flexion/extension. It is typically asym-
metric, occurs at rest, and becomes less prominent with voluntary
movement. Although rest tremor is one of the diagnostic crite-
ria for Parkinson disease, most patients exhibit a combination
of action and rest tremors (Rodriguez-Oroz et al., 2009). The
term “parkinsonisms” refers to a group of neurological disor-
ders characterized by a parkinsonian syndrome. In many cases,
the differential diagnosis between Parkinson disease and other
neurodegenerative parkinsonisms, or other conditions such as
essential tremor, psycogenic, or drug-induced parkinsonism is
sometimes difficult. This requires an experienced clinician and
time to establish the pattern of progression and response to
treatment.

Currently, the diagnosis of tremor remains primarily clinical,
but complementary tests may be useful to support the diag-
nostic process for particularly difficult cases, specially in those
where tremor associates with parkinsonian syndrome. Structural
imaging, such as computed tomography or magnetic resonance
imaging (MRI), is of limited value for differentiating parkinso-
nian syndromes since structural changes are often only evident by
the time the disease is far advanced. CT and MRI neuroimaging
do play an important role in the diagnosis of patients with vas-
cular parkinsonism. Radiotracer neuroimaging techniques allow
to study the integrity of the dopaminergic nigrostriatal system
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and are therefore a valuable tool to diagnose neurodegenerative
parkinsonisms (Lorenzo Bosquet et al., 2004; Tolosa et al., 2007).
Positron emission tomography techniques demonstrate the dis-
ruption of selective patterns of regional cerebral metabolism and
neurotransmitter systems associated with subcortical degener-
ations, such as Parkinson’s disease, striatonigral degeneration,
progressive supranuclear palsy, and corticobasal degeneration
(Antonini and Isaias, 2009; Huang et al., 2013). In addition, it
allows to determine, where underlying Parkinson’s disease may be
suspected and whether nigral dysfunction is present in patients
with isolated tremor or drug-associated rigidity. However, PET
scan is an expensive technique that is not available in most clinical
centers. A DaT-SPECT (Dopamine Transporter -DaT- single-
photon emission computed tomography), is a less expensive and
more widely available technique compared to PET and has already
been incorporated into clinical practice. The active ingredient
of [123I]FP-CIT SPECT is a cocaine analog, 123I-labeled N-
u-fluoropropyl 2b-carbomethoxy-3b-(4-iodophenyl) nortropane
([123I]ioflupane). It binds with high affinity to striatal presy-
naptic DAT in animals and in humans and helps visualize these
neurons with SPECT brain imaging. [123I]FP-CIT SPECT has
the advantage of faster kinetics, which allows imaging 3—6 h after
injection. DAT is located on the plasma membrane of nerve ter-
minals in a small number of neurons in the brain, especially in
the striatum and nucleus accumbens, and in the globus pallidus,
cingulate cortex, olfactory tubercle, amygdala, and midbrain.
DAT regulates the dopamine concentration in the synaptic cleft
through reuptake of dopamine into presynaptic neurons and thus
plays a central role in the buffering of the released dopamine
(Surasi et al., 2013).

The Food and Drug Administration (FDA) has recently
approved the use of DaT-SPECT “to assist in the evalua-
tion of adult patients with suspected parkinsonian syndromes”
(Figure 1). Paradoxically, however, adequate neuropathologic
validation of Parkinson’s disease diagnosis based on DaT-SPECT
findings is still lacking and the value of DaT-SPECT for clini-
cal decision-making remains unclear. Generally, the clinical based
diagnostic accuracy of Parkinson’s disease is mathematically iden-
tical to the diagnostic accuracy of DaT-SPECT imaging (6).
In terms of differential diagnoses, DaT-SPECT imaging can-
not distinguish reliably between Parkinson’s disease and other
degenerative parkinsonisms, such as multiple system atrophy or
progressive supranuclear palsy, whenever evaluated on a case-by-
case basis. This important point is specifically recognized in the
FDA briefing document (De La Fuente-Fernandez, 2012). Finally,
the alternative diagnoses to Parkinson’s disease when a patient
with hard-to-classify tremor shows a normal (negative) study are
not well known yet. Herein, we report a series of patients with
different types of tremor or tremor plus parkinsonism, where the
clinician decided to perform a DaT-SPECT due to diagnostic dif-
ficulties and the DaT-SPECT resulted normal. These patients were
followed up for 2 years at least, with the aim of revealing the final
diagnoses of these patients.

METHODS

Standard protocol approvals, registrations, and patient consents.
The study was approved by the Hospital Alvarez-Buylla and
informed consent was given by all family members.

FIGURE 1| Normal and abnormal DAT-SPECTs. Normal DaT-SPECTs of a
patient with essential tremor at baseline (A) and 42 months later (B).
Normal DaT-SPECT of a patient with Parkinson’s disease at baseline (C).
However, 84 months later (D) the scan was abnormal due to a decrease in
postsynaptic uptake on the right striatum.

SUBJECTS

We screened patients with tremor, who had performed a DaT-
SPECT and resulted normal. The period of time for screening
patients was 5 years. Patients with dementia were ruled out,
though patients with mild cognitive impairment were allowed for
inclusion (Huang et al., 2013).

FOLLOW UP

Patients included were assessed every 6 months for 2 years at least.
Neurological examination was performed to all patients in all vis-
its. Other studies, including a second DaT-SPECT, were done in
some cases according to the neurologist criteria. At the end of the
follow up period we reconsidered diagnoses based on findings in
history, examination, response to treatment and complementary
studies. Cases in which we were unable to reach a final diagnosis
remained labeled as “uncertain diagnosis.”

IMAGING ACQUISITION

Following thyroid iodine uptake blocking with 500 mg of potas-
sium perchlorate, patients underwent intravenous administration
of a single dose (148 MBq)in of DaTSCAN (GE Healthcare).
SPECT imaging was carried out 3—6 h later with a dual-headed
gammacamera (Philips Healthcare) using LEHR collimators.
Data were acquired in a 128 x 128 matrix; zoom 2.19; 180° per
head; 20s per view; 128 views; 158 keV; 15% window; filtered
back projection and 2-D Butterworth prefilter; power factor 8; cut
off 0.6.

DATA ANALYSIS
DaTa analysis was acquired visually and semi-quantitatively with
Xeleris 2.0 software (GE Healthcare). In order to analyze the
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dopaminergic deficit, two different methods were performed:
visual interpretation and semi- quantification with classical man-
ual ROIs (Region of Interest) method. For visual interpretation,
a nuclear medicine physician examined the hardcopy images and
classified the SPECT images into two different patterns: normal,
showing a symmetrical uptake bilaterally in putamen and caudate
nuclei; and abnormal, with different levels of uptake reduction
in one or both caudate and/or putamina. The semi- quantitative
evaluation method allows to calculate binding ratios by com-
paring activity in striatum with activity in an area of low DaT
concentration (usually the occipital area). Three consecutive slices
with the highest striatal image count were selected and summed
up to a single slice. The ratio of specific to non-specific binding
was calculated by standardized two dimensional ROIs, derived
from an anatomical brain atlas, which were placed bilaterally
over the striatum with subregions for caudate and putamen. A
ROI over the occipital cortex was used as reference region to
assess non-specific binding. Specific FP-CIT tracer uptake was
calculated for caudate and putamen using the formula: [Striatal
binding ratio = mean counts of striatal ROI-mean counts of
occipital ROI/ mean counts of occipital ROI].

RESULTS

SAMPLE DESCRIPTION

We screened 34 patients with tremor who had underwent
a DaTSPECT due to diagnostic difficulties and the result of
DaTSPECT was negative (normal). Four of the patients screened
were ruled out for suffering from dementia. The demographic
and main clinical features of the patients included are summa-
rized in Table 1.

DIAGNOSES AND FOLLOW-UP

After a follow up period (24 months) the diagnoses of all cases
were reconsidered and recorded (Figure2). The main clinical
features allowing us to reach the diagnoses are included under
Table 2. Diagnoses included cases of essential tremor (6 cases),
dystonic tremor (2 cases), multisystem atrophy (2 cases), vascular
parkinsonism (2 cases), Parkinson’s disease (1 case), progres-
sive supranuclear palsy (1 case), corticobasal degeneration (1
case), Fragile X—associated tremor ataxia syndrome (1 case), psy-
chogenic parkinsonism (1 case), and iatrogenic parkinsonism
(1 case) (see Table 3). In twelve cases we were unable to reach
a diagnosis. These patients were labeled as “uncertain diagno-
sis” They underwent a second DaT-SPECT and were followed
for 12 months more, with the following results: in 4 patients
the second DaT-SPECT resulted abnormal and they were finally

Table 1 | Demographics and clinical features of the patients included
in the study.

Mean age

Gender distribution

Mean age at onset
Evolution time at inclusion
Mean MMSE

Mean UPDRS

Mean L-DOPA dose

67 years (67-79)

17 males 13 females
61 years (52-74)

35 months (8-58)
26 (20-30)

24 (12-36)

564 mg (0-1200)

diagnosed with Parkinson’s disease (see Discussion for details);
in 8 patients the second DaT-SPECT resulted normal again—of
those 2 were finally diagnosed with dystonic tremor, whereas 6
remained undiagnosed and labeled as “uncertain diagnosis.”

