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Accelerating rates of cognitive decline

and imaging markers associated with

B-amyloid pathology

ABSTRACT

Objective: To estimate points along the spectrum of B-amyloid pathology at which rates of change
of several measures of neuronal injury and cognitive decline begin to accelerate.

Methods: In 460 patients with mild cognitive impairment (MCI), we estimated the points at which
rates of florbetapir PET, fluorodeoxyglucose (FDG) PET, MRI, and cognitive and functional decline
begin to accelerate with respect to baseline CSF AB45. Points of initial acceleration in rates of
decline were estimated using mixed-effects regression.

Results: Rates of neuronal injury and cognitive and even functional decline accelerate substan-
tially before the conventional threshold for amyloid positivity, with rates of florbetapir PET and
FDG PET accelerating early. Temporal lobe atrophy rates also accelerate prior to the threshold,
but not before the acceleration of cognitive and functional decline.

Conclusions: A considerable proportion of patients with MCI would not meet inclusion criteria for
a trial using the current threshold for amyloid positivity, even though on average, they are expe-
riencing cognitive/functional decline associated with prethreshold levels of CSF AB4». Future
trials in early Alzheimer disease might consider revising the criteria regarding p-amyloid thresh-
olds to include the range of amyloid associated with the first signs of accelerating rates of decline.
Neurology® 2016;86:1887-1896

GLOSSARY

AD = Alzheimer disease; ADAS = Alzheimer's Disease Assessment Scale; ADNI = Alzheimer's Disease Neuroimaging
Initiative; dRAVLT = delayed Rey Auditory Verbal Learning Test; FDG = ®F-fluorodeoxyglucose; MCI = mild cognitive
impairment; OR = odds ratio; ROl = region of interest.

Understanding the sequence of pathophysiologic processes occurring during the progression of
Alzheimer disease (AD) has been a primary goal of recent research. Evidence has accumulated
pointing to B-amyloid deposition and hypometabolism occurring in early stages with subse-
quent gray matter atrophy and cognitive and functional decline.' Hypothetical models have
been proposed, though the details remain unclear.*

Understanding the timeframe of decline is required to facilitate targeting a specific process in
order to slow progression.” Possible reasons for recent failures of clinical trials of antiamyloid
therapies include (1) targeting amyloid in patients who already exhibit substantial neurodegen-
eration and cognitive impairment and (2) failing to exclude patients without significant amyloid
deposition.®® Given these concerns, several current trials target 3-amyloid pathology in earlier
stages of the disease and require significant 3-amyloid pathology.’
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Amyloid positivity thresholds are frequently
defined to be the level of pathology that most
accurately distinguishes cases of AD from cog-
nitively normal controls.’®'* A recent report
suggests that current Pittsburgh compound B
thresholds are too high." With more exclusive
thresholds, it is likely that certain pathophys-
iologic processes have advanced beyond what
is optimal for clinical trials intending to recruit
participants with little neurodegeneration or
cognitive impairment. Several measures of
neurodegeneration have been shown to occur
years prior to established B-amyloid thresh-
olds."1¢

A priori thresholds, commonly used to
study the effect of amyloid on neurodegenera-
tion or cognition, preclude the detection of the
initial acceleration of decline with respect to
the level of B-amyloid. The goal of this study
was to estimate the points along the spectrum
of B-amyloid pathology at which rates of neu-
ronal injury and cognitive decline begin to
accelerate.

METHODS Standard protocol approvals, registrations,
and patient consents. This study was approved by the institu-
tional review boards of all of the participating institutions.
Informed written consent was obtained from all participants at

each site.

Participants. Data were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu,
www.adni-info.org). All sites had institutional review board
approval to study human subjects. The population in this study
included ADNI-2 participants enrolled into the mild cognitive
impairment (MCI) cohort at screening, tested for CSF
biomarkers, and followed longitudinally for at least one MRI,
"F-fluorodeoxyglucose (FDG) PET, '*F-florbetapir PET, or

neuropsychological examination.

CSF biomarker concentrations. CSF samples were collected
at baseline by lumbar puncture. CSF methods have been

described previously.'*!”

MRI acquisition and processing. Structural MRI brain scans
were acquired using 3T MRI scanners with a standardized proto-
col.’® Quantification was performed in an automated pipeline
using FreeSurfer software package version 5.1 (http://surfer.
nmr.mgh.harvard.edu/fswiki)."” Detailed descriptions can be
found at www.adni-info.org.

