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Abstract
Objective—To characterize the shape of the trajectories of Alzheimer’s Disease (AD)
biomarkers as a function of MMSE.

Design—Longitudinal registries from the Mayo Clinic and the Alzheimer’s Disease
Neuroimaging Initiative (ADNI).

Patients—Two different samples (n=343 and n=598) were created that spanned the cognitive
spectrum from normal to AD dementia. Subgroup analyses were performed in members of both
cohorts (n=243 and n=328) who were amyloid positive at baseline.

Main Outcome Measures—The shape of biomarker trajectories as a function of MMSE,
adjusted for age, was modeled and described as baseline (cross-sectional) and within-subject
longitudinal effects. Biomarkers evaluated were cerebro spinal fluid (CSF) Aβ42 and tau; amyloid
and fluoro deoxyglucose position emission tomography (PET) imaging, and structural magnetic
resonance imaging (MRI).

Results—Baseline biomarker values generally worsened (i.e., non-zero slope) with lower
baseline MMSE. Baseline hippocampal volume, amyloid PET and FDG PET values plateaued
(i.e., non-linear slope) with lower MMSE in one or more analyses. Longitudinally, within-subject
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rates of biomarker change were associated with worsening MMSE. Non-constant within-subject
rates (deceleration) of biomarker change were found in only one model.

Conclusions—Biomarker trajectory shapes by MMSE were complex and were affected by
interactions with age and APOE status. Non-linearity was found in several baseline effects
models. Non-constant within-subject rates of biomarker change were found in only one model,
likely due to limited within-subject longitudinal follow up. Creating reliable models that describe
the full trajectories of AD biomarkers will require significant additional longitudinal data in
individual participants.
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Alzheimer’s disease biomarkers; Magnetic Resonance Imaging; cerebro spinal fluid; amyloid PET
imaging; FDG PET imaging

BACKGROUND
The five most well established biomarkers of Alzheimer’s disease (AD) at this time can be
divided into two major categories: 1) measures of brain Aβ amyloid deposition; these are
cerebro spinal fluid (CSF) Aβ421–8 and position emission tomography (PET) amyloid
imaging9–15 and, 2) measures of neuronal injury and degeneration; these are CSF tau (total
and phosphorylated tau)1,2,4,5,16–18, fluoro deoxyglucose (FDG) PET19,20, and structural
magnetic resonance imaging (MRI)21–26. Some of the authors recently proposed a
hypothetical model describing the temporal evolution of these five biomarkers over the
entire adult lifespan of an individual who develops AD dementia27. This model is based on
the assumption that different AD biomarkers do not change in an identical fashion over time,
but rather in an ordered and sequential manner, and likewise approach a pathological level in
an ordered manner27–32. This was proposed as a hypothetical model with validation awaiting
additional data.

This hypothetical model can be divided into two conceptual components, first is the order in
which each biomarker significantly departs from normal (which was addressed in an earlier
manuscript33). The second conceptual component, which is the subject of this paper, is the
shape of the trajectory of each biomarker curve as the disease progresses. The trajectory
shape can be envisioned from a plot of each biomarker where the horizontal axis represents
clinical disease severity and the vertical axis represents the degree of abnormality of each
biomarker, from most normal to most abnormal. In our model, we hypothesized that
biomarker trajectories have a sigmoid shape27. For reasons described later, we did not
directly test for sigmoid shaped trajectories in this paper. Rather, we evaluated the shape of
biomarker curves by modeling the baseline and longitudinal within-subject rate of change in
five AD biomarkers as a function of MMSE, adjusted for age, in two large cohorts
separately for APOE ε4 non-carriers and carriers. Then, as illustrated in Figure 1, we tested
for evidence of non-zero, non-linear, non-constant and interaction terms in baseline values
and within-subject rates of biomarker change based on longitudinal values.

METHODS
Participants and Diagnostic Evaluation

Two separate cohorts were created by pooling data from two Mayo Clinic studies and the
Alzheimer’s Disease Neuroimaging Initiative (ADNI). Participants at Mayo were recruited
from the Mayo Clinic study of aging (MCSA), an epidemiologic cohort study of normal
aging and mild cognitive impairment (MCI) in individuals aged 70–90 years in Rochester,
Olmsted County, Minnesota34, and the Mayo Alzheimer’s disease research center (ADRC).
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For all participants, written informed consent was obtained for participation as approved by
the local Institutional Review Boards.

