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IMPORTANCE Presently, the clinical standard for reporting the results of an amyloid positron
emission tomography scan is to assign a dichotomous rating of positive or negative for the
presence of amyloid. In a 4-year longitudinal study, we investigated whether using a
continuous measure of the magnitude of baseline amyloid burden would provide valuable
information about the rate of future cognitive decline over the subsequent 4 years compared
with a dichotomous measure in middle-aged and older adults.

OBJECTIVE To examine whether a continuous, dose-response relationship between amyloid
burden and cognitive decline was present among middle-aged and older adults.

DESIGN, SETTING, AND PARTICIPANTS This cohort study included 174 participants from the
Dallas Lifespan Brain Study who were 40 to 89 years old at the beginning of the study, were
cognitively normal at baseline (a Mini-Mental State Examination score of 26 or higher) with
no history of neurological or psychiatric disorders, and had completed amyloid imaging
([18F]-florbetapir) at baseline and cognitive assessments at baseline and a 4-year follow-up.
Continuous amyloid burden was measured as the mean cortical standardized uptake value
ratio (SUVR) at baseline.

MAIN OUTCOMES AND MEASURES Linear mixed models assessed the effect of increasing
baseline amyloid over time (SUVR × time interaction) on episodic memory, reasoning,
processing speed, vocabulary, and Mini-Mental State Examination performance. Age, sex,
education, apolipoprotein ε4, and the random effect of intercepts were included as
covariates.

RESULTS The mean (SD) age for all participants (n = 174) was 66.44 (11.74) years, and 65
participants (37%) were men. The primary analyses yielded significant SUVR × time
interactions in episodic memory, processing speed, vocabulary, and Mini-Mental State
Examination performance, but not in reasoning performance. Higher baseline SUVR
projected greater cognitive decline over 4 years. When controlling for variance related to a
dichotomized positive/negative classification, most effects on cognition remained.
Dichotomized amyloid status alone yielded fewer significant effects of amyloid on cognitive
decline than continuous SUVR. Among amyloid-positive participants, increasing baseline
SUVR predicted an increasing decline in episodic memory, but other effects on cognition
were more limited. Finally, higher baseline amyloid burden among middle-aged adults was
related to changes in vocabulary, with the effect driven by 3 apolipoprotein ε4 homozygotes.

CONCLUSIONS AND RELEVANCE These results suggest that the magnitude of amyloid burden
at baseline is associated with the rate of cognitive decline over 4 years and potentially
provides important information about the rate of future cognitive decline that is not available
from a dichotomous positive/negative categorization.
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T he advent of in vivo amyloid imaging has resulted in a
corpus of cross-sectional data that indicate that cogni-
tively normal older adults vary considerably in their

magnitude of amyloid deposition. Those in the higher range
of amyloid burden often demonstrate deficits in episodic
memory,1-5 a hallmark of Alzheimer disease (AD), and other do-
mains of cognition.4,6-9 Contemporary models of AD posit that
healthy individuals harboring elevated amyloid pathology are
in a preclinical stage of AD and on a trajectory toward devel-
oping dementia.10,11

Longitudinal studies of an amyloid-cognition relationship
in cognitively normal adults are limited, and to date most stud-
ies have reported greater rates of episodic memory decline for
amyloid-positive adults compared with amyloid-negative
adults.12-15 These studies have largely treated amyloid as a cat-
egorical variable, classifying individuals as either amyloid-
positive or negative based on study-specific thresholds. This di-
chotomous approach has been valuable for establishing that the
presence of suprathreshold amyloid deposition is associated
with greater cognitive decline.

However, a dichotomous approach provides limited infor-
mation about the potential continuous relationship between
amyloid burden and cognitive decline. Given that amyloid bur-
den exists on a continuum, increasing baseline amyloid bur-
den may predict a corresponding increase in the rate of future
cognitive decline. Furthermore, dichotomous approaches rely
on selecting a positivity threshold, with methods varying across
studies. A conservative threshold may incorrectly exclude in-
dividuals who are actually amyloid-positive, while a more lib-
eral threshold is more likely to include some false positive re-
sults. Using a continuous standardized uptake value ratio (SUVR)
avoids these issues.

The present approach used data from the Dallas Lifespan
Brain Study to evaluate the dose-response relationship be-
tween continuous baseline SUVR and cognitive decline over
4 years. In an earlier cross-sectional study6 that also used par-
ticipants from the Dallas Lifespan Brain Study, we reported such
a dose-response correlation, with higher amyloid burden as-
sociated with slower processing speed and a lower reasoning
ability. A recent longitudinal study by Lim et al16 divided amy-
loid-positive participants (including both cognitively normal
adults and those with mild cognitive impairment) into higher
and lower amyloid burden groups. They reported greater cog-
nitive decline in the higher amyloid group compared with the
lower amyloid group, supporting the possibility of a dose-
response relationship. The present study differs from Lim et al16

and other studies by treating amyloid as a continuous vari-
able, controlling for dichotomized amyloid status, and compar-
ing the results yielded by both continuous and dichotomous ap-
proaches. Moreover, we examined whether results differed
when amyloid positivity was dichotomized using 2 different
thresholds.

