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Abstract

The aim of this study was to investigate the dynamics of four of the most validated biomarkers for Alzheimer’s disease (AD),
cerebro-spinal fluid (CSF) AB 1-42, tau, hippocampal volume, and FDG-PET, in patients at different stage of AD. Two hundred
twenty-nine cognitively healthy subjects, 154 mild cognitive impairment (MCI) patients converted to AD, and 193 (95 early and 98 late)
AD patients were selected from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. For each biomarker, individual values
were Z-transformed and plotted against ADAS-cog scores, and sigmoid and linear fits were compared. For most biomarkers the sigmoid
model fitted data significantly better than the linear model. AB 1-42 time course followed a steep curve, stabilizing early in the disease
course. CSF tau and hippocampal volume changed later showing similar monotonous trends, reflecting disease progression. Hippocampal
loss trend was steeper and occurred earlier in time in APOE &4 carriers than in non-carriers. FDG-PET started changing early in time and
likely followed a linear decline. In conclusion, this study provides the first evidence in favor of the dynamic biomarker model which has

recently been proposed.
© 2010 Elsevier Inc. All rights reserved.

Keywords: Alzheimer’s disease; Alzheimer’s Disease Neuroimaging Initiative dataset; Biomarker dynamics; Cerebro-spinal fluid A 42; Tau; Hippocampal

volume; FDG-PET

Most of the Alzheimer disease (AD) research between
the years 2000 and 2010 has been focused on finding bi-
omarkers which could be reliably used to diagnose AD,
monitor its progression, and predict its onset. A number of
fluid and imaging biomarkers have been identified and val-
idated (Hampel et al., 2008; Shaw et al., 2007), the most
studied to date being A3 plaque deposition (assessed either
in terms of reductions in cerebro-spinal fluid (CSF) A
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1-42 or increased amyloid positron emission tomography
(PET) tracer retention), CSF tau, fluoro-deoxy-glucose
(FDG) uptake on PET, and structural magnetic resonance
imaging (MRI).

Evidence from several past studies strongly supports the
notion that amyloid Pittsburg Compound B (PIB)-PET
(Klunk et al., 2004; Rowe et al., 2007; Edison et al., 2007,
Ikonomovic et al, 2008) and low CSF AB 1-42 (Clark et al.,
2003; Fagan et al., 2006; Schoonenboom et al., 2008;
Strozyk et al., 2003; Tapiola et al., 2009) are valid biomar-
kers for brain Af plaque load. Increased CSF tau, despite
being not specific to AD, is an indicator of tau pathological
changes and neuronal injury, and correlates with clinical
disease severity (Arai et al., 1995; Blennow et al., 1995;
Buerger et al., 2006; Hansson et al., 2006; Shaw et al., 2009;
Tapiola et al., 2009). FDG-PET measures brain metabolism
and is a valid indicator of the synaptic dysfunction that
accompanies neurodegeneration in AD (Hoffman et al.,
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2000; Jagust et al., 2007; Minoshima et al., 1997). Structural
MRI measures cerebral atrophy, which is not specific to AD
but strictly correlates with the disease severity even at latest
stages, and can be considered a valid biomarker of neuro-
degeneration (Bobinski et al., 2000; Frisoni et al., 2010;
Gosche et al., 2002; Silbert et al., 2003; Zarow et al., 2005);
among all MRI-based markers, hippocampal volume has
been widely shown to be one of the most reliable (Jack et
al., 2000; Schuff et al., 2009; Van de Pol et al., 2006).

Biomarkers have allowed to further understand the pa-
thology underlying AD, pointing out that a dichotomous
view (people with AD pathology have dementia, people
without AD pathology have not), common in the past,
cannot hold any more, and should be replaced by a more
dynamic picture, in which pathologic and clinical changes
occur gradually over time. Several studies have shown that
biomarker abnormalities precede clinical symptoms. Au-
topsy brain studies found no strict relationship between
quantitative measures of cortical amyloid deposition and the
duration and severity of Alzheimer disease (Ingelsson et al.,
2004). Jack and colleagues showed that many of normal
controls are PIB positive, suggesting that plaque deposition
occurs before neurodegeneration (Jack et al., 2008a), and
showed that PIB retention (i.e. amyloid load) increase oc-
curs in prodromal AD, being almost stable in time in the
clinical phases of the disease (Jack et al., 2009).

The availability of several validated biomarkers opens
the discussion about how to choose among them: which
marker is better to use to diagnose AD? Which better
predicts AD? All these markers are validated enough to be
used in active therapeutic trials or large longitudinal obser-
vational studies, but which is better to use to track cognitive
decline or monitor new drugs therapeutical efficacy?

Jack and colleagues (Jack et al., 2010) pointed out that
individual biomarkers, reflecting individual aspects of the
Alzheimer pathology, develop on their own time course,
and do not become abnormal or steady simultaneously.