At baseline, all participants met diagnostic criteria for cognitively normal (CN), MCI, or AD
dementia35. Clinical disease severity was scored with the Mini Mental State Exam
(MMSE)36. For Mayo Clinic participants, a 38-point test, the Short Test of Mental Status
(STMS)37, was converted to MMSE scores using an algorithm developed at our center38.
STMS values transformed to MMSE scores are reported simply as MMSE throughout the
manuscript.

While we wished to maximize sample size we also recognized that all participants within a
cohort must have every biomarker test to perform valid within-cohort comparisons. None of
the Mayo Clinic participants had CSF samples taken, while many more Mayo than ADNI
participants had amyloid PET studies available. We therefore created two cohorts, whom we
refer to as the CSF/MRI cohort and the PET/MRI cohort. The CSF/MRI cohort included
only ADNI participants and was used to evaluate trajectories of hippocampal volume, CSF
Aβ42, and CSF t-tau. The PET/MRI cohort included both ADNI and Mayo participants and
was used to evaluate trajectories of hippocampal volume, amyloid PET with Pittsburgh
Compound B (PIB), and FDG-PET. Only visits with all biomarkers available were used in
analysis.

CSF Methods
CSF was analyzed using a multiplex xMAP Luminex platform (Luminex Corp, Austin, TX)
with Innogenetics (INNO-BIA AlzBio3, Ghent, Belgium) immunoassay kit-based
reagents5,39 (http://www.adni-info.org/index.php).

MRI Methods
ADNI participants received 1.5T MRI scans and Mayo participants were scanned at either
1.5T or 3T. We used a standard 3D magnetization prepared rapid acquisition gradient echo
(MPRAGE) imaging sequence and standardized data post processing described in Jack, et al
200840. Hippocampal and total intracranial volumes (TIV) were measured at Mayo Clinic;
the hippocampus using FreeSurfer software (version 4.5.0)41 and TIV using an in-house
algorithm42. We evaluated the statistical agreement between FreeSurfer hippocampal
volumes obtained at 1.5T versus 3T among 91 ADNI participants (32 CN, 39 MCI, 20 AD)
who underwent MRI exams at both field strengths at the same visit. Lin’s concordance
correlation coefficient (CCC), which measures agreement about the identity line43, was
excellent (CCC = 0.98, p < 0.001).

PET Amyloid and FDG imaging Methods
PET Amyloid and FDG imaging methods were similar for Mayo and ADNI. Amyloid
imaging was performed with11C Pittsburgh Compound B (PIB)44. Quantitative image
analysis for both PIB and FDG was done using our in-house fully automated image
processing pipeline described in45. PIB-PET ROIs were based on anatomically defined
regions while FDG-PET ROIs were not. A global cortical PIB PET retention summary ratio
was formed by combining the prefrontal, orbitofrontal, parietal, temporal, anterior cingulate,
and posterior cingulate/precuneus values and dividing the median value across all voxels in
these cortical regions of interest (ROIs) by the median across all voxels in the
cerebellum46,47. FDG PET scans were analyzed in a similar manner using medial parietal,
angular gyrus and inferior temporal cortical ROIs as described in Landau, et al 201048

normalized to pons uptake.
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Statistical Methods
We used linear mixed effect models49 to investigate the shape of the biomarker trajectories.
For each biomarker, the model always included terms for baseline age, baseline MMSE,
change-in-age from baseline, and change-in-MMSE from baseline. Using this model
parameterization, the baseline MMSE term allowed us to assess the baseline, or cohort-level,
relationship between biomarker and MMSE while the change in MMSE term allowed us to
assess the within subject rates of biomarker change with worsening MMSE. The age terms
were included as a necessary adjustment to impose the correct ordering of a subject’s visits
over time.