A second important feature of this study is the inclusion
of both middle-aged and older adults (ages 40-89 years). To
our knowledge, most amyloid imaging research to date has fo-
cused only on older adults (age 60 years and older). Recently,
randomized clinical trials have increasingly targeted middle-
aged adults for interventions,17 but almost nothing is known

about amyloid burden in middle age. Although we found at
baseline6 that middle-aged adults (ages 40-59 years) had lower
amyloid burden than older adults, there was considerable vari-
ance in baseline amyloid levels, and we considered the pos-
sibility of finding a dose-response relationship between amy-
loid and cognitive decline as early as middle age.

Methods
Participants
The study includes the first 184 Dallas Lifespan Brain Study
participants who completed amyloid positron emission to-
mography (PET) scans, structural magnetic resonance imaging
(MRI) scans, and a cognitive battery at baseline and who re-
turned for a 4-year follow-up. A total of 255 participants were
eligible to return, of whom 189 returned (retention rate, 74%).
Reasons for participants not returning included 7 partici-
pants who died, 18 who were in poor health, 14 who were not
interested in returning, and 28 who were lost to follow-up. In
addition, 3 participants were excluded because their MRI re-
sults had poor image quality and 2 were excluded because of
computer malfunctions, for a final sample of 184 adults. Those
who continued to participate in the study did not differ sig-
nificantly from those lost to follow-up as a function of age, base-
line SUVR, years of education, sex, or apolipoprotein ε (APOE)
carrier status (P values ranged from .46-.83).

The median (SD) follow-up time was 3.82 (0.32) years. At
baseline, all participants had a Mini-Mental State Examina-
tion (MMSE) score of 26 or more. At follow-up, MMSE scores
were 25 or more. All participants were recruited locally from
advertisements and public talks and were screened for neu-
rological and psychiatric disorders, loss of consciousness for
more than 10 minutes, a history of drug or alcohol abuse, and
having undergone major heart surgery or chemotherapy within
5 years. All were native English speakers and right handed. This
study was approved by the University of Texas Southwestern
and the University of Texas at Dallas institutional review
boards. All participants provided written informed consent and
were debriefed according to human investigations commit-
tee guidelines.

Key Points
Question Is there a dose-response relationship between the
magnitude of amyloid burden and the rate of cognitive decline
among healthy middle-aged and older adults?

Finding In this longitudinal cohort study, healthy adults aged 40
to 89 years were assessed with 18F florbetapir positron emission
tomography imaging at baseline and cognitive measures at
baseline and 4-year follow-up. Increasing baseline amyloid burden
predicted a steeper decline in episodic memory, processing speed,
vocabulary, and Mini-Mental State Examination performance.

Meaning The initial magnitude of amyloid deposition in healthy
adults may be associated with the rate of future cognitive decline
and provides important information that is lost when only
dichotomous information (positive/negative) is provided.
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Cognition
Five cognitive outcome measures were derived from the cog-
nitive battery. Three were averaged composites: episodic
memory (Hopkins Verbal Learning, PAR Inc;18 CANTAB Ver-
bal Recognition Memory, Cambridge Cognition19), process-
ing speed (Wechsler Adult Intelligence Scale digit symbol20;
digit comparison21,22), and reasoning (Raven Progressive
Matrices23; Educational Testing Service letter sets24). Addi-
tionally, we had a single measure of vocabulary (Educational
Testing Service Vocabulary24). Baseline scores for each task
were converted to z-scores in the 40- to 89-year-olds, and the
follow-up scores were z-transformed using the baseline mean
and standard deviation. Finally, raw MMSE scores were used
as an estimate of overall cognitive status.

MRI Protocol
Participants were scanned using a 3-T Philips Achieva scanner
with an 8-channel head coil. High-resolution anatomical im-
ages were collected with a T1-weighted magnetization-prepared
rapid gradient-echo sequence with 160 sagittal slices (field of
view, 204 × 256 × 160 mm; voxel size, 1 × 1 × 1 mm3; time to rep-
etition, 8.1 milliseconds; echo time, 3.7 milliseconds; flip-angle,
12°). Anatomical images were processed using FreeSurfer, ver-
sion 5.3 (FreeSurfer) (http://surfer.nmr.mgh.harvard.edu/)25,26

with thorough manual editing.27 FreeSurfer volumetric
segmentation was used to obtain cortical parcellations
according to the Desikan-Killiany atlas.28

PET Protocol
Participants were injected with a 370 MBq (10 mCi) bolus of 18F-
florbetapir. A 2-frame by 5-minute each dynamic emission ac-
quisition was started 50 minutes postinjection on the same ECAT
HR PET scanner (Siemens Healthineers) for all participants. The
detailed acquisition procedures were identical to those de-
scribed previously.6,29 Each baseline PET scan was coregis-
tered to the corresponding baseline MRI using FLIRT (https:
//fsl .fmrib.ox.ac.uk/fsl)30 with a mutual-information cost
function. No partial volume correction was performed. The
mean cortical SUVR was computed as a continuous measure of
amyloid burden by averaging across 7 FreeSurfer-derived regions
of interest (dorsolateral prefrontal, orbitofrontal, lateral parietal,
lateral temporal, precuneus, isthmus cingulate, and rostral
anterior cingulate cortices) and normalizing to the whole
cerebellum.