Regions of interest (ROIs) including the cingulate gyrus as well as
the temporal, parietal, frontal, and occipital lobes were analyzed. Details
about FreeSurfer parcellation can be found at https:/surfer.nmr.mgh.
harvard.edu/fswiki/CorticalParcellation. Left and right hemisphere

volumes were averaged for each subregion.

FDG PET. Methods to acquire and process FDG PET images
were described previously. Full details of procedures and the stan-
dardized protocol are described at http://adni.loni.usc.eduqw/
methods/pet-analysis/pre-processing/and at http://www.adni-info.
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org/Scientists/ ADNIStudyProcedures.html. ROIs included in the

analysis were the temporal, angular, and cingulate gyri.***'

Florbetapir PET. Similarly, methods to acquire and process
ADNI florbetapir PET image data were described previously. Full
details of acquisition and analysis can be found at http://adni.loni.
usc.edu/methods/. ROIs included in the analysis were the

temporal, parietal, and frontal lobes."'

Cognitive and functional outcomes. Cognitive measures as-
sessed included the Mini-Mental State Examination, Alzheimer’s
Disease Assessment Scale—cognitive subscale, both the 11- and
13-item versions (ADAS-11, ADAS-13), delayed memory recall
from the Wechsler Memory Scale (Logical Memory 1I), delayed
Rey Auditory Verbal Learning Test (dRAVLT), Trail Making Test
parts A and B, Boston Naming Test, a cognitive composite
(comprising the ADAS-11, Logical Memory II, and the Trail
Making Test part B), Clinical Dementia Rating Sum of Boxes,

and the Functional Assessment Questionnaire.>’

Statistical analysis. The relationship between longitudinal cog-
nitive or imaging responses and baseline B-amyloid pathology was
modeled in 2 steps. First, patient-specific rates for each response
were estimated using all available data. Rates for responses with 3
or more observations per patient (cognition and MRI) were
estimated using linear mixed effects regression with a random
intercept and slope. Mixed effects models allow the number of
responses to vary across individuals, adjusting for missingness.
Longitudinal cognitive scores were regressed on time (years)
since initial visit while adjusting for age, sex, and education.
Volumes were regressed on time since initial visit while
adjusting for age, sex, and intracranial volume. Rates for
responses with only 2 observations per patient (FDG and
florbetapir PET) were regressed on time between scans using
linear regression for each patient, separately. Florbetapir PET
values were adjusted for whole cerebellum uptake prior to the
estimation of the rates. FDG and florbetapir PET rates were then
adjusted for age and sex.

In the second step, patient-specific rates were regressed on
baseline CSF APy, using monotone penalized regression
splines. Generalized cross-validation was used to tune the
smoothing parameter and the Akaike information criterion
was used to select the dimension of the basis used to represent
the smooth term.>*%!

Steps 1 and 2 were repeated in 500 bootstrap samples to esti-
mate 95% confidence intervals for the association between CSF
ABy; and each response using the 2.5th and 97.5th percentiles.

Permutation tests were performed to estimate the statistical
significance of the association between CSF APy, and each
response. Responses were regressed on permuted values of CSF
AB4, in each bootstrap sample to obtain a null distribution of F
statistics. p Values were then calculated as the proportion of null
F statistics that were equal to or greater than the observed F
statistic estimated using the true CSF ARy, labels.

For responses with a significant association with CSF
ABy4,, points of initial acceleration in rate of decline with
respect to B-amyloid pathology were estimated. These points
were taken to be the moment the curves dropped 1 SE below
the mean response at the highest levels of CSF AB4,. However,
since the SE is sample size—dependent and the sample sizes
varied with each model, we reweighted each SE to correspond
to the average sample size. Standard deviations and 95% con-
fidence intervals were estimated from the 500 bootstrap

samples.
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Baseline associations between demographics and CSF AB4,
were assessed using Spearman correlation for age and education
and the Wilcoxon rank-sum test for sex.

The association between baseline CSF ABy4, and missing
data were modeled using generalized mixed-effects regression
for MRI and cognitive outcomes, with a binomial missing
indicator for a missing visit. Similarly, logistic regression was
used to assess missingness for FDG and florbetapir PET.
2 Values from permutation tests were adjusted for multiplicity
using a false discovery rate correction.>? All analyses were done

in R v3.1.1 (www.r-project.org).