As a first step in model fitting, baseline age and baseline MMSE were fit as a restricted
cubic spline with knots at the 10th, 50th, and 90th percentiles. If the p-value from a likelihood
ratio test comparing the spline fit to the linear fit was less than p=0.10, the non-linear effects
were retained. Otherwise, they were kept as linear terms. We next fit a full model for each
biomarker with all two-way interactions between baseline MMSE, baseline age, change in
MMSE, and change in age to test for significant interactions but only retained interactions
with p <0.10 in the final models. Interactions with baseline age and baseline MMSE or
change in MMSE allowed us to assess if the biomarker-MMSE relationship depends on age.
An interaction term with baseline MMSE and change in MMSE allowed us to assess if the
within subject rates of biomarker change depend on the level of disease severity (i.e. are
non-constant over disease severity). Nine possible prototype models based on different
baseline shapes and longitudinal change are shown in Figure 1.

Random intercepts and slopes for change in age and change in MMSE were included when
possible. All models were adjusted for sex. Hippocampal volume models were additionally
adjusted for total intracranial volume (TIV). Because of the known effect of APOE on rates
of cognitive change50; separate models were fit within APOE ε4 non carriers and carriers
for each biomarker.

For each participant, all available time points where all biomarker tests were performed
were used in the models. Because of differences in when each biomarker was collected, this
reduced the amount of follow-up used for some biomarkers (MRI and FDG), but it was
necessary to use only those visits where all biomarkers were available within a cohort so that
all biomarkers would be evaluated on equal footing.

RESULTS
The CSF/MRI cohort (111 CN, 154 MCI, 78 AD) was composed entirely of ADNI
participants; all 343 had baseline data and 262 had longitudinal data (Table 1). The PET/
MRI cohort (429 CN, 129 MCI, 40 AD) was composed of Mayo and ADNI participants; all
598 had baseline data and 182 had longitudinal data (Table 1).

The data are summarized in Figures 2 and 3. Each biomarker value is plotted in its native
units, with the vertical axis oriented so that increasing values correspond to worsening.
Similarly, the x-axis is oriented so that left-to-right movement corresponds to worsening
cognition. Each figure contains three columns with the left-most column showing the
biomarker values for individual participants in a random subset of the same n=100
participants; a subset was used to reduce overlapping values and allow individual
trajectories to be discerned. The middle and right-most columns illustrate the shape of the
curve based on the baseline effects (dotted), and the within-subject rates of biomarker
change based on longitudinal data (solid) vs. MMSE for APOE ε4 non carriers (middle
column) and carriers (right column) from the model estimates. Within-subject rates of
change are shown as an average change in biomarker for a three-point MMSE worsening.

Jack et al. Page 4

Arch Neurol. Author manuscript; available in PMC 2013 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Non-zero terms indicate biomarker values that change with worsening MMSE. Non-linear
terms indicate baseline effects that are non-linear (most often saturating or plateauing) with
advancing MMSE. Interaction terms indicate the relationship between biomarker and
MMSE depends on baseline age. Non-constant terms indicate the within-subject rate of
change depends on baseline MMSE, or disease severity. Significant non-linear, interaction,
and non-constant terms imply a non-zero relationship with biomarker and MMSE.
Significant terms from the models summarized in Figures 2 and 3 are displayed in table
form in Table 2.

Figure 2 illustrates biomarkers vs. MMSE in the CSF/MRI cohort. Baseline effects: all
biomarkers worsen (i.e., display non-zero slope) with lower MMSE scores at baseline
(p≤0.005) except for t-tau in APOE ε4 positive participants (Table 2). A cross-sectional age
effect in the CSF Aβ model was unexpected in that CSF Aβ values decrease/worsen as ages
increase from 70 to 78 and then increase for older ages .Longitudinal effects: within-subject
rates in hippocampal volume worsen (i.e. non-zero slope) as MMSE worsens in both ε4
negative and positive participants (p=0.004, p<0.001) (Table 2). Within-subject rates of
Aβ42 worsen (i.e. non-zero slope) as MMSE worsens in ε4 positive participants only
(p=0.036). The within-subject t-tau rate is changing as MMSE worsens (i.e., non-zero slope)
for ε4 positive participants only (p=0.007) but the rate of change depends on baseline age.