Two dichotomous measures of amyloid status were gen-
erated. The first amyloid status variable defined positivity as
in past studies,13,31-33 by setting the threshold at 2 SD above the
mean SUVR for a young reference group (30- to 39-year-olds
in our sample; SUVR threshold = 1.09). We also generated a sec-
ond amyloid status variable using a more stringent threshold
of 3 SD above the mean for the young reference group (SUVR
threshold = 1.12). The resulting distributions across age can be
found in eFigure 1 in the Supplement. Only participants aged
40 to 89 years were included in subsequent analyses.

Data Analysis
For the primary analysis, linear mixed models were con-
ducted with SUVR (treated as a continuous variable), the time

of the test (baseline vs 4-year follow-up) and the SUVR × time
interaction entered to predict changes in each cognitive mea-
sure. Baseline age, APOE, sex, and education were included
as covariates. The covariate × time interactions were tested and
removed if they did not approach significance (P > .10) to con-
serve statistical power. The age × SUVR × time interaction was
tested to ensure that the effect of amyloid on cognitive de-
cline did not differ as a function of age and did not approach
significance in any model. Finally, cognitive score intercept was
included as a random effect to account for individual differ-
ences in baseline performance. We also developed a less sen-
sitive, but roughly analogous, nonparametric model by calcu-
lating Spearman correlations between SUVR and cognitive
change scores while controlling for age, APOE, sex, educa-
tion, and baseline cognitive performance.

A second linear mixed-model analysis identical to the pre-
viously described model was performed, but it included
dichotomized amyloid status as a covariate, allowing us to as-
sess whether continuous SUVR explained additional variance
beyond dichotomized amyloid status. Next, we conducted the
same linear mixed models analyses, removing continuous SUVR
as a predictor, and examined the effect of dichotomized amy-
loid status on cognitive decline. Finally, subsample analyses
were conducted separately on amyloid-negative and positive
subgroups and on middle-aged adults (aged 40-59 years) and
older adults (aged 60-89 years). All analyses were performed
in SPSS, version 23 (IBM).

Results
Demographics
Table 1 presents descriptive information about the sample. In-
dependent t tests indicated that amyloid-positive partici-
pants were older and more educated than amyloid-negative
participants, and χ2 tests showed a trend for a higher propor-
tion of carriers of APOE ε4 among amyloid-positive partici-
pants. No demographic differences occurred when paired-
samples t tests compared amyloid-positive and negative groups
for the 2 thresholds (see eTable 1 in the Supplement for addi-
tional sample information).

Dose-Response Relationship Between Amyloid
and Cognitive Decline
Whole Sample (Ages 40-89 Years)
The primary analysis examined the dose-response relation-
ship between continuous baseline SUVR and cognitive change
over 4 years. The analysis yielded significant SUVR × time in-
teractions for 4 cognitive measures: episodic memory, pro-
cessing speed, vocabulary, and MMSE, but not reasoning
(Table 2). To interpret these interactions, simple slope analy-
ses were used to project trajectories of cognitive change for 4
values of SUVR (1.0, 1.2, 1.4, and 1.6), holding all other fixed
effects constant (Figure 1). These values were chosen as mean-
ingful markers of the magnitude of amyloid burden, with 1.0
corresponding to amyloid negativity, 1.2 to low amyloid bur-
den, 1.4 to moderate amyloid burden, and 1.6 to high burden.
As shown in Figure 1, the 4 interactions occurred because
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increasing baseline SUVR was associated with increasing cog-
nitive decline. A nonparametric Spearman correlation analy-
sis yielded a significant correlation between changes in SUVR
and MMSE (r = −0.168; 95% CI, −0.33 to −0.1; P = .03), a trend
for episodic memory change (r = −0.135; 95% CI, −.028 to 0.03;
P = .08) and nonsignificant results for vocabulary (r, −0.099;
95% CI, −0.25 to 0.06; P = .20) and processing speed (r, −0.023;
95% CI, −0.19 to 0.14; P = .76), with confidence intervals based
on 1000 bootstrap samples.

Figure 2 depicts individual trajectories of change for par-
ticipants as a function of age and amyloid burden. Although
there was considerable variability in individual trajectories of
cognitive change, declines were more consistently observed
in older adults with high amyloid burden.

Next, we examined the SUVR × time interaction, while con-
trolling for dichotomized amyloid status. Using the 2-SD amy-

loid status variable as a covariate, the interaction remained sig-
nificant for episodic memory (Estimate [Est] [SE] = −1.20
[0.52]; 95% CI, −2.22 to 0.18; P = .02), vocabulary (Est
[SE] = −0.54 [0.26]; 95% CI, −1.06 to −0.02; P = .04) and MMSE
(Est [SE] = −2.17 [1.05]; 95% CI, −4.24 to −0.11; P = .04). Using
the more stringent 3-SD threshold, the SUVR × time interac-
tion remained significant for MMSE (Est [SE]= −2.54 [1.27]; 95%
CI, −5.05 to −0.03; P = .05) and marginally significant for epi-
sodic memory (Est [SE]= −1.18 [0.63]; 95% CI, −2.42 to 0.07;
P = .06) (eTable 2 in the Supplement).