RESULTS Cohort characteristics. A total of 460 pa-
tients with MCI were followed longitudinally up to
8 years. A total of 420 MCI participants were
included in the MRI analysis, 460 in the analysis of
cognition, 193 in the FDG PET analysis, and 258
in the florbetapir PET analysis. Participants under-
went MRI scans an average of 4.1 times over an aver-
age of 1.5 years (maximum 3 years). Cognitive tests
were administered an average of 7.3 times over an
average of 2.6 years (maximum 8 years). Participants
had 2 FDG PET and florbetapir PET scans each—
one at baseline and another at their 2-year visit.

Opverall, baseline CSF AB4, was highly associated
with age (p = —0.20, p < 0.001) and marginally
associated with sex (p = 0.09), with men having on
average 8 ng/L less CSF AB 4, compared with women.
Years of education was not associated with baseline
CSF AB4, (p = 0.02, p = 0.63). The 4 analysis
groups (cognition, MRI, FDG, and florbetapir
PET) were similar, with mean baseline CSF AR,
ranging from 174 to 181 ng/L, mean age ranging
from 71 to 72 years, percent female ranging from
44% to 48%, mean years of education 16 for all
groups, percent APOE €4 carriers ranging from
43% to 49%, and mean ADAS-13 ranging from 14
to 15. All analyses were adjusted for age and sex
and the cognitive analyses were also adjusted for
education.

A1 SD decrease in baseline CSF AB 4, was associated
with increased odds of missing FDG PET (log odds
ratio [OR] = —0.20, SE = 0.10, p = 0.043),
florbetapir PET (log OR = —0.25, SE = 0.10, p =
0.011), and marginally associated with increased odds
of missing cognitive data (log OR = —0.09, SE =
0.05, p = 0.07) and MRI data (log OR = —0.11,
SE = 0.08, p = 0.154).

MRI. There was significant acceleration in atrophy
rates with respect to CSF AB4, in all MRI ROIs,
except the cingulate gyrus. The increase in atrophy
rate was estimated to start at CSF AB4, = 213 ng/L
in the temporal lobe and considerably later in the rest
of the lobes (with the parietal and frontal lobes accel-
erating at intermediate CSF ARy, levels and the
occipital lobe accelerating first at very low CSF
AB4 levels). Results of the overall tests of association

between CSF AR, and MRI ROIs and also estimates
of initial rate acceleration points and confidence
intervals are summarized in the table. Rates of all
ROIs are plotted against baseline CSE AR, as well
as estimates of points of the initial rate acceleration, in
figure 1.

Cognitive and functional outcomes. There was a signifi-
cant acceleration in rate of decline in all 11 cognitive
and functional measures across the span of baseline
CSF AB4,. Global measures of cognitive decline
and delayed logical memory recall were estimated to
begin accelerating near CSF AB4, = 230 ng/L, with
functional measures immediately following. Hypoth-
esis tests and estimates are summarized in the table.
Plots of cognitive and functional outcomes are shown
in figure 2.

FDG PET. Significant acceleration of rates of FDG
PET was observed in all 3 ROIs. A 1 SE rate increase
was estimated to occur near CSF AB4, = 280 ng/L in
all 3 ROIs. Estimates are summarized in the table and
plots are shown in the top row of figure 3.

Florbetapir PET. Significant acceleration of rates of
florbetapir PET was observed in all ROIs. Similar
to FDG PET, a 1 SE rate increase was estimated to
occur near CSF AB4, = 280 ng/L. Estimates are
summarized in the table and plots are shown in the
bottom row of figure 3. All imaging and cognitive
points of initial acceleration and confidence intervals
are shown in figure 4.

DISCUSSION The main findings of this analysis are
(1) rates of neuronal injury, cognitive decline, and
even functional decline accelerate substantially before
a conventional threshold for amyloid positivity, (2)
acceleration points for florbetapir PET and FDG
PET were estimated to occur at approximately the
same level of CSF AR, and (3) temporal lobe atro-
phy rates accelerate prior to the conventional thresh-
old for amyloid positivity, confirming our previous
report,'® but they did not precede the increase in rates
of cognitive and functional decline.