Figure 3 biomarkers vs. MMSE in the PET/MRI cohort. Baseline effects: Hippocampal
volumes in ε4 negative participants and FDG in ε4 positive participants worsen (i.e., non-
zero slope) with lower MMSE scores (p<0.001) (Table 2). The relationship with biomarker
and baseline MMSE for both PIB and FDG PET in ε4 negative participants depend on
baseline age (p=0.042, p=0.08). Baseline hippocampal volume and amyloid PET values
worsened in ε4 positive participants with lower MMSE but the effect plateaued at lower
MMSE values (i.e. non-linear slope) (p=0.005, p=0.009). Longitudinal effects: within-
subject rates of change in hippocampal volume worsen (i.e. non-zero slope) as MMSE
worsens (p=0.025) in ε4 negative participants (Table 2). In ε4 positive participants, within-
subject rates of change in hippocampal volume also worsen as MMSE worsens, but this
effect depends on baseline age (p=0.001). Within-subject rates of change in PIB PET
decrease (i.e., non-zero slope) as MMSE worsens in ε4 positive participants (0.032) but not
in ε4 negative participants. Within-subject rates of FDG worsen as MMSE worsens (i.e.
non-zero slope) in ε4 positive participants (p<0.001) but not in ε4 negative participants.

We performed a subgroup analysis restricted to participants who had evidence of amyloid
deposition either by amyloid PET or CSF Aβ42 and thus are likely on the AD
pathophysiological pathway. We selected PIB > 1.4 as the cut-point. This reflects a lenient
cut-point but one that still likely eliminated individuals clearly not on the AD
pathophysiological pathway. Using data from an analysis of 41subjects who had PIB and
CSF on the same visit51 we used linear regression to identify the CSF cut-point that
corresponds to PIB 1.4 as being 209 pg/ml. This resulted in an “amyloid positive” CSF
cohort of 243 participants and a PET cohort of 328 participants (Table 3). Figure 3
illustrates biomarkers vs. MMSE in the amyloid positive participants. Because the range of
amyloid values was truncated by design in this subgroup analysis, we did not create
trajectory plots for PIB PET or CSF Aβ42 and limited the plots to MRI, CSF tau and FDG.

Significant effects in the amyloid positive cohorts are summarized in Table 4. While many
findings were the same between the amyloid positive cohorts and the entire sample there
were some differences. In the amyloid positive MRI/CSF cohort, baseline hippocampal
volume increased non-linearly – i.e., plateaued at lower MMSE values in ε4 carriers. Within
subject hippocampal volume was non constant (rates of atrophy decelerated at higher
MMSE) in ε4 non carriers. In the amyloid positive MRI/PET cohort, baseline hippocampal
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volume and FDG PET increased non-linearly – i.e., plateaued at lower MMSE values in ε4
non-carriers. Within subject change was non-zero for FDG PET in ε4 non-carriers. There
was also an interaction between baseline age and baseline MMSE in the hippocampal
volume model for the ε4 non-carriers.

DISCUSSION
Our major findings were: (1) overall biomarker trajectory shapes were complex and were
affected by interactions with age and APOE status. 2) Baseline biomarker values generally
worsened (i.e., non-zero slope) with lower baseline MMSE. 3) Baseline hippocampal
volume, amyloid PET and FDG PET values plateaued (i.e., non-linear slope) with lower
MMSE in one or more analyses. 4) Longitudinally, within-subject rates of biomarker change
were associated with worsening MMSE. 5) Non-constant within-subject rates of biomarker
change were found in only one model; the rate of hippocampal volume change decelerated
with worsening MMSE in amyloid positive e4 negative participants. 6) Trajectories for a
given biomarker were often different in ε4 carriers vs non carriers in the overall samples.
This was less often so in the amyloid positive sub samples. 7) While most findings were the
same between the amyloid positive cohorts and the entire sample there was a slightly greater
tendency toward non-linear baseline effects in amyloid positive participants.