The open challenge, now, is to try to order biomarker
changes in time. This would enable us to express the disease
process in terms of a series of testable biological indicators,
and thus to identify biomarkers which could be best used in
clinical trials to select patients and measure disease-modi-
fying drug effects, or even be used in future prevention
trials. Furthermore, understanding the temporal order of
each biomarker would make it possible to use a given
marker for staging AD in vivo.

Among the most validated biomarkers described above,
A 1-42 deposition was reported to change first, as early as
20 years before symptoms appear, but quickly reach a pla-
teau by the time a person has dementia (Jack et al., 2008a;
Jack et al., 2009). Structural changes become appreciable
later in the disease process, but correlate with cognitive
progression as dementia worsens (Jack et al., 2008a; Jack et
al., 2009; Vemuri et al., 2009). The synaptic dysfunction
marker FDG-PET and the neurodegeneration marker CSF

tau are supposed to lie between A3 1-42 and MRI (Jack et
al., 2010; Reiman et al., 1998), but there is lack of evidence
about it. Furthermore, long-term biomarker dynamics has
been hypothesized to be nonlinear, likely sigmoid shape
(Jack et al., 2010).

The aim of this study is to use the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) dataset to investigate the
dynamics of four of the most validated AD biomarkers
(CSF AP 1-42, CSF tau, hippocampal volume, and FDG
uptake on PET) in a cohort of cognitively healthy subjects
and AD patients at different stage of disease.

1. Methods
1.1. Subjects

Data used in the preparation of the current paper were
obtained from the ADNI database (www.loni.ucla.edu/
ADNI). The ADNI was launched in 2003 by the National
Institute on Aging (NIA), the National Institute of Biomed-
ical Imaging and Bioengineering (NIBIB), the Food and
Drug Administration (FDA), private pharmaceutical com-
panies, and nonprofit organizations, as a US $60 million, 5
year public-private partnership. The ADNI primary goal has
been to test whether serial MRI, PET, other biological
markers, and clinical and neuropsychological assessment
can be combined to measure the progression of mild cog-
nitive impairment (MCI) and early AD. Determination of
sensitive and specific markers of very early AD progression
is intended to aid researchers and clinicians to develop new
treatments and monitor their effectiveness, as well as lessen
the time and cost of clinical trials. The Principle 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 coinvestigators from a broad
range of academic institutions and private corporations, and
subjects have been recruited from over 50 sites across the
USA and Canada. The initial goal of ADNI was to recruit
800 adults, ages 55 to 90, to participate in the research —
approximately 200 cognitively normal older individuals to
be followed for 3 years, 400 people with MCI to be fol-
lowed for 3 years, and 200 people with early AD to be
followed for 2 years. For up-to-date information see www.
adni-info.org.

At baseline, all subjects were given the American Na-
tional Adult Reading Test and the following cognitive mea-
sures were examined: digit span, category fluency, Trail
Making A and B, Digit Symbol Substitution Test of the
Wechsler Adult Intelligence Scale—Revised, Boston Nam-
ing Test, Auditory Verbal Learning Test, clock drawing,
Neuropsychiatric Inventory Q, AD Assessment Scale-Cog-
nitive Subscale, and Functional Assessment Questionnaire
(Cummings et al., 2005; Kaplan et al., 1982; Reitan, 1958;
Rey, 1964; Rosen et al., 1984; Wechsler, 1987); they un-
derwent blood drawing (for APOE genotyping) and struc-
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tural MR. Subsets of subjects underwent lumbar puncture
(for CSF sampling), FDG-PET or PIB-PET.

Healthy controls (HC) were all those in the ADNI data-
base with available ADAS-Cog score (n = 229). We then
considered ADNI patients with baseline diagnosis of MCI
who had progressed to AD during the ADNI project obser-
vation time (n = 154, conversion time 6 to 36 months). We
finally considered all ADNI AD patients, and we divided
them in two groups of similar size according to the Mini
Mental State Examination (MMSE) score: early AD, with
MMSE score above the 50th percentile (MMSE > 23, n =
95), and late AD, with MMSE score below the 50th per-
centile (MMSE = 23, n = 98).

1.2. Cerebro-spinal fluid measurements

Methods for CSF acquisition and biomarker measure-
ment used in the ADNI study have been reported previously
(Shaw et al., 2009). In brief, CSF was collected, transferred
to polypropylene tubes, and frozen on dry ice within an hour
after collection. Samples were divided into aliquots at the
University of Pennsylvania ADNI Biomarker Core Labora-
tory, stored at —80 °C, and measured using the multiplex
XxMAP Luminex platform (Luminex, Corp, Austin, TX)
with Innogenetics (INNOBIA AlzBio3, Ghent, Belgium)
immunoassay kit-based reagents as previously described
(Olsson et al., 2005). The reagents included monoclonal
antibodies specific for A 1-42 (4D7A3), t-tau (AT120)
and p-tau phosphorylated at threonine 181 (AT270), and
analyte-specific detector antibodies (HT7, 3D6). In the cur-
rent study we considered only A 1-42 and t-tau measure-
ments.