Thus, the final diagnoses included cases of essential tremor (6
cases), Parkinson’s disease (5 cases), dystonic tremor (4 cases),
multisystem atrophy (2 cases), vascular parkinsonism (2 cases),
progressive supranuclear palsy (1 case), corticobasal degeneration
(1 case), Fragile X—associated tremor ataxia syndrome (1 case),
psychogenic parkinsonism (1 case), and iatrogenic parkinsonism
(1 case) (Table 3 and Figure 3).

DISCUSSION

The acronym SWEDDs (scans without evidence of dopaminer-
gic deficits) (Schneider et al., 2007), relatively recent in usage,
arose from the clinical trial literature for Parkinson’s disease, in
which patients were imaged with '8F-dopa PET or DaT-SPECT
in order to monitor disease progression, revealing that a substan-
tial proportion of clinically diagnosed cases of Parkinson’s disease
had normal SCANS (4-15%) and were therefore designated as
SWEDDs (Schneider et al., 2007; Bajaj et al., 2012). Thus, the
term SWEDDs can be leveled at any patient diagnosed at first with
Parkinson’s disease but subsequent functional imaging assess-
ments do not confirm the presynaptic, dopaminergic deficiency
origin.

From the semiological point of view, SWEDDs phenotypes
vary in much the same way as Parkinson’s disease pheno-
types do. There are two broad Parkinson’s disease phenotypes,
akinetic-rigid (also known as postural instability gait disorder
variant -PIGD) and tremor dominant (also known as tremulous
Parkinson’s disease). In the same way, SWEDDs patients can be
subdivided into tremor dominant and non-tremor dominant (or
tremor absent) subtypes. With this and the knowledge of the clin-
ical picture of other parkinsonisms in mind, the clinician in front
of a patient with SWEDDs can usually reach a diagnosis, in many
cases after a follow up period (De La Fuente-Fernandez, 2012).
In the following, we discuss in detail the different diagnoses we
found and describe the main clues to consider each one.

34 patients with tremor

and normal DaT-SPECT
Screen | ng 4 patients ruled out
for suffering dementia

Study inclusion 30 patients included

Follow up

(24 months) 12 patients 18 patients
diagnosis not reached diagnosis reached

Second

DaTSPECT

*

Follow up 6 patients 6 patients

(12 months) diagnosis not reached diagnosis reached

FIGURE 2 | Study design.
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Table 2 | Main clinical features of every subject included in the study listed by final diagnoses.

Final diagnos Tremor Rigidity Brady kinesia Postural stability Gait Others ResponL-dopa
ET1 Sym, RAV,C + — + + MCI NT
ET2 Sym, RAV,C — — + + NT
ET3 Asym, RA — — + + -
ET4 Sym, PAV,C + — + + MCI NT
ET5 Sym, RA — — + + _
ET6 Sym, PA,C — — + + NT
PD1 Asym, B R + F + + - ++
PD2 Asym, R + F + + + MCI ++
PD3 Asym, R +, F + - + T+t
PD4 Asym, P R , + - + MCI ++
PD5 Asym, R + + - + ++
DT1 Asym, R — — + + Dystonia —
DT2 Asym, R, J + - - - Dystonia —
DT3 Asym, R — — + + Dystonia —
DT4 Asym, R — — + + Dystonia —
MSA1 Sym, P J + + — — UMS AD AC +
MSA2 Asym, P A R, J + F + - — MCI UMS Stridor +
VP1 Sym, RA + + + + UMS +
VP2 Sym, RA + — + + UMS -
PSP1 Sym, P + F + - — SGP AS —
CBD1 Asym, R R + + — — MCI MC Apraxia —
FXTAS Sym, RAR,V.C + — — — Ataxia —
Psycho1 Sym, RA, R — — — — Incons Distrac NT
latro1 Sym, RA, R + + + + Dyskinesia +
21 Asym, B R + — + + MCI —
22 Asym, B R — + — — MCI UMS —
?3 Asym, B R — + + + MCI MC Apraxia —
24 Asym, P R +, F — — — Dystonia —
?5 Sym, PAR,V.C — — — — MCI Ataxia +
?6 Asym, P R — - + + MCI Apraxia —

Acronims and clues by columns: Final diagnoses: ET, Essential Tremor, PD, Parkinson’s disease,; DT, Dystonic tremor; MSA, Multiple system Atrophy; VR, Vascular

parkinsonism, PSF, Progressive supranuclear palsy, CBD, Corticobasal degeneration; FXTAS, Fragile X-associated tremor ataxia syndrome; Psychog, Psychogenic

parkinsonism, latro, latrogenic parkinsonism, 2, unclear diagnosis. Tremor: — = Absent Sym, Symmetrical in limbs; Asym, Asymmetrical in limbs; R, Rest tremor,; R
Postural tremor; A, Action tremor; J, Jerky tremor; V| Vocal tremor; C, Cephalic tremor. Rigidity: + = present, — = absent, F, Froment sign positive; Bradykinesia: + =
present, — = absent, Postural stability: + = normal, — = abnormal, Gait: + = normal, — = abnormal. Others: UMS, upper motor neuron signs, MCI, Mild cognitive

imparirment; AD, Autonomic dysfunction,; AC, Antecollis; SGR Supranuclear gaze palsy; AS, Applause sign;, MC, Myoclonus, Incons, inconsistent exploratory signs;
Distract, Distractability. Response to [-Dopa: ++ = very good, + = good, — = poor or negative, NT, not tested.

Although abnormal in most patients with Parkinson’s disease,
a normal DaT-SPECT is not capable to totally exclude the
disease (Vlaar et al., 2007, 2008; Serrano Vicente et al., 2009). A
meta-analysis was conducted by Vlaar and colleagues to review
the diagnostic accuracy of SPECT to differentiate between early
phase of PD and normalcy. All the 6 cross-sectional studies (using
presynaptic tracers) with patients with known PD in an early
stage (Hoehn and Yahr score of 2 or lesser) had a specificity of
100% and the sensitivity varied from 8% to 100% (Vlaar et al.,
2007, 2008). A possible explanation for the low sensitivity found
in some studies is that DaT-SPECT can be normal in the very
initial stages of the disease. Indeed we diagnosed 1 case with
Parkinson’s disease in spite of having a normal DaT-SPECT.
At least two studies found that in cases that undergo a second
DaT-SPECT the accordance of the result with the final clinical

diagnosis was higher in the second DaT-SPECT than in the first
one (Vlaar et al., 2007, 2008; Serrano Vicente et al., 2009), thus
suggesting that the result of the first DaT-SPECT of patients
with Parkinson’s disease can be negative if performed too early
and become positive later on. In our study 4 out of 12, in which
a second DaT-SPECT was performed, resulted abnormal. All
these patients responded well to L-DOPA or agonists and had a
typical parkinsonian syndrome, therefore they were diagnosed
with Parkinson’s disease eventually. Another explanation for
the relatively high number of false-negative Parkinson’s disease
patients is the quantitative analysis of the SPECT scans. When
recalculating the accuracy of DaT-SPECTs to differentiate
patients with idiopathic Parkinson’s disease from those with
essential tremor using visual qualitative judgment instead of
quantitative analysis studies report the sensitivity increased from
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80% to 94%, negative predictive value from 48 to 71%, specificity
and positive predictive value stayed unchanged (Vlaar et al,
2008; Marshall et al., 2009). However, the rule is that the vast
majority of patients with Parkinson’s disease have an abnormal
DaT-SPECT and a normal DaT-SPECT should always make us
reconsider the diagnosis of Parkinsons, even in early stages.

Table 3 | Cases diagnosed after the first and second DaT-SPECTs and
follow-up periods.

Essential tremor may be confused with parkinsonism for sev-
eral reasons. Firstly, although essential tremor is characterized
by a tremor that is exacerbated by posture-holding and action,
these patients may also have a tremor at rest (Cohen et al., 2003;
Rajput et al., 2004), whereas parkinsonian patients may also have
a postural tremor. Secondly, even though the other cardinal fea-
tures may be discriminating, some essential tremor patients do
have mild rigidity (Rajput et al., 2004), whereas some patients
with early Parkinson’s disease may present with an isolated rest
or postural tremor without any other features of parkinsonism.
Some patients with a late onset, markedly asymmetrical postu-
ral tremor that was diagnosed initially as essential tremor but
who went on after many years to develop typical Parkinson’s dis-
ease (Chaudhuri et al., 2005). When in doubt, follow up and
response to treatments are crucial as those with PD will eventually
progress to develop clear parkinsonian features and respond to
dopaminergic therapies. Multiple studies report that DaT-SPECT
can distinguish parkinsonian syndrome from essential tremor
(Asenbaum et al., 1998; Tolosa et al., 2007; Antonini and Isaias,
2009; Surasi et al., 2013). In fact, essential tremor was usually
chosen as the comparator disorder for many studies since it was
thought to have normal striatal DaT. However, DaT-SPECT in
essential tremor is not always normal, or at least not as normal as
in controls; further suggesting a potential link of some essential
tremor cases with Parkinson’s disease (Isaias et al., 2008; Antonini
and Isaias, 2009; Gerasimou et al., 2012; Labiano-Fontcuberta
and Benito-Leon, 2012). We found essential tremor to be the most
common cause of tremor with normal DaT-SPECT (6/30 cases).