Our hypothetical biomarker model27 predicts that each biomarker follows a sigmoid shaped
trajectory. The rationale for this prediction starts with the assumption that the rate of change
of a biomarker denoting accumulating AD pathophysiology in the brain should be zero from
birth through at least early adulthood. At some point, e.g., age 50s – 70s, AD biomarkers
deflect from the normal baseline and begin to become abnormal, which by definition
represents acceleration in rate. Based on prior evidence that some biomarker rates of change
(i.e., amyloid PET, CSF Aβ42 and t-tau) do not accelerate in the dementia phase of the
disease31,52, we presumed that biomarker rates do not continue to accelerate indefinitely, but
instead begin to saturate or plateau at some point, which represents deceleration. An initial
period of acceleration followed later by deceleration defines a trajectory that is
approximately sigmoidal, with the midpoint of the curve defined as the initiation of
deceleration. A second reason to suspect that biomarkers should follow a sigmoid shaped
trajectory relates to sensitivity limits of any measurement technique at extremes. Floor and
ceiling measurement sensitivity effects impart a sigmoid shape to a data distribution.

Sources outside the field of human biomarker studies suggest that amyloid and
neurodegenerative biomarkers might follow a sigmoid-shaped function. Inglesson, et al
200428 found in human autopsy studies that amyloid accumulation plateaus with increasing
disease duration. Amyloid deposition in transgenic AD mice follows a sigmoidal-shaped
function with advancing age53. Tau fibrillization follows a sigmoid shaped function with
time in vitro54. A cumulative damage model of neurodegenerative disease where the risk of
cell death in the vulnerable population of cells changes over time predicts a sigmoid-shaped
trajectory of neurodegenerative brain atrophy55,56.

Reports from analyses of ADNI data draw somewhat inconsistent conclusions about the
shapes of biomarker trajectories. Caroli, et al 201057 analyzed cross-sectional ADNI data
and found that mean baseline hippocampal volume, CSF Aβ42, and CSF tau data could be
better modeled as a function of worsening cognition with sigmoid-shaped curves compared
to linear fits. Lo, et al 201158 examined rates of change of biomarkers in ADNI and
illustrated deceleration in CSF Aβ42 but acceleration in hippocampal atrophy rates with
advancing disease. Schuff, et at 200959 found acceleration in atrophy rates in MCI and AD
ADNI subjects. Sabuncu, et al 201160 examined brain atrophy rates in ADNI participants
who had an AD-like CSF profile. They found that atrophy rates in a set of AD-signature
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ROIs exhibit early acceleration followed by deceleration which was consistent with a
sigmoid shaped curve. Conversely, they found rates of hippocampal volume loss exhibited
positive acceleration.

In the present study, we fit the models in such a way that would allow us to assess the shape
of the biomarker trajectories without imposing a particular structure (i.e. a sigmoid shape)
upon the data. Flexible restricted cubic splines allowed for non-linearity if there was
evidence for it. Interaction terms allowed for biomarker – MMSE relationships to depend on
covariates. This way of modeling let the data “speak for themselves” and was preferred in
this study because of several important limitations in the nature of the data. (1) The right and
left hand portions of a sigmoid curve are where the maximum inflection occurs and thus the
portions of the function where data are most needed to detect acceleration and deceleration.
Unfortunately, our data are sparse in these regions. In participants with abnormal biomarkers
at baseline, we have no data that would allow us to characterize the initial deviation of
biomarkers from their normal baseline. The right-hand tail is equally problematic in that
many patients survive a decade or more after the clinical diagnosis of AD dementia is made,
but most stop participating in clinical research studies once they become moderately
demented. Indeed, the AD subjects in our samples were only mildly demented (median
MMSE of 24 for the CSF/MRI cohort and 23 for the PET/MRI cohort). (2) The median
follow-up time in our data was only about 1 year with a maximum of only 4 years. This is a
small fraction of the total duration of the disease which may span 30 plus years. Examining
such a small window of time in each subject makes it difficult to detect acceleration or
deceleration in within-subject rates. (3) We lacked a linear clinical measure of disease
progression. Every cognitive testing instrument has a non-linear response function with both
floor and ceiling effects50,61. Because subjects spanning the cognitive continuum were
combined to estimate biomarker trajectories, a single universal cognitive test was needed to
index all subjects on a common axis. The MMSE was the best option that was available in
all ADNI and Mayo subjects. However, the limited range of the MMSE in cognitively
normal participants (roughly 30–27) in particular made estimation of trajectory shape early
in the disease particularly problematic. In many of our CN participants MMSE did not
change, or fluctuated randomly from one time point to the next.