Rates of multiple modes of neurodegeneration,
cognitive decline, and functional decline are observed
to accelerate prior to the current threshold for amy-
loid positivity. A considerable proportion of patients
with MCI would not meet inclusion criteria for a clin-
ical trial based on the current threshold for amyloid
positivity, though on average, they are experiencing
cognitive and functional decline associated with pre-
threshold levels of CSF ABy4,. In fact, these patients
would never meet criteria for any stage of preclinical
AD during the course of their progression because
they demonstrated clinically significant cognitive
and functional impairment prior to becoming
amyloid-positive.® If the efficacy of an antiamyloid
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Table Estimates of initial acceleration points, 95% confidence intervals, and
significance of permutation tests

Outcome
MRI
Temporal lobe
Parietal lobe
Frontal lobe
Occipital lobe
Cingulate gyrus
Cognition/function
ADAS-13
Composite
ADAS-11
MMSE
Logical Memory Il
FAQ
CDR-SB
Trails A
Trails B
BNT
dRAVLT
FDG PET
Temporal gyrus
Angular gyrus
Cingulate gyrus
Florbetapir PET
Frontal lobe
Parietal lobe

Temporal lobe

Initial acceleration point Permutation test

(95% CI) (CSF, AB42) p value
213 (253, 173) <0.001
178 (239, 117) <0.001
166 (239, 100) 0.019
136 (184, 100) 0.009
— 0.114
234 (247, 221) <0.001
231 (242, 220) <0.001
228 (243, 213) <0.001
228 (247, 209) <0.001
226 (239, 213) <0.001
221 (257, 185) <0.001
219 (257, 181) <0.001
204 (262, 146) <0.001
200 (251, 149) <0.001
187 (268, 106) <0.001
156 (224, 100) 0.003
284 (314, 206) <0.001
279 (314, 203) <0.001
271 (314, 199) <0.001
284 (314, 254) <0.001
278 (312, 244) 0.007
273 (307, 239) 0.005

Abbreviations: ADAS = Alzheimer's Disease Assessment Scale; BNT = Boston Naming Test;
CDR-SB = Clinical Dementia Rating Sum of Boxes; Cl = confidence interval; dRAVLT =
delayed Rey Auditory Verbal Learning Test; FAQ = Functional Assessment Questionnaire;
FDG = *8F-fluorodeoxyglucose; MMSE = Mini-Mental State Examination.
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treatment relies on mitigating the effect of amyloid at
the initial downslope of cognitive decline, it is likely
that trial inclusion criteria should be revised to
include patients with substantially less B-amyloid
pathology, especially in light of a recent report finding
that those with emerging amyloid pathology (CSF
AB4»<<225 ng/L, but still amyloid-negative) are at
increased risk of becoming amyloid-positive in the
near term.>

The cognitive and atrophy rate curves are flat at
high levels of CSF APy, before a distinct rate accel-
eration occurs. In contrast, the shape of the curves for
FDG and florbetapir PET is linear without any pla-
teau, suggesting a very early rate increase even at the
least pathologic levels of CSF AB.,. It is no surprise,
given the high correlation between measures of
B-amyloid in CSF and PET, that changes in

Neurology 86 May 17, 2016

florbetapir rates and CSF AB4, would occur close
together. Recent reports suggest that CSF amyloid
may decrease prior to an increase in amyloid
deposition.>**> FDG PET and synaptic dysfunction
have also been identified as early-stage processes,*
although it is surprising to see changes in FDG
PET, a measure of neurodegeneration, occur so
closely with amyloid deposition. It is possible that
there are too few observations at the highest levels
of CSF ARy, to estimate the plateau in the FDG
PET analysis, biasing the estimates of acceleration
to higher levels of CSF AP, There is also a consider-
able delay between the acceleration of FDG PET rates
and the acceleration of cognitive decline, as shown in
figure 4. The confidence intervals for FDG PET are
wide and while the time between a reduction in brain
glucose metabolism and the onset of cognitive decline
is unknown, it is again possible that there is an
upward bias for the FDG PET estimates of
acceleration.

The third result of our analysis is the unexpected
timing of the acceleration of atrophy rates compared
to cognition. However, given the association between
FDG PET and cognition, it makes sense that
increased rates of cognitive decline would immedi-
ately follow worsening synaptic dysfunction, prior
to the actual physical degeneration and loss of gray
matter. It is also possible that the age adjustment
may affect the estimates for atrophy acceleration more
than other outcomes, given the high degree of associ-
ation between aging and atrophy. The estimate of the
point of initial acceleration of rate of temporal lobe
atrophy (CSF AB4,; = 213 ng/L) is similar to esti-
mates previously reported in a different cohort.'
However, a plateau in atrophy at low levels of CSF
AB4, was not replicated here, possibly due to a less
progressed cohort studied here.