1.3. FDG-PET

FDG-PET scanning was performed on multiple PET
instruments of differing resolutions. FDG-PET scans were
collected as 6 5-minute frames from 30 to 60 minutes after
injection of approximately 5 mCi of tracer. Scans were
corrected with either segmented transmission data or CT
scans, depending on instrumentation.

All scans underwent quality control at University of
Michigan and were preprocessed to make them more uni-
form and make PET images from different systems more
similar according to the following procedure: raw PET
images from all sites were converted to the standard
DICOM format; separate frames were coregistered lessening
the effects of patient motion, and recombined into a coreg-
istered dynamic image set; coregistered frames were aver-
aged to create a single 30 minute PET image; each resulting
image was reoriented into a standard 160 X 160 X 96 voxel
image grid having 1.5 mm cubic voxels and oriented such
that the anterior-posterior axis of the subject is parallel to
the AC-PC line, and intensity normalized using a subject-
specific mask with an average voxel intensity of one; each
image was finally filtered with a scanner-specific filter func-
tion to a common uniform isotropic resolution of 8§ mm

FWHM. More detailed information can be found at www.
loni.ucla.edu/ADNI/Data/ADNI_Data.shtml.

All pre-processed PET data were analyzed at the Uni-
versity of Utah (Norman Foster laboratory). Pet images
were resampled into a Talairach atlas registration using
Neurostat stereo v 8.0, and metabolic glucose activity pixel
values were extracted and projected onto surface maps us-
ing 3D-SSP. Detailed information are available at https://
www.loni.ucla.edu/twiki/pub/ADNI/ADNIPostProc/UUtah_
Analysis.pdf.

The average cerebral metabolic rate of glucose consump-
tion (CMRglc) in frontal, parietal and temporal cortices
normalized to pons was computed and used in the current
study as measure of cerebral metabolism.

1.4. Magnetic resonance imaging

ADNI MRI scans were collected at multiple sites using
either a GE, Siemens, or Philips 1.5-T system. Two high-
resolution T1-weighted volumetric MP-RAGE scans were
collected for each subject. Parameter values varied depend-
ing on scanning site and can be found at www.loni.ucla.edu/
ADNI/Research/Cores/. Each MRI underwent a quality
control evaluation at Mayo Clinic. Examinations were eval-
uated for the presence of structural abnormalities; presence
and severity of common artifacts (e.g. blurring due to head
motion) were indicated, and one of the two MPRAGE scans
was recommended for use.

MPRAGE images underwent specific preprocessing cor-
rection steps: a system specific correction of image geom-
etry distortion due to gradient nonlinearity, an image inten-
sity nonuniformity correction using the Bl calibration
scans, and a further nonuniformity correction using N3
histogram peak sharpening algorithm; the need to perform
such preprocessing steps varied with manufacturer and sys-
tem RF coil configuration. More detailed information can be
found at www.loni.ucla.edu/ADNI/Data/ADNI_Data.shtml.

Left and right hippocampal volumes were semiautomat-
ically computed at University of California, San Francisco,
using a commercially available high dimensional brain
mapping tool (Medtronic Surgical Navigation Technologies
(SNT), Louisville, CO) based on fluid image transformation
(Christensen et al., 1997) and previously validated (intra-
class coefficient > 0.94) (Hsu et al., 2002). The software
requires to manually place 2 global landmarks on AC and
PC location for data reslice along AC-PC plane, and 44
local landmarks surrounding the left and right hippocampus;
once scans are fully landmarked, they are processed by
Medtronics algorithms, which produce hippocampal bound-
aries and volumes; boundaries are checked by qualified
reviewers and in case of failure can be manually edited.

In the current study, individual left and right hippocam-
pal volumes were averaged to have a single hippocampal
volume measure.
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1.5. Statistical analysis

All statistical analyses were carried out using the R
statistical software (Www.r-project.org/).

Significance of difference among the four groups was
assessed by one-way ANOVA for all continue variables,
and by the nonparametric x* test for categorical variables,
i.e. gender and APOE. Post-hoc Tukey HSD test was used
to estimate the between-group differences. For all compar-
isons, the significance threshold was set at 0.05.

Mean and standard deviation from the group of healthy
controls were used to Z-transform all subjects and patients
individual biomarker values at baseline (AB 1-42, t-tau,
FDG metabolism and hippocampal volumes) according to
the following formula: Z-biomarker'(subject) = (biomarker'
(subject) — mean-biomarker'(CN))/SD-biomarker'(CN), to
have standardized measures.