Dichotomized Amyloid Status
We also modeled the effect of dichotomized amyloid status on
cognitive decline. Using the 2-SD amyloid status variable, we
found significant amyloid status × time interactions for epi-
sodic memory (Est [SE] = −0.29 [0.13]; 95% CI, −0.55 to −0.03;

Table 2. Summary of Parameter Estimates From Linear Mixed Models for the Whole Sample (40- to 89-Year-Olds)a

Cognitive
Outcomeb

Episodic Memory (z) Processing Speed (z) Vocabulary (z) Reasoning (z) MMSE

Est (SE) P Value Est (SE) P Value Est (SE) P Value Est (SE) P Value Est (SE) P Value
Effects of Time

Time 1.27 (0.40)b .002b 0.83 (0.27)b .003b 0.60 (0.21)b .004b 0.86 (0.37)b .02b 0.87 (1.04) .40

SUVR × time −1.18 (0.37)b .001b −0.46 (0.22)b .04b −0.54 (0.19)b .004b −0.26 (0.30) .39 −1.67 (0.75)b .03b

Age × Time −0.01 (0.00)b .001b −0.01 (0.00)b .02b

Ed × time 0.10 (0.05) .07

Other Main
Effects

SUVR −0.18 (0.36) .62 −0.50 (0.40) .21 −0.75 (0.46) .10 −0.74 (0.40) .07 −0.01 (0.62) .99

Age −0.02 (0.00)b <.001b −0.04 (0.01)b <.001b 0.02 (0.01)b .004b −0.03 (0.01)b <.001b −0.02 (0.01)b .001b

Ed 0.07 (0.02)b .001b 0.04 (0.03) .10 0.21 (0.03)b <.001b 0.10 (0.03)b <.001b 0.04 (0.04) .44

Sex 0.76 (0.10)b <.001b 0.38 (0.12)b .002b 0.23 (0.14) .10 0.06 (0.12) .60 0.50 (.15)b <.001b

APOE 0.003 (0.11) .98 −0.21 (0.14) .12 −0.03 (0.16) .85 0.16 (0.13) .22 −0.30 (0.18) .10

Abbreviations: APOE, apolipoprotein; Ed, education; Est, estimate;
MMSE, Mini-Mental State Examination; SUVR, standardized uptake value ratio.
a Parameter estimates, standard error, and P values are reported above for each

cognitive outcome. The primary predictor of interest, the SUVR × time
interaction, was significant for episodic memory, processing speed,
vocabulary, and MMSE, indicating a significant dose-response relationship
between baseline amyloid burden and cognitive change. There was also a
significant positive main effect of time for episodic memory, processing speed,
vocabulary, and reasoning, indicating that there was an increase over time in
these variables independent of amyloid burden. Next, we detected a
significant age × time interaction for processing speed and reasoning, such

that old age was also associated greater cognitive decline, independent of
amyloid burden. The age × time interaction failed to reach marginal
significance for the remaining cognitive variables and was removed from the
models (eFigure 2 in the Supplement). There was a marginally significant
education × time interaction, such that increasing education was associated
with more positive change in MMSE. The education × time interaction failed to
reach marginal significance for the other cognitive variables and was removed
from the models. APOE × time, sex × time, and age × SUVR × time estimates
for all cognitive variables failed to reach marginal significance and were
removed from the models.

b P < .05.

Table 1. Sample Demographicsa

Whole Sample, Age 40-89 y
(n = 174)

Amyloid Status, 2 SD Amyloid Status, 3 SD
Amyloid-Positive
(n = 49)

Amyloid-Negative
(n = 125)

Amyloid-Positive
(n = 31)

Amyloid-Negative
(n = 143)

Age, mean (SD), y 66.44 (11.74) 71.98 (9.52)b 64.13 (11.77)b 72.86 (9.17)b 64.92 (11.74)b

SUVR, mean (SD) 1.09 (0.16) 1.27 (0.21)b 1.02 (0.03)b 1.37 (0.20)b 1.02 (0.03)b

Education, mean (SD), y 15.55 (2.29) 16.17 (2.49)b 15.29 (2.17)b 16.65 (2.15)b 15.30 (2.26)b

Time between visits, mean (SD), y 3.82 (0.32) 3.80 (0.31) 3.82 (0.33) 3.84 (0.23) 3.81 (0.34)

Men, No. (%) 65 (37) 48 (38) 16 (33) 55 (38) 9 (29)

APOE ε4 carriers, No. (%) 38 (23) 14 (29) 24 (20) 11 (31) 27 (20)

Abbreviations: APOE, apolipoprotein; SUVR, standardized uptake value ratio.
a Means (SD) (or percentages for categorical variables) are presented for all

predictors and covariates for the full sample. Independent t tests indicated
that amyloid-positive participants were older and more educated than
amyloid-negative participants (at both thresholds) and χ2 tests showed a

trend for a higher proportion of carriers of APOE ε4 among amyloid-positive
participants only for the 3-SD threshold. No demographic differences occurred
when paired-samples t tests compared amyloid-positive and negative groups
for the 2 thresholds.

b P < .05.
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P = .03) and vocabulary (Est [SE] = −0.14 [0.07]; 95% CI, −0.27
to −0.004; P = .04), while processing speed (Est [SE] = −0.11
[0.08]; 95% CI, −0.27 to 0.05; P = .16) and MMSE (Est [SE] =
-0.19 [0.27]; 95% CI, −0.73 to 0.35; P = .47) were not signifi-
cant. Using the amyloid at 3 SD variable, we again found sig-
nificant amyloid status × time interactions for only episodic
memory (Est [SE] = −0.40 [0.15]; 95% CI, −0.70 to −0.10;
P= .01) and vocabulary (Est [SE]= −0.20 [0.08]; 95% CI, −0.35
to −0.05; P= .01) (eTable 3 in the Supplement). Figure 3 shows
that at both thresholds, amyloid-positive participants exhib-
ited decline in episodic memory and vocabulary while amyloid-
negative participants did not.