Primary adult-onset dystonia can present with an asymmet-
ric resting arm tremor, with impaired arm swing and sometimes
also facial hypomimia or a jaw tremor, but without evidence
of true akinesia (Schneider et al., 2007). Tremor is a relatively
common feature occurring in about 17% of patients with pri-
mary late-onset dystonia (Defazio et al., 2013). The association
between tremor and dystonia spread suggests that this form
of tremor may be a dystonic manifestation. Tremor may be
classified either as dystonic tremor or tremor associated with
dystonia (TAWD) according to the Movement Disorder Society

Diagnoses DaT-SPECT (prefollow-up) Total
(final
After first After second diagnoses)
follow-up follow-up
period (n = 30) period (12/30)
Normal Normal Abnormal
Essential tremor 6 — - 6
Parkinson's 1 — 4 5
disease
Dystonic tremor 2 2 - 4
Multisystem 2 — - 2
atrophy
Vascular 2 — - 2
parkinsonism
Progressive 1 — — 1
Supranuclear
Palsy
Corticobasal 1 — — 1
Degeneration
Fragile 1 - - 1
X-associated
tremor ataxia
syndrome
Psychogenic 1 — - 1
parkinsonism
latrogenic 1 — — 1
parkinsonism
Uncertain 12 6 - 6
Uncertain 20%[

latrogenic parkinsonism 3%'[

Psychogenic parkinsonism 3% ¢

Fragile X-associated tremor ataxia syndrome 3%*——

Corticobasal degeneration 3%I

Vascular parkinsonism 7% I

——

’4Progressive supranuclear paisy 3%

———eEssential tremor 17%

lF’arkinson’s disease 17%

Multisystem atrophy 7%>J L :
Dystonic tremor 13%

FIGURE 3 | Pie graph showing the distribution of final diagnoses and relative frequencies.
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Consensus Statement (Deuschl et al., 1998). Similarities in phe-
notypic features of dystonic tremor and TAWD predominate over
differences, suggesting that the two forms of tremor may be
manifestations of the same disease (Defazio et al., 2013; Tinazzi
et al., 2013). Differences in gender, body distribution and tem-
poral thresholds of tremor between patients with dystonia and
tremor and those of patients with essential tremor also indi-
cate that tremor in dystonia and essential tremor are different
entities (Defazio et al., 2013; Tinazzi et al., 2013). Patients with
primary adult-onset dystonia show normal DaT-SPECT studies
(Schneider et al., 2007). Neurophysiological studies also show that
the pattern of plasticity of sensorimotor circuits in patients with
tremor dominant SWEDDs resembles the pattern seen in dysto-
nia patients and differs from the pattern found in patients with
Parkinson’s disease (Schwingenschuh et al., 2010), thus suggest-
ing that many patients with tremulous SWEDDs may have in
fact dystonia (Bajaj et al., 2010). In our series 4/30 patients were
diagnosed with dystonic tremor. All these patients had a tremoric
parkinsonian syndrome with a clear dystonic component in their
tremor. Some dystonic signs may also be present in Parkinson’s
disease, though these are usually mild. In addition, patients with
dystonic tremor do not respond to L-DOPA or dopaminergic
agonists (Bajaj et al., 2010).

As indicated by its name, progressive supranuclear palsy (PSP)
is characterized by a supranuclear gaze palsy with hypometric or
slow saccades, particularly on downgaze (Stamelou et al., 2010).
However, in the early stages, these abnormalities are often absent
and occasionally they do not develop at all (Nath et al., 2003;
Williams et al., 2005). DaT-SPECT studies are usually abnormal
as in Parkinson’s disease. In our series only 1 case was diagnosed
with PSP. This case progressed rapidly to the development of
the typical picture of PSP with cognitive dysfunction and poor
response to L-DOPA.

Fragile X—associated tremor ataxia syndrome (FXTAS) defined
by fragile X mental retardation 1 (FMR1) premutation, cerebellar
ataxia, intentional tremor, middle cerebellar peduncle hyperin-
tensities in MRI and peripheral neuropathy (Jacquemont et al.,
2003; Apartis et al., 2012). About a half of patients with FTAX
have abnormal DaT-SPECT (Apartis et al., 2012). One case in
our series was diagnosed with FXTAS during follow up based
on the genetic study (90-100 CGG Repeats in Gen FMR1). This
case was a woman who had been followed in our center for years
due to a tremoric parkinsonian syndrome. She was put on sev-
eral antitremoric treatments, but her tremor only responded to
Primidone.

Most cases of symptomatic parkinsonism are vascular parkin-
sonism. Basal ganglia infarct is a relatively uncommon cause
of parkinsonism, but diffuse cerebrovascular disease is much
more frequent (Sibon and Tison, 2004; Thanvi et al., 2005).
Qualitatively DaT-SPECT images are normal in about a third of
patients with vascular parkinsonism. The use of different visual
score patterns showed higher ability to differentiate vascular
parkinsonism from Parkinson’s disease. Semi-quantitative anal-
ysis showed significantly higher uptake in the striatum, caudate
and putamen in vascular parkinsonism. Among patients with
vascular parkinsonism, falls were the only clinical feature that
demonstrated a correlation with the SPECT visual pattern

(Benitez-Rivero et al,, 2013). In spite of the fact that most
cases of symptomatic parkinsonism are vascular parkinsonism
we only had 2 cases in our series. This is probably due to
the fact that in our center all patients with parkinsonian syn-
drome undergo neuroimaging and those with high vascular
load are not asked to perform a DaT-SPECT, for this reason
they were not included in this study. However, two patients
with vascular risk factors, low vascular load and a normal
DaT-SPECT at screening were finally diagnosed with vascular
parkinsonism due to fast progression to the typical vascular
parkinsonian syndrome and increase in the vascular load in new
neuroimaging studies. This suggests that early parkinsonian syn-
drome may be due to vascular lesions in spite of low vascular
load in initial neuroimaging studies, and both clinical and neu-
roimaging follow up are needed when vascular risk factors are
present.

Many drugs can cause parkinsonism, most commonly antipsy-
chotics and antiemetics; and more rarely others such as methyl-
dopa, calcium antagonists, and sodium valproate among many
others. Therefore, before making the diagnosis of Parkinson’s
disease, it is important to check the patient’s medication (both
current and previous). If the patient is on a relevant drug,
it should be stopped if possible, and the patient followed up.
Drug induced parkinsonism can take several months to resolve
after the drug is discontinued. And even if the symptoms do
improve, follow up has shown that a few of these patients will
later develop Parkinson’s disease, suggesting that the drug had
unmasked subclinical Parkinson’s disease (Chabolla et al., 1998;
Lopez-Sendon et al., 2013). If the drug cannot be stopped, it
can be very difficult to distinguish drug induced parkinson-
ism from idiopathic PD. In this situation, functional imaging
with a dopamine transporter ligand may be useful, because
patients with pure drug induced parkinsonism have normal scans
(Booij et al., 2001; Marshall et al., 2009; Tinazzi et al., 2012).
However, contrary to what one would expect, several studies have
encountered abnormal DaT-SPECT findings in a surprisingly
high number of patients clinically diagnosed as having drug-
induced parkinsonism (Sibon and Tison, 2004; Thanvi et al.,
2005; Lorberboym et al., 2006). Drug-induced downregulation
of DaT expression is certainly a possibility. D,-receptor block-
ade may coexist with a dopamine nigrostriatal terminal defect,
as assessed by DaT-SPECT abnormalities, in a relevant pro-
portion of patients with drug induced parkinsonism (Schneider
et al., 2007). In other words, DaT-SPECT imaging does not
predict whether a given neuroleptic-treated patient will develop
parkinsonism or not.

Functional or “psychogenic” parkinsonism is well recognized
but relatively rare. If there is doubt about this diagnosis, careful
follow up and functional imaging may resolve the uncertainty
as studies are usually normal. However, contrary to what one
would expect, several authors reported abnormal DaT-SPECT
findings in a surprisingly high number of patients clinically diag-
nosed as having psychogenic (Lang et al., 1995; Hallett, 2011;
Lang and Voon, 2011). It remains unknown whether these imag-
ing changes are functional or structural in nature. In our study
only 1 patient was diagnosed with psychogenic parkinsonian
syndrome.
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Multiple system atrophy (MSA), also known as striatonigral
degeneration or one variant as Shy-Drager syndrome is character-
ized by a variable combination of parkinsonism, cerebellar ataxia
and/or autonomic dysfunction (Ubhi et al., 2011; Ahmed et al,,
2012). In our study 2 patients were diagnosed with MSA. They
progressed quickly although responded well to L-DOPA initially.