1.6. Biomarker dynamics

To investigate biomarker dynamics, all subjects and pa-
tients were ordered based on their Alzheimer’s disease as-
sessment scale-cognitive (ADAS-Cog) score (classic 70
point total), which was considered as a surrogate marker of
time since AD developed (AD stage). As each biomarker
has been shown to change over time, with rates of change
following a nonlinear time course, likely sigmoid shaped
(Carlson et al., 2008; Chan et al., 2003; Jack et al., 2008b;
Jack et al., 2010; Ridha et al., 2006), for each biomarker
individual Z scores, after being polarized to have increasing
Z scores for increasing disease stage, were plotted against
ADAS-Cog scores and the three parameters (asym, xmid
and scal) of the generic sigmoid curve (y = asym/(1+ exp
((xmid-x)/scal)), Figure 1) were fitted using a nonlinear
least square algorithm (nls function of the R software); for
each of the fitted parameters, 95% confidence intervals were
computed, and R was used as a measure of goodness of fit.
The statistical difference between parameters estimated for
different biomarkers was assessed looking at the overlap of
the 84% confidence intervals, which were shown to give an
approximate o = 0.05 test (95% intervals giving very con-
servative results) under the assumption of approximately
equal standard errors (Payton et al., 2003).

For each biomarker, the sigmoid fit was compared with the
linear fit. Goodness of fits was first assessed comparing sum of
squares. In case linear sum of squares was higher than sigmoid
one (suggesting sigmoid fit could be better than linear one), an
F test was run to compare the relative increase in sum of
squares with the relative increase in degree of freedom (linear
model having 1 degree of freedom more than sigmoid model):
F ratio was computed using the following formula:

F = [(linear SS — sigmoid SS)/(linear d.f.
— sigmoid d.f.)] /sigmoid SS/sigmoid d.f.)

with SS = sum of square, and d.f. = degrees of freedom,
and, in case F ratio was higher than 1 (further suggesting

asym

xmid

Fig. 1. Schematic representation of the generic sigmoid curve (y = asym/
(1+exp (xmid-x)/scal)). Asym is the asymptote, xmid the inflection point
x-value (distance from origin), and one/scal is the angular coefficient of the
tangent (i.e. the slope) at point of inflection.

that sigmoid fit could be better), the pertinent p value was
computed (F test, numerator d.f. = linear d.f. — sigmoid d.f.,
denominator d.f. = sigmoid d.f.) to find out whether the
sigmoid fit was significantly better than the linear one.

Subjects and patients included in the study were then
divided into two groups according to APOE genotype (g4
carriers and €4 non carriers), biomarker dynamics was fur-
ther investigated, and fitted sigmoid curves were computed
for each of the two groups.

2. Results

Based on the criteria described in the previous section,
229 healthy controls (age = 76 * 5 years, 48% females),
154 MCI patients converted to AD (age = 74 * 7 years,
39% females, conversion time = 17 = 8 [6-36] months),
and 193 AD patients (95 early AD, aged 75 = 7 years, 45%
females, and 98 late AD, aged 75 = 8 years, 49% females)
from ADNI dataset were included in this study.

Table 1 shows main sociodemographic, clinical and neu-
ropsychological features of the four groups of subjects en-
rolled in the study: the groups did not significantly differ in
age and gender but differed in education, healthy subjects
and MCI patients having higher education than AD patients;
as expected, significant differences in MMSE and ADAS-
Cog scores were found, reflecting different stage of cogni-
tive impairment among the groups; APOE &4 prevalence
was found to be significantly different among the groups
due to the large difference between cognitively healthy
group (27% carriers) and the other three groups (MCI con-
verted to AD: 69%, early AD: 68%, and late AD: 66%
carriers), confirming that all patients included in the study,
despite being at different stage of the disease, are affected
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Table 1

Sociodemographic, clinical and neuropsychological features of ADNI healthy controls, MCI converted to AD, early and late AD patients

Healthy controls (n = 229)

MCI converted AD (n = 154)

Early AD (n = 95) Late AD (n = 98) )4

Age, years 76 £5 74 =17
Gender, females 110 (48%) 60 (39%)
Education, years 16 £ 3 16 £3
MMSE 29 + 1 272
ADAS-Cog, classic 70 6+3 13+4
Clock drawing test 4.6 £0.7 39+ 1.1
AVLT (immediate recall) 43,0 £ 9.8 272+ 6.4
Digit span — forward 8820 8320
Digit span — backward 72=*22 6.0 = 1.8
Category fluency (anim.) 199 £5.6 154 €49
Category fluency (veg.) 147 £3.9 10.0 £3.2
Trail making test A 36 £13 50 £ 26
Trail making test B 89 * 44 153 = 82
Digit symbol 45.7 = 10.2 340112
Boston naming 27.8 £3.0 25.0 £43
AVLT (30 min delayed) 74 *+3.7 1.6 =24
ANART 9.7+9.1 13.6 £ 9.2
APOE, carriers 61 (27%) 107 (69%)