Amyloid-positive and Negative Subsample Analyses
To further verify the continuous relationship of amyloid
burden to cognitive decline, we conducted the same dose-
response analyses separately for amyloid-positive and nega-
tive participants. For the amyloid-positive group using the 2-SD
threshold (n = 49), the SUVR × time interaction was again sig-
nificant for episodic memory (Est [SE] = −1.33 [0.54]; P = .02),
and approached significance for MMSE (Est [SE] = −1.91 [1.05];
P = .08) (eTable 4 and eFigure 3 in the Supplement). Using the
more stringent 3-SD threshold (n = 31), the SUVR × time inter-

action was significant only for episodic memory (Est
[SE] = −1.36 [0.66]; 95% CI, −2.71 to −0.01; P = .05). For the amy-
loid-negative group, significant SUVR × time interactions were
not detected for any cognitive measure at either threshold
(eTable 5 in the Supplement).

Middle-aged and Older Adult Subsample Analyses
Although amyloid burden was lower among middle-aged
adults compared with older adults (Figure 2; eFigure 1 in the
Supplement), we considered that a dose-relationship could
still exist among only middle-aged adults (n = 51). The
analyses yielded 1 significant SUVR × time interaction for
vocabulary (Est [SE] = −2.05 [0.86]; 95% CI, −3.78 to −0.33;
P = .02) (eTable 6 in the Supplement). However, the interac-
tion was driven by 1 individual with the highest SUVR and
greatest vocabulary decline (eFigure 4 in the Supplement).
When removed, the interaction became nonsignificant
(P = .21). Interestingly, post hoc examinations revealed that
this outlier and the 2 other individuals with the highest
SUVR in middle age were APOE ε4/ε4 and exhibited vocabu-
lary decline.

Finally, for a comparison with other studies that in-
cluded only older adults, we repeated the analyses among

Figure 1. Projections of the Effect of Increasing Magnitude of Baseline Standardized Uptake Value Ratio (SUVR) Over 4 Years on 4 Measures
of Cognition
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Linear mixed models were used to assess the effect of increasing baseline SUVR
on the trajectory of cognitive performance from year 0 to year 4. The
SUVR × time interaction was significant for episodic memory (EM) (A),
processing speed (B), vocabulary (Vocab) (C), and Mini-Mental State
Examination score (MMSE) (D), indicating that a dose-response relationship
existed between baseline amyloid burden and cognitive change. The models
consistently projected that increasing baseline values of SUVR were associated
with increasing cognitive decline from year 0 to year 4 (see eMethods in the
Supplement for description of the simple slope method used to generate

projections). For episodic memory and vocabulary, estimated change at an
SUVR of 1.0 reflected no change (EM = 0.09; Vocab = 0.06), while an SUVR of
1.6 was associated with declines (EM = −0.62; Vocab = −0.27). Declines in
processing speed were predicted even at an SUVR of 1.0 (−0.33) but the rate of
decline increased with SUVR such that an SUVR of 1.6 was associated with
greater decline (−0.60). At an SUVR of 1.0, MMSE was associated with an
increase (0.72), but this practice effect diminished with increasing SUVR and at
an SUVR of 1.6 MMSE declined (−0.29).
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60- to 89-year-olds only. Like the whole sample, we found sig-
nificant SUVR × time interactions for episodic memory
(Est [SE] = −1.03 [0.38]; 95% CI, −1.79 to −0.29; P = .01), process-
ing speed (Est [SE] = −0.53 [0.22]; 95% CI, −0.97 to −0.09; P=
.02), vocabulary (Est [SE]=−0.46 [0.19]; 95% CI, −0.84 to −0.08;
P= .02) and MMSE (Est [SE] = −1.63 [0.79]; 95% CI, −3.19 to
−0.05; P = .04) (eTable 7 and eFigure 5 in the Supplement).

Discussion
This study provides evidence of a dose-response effect in which
the magnitude of baseline amyloid burden predicted the rate
of cognitive decline over 4 years in cognitively normal adults,
even after controlling for dichotomized amyloid status. These
results suggest that the degree of amyloid burden provides po-
tentially important additional information about the rate of ex-
pected cognitive decline that is not available from a dichoto-
mous positive/negative categorization. These findings may
have important implications for projecting clinical outcomes
on the basis of an amyloid PET scan, as well as for understand-
ing the effect of amyloid in preclinical AD. Additionally, we
report the effects of amyloid on cognitive decline among
middle-aged adults, who to our knowledge have rarely been
studied, and found limited evidence for a dose-response re-
lationship in this group.

Dose-Response Effect of Baseline Amyloid
on Cognitive Decline
Episodic memory decline is the signature behavioral charac-
teristic of AD, and longitudinal studies that model amyloid as a
dichotomous variable have confirmed that the presence of amy-
loid in cognitively normal adults predicts greater episodic
memory decline.12-15,34 Here, we observed a dose-response ef-
fect of baseline amyloid burden on 4-year episodic memory de-
cline. At low SUVR, there was no change in episodic memory,
but increasing SUVR predicted steeper rates of episodic memory
decline. These findings remained after controlling for amyloid
positivity as well as when the analysis sample was limited to only
amyloid-positive adults. In addition to episodic memory, we also
found significant dose-response effects across several cogni-
tive variables (processing speed, vocabulary, and MMSE) that
attested to the broad effect of amyloid.