Our results do not disagree with sigmoid shaped biomarker trajectories in that most
biomarkers worsened as MMSE worsened in both baseline and longitudinal analyses which
is consistent with the middle, roughly linear, portion of a sigmoid curve. While cross
sectional data may be influenced by cohort effects, we did see some baseline effects that
were consistent with a sigmoid-shaped trajectory (i.e. baseline effects that plateaued with
worsening MMSE). However, we found non-constant within-subject rates in only one
analysis. Several prior studies (including one of our own) have shown that rates of brain
atrophy accelerate prior to incident dementia62–65. However, these earlier MRI studies had
considerably more within-subject longitudinal data than we had in the present study. Our
failure to detect acceleration or deceleration in within-subject MRI rates may well be due to
limited longitudinal data because we only used those time points in individual participants
where all biomarkers were available.

AD biomarkers are poised to become an essential component of a comprehensive
assessment of the disease. In particular, AD biomarkers constitute a major (some would say
only) window into the disease in its long pre-clinical phase. Designing clinical trials in early
symptomatic and preclinical disease will depend on acquiring a thorough understanding of
the longitudinal trajectory of AD biomarkers. In addition, the notion of biomarker
trajectories is central to the staging proposed in the recent preclinical AD research criteria66.
However, creating reliable models that accurately describe the full trajectory shapes of AD
biomarkers will require significant additional longitudinal data in individual participants
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beginning prior to deviation of biomarkers from normality (age 50s) through the end stage
of the disease and ultimately to autopsy. Ideally, this data would be acquired in well-defined
epidemiological cohorts.
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Figure 1.
Prototypical linear mixed effects models based on different baseline shapes and longitudinal
change. The dashed line in each panel characterizes the mean value of the biomarker at
baseline as a function of disease severity while the solid lines characterize the mean within-
subject rate of change. The dashed lines show either no baseline effect (flat line, Panels A,
B, and C), a linear baseline effect (Panels D, E, and F), or a non-linear baseline effect which
in this case is reaching an asymptote or saturation point (Panels G, H, and I). The solid lines
show either no within-subject changes with increasing disease severity (flat lines, Panels A,
D, and G), constant within-subject changes over time (parallel increasing lines, Panels B, E,
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and H), or non-constant within-subject changes which in this case are greater early in the
disease and less when the disease becomes more severe (Panels C, F, and I).

Jack et al. Page 13

Arch Neurol. Author manuscript; available in PMC 2013 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. CSF/MRI Cohort
Individual trajectory plots by MMSE for hippocampal volume, CSF Aβ1–42, and CSF t-tau
are plotted in the left column. Because of the large number of subjects, the left hand column
illustrates a random subset of the MRI-CSF cohort. Plots in the middle and right hand
columns are based on modeling the entire cohort. CN participants are represented with red
squares, MCI participants with blue circles, and AD participants with green triangles.
Arrows indicate trajectories that extend beyond the plotting region. The center and right
columns are model summary plots in the MRI-CSF cohort for ε4 non carriers (center) and
ε4 carriers (right). The dashed lines represent the baseline relationship with biomarker and
MMSE estimated from the linear mixed effect models. The solid lines represent the within-
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subject rate of change in biomarker with a decrease in MMSE of 3 points. Light orange (ε4
non carriers) and light blue (ε4 carriers) lines represent the effects for a subject with a
baseline age of 75 and dark orange (ε4 non carriers) and dark blue (ε4 carriers) lines
represent the effects for a subject with a baseline age of 85. P-values are shown for all
effects in the model with a p-value <0.10. BL indicates baseline biomarker and MMSE
effects. These may be non-zero, non-linear, or interact with baseline age. WSR indicates
within-subject rates of change in biomarker with worsening MMSE. These may be non-zero,
interact with baseline age, or be non-constant such that the rate of change differs by baseline
MMSE. Asterisks indicate p-values reported when the change in age and the change in
MMSE are zero.
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Figure 3. PET/MRI Cohort
Individual trajectory plots by MMSE for hippocampal volume, PIB Ratio, and FDG Ratio in
a random subset of the MRI-PET cohort. Model summary plots by MMSE for hippocampal
volume, PIB Ratio, and FDG Ratio by APOE ε4 genotype. The organization of Fig. 3 is
analogous to that of Fig 2.
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Figure 4. Amyloid Positive Cohorts
Individual trajectory plots by MMSE of hippocampal volume and CSF tau for the amyloid
positive CSF/MRI cohort, and of hippocampal volume and FDG Ratio for the amyloid
positive PET/MRI cohort. The organization of Fig. 4 is analogous to that of Figs 2 and 3.
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Table 1