The results of this analysis provide some evidence
for the ordering of markers for neurodegeneration
and cognitive decline with respect to CSF ARy,
but not formal statistical tests. Figure 4 shows wide
confidence intervals for all markers, with the excep-
tion of the global cognitive measures and delayed
logical memory, which are surprisingly narrow. We
opted to include all available data for each outcome in
order to get the most precise estimates of rate changes;
however, this resulted in varying sample sizes across
outcomes. Additional studies will be required to make
formal conclusions about the specifics of the order;
however, it appears that the rates of nearly all the
biomarkers in this study begin to increase prior to
what is considered the threshold for amyloid
positivity.

These analyses do not provide evidence that
amyloid plays a causal role in the increase of neurode-
generation and cognitive decline. It is possible that



[ Figure 1 MRI rates of change
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neuronal injury and cognitive decline are due to
increased amyloid deposition; however, it is also
possible that amyloid deposition is a downstream
effect of other unobserved factors. It is likely that
the amyloid burden required to elicit increased neu-
ronal injury varies greatly across patients in this
cohort. Some may be susceptible to minimal levels
of amyloid deposition, while others may only show
signs of neurodegeneration after prolonged amyloid
deposition. Or some patients may exhibit substantial
neurodegeneration prior to even minimal amyloid
deposition. Our models are a simplified version of
the relationships among biomarkers and cognition.
A more complex model, one that adjusted the asso-
ciation between CSF ARy, and cognition for cortical
atrophy, for example, may yield different results
with different estimates of points of initial rate

acceleration. Additional risk factors not considered
in this analysis are also likely at play, including cere-
brovascular disease, and other proteinopathies
including a-synuclein and TDP-43.%7® Another
consideration is the heterogeneity of the MCI pop-
ulation. While we focus on estimates averaged over
the entire cohort, it is likely that some patients’ rates
begin to increase after the conventional threshold for
amyloid positivity. Floor effects of some measures
may also bias estimates of acceleration. For example,
the estimate of acceleration observed in dRAVLT,
a measure thought to decline early, is noticeably later
than other measures of cognition, especially meas-
ures including delayed memory recall. The late esti-
mate of acceleration is likely due to many MCI
patients already scoring near the floor of the measure
with no room to decline.
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[ Figure 2 Cognitive and functional rates of change
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While this study only examined patients with MCI,
understanding the sequence of biomarker change in
a cognitively normal population will be important for
the design of clinical trials in a presymptomatic popu-
lation. A large population of amyloid-positive cogni-
tively normal people resist the cognitive decline seen
in their MCl-affected peers, and a large proportion
has done it with a considerably larger amyloid burden,
given the low levels of amyloid shown to be associated

Neurology 86 May 17, 2016

with decline in this study. The ability of some to toler-
ate large amounts of amyloid, while others demonstrate
decline much earlier in the process of amyloid accumu-
lation, remains a gray area in understanding the pro-
gression of AD and an obstacle for the design of
clinical trials. By making amyloid thresholds more lib-
eral, there may be some loss in specificity; however, this
loss may be worth the gains made by treating a less pro-
gressed population.



[ Figure 3 18F-fluorodeoxyglucose (FDG) and florbetapir PET rates of change
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the temporal lobe is the estimated curve without the monotonicity restriction, for comparison. The vertical dashed line in black is the estimate of the initial
acceleration point. SUVR = standardized uptake value ratio.

Even with an optimal amyloid threshold, consid-
erable variability will remain regarding the associa-
tion between AP pathology and cognition in
elders, given that a similar degree of AB pathology
may be seen in people who are cognitively normal,
slightly impaired, or with full dementia. This vari-
ability highlights the importance of assessing other
screening characteristics besides AP status, including
specific markers for neurodegeneration such as FDG

PET, tau pathology, and gray matter atrophy, when
selecting preclinical populations for trial enrich-
ment. It is possible that a threshold for the risk of
progression should not be based on AB or neuro-
degeneration alone, but rather inclusion into a trial
requires some interdependent minimal level of both
types of pathology.

Future clinical trials in early AD might consider
revising the criteria regarding (3-amyloid thresholds
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[ Figure 4 Acceleration point estimates and 95% confidence intervals ]
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to include the range of amyloid associated with the
first signs of accelerating rates of decline.
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