5 x7 75*8 0.52
43 (45%) 48 (49%) 0.29
15x3 14x3 < 0.0001
25 =1 22+2 < 0.0001
16 x5 207 < 0.0001
3712 3113 < 0.0001
241 *+173 219 =82 < 0.0001
7.8+ 1.7 73*+21 < 0.0001
52*19 46=*+19 < 0.0001
133+ 4.6 114 5.0 < 0.0001
8433 72+33 < 0.0001
64 = 35 70 = 39 < 0.0001
177 £ 92 198 = 98 < 0.0001
29.0 = 12.6 23.8 =135 < 0.0001
23659 203 7.6 < 0.0001
0.8+ 1.5 0.7+ 1.7 < 0.0001
14.2 = 10.0 16.9 = 10.3 < 0.0001
65 (68%) 62 (63%) < 0.0001

p denotes difference significance among all groups on one-way ANOVA (continuous variables) or x> test (categorical variables).

Values are mean * standard deviations (continuous variables) or frequencies (categorical values, i.e. gender and APOE).

MMSE, Mini Mental State Examination; ADAS-Cog, Alzheimer’s disease assessment scale-cognitive; ANART, American national adult reading test; AVLT,
auditory verbal learning test—version A; Digit symbol, WAIS-R digit symbol substitution test.

by AD. In all tests of the neuropsychological battery, a
significant difference (p < 0.0001) among the groups was
observed.

About half of the healthy subjects (114/229) and patients
(181/347) considered in the current study underwent lumbar
puncture thus having CSF A 1-42 and tau data available;
half of subjects and patients underwent FDG-PET imaging,
and slightly less had data available due to technical failures;
all of them underwent MR imaging and more than a half had
hippocampal volume available (Table 2).

Tau was significantly different among groups (p <
0.0001), healthy controls having the lowest mean value and
patients at increasing stage of AD having increasing mean
values; Z-scores reflected the monotonous increase. All AD
groups were found to be significantly different in CSF tau
concentration from healthy controls on post-hoc analysis,
while no significant difference was found between AD
groups. A3 1-42 was significantly different among groups
(p < 0.0001), and healthy controls AB 1-42 mean value
was much higher than patient ones; patients at different

Table 2
AD biomarkers in ADNI healthy controls, MCI converted to AD, early and late AD patients
Healthy controls MCI converted AD Early AD Late AD p
Tau
n 114 79 57 45
pg/mL 69.7 = 30.4 110.3 = 51.1 1139 £ 61.2 125.8 = 57.6 < 0.0001
Z-score 0.00 = 1.00 141 = 1.75 1.54 = 2.09 1.94 = 1.97
AB 142
n 114 79 57 45
pg/mL 205.6 = 55.1 141.9 =439 144.3 = 45.8 141.3 = 339 < 0.0001
Z-score 0.00 = 1.00 1.25+0.82 1.21 = 0.86 1.27 = 0.63
FDG-PET
n 102 67 53 44
CRMglc 1.39 = 0.12 1.29 = 0.11 1.29 = 0.10 1.23 £0.12 < 0.0001
Z-score 0.00 = 1.00 0.84 = 0.94 0.87 = 0.88 1.35 = 1.02
Hippocampal volume
n 159 119 63 66
mL 2155 =297 1739 = 363 1654 = 356 1599 * 323 < 0.0001
Z-score 0.00 = 1.00 143 = 1.25 1.73 £ 1.23 1.92 = 1.11

p denotes difference significance among all groups on one-way ANOVA.
Values are mean * standard deviations.

Mean and standard deviation from the subgroup of cognitive normal subjects were used to compute Z scores.

Hippocampal volumes were averaged over left and right.

FDG-PET is the average cerebral metabolic rate of glucose consumption in frontal, parietal and temporal cortices normalized to pons.
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disease stage had similar AB 1-42 mean values, both in
terms of absolute values and Z-score, suggesting that A3
1-42 load could be almost disconnected from the disease
stage. On post-hoc analysis, all AD groups were found to be
significantly different in AB 1-42 concentration from
healthy controls, while no significant difference was found
between AD groups. Mean CRMglc in frontal, parietal and
temporal cortices was significantly different among groups
(» < 0.0001); healthy controls had the highest CRMglc
mean values, MCI converted to AD and early AD had
comparable values while late AD had the lowest ones (both
in terms of absolute values and Z scores), as mean CRMglc
mostly decreased in the presymptomatic stage and contin-
ued to slightly decrease even at latest stages. On post-hoc
analysis, all AD groups were significantly different in
CRMglc mean values from healthy controls, MCI converted
to AD were significantly different from late AD (p = 0.04),
and early AD were almost significantly different from late
AD (p = 0.08), while no difference was found between
MCI converted to AD and early AD. Hippocampal volume
was significantly different among groups (p < 0.0001),
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healthy controls having the highest mean value and patients
at increasing stage of AD having decreasing mean values;
Z-scores reflected the monotonous increase (table 2). All
AD groups were significantly different in hippocampal vol-
ume from healthy controls on post-hoc analysis, MCI con-
verted to AD were significantly different from late AD (p =
0.03), while no difference was found between early AD and
either MCI converted to AD or late AD.