In a related study, Lim et al16 focused on amyloid-
positive adults, combining cognitively normal participants with
those with mild cognitive impairment and dichotomizing them
into low and high amyloid groups. They reported a greater
memory decline for the group with higher amyloid compared
with the group with lower amyloid. This study expands on
these findings by demonstrating a continuous dose-response
relationship between amyloid burden and cognitive decline
across a range of domains in healthy adults. These findings sug-
gest that the magnitude of amyloid burden may be useful in

Figure 2. Cognitive Change in Individual Participants Over 4 Years as a Function of Age
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projecting the rate of future cognitive decline, with those with
the greatest burdens showing the most decline. Similarly,
Chételat et al35 demonstrated a dose-response effect of amy-
loid burden on cortical atrophy, suggesting that a dose-
response effect may generalize to other AD biomarkers.

Dichotomous vs Continuous Amyloid
When we treated amyloid as a dichotomous variable, analy-
ses yielded fewer significant effects of amyloid on cognitive
decline, and the decline trajectories appeared to be more mod-
est for amyloid status (Figure 3) compared with the results for
continuous SUVR (Figure 1). Furthermore, when dichoto-
mized amyloid status was included as a covariate, the con-
tinuous SUVR effect remained significant for several cogni-
tive domains. This provides additional evidence supporting
using a dose-response approach.

We also found that varying the positivity threshold used
to define dichotomized amyloid status resulted in somewhat
different outcomes while predicting cognitive decline. Signifi-
cant effects of amyloid status alone on cognitive decline were
observed for episodic memory and vocabulary using both
thresholds, although the effects using a threshold 3-SDs above
the young adult mean were of slightly greater magnitude than
the effects using the more liberal 2-SD threshold. However,
when amyloid status was included as a covariate in the con-

tinuous SUVR analysis, the dose-response effect remained
significant for episodic memory, vocabulary and MMSE
using the 2-SD threshold, but was significant only for MMSE
when using the 3-SD threshold. These findings highlight
that dichotomous measures of amyloid may omit useful
information and that selecting a positivity threshold can
influence results. Our results, when combined with previ-
ous findings,16,35 may have implications for the recently
proposed amyloid/tau/neurodegeneration framework36

that relies on the dichotomous classification of multiple AD
biomarkers.

Amyloid and Middle Age
Although the SUVR uptake observed in middle age is typi-
cally relatively low,6 we hypothesized that middle-aged indi-
viduals with a high SUVR relative to their peers would exhibit
steeper cognitive declines. In this group, there was a dose-
response relationship of amyloid burden on vocabulary de-
cline only. We noted, post hoc, that this result was driven by 3
outliers who had the highest SUVRs and who on closer exami-
nation were found to be the only 3 participants with the APOE
ε4/ε4 allele in the 40- to 59-year age group. This finding, while
anecdotal, provides qualitative evidence suggesting that APOE
ε4 is an important factor in preclinical AD in middle age. This
is consistent with autopsy findings37 that demonstrate that

Figure 3. Projections of the Effect of Amyloid Positivity Over 4 Years on 4 Measures of Cognition
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a P < .05.
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amyloid plaques are already prevalent in middle age (particu-
larly among 50- to 59-year olds) in carriers of APOE ε4.

Recent findings38,39 provided some impetus for the pos-
sibility that relatively high amyloid burden within the sub-
threshold range may be predictive of future cognitive
decline. However, we failed to find evidence for this in our re-
sults when we treated SUVR as a continuous variable among
the amyloid-negative participants or in middle age after re-
moving the APOE ε4/ε4s homozygotes. It is possible, how-
ever, that nonspecific binding in the amyloid-negative range
obscured the effect of low amyloid deposition, especially as
no corrections for partial volume effects were performed. Lon-
ger follow-ups and longitudinal measurements of increasing
amyloid burdens may allow for the detection of subthreshold
effects of amyloid on cognition.

Limitations
It is possible that this sample may be underpowered to detect
subtle effects, particularly in the subsamples. We also note that
the effects were more limited when less powerful nonpara-
metric analyses were applied to accommodate the non-
normal distribution that is characteristic of amyloid. How-
ever, the amyloid-positive sample has a more normal

distribution, and the dose-response effect remains signifi-
cant for episodic memory among amyloid-positive partici-
pants. Finally, because our sample was recruited based on being
healthy, we do not have assessments of clinical function on
these participants, which would be desirable as the partici-
pants age and potentially progress to developing mild cogni-
tive impairment or AD. However, these findings establish that
increasing amyloid burden is predictive of cognitive decline
in our sample, regardless of clinical status.

Conclusions
We demonstrate a dose-response relationship between the
magnitude of amyloid burden at baseline and the rate of cog-
nitive decline over a 4-year follow-up in healthy adults, par-
ticularly for episodic memory. These results suggest that the
magnitude of amyloid deposition predicts those likely to be
on a more negative cognitive trajectory, potentially heading
toward dementia, and provides potentially important addi-
tional information about the rate of expected cognitive de-
cline that is not available from a dichotomous positive/
negative categorization.