Descriptive characteristics of all participants

Characteristic All CN MCI AD

CSF/MRI Cohort

Number of participants 343 111 154 78

Age, years 77 (73, 81) 76 (72, 78) 77 (73, 81) 78 (73, 82)

Female gender, no. (%) 134 (39.1) 56 (50.5) 45 (29.2) 33 (42.3)

Education, years 16 (14, 18) 16 (14, 18) 16 (14, 18) 16 (12, 18)

APOE ε4 carriers, no. (%) 160 (46.6) 24 (21.6) 81 (52.6) 55 (70.5)

MMSE 27 (25, 29) 29 (29, 30) 27 (25, 28) 24 (22, 25)

Hippocampal volume, cm3 6.3 (5.5, 7.3) 7.3 (6.9, 7.7) 6.1 (5.4, 6.9) 5.4 (4.9, 6.1)

Aβ1–42 152 (132, 223) 220 (154, 245) 144 (130, 183) 142 (120, 155)

T-tau 81 (57, 120) 61 (50, 84) 87 (64, 131) 116 (69, 141)

Number with follow-up, (%) 262 (76.4) 88 (79.3) 120 (77.9) 54 (69.2)

      1 follow-up visit 175 (66.8) 56 (63.6) 76 (63.3) 43 (79.6)

      2 follow-up visits 83 (31.7) 30 (34.1) 42 (35.0) 11 (20.4)

      3 follow-up visits 4 (1.5) 2 (2.3) 2 (1.7) 0 (0)

Years of follow-up 1.1 (1.1, 2.1) 1.1 (1.1, 2.1) 1.1 (1.1, 2.1) 1.1 (1.0, 1.2)

PET/MRI Cohort

Number of participants 598 429 129 40

ADNI participants, no. (%) 81 (13.5) 21 (4.9) 44 (34.1) 16 (40.0)

Age, years 79 (76, 83) 79 (76, 83) 81 (75, 83) 80 (76, 84)

Female gender, no. (%) 257 (43.0) 199 (46.4) 44 (34.1) 14 (35.0)

Education, years 14 (12, 16) 14 (12, 16) 14 (12, 17) 14 (12, 18)

APOE ε4 carriers, no. (%) 205 (34.3) 113 (26.3) 61 (47.3) 31 (77.5)

MMSE 28 (27, 29) 28 (27, 29) 27 (24, 28) 23 (21, 24)

Hippocampal volume, cm3 6.9 (6.3, 7.5) 7.2 (6.6, 7.7) 6.4 (5.7, 6.9) 5.4 (4.5, 6.3)

PIB Ratio 1.44 (1.33, 1.98) 1.39 (1.32, 1.69) 1.88 (1.39, 2.26) 2.21 (1.90, 2.66)

FDG Ratio 1.36 (1.25, 1.46) 1.39 (1.29, 1.48) 1.27 (1.18, 1.39) 1.09 (1.01, 1.21)

Number with follow-up, (%) 182 (30.4) 110 (25.6) 58 (45.0) 14 (35.0)

      1 follow-up visit 151 (83.0) 99 (90.0) 40 (69.0) 12 (85.7)

      2 follow-up visits 29 (15.9) 11 (10.0) 17 (29.3) 1 (7.1)

      3 follow-up visits 2 (1.1) 0 (0) 1 (1.7) 1 (7.1)

Years of follow-up 1.3 (1.1, 1.5) 1.3 (1.2, 1.5) 1.3 (1.1, 2.1) 1.0 (1.0, 1.1)

Median (Inter-quartile) range shown unless otherwise noted.