Figure 2 shows, for each biomarker, the individual Z
scores plotted against ADAS-Cog scores; fitted sigmoid
curves are overlapped. Table 3 shows the fitted sigmoid
parameters, representing the asymptote (asym), the inflec-
tion point x-value (xmid), and the steepness (one/scal) of the
sigmoid curve, with 95% confidence intervals. As Z scores
are quite dispersed, R? coefficients, measuring the goodness
of fit, are quite low; the sigmoid curve seems to fit A 1-42
and hippocampal volume (R* = 0.256 and 0.279, respec-
tively) better than tau and FDG-PET (R* = 0.137 and 0.201,
respectively). Comparing the fitted sigmoid curves, the
FDG-PET inflection point x-value was found to be signifi-
cantly different from all the other ones.
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Fig. 2. For each biomarker, individual Z scores are plotted against ADAS-Cog scores, and the fitted sigmoid curve is displayed. Full circles denote healthy
controls, full squares MCI patients converted to AD, empty circles early AD, and full triangles late AD patients. Sigmoid fitting was better than linear fitting
for Tau, AB 1-42 and hippocampus (for the latter: sigmoid nonsignificantly better than linear); linear fitting was better for FDG-PET.
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Fig. 3. Individual hippocampal volume Z scores are plotted against ADAS-Cog for both APOE &4 carriers (full circles), and non-carriers (empty circles). The
fitted sigmoid curves for the whole population (thin dotted), APOE &4 carriers (thick solid), and non-carriers (thick dashed) are displayed.
The parameters of each of the three fitted sigmoids are reported in the bottom table. Values are fitted parameters [95% confidence interval], and * denotes

significant difference in APOE &4 carriers vs non-carriers.

For all biomarkers except FDG-PET, the linear was
higher than the sigmoid sum of squares (AS 1-42: 268.93
v. 246.21; tau: 860.33 v. 828.09; hippocampal volume:
576.71 v. 573.23) and the sigmoid fit was significantly
better than the linear for A3 1-42 and tau (A 1-42: F =
26.94, p < 0.0001; tau: F = 11.37, p < 0.001, hippocampal
volume: F = 2.45, n.s.). For FDG-PET, the linear sum of
squares was slightly lower than the sigmoid one (255.11 and
260.05, n.s.), suggesting that the linear fit could be better
than that of the sigmoid model.

Table 3

Among the 576 subjects and patients included in the
study, 295 were APOE &4 carriers and 281 non carriers. Of
these, 150 &4 carriers and 145 non carriers had valid CSF
AB 1-42 and tau values, 218 &4 carriers and 189 non
carriers had valid hippocampal volume values, and 135 &4
carriers and 131 non carriers had valid FDG-PET data.
Fitted sigmoid curves could not be computed for CSF tau
and FDG-PET in APOE &4 carriers, and for AB 1-42 in non
carriers due to failure of the fit to converge.

The sigmoid fit of hippocampal volume in APOE &4

Fitted sigmoid parameters. Individual Z scores were plotted against ADAS-Cog scores and the three parameters (asym, xmid and scal) of the generic
sigmoid curve (y = asym/(1+ exp((xmid-x)/scal))) were fitted using a nonlinear least square algorithm. Sigmoid was better than linear fit for CSF A
1-42, tau and hippocampal volume (for the latter: sigmoid nonsignificantly better than linear); linear fitting was better for FDG-PET.

asym xmid scal R?
Tau 1.68 [1.31-2.05] 9.67 [7.72-11.62] 1.85[0.14-3.56] 0.137
AB 1-42 1.26 [1.09-1.43] 8.71[7.58-9.83] 1.40 [0.41-2.40] 0.256
FDG-PET 1.72 [1.07-2.37] 16.13 [11.16-21.09]* 4.77 [1.88-7.65] 0.201
Hippocampal volume 2.13 [1.76-2.51] 11.82[9.98-13.66] 3.18 [1.78-4.57] 0.279

Values are fitted parameters [95% confidence interval].
* Denotes significant difference versus all other estimated parameters.
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carriers was found to be significantly steeper than the one
related to non carriers, and the points of inflection of the two
curves on the x-axis were significantly different, indicating
that carriers developed hippocampal atrophy earlier in the
disease course (Figure 3).

3. Discussion

In the current study we considered a group of healthy
controls and three groups of Alzheimer’s patients with in-
creasing cognitive impairment, which could be considered
as representative of the neurobiological continuum of the
disease, and we investigated the dynamics of four of the
most validated AD biomarkers: CSF AB 1-42, CSF tau,
hippocampal volume and FDG uptake on PET.