ARTICLE INFORMATION

Accepted for Publication: March 31, 2017.

Published Online: May 30, 2017.
doi:10.1001/jamaneurol.2017.0892

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2017 Farrell ME et al. JAMA Neurology.

Author Contributions: Ms Farrell and Dr Park had
full access to all the data in the study and take
responsibility for the integrity of the data and the
accuracy of the data analysis.
Concept and design: Farrell, Kennedy, Rodrigue,
Devous, Park.
Acquisition, analysis, or interpretation of data: All
authors.
Drafting of the manuscript: Farrell, Park.
Critical revision of the manuscript for important
intellectual content: All authors.
Statistical analysis: Farrell, Kennedy, Rodrigue, Wig,
Festini, Chen, Park.
Obtained funding: Park.
Administrative, technical, or material support:
Bischof, Park.
Supervision: Kennedy, Rodrigue, Devous, Wig, Park.

Conflict of Interest Disclosures: Dr Devous is the
Vice President of Imaging at Avid
Radiopharmaceuticals, a wholly owned subsidiary
of Eli Lilly, Inc. No other disclosures are reported.

Funding/Support: This study was supported by
funding from grants 5R37AG-006265 (DP) and
RC1AG036199 (DP) from the National Institute on
Aging and also received support from the
Alzheimer’s Association and the Aging Mind
Foundation. The tracer was freely provided by Avid
Radiopharmaceuticals, which also provided funds
for PET imaging.

Role of the Funder/Sponsor: The funding
organizations had no role in the design and conduct
of the study; collection, management, analysis, and
interpretation of the data; preparation, review, or

approval of the manuscript; and decision to submit
the manuscript for publication.

Additional Contributions: We thank Patrick Evans,
BS, Allison Parker, BS, and Victor Faner, BS, for
assisting data collection, and to Neil Savalia, BS, and
Micaela Chan, PhD, for FreeSurfer data processing
and quality control. We also thank Melissa Rundle,
PhD, Dartmouth College, for administrative and
scientific oversight of the project. All of these
individuals were affiliated with the University of
Texas at Dallas.

REFERENCES

1. Aizenstein HJ, Nebes RD, Saxton JA, et al.
Frequent amyloid deposition without significant
cognitive impairment among the elderly. Arch Neurol.
2008;65(11):1509-1517.

2. Pike KE, Ellis KA, Villemagne VL, et al. Cognition
and beta-amyloid in preclinical Alzheimer’s disease:
data from the AIBL study. Neuropsychologia. 2011;
49(9):2384-2390.

3. Hedden T, Oh H, Younger AP, Patel TA.
Meta-analysis of amyloid-cognition relations in
cognitively normal older adults. Neurology. 2013;
80(14):1341-1348.

4. Resnick SM, Sojkova J, Zhou Y, et al. Longitudinal
cognitive decline is associated with fibrillar
amyloid-beta measured by [11C]PiB. Neurology.
2010;74(10):807-815.

5. Mormino EC, Kluth JT, Madison CM, et al;
Alzheimer’s Disease Neuroimaging Initiative.
Episodic memory loss is related to
hippocampal-mediated beta-amyloid deposition in
elderly subjects. Brain. 2009;132(pt 5):1310-1323.

6. Rodrigue KM, Kennedy KM, Devous MD Sr, et al.
β-Amyloid burden in healthy aging: regional
distribution and cognitive consequences. Neurology.
2012;78(6):387-395.

7. Schott JM, Bartlett JW, Fox NC, Barnes J;
Alzheimer’s Disease Neuroimaging Initiative

Investigators. Increased brain atrophy rates in
cognitively normal older adults with low
cerebrospinal fluid Aβ1-42. Ann Neurol. 2010;68
(6):825-834.

8. Rentz DM, Locascio JJ, Becker JA, et al.
Cognition, reserve, and amyloid deposition in
normal aging. Ann Neurol. 2010;67(3):353-364.

9. Rolstad S, Berg AI, Bjerke M, et al. Amyloid-β42 is
associated with cognitive impairment in healthy
elderly and subjective cognitive impairment.
J Alzheimers Dis. 2011;26(1):135-142.

10. Jack CR Jr, Knopman DS, Jagust WJ, et al.
Hypothetical model of dynamic biomarkers of the
Alzheimer’s pathological cascade. Lancet Neurol.
2010;9(1):119-128.

11. Sperling RA, Aisen PS, Beckett LA, et al. Toward
defining the preclinical stages of Alzheimer’s
disease: recommendations from the National
Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for
Alzheimer’s disease. Alzheimers Dement. 2011;7(3):
280-292.

12. Lim YY, Pietrzak RH, Ellis KA, et al. Rapid decline
in episodic memory in healthy older adults with
high amyloid-β. J Alzheimers Dis. 2013;33(3):675-679.

13. Wirth M, Oh H, Mormino EC, Markley C, Landau
SM, Jagust WJ. The effect of amyloid β on cognitive
decline is modulated by neural integrity in
cognitively normal elderly. Alzheimers Dement.
2013;9(6):687-698.e1.

14. Villemagne VL, Burnham S, Bourgeat P, et al;
Australian Imaging Biomarkers and Lifestyle (AIBL)
Research Group. Amyloid β deposition,
neurodegeneration, and cognitive decline in
sporadic Alzheimer’s disease: a prospective cohort
study. Lancet Neurol. 2013;12(4):357-367.