Corticobasal degeneration is characterized by a combination
of atypical parkinsonism and higher cortical dysfunction, even
when one of these often dominates the clinical picture. Decreased
presynaptic dopamine transporter binding have been found in
most CBD patients (Hossain et al., 2003; Klaffke et al., 2006).
Other study in a large CBS population found DaT-SPECT to
be normal in about 10% of cases despite prominent bilateral
extrapyramidal signs. In these cases, clinical and neuropsycho-
logical features were not distinct from those with evidence of
SNc neuronal loss. The lack of any correlation between presynap-
tic nigrostriatal dysfunction and disease duration might suggest
an unpredictable and possibly delayed SNc degeneration in CBD
and further supports the hypothesis of a variable contribution
of supranigral pathology to its motor phenotype (Cilia et al.,
2011). In our series only 1 patient was diagnosed with corti-
cobasal degeneration. She progressed toward dementia and severe
dyspraxia quickly.

Repeating DaT-SPECT studies over time can reduce the diag-
nostic uncertainty that is present even after a prolonged period of
observation (Vlaar et al., 2007; Antonini and Isaias, 2009). Of the
12 cases in which we repeated a second SPECT, the result changed
to abnormal in 4. These patients were diagnosed with Parkinson’s
disease. However, after a second DaT-SPECT some patients still
remain undiagnosed and other studies (such as PET studies) or
even longer times of follow up are needed to move these patients
in the diagnostic classification from “SWEDDs” to true nosologi-
cal entities. As we have seen here, it seems clear that some patients
with SWEDD:s (those with predominant tremor subtype) have in
fact dystonia, whereas others have other entities which are also
well-known but may need some reassessment and follow-up to
reach the diagnosis. In addition, it is conceivable that a number
of patients might suffer from a disorder that has not yet been
described.

Some patients with clinically uncertain parkinsonian syn-
drome exhibit outstanding frontal dysfunction. It is well known
that cognitive impairment in early Parkinson’s disease and
other synucleinpathies (Parkinson-plus syndromes) are accom-
panied by reductions in activity in frontostriatal neural circuitry
(Zgaljardic et al., 2003, 2004). These patients usually have an
abnormal DaT-SPECT as the damage in frontostriatal neural
circuitry occurs from down (basal ganglia) to up (frontal cor-
tex) (Zgaljardic and Feigin, 2004). We speculate that some of
the patients with clinically uncertain parkinsonian syndrome and
normal DaT-SPECT studies may have a frontal neurodegener-
ative process involving fronto-subcortical circuits from top to
bottom, that remains to be described. We have the hypothesis
that some kind of neurodegenerative disorder affecting motor
frontosubcortical circuits primary may exist, where parkinson-
ism is remarkable and frequently the first manifestation besides
a disejecutive syndrome, although these patients do not usu-
ally meet the full criteria of frontotemporal lobe dementia.

Functional neuroimaging and eventually neuropathological stud-
ies should be done in a cohort of these patients to confirm
this extreme.

In conclusion, DaT-SPECT can be useful in the process of
diagnosing tremor but it should not be relied on as a substi-
tute for a careful, experienced clinical assessment and follow
up. It is important to be well aware of the clinical clues to dif-
ferentiate between these disorders. There is a list of alternative
diagnoses to consider when a patient with tremor presents with
normal DaT-SPECT, including disorders where it is expected
to be normal, such essential tremor, dystonic tremor, vascu-
lar parkinsonism, drug induced parkinsonism among others,
although the diagnosis of presynaptic parkinsonisms, including
Parkinson’s disease, is possible too. Repeating DaT-SPECTs over
time may be useful in some circumstances since it can reduce
the remaining diagnostic uncertainty that is present even after
a prolonged period of observation. Especially, clinicians should
consider repeating the DaT-SPECT when the clinical picture is
consistent with typical early Parkinson’s disease. However, after
a second DaT-SPECT some patients still remain undiagnosed
and other studies or even longer times of follow up are needed
to move the diagnose of these patients from “SWEDDs” to true
nosological entities.
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INTRODUCTION

There is a great interest in developing cerebrospinal fluid (CSF) biomarkers for diagnosis
and prognosis of Parkinson's disease (PD). CSF alpha synuclein (a-syn) species, namely
total and oligomeric a-syn (t-a-syn and o-a-syn), have shown to be of help for PD diagnosis.
Preliminary evidences show that the combination of CSF t-a-syn and classical Alzheimer's
disease (AD) biomarkers—B-amyloid 1-42 (AB42), total tau (t-tau), phosphorylated tau
(p-tau)—differentiate PD patients from controls, and that reduced levels of AB4, represent
a predictive factor for development of cognitive deterioration in PD. In this prospective
study carried out in 44 PD patients and 25 neurological controls we wanted to verify
whether the combination of CSF a-synuclein species—t-a-syn and o-a-syn—and classical
AD biomarkers may help in differentiating PD from neurological controls, and if these
biomarkers may predict cognitive decline. The median of follow-up duration was 3 years
(range: 2-6 years). Mini Mental State Examination (MMSE) and Montreal Cognitive
Assessment (MoCA) were used for monitoring cognitive changes along time, being
administered once a year. Oligo/total a-syn ratio (o/t-a-syn ratio) confirmed its diagnostic
value, significantly contributing to the discrimination of PD from neurological controls. A
greater diagnostic accuracy was reached when combining o/t-a-syn and ABsp/tau ratios
(Sens = 0.70, Spec = 0.84, AUC = 0.82; PPV = 0.89, NPV = 0.62, LR+ = 4.40, DOR =
12.52). Low CSF AB4y level was associated with a higher rate of MMSE and MoCA decline,
confirming its role as independent predictive factor for cognitive decline in PD. None of the
other biomarkers assessed (t-tau, p-tau, t-a-syn and o-a-syn) showed to have prognostic
value. We conclude that combination of CSF o/t-a-syn and ABsz/tau ratios improve the
diagnostic accuracy of PD. PD patients showing low CSF AB4» levels at baseline are more
prone to develop cognitive decline.

Keywords: cerebrospinal fluid biomarkers, alpha synuclein, total tau, phosphorylated tau, ABs», Parkinson’s
disease, cognitive decline

and Lewy bodies pathologies) resulting from the mutual interac-

Parkinson’s disease (PD) is a common neurodegenerative disor-
der evolving, in a substantial proportion of patients, to dementia.
Although it is defined as a typical movement disorder and its
diagnosis is mainly based on motor-related clinical criteria, other
functional domains are also involved. Accordingly, post-mortem
findings of alpha-synuclein (a-syn) pathology—the histopatho-
logic hallmark of PD—show that the involvement of the dorsal
motor nucleus of the vagal nerve and the olfactory bulb takes
place much earlier before midbrain involvement (Braak et al.,
2003).

PD is a complex neurodegenerative disorder in which many
different pathophysiological processes take place, such as pro-
tein aggregation, oxidative damage and lysosomal dysfunction
(Parnetti et al., 2013). Concomitant pathologies (i.e., Alzheimer

tion between AP4;, tau and a-syn during the course of the disease
have major role in the neuropathological processes underlying
dementia in PD (Tsigelny et al., 2008; Ciaccioli et al., 2013). In
PD the spread of fibrillar a-syn pathology from the brainstem to
limbic and neocortical structures, and the cortical deposition of
B-amyloid plaques, represent major events (Compta et al., 2011;
Irwin et al., 2012). Co-occurrence of tau and a-syn pathology has
been found in neurons of brains affected by tauopathies and synu-
cleinopathies, including PD (Vekrellis et al., 2011). Also, a-syn
causes aggregation and polymerization of tau, which then induces
the formation of intracellular amyloid-tau inclusions (Waxman
and Giasson, 2011).

Since molecular changes in the brain are reflected in cere-
brospinal fluid (CSF) composition, the CSF represents an ideal
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source for biomarkers of different pathophysiological processes
characterizing the early phases of the disease, when the clinical
diagnosis is more challenging. For example, APy, total tau (t-tau)
and phosphorylated tau (p-tau) are state markers of Alzheimer’s
disease (AD), as they reliably reflect AD pathology also in pre-
dementia phases. This knowledge has been translated into opera-
tional diagnostic criteria (Dubois et al., 2010). Analogously, there
is great interest for improving early diagnosis in PD, hopefully in
the pre-motor phases, as well as for detecting PD patients at risk
of dementia.

Currently, detection of reliable CSF biomarkers for PD is
under intensive investigation. Several recent studies have explored
the potential use of CSF total a-syn (t-a-syn) as a putative PD
biomarker. A clear trend of lower CSF t-a-syn levels in PD and
other synucleinopathies has been consistently reported (Tokuda
et al., 2006; Noguchi-Shinohara et al., 2009; Spies et al., 2009;
Hong et al., 2010; Mollenhauer et al., 2011; Parnetti et al., 2011;
Aerts et al., 2012; Tateno et al., 2012), although with a large
overlap between the PD and control groups (Noguchi-Shinohara
et al., 2009; Spies et al., 2011). Therefore, the measurement of
CSF t-a-syn doesn’t seem to have enough specificity to correctly
discriminate patients with synucleinopathies from normal indi-
viduals or other neurodegenerative diseases. The measurement
in CSF of other a-syn species, namely soluble oligomers (o-o-
syn) has improved the discrimination between PD and other
diseases. O-a-syn levels are elevated in brain homogenates in PD
and dementia with Lewy bodies compared with normal brains
(Paleologou et al., 2009) suggesting a role for o-a-syn in PD
pathogenesis. CSF o-a-syn levels and o/t-a-syn ratio have been
consistently found to be significantly higher in PD patients as
compared to other neurological disorders, with good sensitiv-
ity and specificity, as confirmed in independent reports (Tokuda
et al., 2010; Park et al., 2011; Sierks et al., 2011; Parnetti et al.,
2014). The high risk of cognitive impairment in PD also calls for
biomarkers able to predict dementia onset. Many studies have
focused on classical AD CSF biomarkers (Parnetti et al., 2008;
Compta et al., 2009; Alves et al., 2010; Montine et al., 2010;
Siderowf et al., 2010; Leverenz et al., 2011) and most of them have
identified the reduction of CSF A4, levels as a prognostic factor
for cognitive impairment in PD. Data on the possible relation-
ship between a-syn species and the risk of dementia in PD are
still scanty.