Both CSF tau and hippocampal volume showed a mo-
notonous trend, patients with increasingly severe AD
showing increasing values of tau and decreasing hip-
pocampal volumes. This is in line with previous evidence
that both CSF tau (Arai et al., 1995; Blennow et al., 1995;
Buerger et al., 2006; Tapiola et al., 2009) and hippocam-
pal volume (Jack et al., 2000; Schuff et al., 2009) are
valid biomarkers of neurodegeneration, and they both
correlate with disease severity during the whole time course
of the disease (Arai et al., 1995; Hansson et al., 2006; Jack et
al., 2000; Schuff et al., 2009; Shaw et al., 2009; Tapiola et
al., 2009; Vemuri et al., 2009).

As expected, AD patients at different disease stage
showed similar A3 1-42 load (much lower than healthy
controls), in agreement with previous evidence that plaque
deposition occurs before neurodegeneration and by the time
a person has dementia it becomes almost disconnected from
the disease duration and severity (Chételat et al., 2010;
Ingelsson et al., 2004; Jack et al., 2008a; Jack et al., 2009).
As for FDG-PET, preclinical and early AD showed compa-
rable CRMglc mean values, while late AD showed further
reduced metabolism. This is in line with previous evidence
that alterations in glucose metabolism, reflecting synaptic
function and density, already occurs at a preclinical stage
(de Leon et al., 2001; Jagust et al., 2006; Mosconi et al.,
2009; Reiman et al., 1996; Small et al., 1995), and accom-
pany neurodegeneration, progressive reductions correlating
with disease severity (Hoffman et al., 2000; Minoshima et
al., 1997; Mosconi et al., 2009).

To our knowledge, this is the first study testing the model
of AD biomarker dynamics recently proposed by Jack Jr
and colleagues (Jack et al., 2010) on real data. The ongoing
ADNI, which has been recently shown to have successfully
recruited a large cohort of healthy controls, MCI and AD
patients very similar to those seen in MCI and mild AD
clinical trials (Petersen et al., 2010), could be considered at
present as the gold standard dataset for the study of Alzhei-
mer’s disease, and thus the best data choice. In the model,
each biomarker was hypothesized to follow a nonlinear and
sigmoid-shaped time course. The generic sigmoid function

(y = asym/(1 + exp((xmid-x)/scal)), Figure 1) is defined by
three parameters: the horizontal asymptote (asym), which
gives an indication of the time (disease stage) when the
biomarker stabilizes, the x-value at inflection point (xmid),
representing the time when maximum variation occurs
(most relevant time when to monitor the biomarker to have
indications of disease progression), and the steepness of the
curve (1/scal), which is a measure of the rate of change.

In this study we showed that different sigmoid curves
could actually be used to describe each biomarker time
course. Despite individual Z scores being quite dispersed,
and thus fitted curves having low R? coefficients, fitted
sigmoid curves are still meaningful: A 1-42 fitted sigmoid
is steep, has its maximum variation and stabilizes early in
time (i.e. in nonpathological ADAS-Cog range), in line with
previous evidence of plaque deposition mainly occurring in
the preclinical phase (Ingelsson et al., 2004; Jack et al.,
2008a; Jack et al., 2009) and with Jack’s model (Jack et al.,
2010); CSF tau and hippocampal volume fitted sigmoids
have similar shapes (in terms of asymptote, rate of change
and steepness), in agreement with the notion that they are
both markers of neurodegeneration and their change reflects
disease progression during the whole time course, and they
could be considered late biomarkers (Jack et al., 2010);
FDG-PET fitted sigmoid starts to increase early in time, in
line with previous evidence of preclinical alterations in
glucose metabolism (Jagust et al., 2006; Mosconi et al.,
2009), and seems to reach a steady state only at latest stages
of the disease, reflecting metabolism reduction occurring
during the whole time course of the disease (Jack et al.,
2010).

Furthermore, for three of the four biomarkers under
study (CSF AB 1-42, tau and hippocampal volume) the
sigmoid model was found to fit biomarker dynamics better
than the linear model (significantly better for both AB 1-42
and tau). This is an interesting finding, which provides the first
evidence to the model proposed by Jack and colleagues (Jack
et al., 2010).

It would be now extremely important to compare bi-
omarker dynamics, and order biomarker changes in time to
express the disease process in terms of a series of testable
biological indicators. However, before fitted curves could
be directly compared, some considerations need to be in-
troduced, showing that significant differences reported in
Table 3 should be taken with caution. Although each bi-
omarker sigmoid curve was fitted on individual Z-trans-
formed scores to standardize different biomarker values
making them comparable, the use of such Z scores has an
intrinsic problem. For each biomarker, Z scores were com-
puted based on mean and standard deviations of the healthy
controls group, and thus strongly depend on the variability
of the biomarker within healthy controls. As variability is
due both to measurement error and biological variability,
and different biomarkers may have different measurement
errors, the variability due to measurement error should ide-
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ally be eliminated before computing z-scores. Studies as-
sessing and comparing the reliability of each biomarker (i.e.
reproducibility studies with repeated measures) are needed
to remove the effect of measurement error and compute
corrected Z-scores that reflect biological variability only.
This is likely the reason why, directly comparing FDG-PET
versus hippocampal volume fitted curves, FDG-PET seems
to have a later rise, in contrast to previous findings (Reiman
et al., 1998).