Abbreviations: APOE, apolippoprotein E; MMSE, Mini Mental State Exam
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Table 3

Descriptive characteristics of amyloid positive participants (PIB > 1.4 or CSF Aβ1–42 < 209 pg/ml)

Characteristic All CN aMCI AD

CSF/MRI Cohort

Number 243 50 121 72

Age, years 77 (73, 80) 77 (74, 78) 76 (73, 80) 78 (74, 81)

Female gender, no. (%) 92 (37.9) 25 (50.0) 38 (31.4) 29 (40.3)

Education, years 16 (14, 18) 16 (14, 18) 16 (14, 18) 16 (12, 18)

APOE ε4 positive, no. (%) 148 (60.9) 19 (38.0) 74 (61.2) 55 (76.4)

MMSE 26 (24, 29) 30 (29, 30) 27 (25, 28) 24 (22, 25)

Hippocampal volume, cm3 6.1 (5.3, 7.0) 7.2 (6.9, 7.7) 6.1 (5.5, 6.7) 5.4 (4.9, 6.0)

Aβ1–42 141 (127, 155) 149 (135, 175) 138 (127, 152) 140 (119, 151)

t-tau 93 (66, 135) 74 (53, 96) 99 (70, 143) 117 (74, 145)

Number with follow-up, (%) 191 (78.6) 38 (76.0) 100 (82.6) 53 (73.6)

      1 follow-up visit 128 (67.0) 23 (60.5) 63 (63.0) 42 (79.2)

      2 follow-up visits 61 (31.9) 15 (39.5) 35 (35.0) 11 (20.8)

      3 follow-up visits 2 (1.0) 0 (0) 2 (2.0) 0 (0)

Years of follow-up 1.1 (1.0, 2.0) 1.1 (1.1, 2.0) 1.1 (1.1, 2.1) 1.1 (1.0, 1.2)

PET/MRI Cohort

Number 328 196 95 37

ADNI subjects, no. (%) 56 (17.1) 10 (5.1) 32 (33.7) 14 (37.8)

Age, years 80 (76, 83) 80 (76, 83) 81 (75, 83) 80 (76, 84)

Female gender, no. (%) 139 (42.4) 88 (44.9) 37 (38.9) 14 (37.8)

Education, years 14 (12, 16) 14 (12, 16) 14 (12, 16) 15 (12, 18)

APOE ε4 positive, no. (%) 159 (48.5) 76 (38.8) 53 (55.8) 30 (81.1)

MMSE 27 (26, 29) 28 (27, 29) 27 (25, 27) 23 (21, 24)

Hippocampal volume, cm3 6.7 (6.0, 7.4) 7.1 (6.5, 7.7) 6.3 (5.7, 6.8) 5.4 (4.6, 6.3)

PIB Ratio 1.90 (1.58, 2.26) 1.77 (1.49, 2.07) 2.14 (1.69, 2.32) 2.32 (1.98, 2.66)

FDG Ratio 1.32 (1.21, 1.42) 1.36 (1.27, 1.46) 1.27 (1.18, 1.39) 1.08 (1.00, 1.23)

Number with follow-up, (%) 100 (30.5) 44 (22.4) 43 (45.3) 13 (35.1)

      1 follow-up visit 80 (80.0) 39 (88.6) 30 (69.8) 11 (84.6)

      2 follow-up visits 19 (19.0) 5 (11.4) 13 (30.2) 1 (7.7)

      3 follow-up visits 1 (1.0) 0 (0) 0 (0) 1 (7.7)

Years of follow-up 1.3 (1.1, 1.6) 1.3 (1.2, 1.4) 1.3 (1.1, 2.1) 1.0 (1.0, 1.1)

Median (Inter-quartile) range shown unless otherwise noted.

Abbreviations: APOE, apolippoprotein E; MMSE, Mini Mental State Exam
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