In this study we evaluated both the diagnostic accuracy and the
capability in predicting cognitive decline of CSF AD biomarkers
(AB42, t-tau, p-tau and AP4/t-tau ratio) and a-syn species (t-a-
syn, o-a-syn and o/t-a-syn ratio) in PD patients and neurological
controls with a median follow up duration of 3 years.

MATERIALS AND METHODS

PATIENTS

The subjects included in this study (44 PD, 25 neurological con-
trols) were consecutively recruited between 2007 and 2011 and
followed-up. They underwent a baseline clinical examination
by experienced neurologists, detailed neuropsychological testing,
blood chemistry, neuroimaging (computed tomography and/or
magnetic resonance imaging), and lumbar puncture. CSF was
collected according to the hospital standard protocol and with

the local ethical committee approval, after informed written con-
sent was given by the patient. All PD patients fulfilled the United
Kingdom Parkinson’s Disease Society Brain Bank clinical diag-
nostic criteria. All of them were treated with L-DOPA and the
great majority (39 out of 44) were also taking DA-agonists. PD
patients had good control of motor symptoms (mean UPRDS-III
25.39 £ 12.97), and were functionally independent or minimally
dependent (Hoehn and Yahr, 1-2.5). Disease duration was cal-
culated from the onset of the first motor symptoms to the time
of lumbar puncture. As a control group, 25 cognitively normal
age-matched subjects who underwent lumbar puncture as a part
of diagnostic work up for other neurological conditions (OND)
were recruited to our study. The OND group included: primary
headache (n = 15), postural instability (n = 3), seizures (n = 2)
and polyneuropathy (n = 5). Follow-up visits included clinical
examination and neuropsychological testing carried out yearly
by means of MMSE (Folstein et al., 1975), a popular screening
tool mostly measuring cortical functions with special attention
to memory, and MoCA (Gill et al., 2008), another screening tool
assessing executive functions.

CSF SAMPLING

Lumbar puncture was performed between 8:00 and 10:00 A.M.,
after an overnight fast. CSF (10mL) was collected in sterile
polypropylene tubes, centrifuged for 10 min at 2000x g, and
0.5-mL aliquots were immediately frozen at —80°C. None of
the samples was contaminated by blood during the procedure
(samples showing an erythrocyte count >500/mm?> were not
included in the study). CSF Af4;, t-tau and p-tau were mea-
sured with ELISA assays (Innotest BAmyloid 1-42, hTAU-Ag,
p-TAU 181 Ag; Innogenetics NV, Gent, Belgium, now Fujirebio).
For CSF a-syn, 0.5mL samples were thawed on ice and then
divided into aliquots of 110 L in siliconized tubes containing a
cocktail of protease inhibitors, including AEBSF, aprotinin, E-64,
EDTA, and leupeptin (Calbiochem-Novabiochem Corporation,
San Diego, CA), and 0.05% Tween 20, and the samples were
then stored at —80°C until used in the immunoassay for a-syn.
While CSF t-a-syn is expressed as ng/mL, CSF o/t-a-syn ratio
is expressed in CPS (counts per second). All the samples were
obtained at the Section of Neurology, Perugia General Hospital,
according to the protocol approved by the Regional Ethical
Committee (Prot. N. 19369/AV), after informed written consent
was obtained.

IMMUNOASSAY FOR «-SYNUCLEIN IN CSF

Total and oligomeric CSF a-syn were measured as previ-
ously reported (Tokuda et al., 2006). Briefly, for CSF t-a-
syn anti-human a-syn monoclonal antibody (clone Syn211)
(Santa Cruz Biotechnology, USA) was used for capturing while
the anti-human a-syn polyclonal antibody FL-140 (Santa Cruz
Biotechnology, USA) was used for antigen detection. The stan-
dard curve for the ELISA assay was constructed using recombi-
nant human a-syn solution at different concentrations diluted
in blocking buffer. For a-syn oligomers, the antibody clone
Syn211 was used for capturing, while biotinylated Syn211 (Santa
Cruz Biotechnology, USA) was used for antigen detection. The
plate was incubated with 50 pL/well of ExtrAvidin-Peroxidase
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(Sigma-Aldrich, UK) and with the enhanced chemiluminescent
substrate. For both immunoassays, the samples were screened
in blind fashion and were randomly tested. A series of internal
controls were run to check for run-to-run variations.

DATA ANALYSIS

Statistical analyses were performed using R software v. 2.15
(R Core Team, 2013). Continuous variables were described
by median and ranges since data distributions were skewed.
Correlations were calculated using Spearman’s Rho (r). Kruskal-
Wallis test was initially used for comparisons between the two
diagnostic groups (p < 0.05). The accuracy of the diagnostic
value of the biomarkers was assessed by area under the curve
(AUC) of the receiver operating characteristic (ROC) curve
(Robin et al., 2011; Eusebi, 2013). Cut-off values were calculated
using sensitivity and specificity values that maximized Youden’s
index (sensitivity + specificity — 1). For evaluating the role of
multiple biomarkers a multivariable logistic regression approach
was used. With the aim to find the best predictors of PD to be
included in the final model, we considered all the CSF enzyme
activities which had already shown significant differences between
OND and PD groups after the univariate analysis.

Multivariate linear regression analysis was used for analyzing
the biomarker role in predicting cognitive decline. Change in
MMSE and MoCA score were considered as dependent variables.
Multiple imputations for missing values were performed in mul-
tivariable analyses (Rubin, 1987). Missing data were filled in five
times to generate five complete data sets. The completed datasets
were analyzed by using the mixed-effects model and the results
were combined for the inference.

RESULTS

DESCRIPTIVE ANALYSIS

Demographic data, clinical features, and biomarkers values are
listed in Table 1. As expected, no significant difference between
PD and OND groups was found with respect to age, gender, and
follow-up duration. Both MMSE and MoCA scores were signifi-
cantly lower at baseline (p = 0.009 and p = 0.025, respectively)
and after follow-up (p =0.004 and p < 0.001, respectively).
Follow-up observations refer to the last visit carried out.

CSF BIOMARKERS IN DIAGNOSTIC GROUPS

Values of CSF biomarkers showed substantial overlap between
the two groups (Table 2 and Figure 1). Although the differences
did not reach the statistical significance, in PD group median
AB4y levels were higher as opposite to lower median t-tau lev-
els. As a consequence, AP4,/t-tau ratio was significantly increased
in the PD group with respect to OND subjects (p < 0.01,
Table 2). Analogously to previous observation (Balducci et al.,
2007), a significant decrease of t-a-syn (p =0.015) and an
increase of o-a-syn levels (p = 0.041) were found in PD group
(Table 2). Interestingly the o/t-a-syn ratio greatly improved the
discrimination between PD and OND groups (p < 0.001,
Table 2). ROC analysis showed a sensitivity of 0.82 and a speci-
ficity of 0.56 for AB4/t-tau ratio. T-a-syn had a sensitivity of
0.59 and a specificity of 0.80. O-a-syn disclosed a sensitivity
of 0.89 and a specificity of 0.48. O/t-a-syn ratio reached the

best diagnostic performance having a sensitivity of 0.82 and a
specificity of 0.64.

In Table 3 the correlation analysis for all the CSF biomarkers
considered is reported. Interestingly, in the PD group, an inverse
association between t-a-syn and t-tau was found. Such a negative
correlation was also observed in the OND group, where it did not
reach the statistical significance. As expected, in the OND group
a significant positive association between t-a-syn and Af4y/tau
ratio was observed.

Table 4 reports the correlation analysis between CSF biomark-
ers and clinical parameters in OND and PD groups. In PD
t-tau was positively correlated with the H&Y stage, as oppo-
site to the AB4y/t-tau ratio, which was inversely related to H&Y.
Cognitive changes along time were measured as points lost in
MMSE and MoCA scores between baseline and follow-up vis-
its. In PD AB4, was negatively correlated with decline in MMSE
and MoCA scores. AP4,/t-tau ratio was negatively correlated with
decrease in MMSE score. In OND group no significant correla-
tion was found between CSF parameters and decrease in MMSE
and MoCA scores.