The sigmoid curves describing hippocampal volume
change fitted for APOE &4 carriers and non-carriers were
found to be significantly different: the one related to APOE
&4 carriers was significantly steeper than the one related to
non carriers, and its point of inflection x-values was signif-
icantly shifted to the left, suggesting than in APOE &4
carriers hippocampal atrophy occurs earlier in time.

This finding is in line with a recent study suggesting that
APOE &4 may alter the relationship between biomarkers
and cognitive state (Vemuri et al., 2010), and with previous
evidence that APOE &4 carriers have smaller hippocampal
volume (Reiman et al., 1998) and faster hippocampal loss
(Schuff et al., 2009); this finding further supports the valid-
ity of the model proposed by Jack and colleagues (Jack et
al., 2010).

To set patients along the disease stage continuum, either a
biological or a clinical strategy could be adopted. For the
purpose of studying biomarker dynamics no biological vari-
able could be chosen without falling into logical recursivity,
and a clinical variable (e.g. ADAS-Cog score) thus needed to
be used.

Biomarker differences among groups of AD patients at
different disease stages have been interpreted as biomarker
changes occurring during the disease course. Current find-
ings, achieved by cross-sectional analysis, should be con-
sidered as preliminary, and need to be verified through a
truly longitudinal analysis.

It should be noted that biomarker dynamics has not been
assessed on the same subject cohort as, for each biomarker,
different subgroups of subjects had data available. It was not
feasible to include in the study only subjects with all four
biomarkers available as the sample size would have notably
decreased (just 105 out of 576 subjects included in the current
study had all biomarkers available) and the power of the
analysis would have thus been severely reduced. As differ-
ences in subgroups used to assess biomarker dynamics could
have potentially affected the study, current findings need to be
verified on a larger sample with all biomarker data available.

In the current study we did not include stable MCI
patients: to assess the biomarker dynamics, as homogeneous
as possible groups at different time of the Alzheimer’s
disease course are needed, and the highly heterogeneous
stable MCI group, including patients with incipient AD and
with different underlying pathologies, patients who will
indeed remain stable and who will revert to cognitively
normal status, would have biased the study. Additional

analyses on biomarker dynamics assessed including stable
MCI (available online at www.centroalzheimer.it/public/
Supplemental_analyses_stableMCI.doc) confirmed the
main findings of the current study, despite the shape of
the biomarker dynamics, likely due just to the biased
composition of the additional group, was found to be
closer to linear.

In the current study we did not consider PIB-PET, de-
spite being one of the most validated AD biomarkers, for
two main reasons: ADNI PIB processed data available at
present are fewer than the other biomarkers; furthermore,
PIB-PET has been shown to be substantially related to CSF
AP 1-42, the two measures of brain Af3 deposition produc-
ing similar results (Jagust et al., 2009).

All patients included in the study had incipient or mild
AD, and biomarker dynamics was thus investigated on a
relatively narrow disease continuum. It will be interesting to
investigate in the future the dynamic changes both rightward
(i.e. later in the disease time course), and leftward (i.e. in the
presymptomatic phase), ideally following healthy people in
time throughout the whole course of the disease and modeling
the thresholds where clinical symptoms occur. It will also be
interesting to investigate the effect of co-occurring diseases
and conditions on biomarker dynamics. Furthermore, as struc-
tural loss and synaptic dysfunction do not occur at the same
time throughout the brain (Buckner et al., 2005; Frisoni et al.,
2009), it will be interesting to investigate the structural and
functional variations in disease-specific cerebral regions (e.g.
posterior cingulate, medial temporal, lateral temporal and fron-
tal) during the whole disease time course.

In conclusion, in this study we used the ADNI dataset to
provide the first evidence in favor of the dynamic biomarker
model proposed by Jack and colleagues (Jack et al., 2010),
showing that most of the biomarker’ dynamics follow a
sigmoid trend. AB 1-42 time course was found to follow a
steep curve, stabilizing early in the disease course; CSF tau
and hippocampal volume changed later in time and showed
similar monotonous trends, reflecting disease progression
during the whole disease time course. Hippocampal volume
loss was found to be steeper and to occur earlier in time in
APOE &4 carriers than in non-carriers, proving additional
evidence of validity of the model. Despite providing only
partial support for a temporal shift between different types
of pathological brain changes in AD, these findings suggest
that, as an early marker, A3 1-42 could be used for clinical
trials as inclusion criteria, to select patients with preclinical
AD, while markers of neural degeneration and dysfunction
(e.g. CSF tau, hippocampal volume and FDG-PET) could
be used as outcome measures to investigate the drug effect
on neurodegeneration.
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