MULTIPLE BIOMARKERS EVALUATION IN DIAGNOSTIC GROUPS

In order to assess the diagnostic performance of multiple
biomarkers combination a logistic regression approach was used.
Table 5 shows a summary of the best model according to several
measures of test effectiveness, including sensitivity and specificity,
positive and negative predictive values, positive/negative likeli-
hood ratio, AUC and diagnostic odds ratio (DOR). The model
included AP4;/t-tau and o/t-a-syn ratios, which together reached
a specificity of 84% and a sensitivity of 70%.

Figure 2 shows how the model separates PD patients from
OND, allowing for a good discrimination of PD and how the
model predictions reach a superior diagnostic performance with
respect to the o/t-a-syn or AB4,/t-tau ratios, separately.

CSF BIOMARKERS FOR PREDICTING COGNITIVE DECLINE IN PD

As reported in the previous section, A4, and the ABs/t-tau
ratio were the only parameters showing a correlation with MMSE
and MoCA scores. To investigate the relationship between the
decrease of these two neuropsychological measurements with
AB4y and AB4y/t-tau ratio, a multivariate linear regression model
was applied, adjusting for the baseline values and follow-up dura-
tion (Table 6). MMSE score decrease confirmed to be significantly
associated with low CSF APy, levels at baseline; the same trend
was also observed for MoCA scores; AP4y/t-tau ratio was not
significantly associated with cognitive decline.

DISCUSSION

As in other neurodegenerative disorders, PD is characterized by a
large time gap between the beginning of neurodegenerative pro-
cesses and the onset of clinical neurological manifestations. The
disease’s natural history includes a first asymptomatic stage, fol-
lowed by a long pre-motor phase; finally, when the classical motor
symptoms appear, the majority of nigral dopaminergic neurons
are already affected by degeneration. The classical diagnostic cri-
teria for PD mostly rely on motor symptoms, making the formu-
lation of an early diagnosis very challenging. Another challenge
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Table 1 | Demographic data and clinical features for OND and PD.

OND PD p-value
N 25 44 _
Age 58 (R 31-78; IQR 47-73) 66 (R 41-79; IQR 57.8-72) 0.117
Sex (M) 9 (36.0%) 27 (61.4%) 0.076

PD duration (years) -
Hoehn and Yahr score -

3 (R 1-9; IQR 1-5.25) -
2 (R1-4;1QR 1.56-2.5) -

MMSE score at baseline 29 (R 27-30; IQR 28-30) 27 (R 20-30; QR 25.8-30) 0.009
MMSE score at follow-up 28 (R 26-30; IQR 27-30) 26.5 (R 17-30; IQR 23.8-29) 0.004
MoCA score at baseline 28 (R 27-30; 1QR 25.5-28.5) 25.5 (R 17-30; IQR 22.8-28) 0.025
MoCA score at follow-up 26 (R 20-29; IQR 24-27) 22 (R 10-28; IQR 18.75-25) <0.001
Follow-up duration (years) 4 (R 2-7;1QR 3-5) 2 (R 1-7; 1QR 2-6) 0.197
P-values, count, and percentages for sex and medians, ranges (R), interquartile ranges (IQR) for the other variables.
Table 2 | CSF biomarkers in PD and OND.

OND PD p-value AUC Sens Spec cut-off
ABao 530 (431-752) 693 (493-852) 0.057 0.64 (0.51-0.78) 0.59 0.72 636.00
t-tau 194 (117-257) 146 (109-204) 0.085 0.63 (0.48-0.77) 0.64 0.68 159.00
p-tau 19 (11-24) 19.5 (9.75-30.25) 0.793 0.52 (0.38-0.66) 0.36 0.80 25.50
AB42o/t-tau ratio 2.85 (1.88-4.88) 4.70 (3.47-6.38) 0.004 0.71 (0.569-0.84) 0.82 0.56 3.15
t-a-syn 36.5 (25.8-49.6) 22.15 (11.86-38.64) 0.015 0.68 (0.55-0.81) 0.59 0.80 24.45
0-a-syn 3139 (1500-6140) 4838 (3049-8141) 0.041 0.72 (0.59-0.84) 0.89 0.48 2565.50
o/t-a-syn ratio 0.021 (0.014-0.043) 0.061 (0.034-0.175) <0.001 0.78 (0.67-0.89) 0.82 0.64 0.03

Median values with interquartile ranges (IQR); ROC analysis summary with AUC (95% ClI), sensitivity and specificity.

for the research focused on this disorder is the understand-
ing of the mechanisms underlying the development of dementia
taking place in a subgroup of parkinsonian patients. It would
be very important to have the possibility to individuate those
patients at risk to develop this devastating complication to initiate
possible protective pharmacological and non-pharmacological
interventions. Thus, the availability of objective measures such as
reliable “biomarkers,” indicators of biological/pathogenetic pro-
cesses, will be of great importance both for diagnostic accuracy
and prognostic evaluation.

In this context, CSF analysis might be of great importance
since CSF dynamically reflects the pathophysiological processes
taking place in the brain. At present, CSF biomarkers are a routine
analysis for early diagnosis of AD. Accordingly, increasing interest
is focused on CSF biomarkers in PD, with major expectations on
a-syn species and other misfolding proteins, namely f-amyloid
and tau. With respect to diagnostic performance, data available
so far indicate that there is not a unique ideal CSF biomarker,
rather the combination of molecules related to different patho-
physiological pathways involved in PD may represents a good
strategy for obtaining a more accurate diagnosis (Parnetti et al.,
2014). Concerning the prediction of cognitive decline in PD, the
most consistent role as predictive factor is played by low CSF
AB4y levels (Parnetti et al., 2008; Alves et al., 2010; Siderowf et al.,
2010; Leverenz et al., 2011) although also tau species have been
postulated to represent prognostic factors (Zhang et al., 2013).
Interestingly, a recent investigation (Kang et al., 2013) carried

out in drug-naive patients with early PD, showed slightly lower
CSF levels of both t-tau and t-a-syn in PD compared to healthy
controls. This finding offered the Authors the opportunity to
speculate that the interaction between tau proteins and a-syn may
limit the release of tau proteins into CSE

In this investigation we assessed both the diagnostic accuracy
and the performance in predicting cognitive decline of the combi-
nation of CSF AD biomarkers (ABy4;, t-tau, p-tau, and AB4,/t-tau
ratio) and a-syn species (t-a-syn, o-a-syn, and o/t-a-syn ratio) in
a cohort of PD patients and neurological controls followed up for
2—-6 years (median follow-up duration: 3 years).

With respect to the diagnostic performance of the biomark-
ers considered, none of them demonstrated acceptable values in
terms of sensitivity and specificity when taken separately. AB4,/t-
tau and o/t-a-syn ratios showed good sensitivity (0.82) but low
specificity (0.56 and 0.64, respectively). While the usefulness of
o/t-a-syn ratio in discriminating PD and controls has already
been reported in recent investigations (Tokuda et al., 2010; Park
et al., 2011; Sierks et al., 2011; Parnetti et al., 2014), the AB4p/t-
tau ratio deserves some comments. Interestingly, in the PD group,
we found slightly higher values of A4, together with lower val-
ues of t-tau as compared to OND group. As a consequence, the
mean value of AP4/t-tau ratio was significantly higher in PD
patients with respect to the OND group. This may be due to the
fact that our control group was not including healthy subjects,
being composed by patients with other neurological diseases.
Interestingly, reduced CSF Afy4; levels at baseline represented a
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FIGURE 1 | Boxplots of CSF biomarkers values observed in PD and OND cohorts. The horizontal bold lines indicate the medians; the lower part of boxes
indicates the first quartile and the upper part the third quartile; the dashed vertical lines indicate the range of values.

Table 3 | Spearman'’s rank correlation matrix for CSF biomarkers in PD and OND groups.

AB4o t-tau p-tau AB,4o/tau ratio t-asyn o-asyn o/t-asyn ratio

PD ABa2 1.00

t-tau 0.07 1.00

p-tau 0.25 0.71*** 1.00

ABa2/t-tau ratio - - —0.44%* 1.00

t-a-syn —0.25 —-0.33% -0.25 0.13 1.00

o-a-syn —0.12 -0.15 -0.14 0.07 0.06 1.00

o/t-a-syn ratio 0.15 0.1 —0.01 -0.02 - - 1.00
OND ABa2 1.00

t-tau 0.28 1.00

p-tau 0.1 0.56** 1.00

AB42/t-tau ratio - - —0.41* 1.00

t-a-syn 0.24 —0.25 —-0.24 0.43* 1.00

0-a-syn 0.01 -0.14 —0.08 0.04 0.21 1.00

o/t-a-syn ratio -0.34 —0.03 —0.04 -0.32 - - 1.00

*o < 0.05, **p < 0.01, ***p < 0.001.

predictive factor for cognitive decline only in the PD group. In
fact, only in PD patients lower CSF APy, levels were correlated to
a more marked decrease in MMSE and MoCA scores at follow-
up. The finding of reduced CSF Af4, levels in PD patients is

quite controversial, being reported in some (Sjogren et al., 2002;
Zhang et al., 2008; Alves et al., 2010) but not in other papers
(Poikrylova Vranovd, 2010; Siderowf et al., 2010; Leverenz et al.,

2011).
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Table 4 | Spearman’s rank correlations between CSF biomarkers, age, disease duration, and clinical scores in PD group.

Age Disease duration Hoehn and Yahr scale MMSE score decrease MoCA score decrease
PD ABa2 —0.28 —0.13 -0.19 —0.52*** —0.45%*
t-tau 0.31* 0.04 0.39** 0.18 0.08
p-tau 0.24 0.10 0.09 —0.10 —0.16
AB4o/t-tau ratio —0.42** -0.1 —0.50*** -0.37* —0.26
t-a-syn 0.00 0.30 0.10 0.06 —0.03
o-a-syn —0.26 —0.17 —0.14 —0.07 —0.07
o/t-a-syn ratio -0.18 -0.27 —0.12 —0.02 0.05
OND ABs2 -0.37 —0.01 —-0.38
t-tau 0.18 0.17 0.09
p-tau 0.18 —-0.26 0.26
ABap/t-tau ratio —-0.43* -0.12 —-0.24
t-0-syn -0.41* -0.37 -0.07
0-a-syn —0.02 -0.20 —-0.41
o/t-a-syn ratio 0.33 0.02 —-0.24
*p < 0.05, **p < 0.01, ***p < 0.001.
Table 5 | Logistic regression analysis of multiple CSF biomarkers between PD and OND.
Estimate SE p-value Accuracy measures
Intercept —2.540 0.882 - Sens = 0.70 LR+ =4.40
AB4p/t-tau ratio 0.405 0.162 0.012 Spec = 0.84 LR—=0.35
o/t-asyn ratio 28.514 11.124 0.010 PPV =0.89 DOR = 12.52
NPV = 0.62 AUC = 0.82 (95%Cl = 0.73-0.92)
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FIGURE 2 | AB4,/t-tau and o/t-a-syn ratios in PD and OND. above the line the model predicts PD (B) ROC curves of ABap/t-tau and
(A) Scatterplot: the dashed line represents a partition of the o/t-a-syn of/t-a syn ratios and the fitted values of the multivariable logistic
and ABap/t-tau space such that below the line the model predicts OND, regression model.
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Table 6 | Linear regression analyses of cognitive decline in PD cohort.

Estimate SE p-value
MMSE score Intercept 3.60 - -
decrease 1/AB42 1139.92 329.08 0.012
MMSE score at -0.17 0.08 0.038
baseline
Follow-up 0.18 0.08 0.029
duration (years)
MoCA score Intercept 2.75 - -
decrease 1/ABa2 1395.25 482.93 0.007
MoCA score at —0.08 0.09 0.387
baseline
Follow-up 0.22 0.1 0.048

duration (years)

A clear positive association was also observed between t-tau
and t-a-syn in PD group. These findings are consistent with the
observation of Kang and coworkers, describing the occurrence of
lower CSF levels of t-tau and t-o-syn in PD patients. A reasonable
explanation may be the mutual interaction of the two molecules,
leading to a reduced release of tau in CSFE. The discriminative
power between PD and OND significantly improved when con-
sidering both o/t-a-syn ratio and Af4,/t-tau ratio, as shown by
the logistic regression analysis, and further illustrated in Figure 2.
This confirms that the combination of several biomarkers is more
helpful than single biomarkers for adding diagnostic accuracy
of PD.

About the predictive value of CSF biomarkers for cognitive
decline in PD, our study confirmed the specific role of low CSF
levels of AP4; in this pathological condition; no other biomarker
was significantly associated to this outcome measure. For assess-
ing cognitive function along time, we used both MMSE and
MoCA (Gill et al., 2008). Both neuropsychological instruments
showed to be related to CSF A4, levels, i.e., lower the CSF
APy levels, greater the decrease in MMSE and MoCA scores.
The same holds true for AB4»/t-tau ratio with respect to MMSE.
Multivariate analysis (adjusting for follow-up time and baseline
measurements) confirmed that low CSF AB4, levels are indepen-
dent predictor of cognitive decline in PD, either measured by
MMSE or MOCA.

In conclusion, this study further contributes to the evidence of
the usefulness of CSF biomarkers for PD diagnosis and prognosis.
Major points are the need to combine several CSF biomark-
ers for improving the diagnostic accuracy, and the confirmed
role of low CSF Afy4; levels as independent predictor of cogni-
tive decline in PD. Longitudinal studies measuring biomarkers
and clinical parameters over several years represent a major
contribution in this field. Analogously to the longitudinal AD
Neuroimaging Initiative (ADNI, http://adni-info.org/) in AD,
the Parkinson’s Progression Markers Initiative (PPMI, http://
ppmi-ifo.org/) will give important knowledge in the field of PD,
thanks to the measurement of several CSF, blood, and imag-
ing biomarkers in early de novo PD followed up for several
years.
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There are two basic questions always
raised when biomarkers are proposed to
be used for diagnosing neurodegenerative
diseases (ND) in clinical practice (Wilner,
2010). The first question is, do biomarkers
enhance the diagnostic accuracy? Clinical-
based diagnosis accuracy of ND varies
depending on the disease, stage and the
criteria used, but in general terms it is
about 75-90% accuracy. Today, there is
consensus that several biomarkers, com-
bined with the traditional clinical process,
may allow a more accurate diagnosis in
many ND (Galluzzi et al., 2013). This fact
is particularly important in early stages,
when the diagnosis is specially challeng-
ing. For most patients with mild deficits
concerned about the development of ND,
a careful history, and a physical, neuro-
logical and neuropsychological evaluation
with a close follow-up (a “wait and see”
approach) used to be the standard prac-
tice. Today we can offer a more proactive
approach for discerning whether there is
an underlying neurodegenerative process
behind these mild deficits (Heister et al.,
2011). The National Institute on Aging-
Alzheimer’s Association criteria for AD or
MCI recommend the use of amyloid lig-
ands with caution, and only in exceptional
circumstances they should be used in clin-
ical practice (Albert et al., 2011; Sperling
et al., 2011). The use of different biomark-
ers for differential diagnosis should not
be discouraged. On the other hand, use
of biomarkers as predictive instruments
should be discouraged.

The second question is, does the addi-
tional diagnostic accuracy provided by
biomarkers really matter? In clinical prac-
tice, a test that confirmed or ruled out a
ND would remove uncertainty. This would

also disregard or reinforce the need to
consider other diseases that may present
symptoms similar to those of ND. In some
of these diseases, prompt diagnosis can
lead to earlier effective treatment, such
as shunting for normal pressure hydro-
cephalus, supplementation with thyroid
hormones in hypothyroidism or antide-
pressive medications for depression.

The best argument for using biomark-
ers in clinical practice would be the
possibility of treating patients with a
disease-modifying therapy that prevents or
delays the progression of the disease. In
other words, putting patients on drugs
with neuroprotective effect. However, no
drug have proven prevention of any ND
yet.The current therapies only provide
symptomatic improvement at best so there
is an urgent need to discover neuroprotec-
tive treatments. But how can we conduct
clinical trials for testing such drugs when
diagnosing ND at its very early stages is so
difficult? Again, the support of biomark-
ers should be mandatory for enrolling
patients in research studies.

Then, if there is not a disease-
modifying therapy vyet, what is the
importance of an early diagnosis in routine
clinical practice today? There are several
reasons to make an early diagnosis even
when we cannot modify the course of the
disease. For instance, once people become
demented, they can no longer plan for
their future or dictate their end-of-life
care. An early diagnosis of Alzheimer’s
disease gives a person the opportunity to
decide on important questions before he
or she gets demented (Martinez-Rivera
et al., 2008). It also has important conse-
quences for the patient’s family. However,
an early diagnosis of a ND may also have

negative psychological consequences in an
otherwise well-functioning person who
must now consider an inexorable decline
towards a state of illness and dependency.
Consequently, the pros and cons of early
diagnosis must be carefully weighed up
in each individual prior to perform a
confirmatory test.

And even if we have decided to use
biomarkers for supporting the diagnosis of
a ND, there are many questions to face. It
is important to emphasize that standard-
ization of these biomarkers is currently
limited, and results often vary from labo-
ratory to laboratory. Ultimately, it will be
necessary to interpret biomarker data in
the context of well-established normative
values. Moreover, procedures for acquisi-
tion and analysis of samples need to be
established to implement these biomarker
criteria on a broad scale. Although we
consider biomarkers as “negative” or “pos-
itive” for purposes of classification, it is
recognized that varying severities of an
abnormality may confer different likeli-
hoods or prognoses, which is difficult to
quantify accurately for broad application.
Currently it is difficult to understand the
relative importance of different biomark-
ers when used together, and to interpret
results when biomarker data conflict with
one another.

Equally important, there is a dearth of
truly predictive studies at the individual
subject level or in unselected populations.
The use of biomarkers in the clinical prac-
tice will require the ability to assign a
likelihood of progression in an individ-
ual person over a specific time interval
through the use of a single or multiple
biomarkers. Another major limitation is
knowledge about the timing of decline
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because the ability to detect change is
dependent on the period of observation
or prediction. A complete understanding
of the role of biomarkers in prediction of
decline will require both short and long-
term periods of observation.

Finally, little is known about out-
come when biomarkers provide conflict-
ing results. When a panel of biomarkers is
used, it is possible that for some individu-
als, one biomarker will be positive, one will
be negative, and one equivocal. The long-
term significance of such findings may also
vary with the length of follow-up.

Therefore, questions such as “what
biomarker is better for making the early
diagnosis of each ND?” or “which one
is better for the follow up,” “which one
for making the differential diagnosis with
other disease?”, “how to interpret the
results of these tests in coordination with
clinical or genetic findings” and “how
to combine the results from different
biomarkers?” have important repercussion
on the management of patients suspected
of suffering from ND and still remain
unresponsed. The answers to these ques-
tions are not always easy and rely on
upcoming science.

We need more data and more net-
working to find appropriate conclusions.
Collaboration between basic, translational
and clinic researchers is paramount for
giving answers relevant to everyday clin-
ical practice. In this regard, the topic
research issue accompanying this edito-
rial letter gathers together a bunch of
review and original articles exploring the
use of biomarkers for ND from different
perspectives.
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Diagnosing Alzheimer’s disease (AD) early
is itself a controversial topic—not to be
addressed here—, as many believe that
adequate therapeutics are not available
for modifying the course of the disease.
Although this may be the case today, it
is perhaps due to the fact that existing
therapies do not have positive results as
the disease process is too far advanced.
Distinguishing the cases who will progress
to AD among individuals with mild cog-
nitive impairment (MCI), would allow
early administration of these currently and
future available treatments. Together, this
can prolong a meaningful life and also
reduce the burden on caregivers as well
as the cost of care, now that both the
prevalence and cost of AD are rising at a
rapid rate.

However, diagnosing AD at its early
stage still remains a challenge, even in
specialized AD centers. Numerous studies
suggest that CSF biomarkers have a high
potential as diagnostic tools: the measure-
ment of the 2 key AD proteins, Amyloid-
beta and Tau, is very helpful for detecting
neuropathologic changes related to AD
early. CSF levels of Amyloid-beta, but not
of Tau, are fully changed already 5-10 years
before the onset of clinical AD (Buchhave
et al.,, 2012). CSF TAU changes some time
later, when the brain atrophy starts, being
a good marker of injury. Thus, in subjects
with MCI and evidence of amyloid pathol-
ogy, CSF Tau can predict further cognitive
decline (van Rossum et al., 2012).

According to sensitivity, specificity, and
predictive values of CSF biomarkers, one
may think neurologists should be sharp-
ening their lumbar puncture needles in
order to improve their diagnostic accu-
racy in cases of MCI. Nevertheless, there
is a wide range of attitudes and beliefs

about the convenience and feasibility of
lumbar punctures (LP; commonly referred
to as spinal taps), and its practical value
in the management of patients today. LP
may be regarded as invasive or compli-
cated and time consuming. In addition
patients may have fear to undergo LP.
One of the most controversial issues when
discussing CSF biomarkers for early AD
diagnosis has to do with the collection pro-
cedure itself. A debate exists on whether
or not this technique can and should be
used regularly, or if it is still too risky
for routine practice. Clinically, LP are per-
formed routinely in clinics for various
laboratory analyses to diagnose diseases
such as meningitis, encephalitis or inflam-
matory diseases like Multiple Sclerosis as
well as to inject spinal anaesthetics or
chemotherapy drugs. However, many still
feel that the benefits of its use for test-
ing AD biomarkers do not outweigh the
risks.

As a result, the use of LP for test-
ing CSF biomarkers in the diagnosis
of AD is surprisingly culturally depen-
dent and subject to changes in fash-
ion today. From clinicians who support
its use in daily clinical practice (Ariza-
Zafra and Torrente-Orihuela, 2005; Lanari
and Parnetti, 2009; Galluzzi et al., 2013)
and countries where lumbar punture is
almost a routine (Scandinavian coun-
tries, The Netherlands.) to other territo-
ries (Northamerica) where it is regarded
as a very serious issue and used for
research purposes under strict protocols
only (Wilner, 2010; Cummings, 2011).

Some studies have already assessed the
risks of LP; and the procedure seems to
be both “safe and acceptable” to do. In a
multi-site US study, 342 people underwent
428 LP. Side effects such as pain, anxiety

and the well-known post-lumbar punc-
ture headaches (PLPHAS) were quantified
and compared to controls. Overall, pain
and anxiety levels were low as rated on
a visual analog scale but generally were
rated higher in the younger normal sub-
jects as compared to the older participants.
This theme remains true amongst studies
looking at PLPHA frequency and sever-
ity, where those who are younger are at
higher risk, especially females (Evans et al.,
2000). In terms of PLPHAs, they were
unrelated to factors such as the position
during the procedure (seated vs. lying) and
the frequency of these headaches was low-
est in the MCI/AD (over age 60) group
than any other subject group. This is a
promising conclusion as far as AD is con-
cerned, as all of the participants are older
and many have MCI or AD. Other study
designed to assess LP procedures specif-
ically in patients with AD also demon-
strated that LP performed with a 24g
Sprotte atraumatic needle (blunt, “bul-
let” tip) is a well-tolerated procedure, with
good acceptability (Peskind et al., 2009).

As many other medical techniques, the
more often a procedure is done, the safer it
becomes. In order to obtain more in depth
knowledge on the factors affecting the
complications of LP for testing biomark-
ers in patients with cognitive impairment,
the Alzheimer’s Association is supporting
a multi-center feasibility study. This study
will allow to establish the incidence of
post-LP headache and other complications
in cases with cognitive disturbances and
to know the factors related to the occur-
rence of post-LP headache, including type
of center/experience of physician, patient
characteristics (e.g., diagnosis, cognitive
function), patient attitude/knowledge on
LP and the LP procedure itself.
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Once it seems that complications
related to LP for testing biomarkers in
patients with cognitive decline are limited
and controllable, next step should be to
achieve consensus in order to state which
patients should be offered a CSF analy-
sis and how to interprect results in terms
of clinical management. There is also a
need to homogenize the different analy-
sis techniques, protocols, and establishing
universal cut-off levels for the biomarkers.
Fortunately several international projects
are ongoing in these regards. Hopefully
we are envisioning the possibility of using
LP for an earlier diagnosis in most AD
patients.
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The search of methods to ease the diag-
nosis of Alzheimer’s disease (AD) as early
as possible is in the center of attention.
Such methods (biomarkers) are a range
of blood or CSF tests on one hand, and
several types of neuroimaging scans on
the other. Biomarkers are going to be
included not only in the neuroscience
research area but also in the diagnosis
process with a practical application in
the next years. The potential for these
biomarkers to serve diagnostic purposes
of AD has been highlighted in the pro-
posed diagnostic criteria for preclinical
AD from an NIH/NIA working group
(Sperling et al., 2011). In these crite-
ria, biomarkers are defined in terms of
whether they reflect A deposition, tau
deposition, or signs of neuronal injury.
Markers of AB deposition include both
positron-emission tomography (PET) evi-
dence of AB deposition and cerebrospinal
fluid (CSF) measures of lower AB42 levels,
using a variety of specific ligands. Markers
of tau accumulation include CSF measures
of increased total tau or phosphorylated-
tau (p-tau). Together with low CSF AP42,
elevated CSF tau provides a high likeli-
hood of progression to AD in patients with
MCI (mild cognitive impairment). A third
group of biomarkers reflect biochemical
changes related to processes such as cell
death, synaptic damage, oxidative stress,
or inflammation that may be part of the
cascade of events that mediate damage, or
the response to damage, in AD. This is a
field, as many others in science, that suf-
fers a quick evolution every year; and the
moment of apply biomarkers in clinical

practice is coming. It is necessary to make
the clinical community aware of these sci-
entific advances in a clear and concise
manner, as well as counting with refer-
ences that can guide our clinical practice
with a consensus point of view.

Many of the images coming both from
laboratory and neuroimaging studies are
very illustrative. These images, accompa-
nied by a short description, can perfectly
explain the main results and usefulness
of each biomarker. And this is just what
the Atlas created by Dr Manuel Menéndez
does (Menéndez Gonzilez, 2011). The
objective of this book is to summarize the
most important studies made in this field.
Few publications have systematically com-
piled results on this topic and none as an
atlas. The book starts clarifying concepts as
“biomarker”, “mild cognitive impairment”
and other preclinical conditions, and then
focus on classification and description
of all biomarkers for AD. A collection
of imagines selected from outstanding
research studies are provided for both
laboratory and neuroimaging biomarkers.
Finally the author finishes with a chapter
on the rational use of biomarkers for AD
in the clinical setting.

Readers will be interested in this pub-
lication because it allows reviewing the
current status of research at the time
that visualizing outstanding results eas-
ily. The possibility of coming across an
optimal and well done review of biomark-
ers for AD is crucial not only for exper-
tees, but also for the large public seeking
to make a first approach to the world
of biomarkers for AD. Such an easy to

use manual, with the purpose to make
the broad and often confusing biomark-
ers discussion surrounding AD accessible
to a wider audience, notably in the clinic,
is invaluable. The contents seem adequate,
and Dr. Menéndez has a well-established
track record in this field that ensures the
quality of the final product, and there-
fore I am certain the scientific contents are
solid. Overall it is a solid and timely pro-
posal, at a competitive price range, which
I am sure will make an impact where
it matters the most, in the clinic with
patients.
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