15. Petersen RC, Wiste HJ, Weigand SD, et al.
Association of elevated amyloid levels with

Association of Longitudinal Cognitive Decline With Baseline Amyloid Burden Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology July 2017 Volume 74, Number 7 837

Downloaded From: https://jamanetwork.com/ by a University of Texas at Dallas User  on 10/05/2022

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2017.0892&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0892
http://jamanetwork.com/journals/jamaneurology/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0892
https://www.ncbi.nlm.nih.gov/pubmed/19001171
https://www.ncbi.nlm.nih.gov/pubmed/19001171
https://www.ncbi.nlm.nih.gov/pubmed/21529702
https://www.ncbi.nlm.nih.gov/pubmed/21529702
https://www.ncbi.nlm.nih.gov/pubmed/23547267
https://www.ncbi.nlm.nih.gov/pubmed/23547267
https://www.ncbi.nlm.nih.gov/pubmed/20147655
https://www.ncbi.nlm.nih.gov/pubmed/20147655
https://www.ncbi.nlm.nih.gov/pubmed/19042931
https://www.ncbi.nlm.nih.gov/pubmed/22302550
https://www.ncbi.nlm.nih.gov/pubmed/22302550
https://www.ncbi.nlm.nih.gov/pubmed/21181717
https://www.ncbi.nlm.nih.gov/pubmed/21181717
https://www.ncbi.nlm.nih.gov/pubmed/20373347
https://www.ncbi.nlm.nih.gov/pubmed/21593572
https://www.ncbi.nlm.nih.gov/pubmed/20083042
https://www.ncbi.nlm.nih.gov/pubmed/20083042
https://www.ncbi.nlm.nih.gov/pubmed/21514248
https://www.ncbi.nlm.nih.gov/pubmed/21514248
https://www.ncbi.nlm.nih.gov/pubmed/23001710
https://www.ncbi.nlm.nih.gov/pubmed/23474040
https://www.ncbi.nlm.nih.gov/pubmed/23474040
https://www.ncbi.nlm.nih.gov/pubmed/23477989
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0892


cognition and biomarkers in cognitively normal
people from the community. JAMA Neurol. 2016;73
(1):85-92.

16. Lim YY, Maruff P, Pietrzak RH, et al; AIBL
Research Group. Effect of amyloid on memory and
non-memory decline from preclinical to clinical
Alzheimer’s disease. Brain. 2014;137(pt 1):221-231.

17. Sperling R, Mormino E, Johnson K. The
evolution of preclinical Alzheimer’s disease:
implications for prevention trials. Neuron. 2014;84
(3):608-622.

18. Brandt J. The Hopkins verbal learning test:
development of a new memory test with six
equivalent forms. Clin Neuropsychol. 1991;5(2):125-
142. dx.doi.org/10.1080/13854049108403297

19. Robbins TW, James M, Owen AM, Sahakian BJ,
McInnes L, Rabbitt P. Cambridge
Neuropsychological Test Automated Battery
(CANTAB): a factor analytic study of a large sample
of normal elderly volunteers. Dementia. 1994;5
(5):266-281.

20. Wechsler D. Wechsler Adult Intelligence
Scale–III (WAIS-III). New York, NY: Psychological
Corporation; 1997.

21. Hedden T, Park DC, Nisbett R, Ji LJ, Jing Q, Jiao
S. Cultural variation in verbal versus spatial
neuropsychological function across the life span.
Neuropsychology. 2002;16(1):65-73.

22. Salthouse TA, Babcock RL. Decomposing adult
age-differences in working memory. Dev Psychol.
1991;27(5):763-776. dx.doi.org/10.1037/0012-1649
.27.5.763

23. Raven JC. Standard Progressive Matrices: Sets
A, B, C, D & E. Oxford, England: Oxford Psychologists
Press; 1996.

24. Ekstrom RB, Harman HH. Manual for Kit of
Factor-Referenced Cognitive Tests, 1976. Princeton,
NJ: Educational Testing Service; 1976.

25. Dale AM, Fischl B, Sereno MI. Cortical
surface-based analysis. I. segmentation and surface
reconstruction. Neuroimage. 1999;9(2):179-194.

26. Fischl B, Sereno MI, Dale AM. Cortical
surface-based analysis. II: inflation, flattening, and a
surface-based coordinate system. Neuroimage.
1999;9(2):195-207.

27. Savalia NK, Agres PF, Chan MY, Feczko EJ,
Kennedy KM, Wig GS. Motion-related artifacts in
structural brain images revealed with independent
estimates of in-scanner head motion. Hum Brain
Mapp. 2017;38(1):472-492.

28. Desikan RS, Ségonne F, Fischl B, et al. An
automated labeling system for subdividing the
human cerebral cortex on MRI scans into gyral
based regions of interest. Neuroimage. 2006;31(3):
968-980.

29. Kennedy KM, Rodrigue KM, Devous MD Sr,
Hebrank AC, Bischof GN, Park DC. Effects of
beta-amyloid accumulation on neural function
during encoding across the adult lifespan.
Neuroimage. 2012;62(1):1-8.

30. Jenkinson M, Smith S. A global optimisation
method for robust affine registration of brain
images. Med Image Anal. 2001;5(2):143-156.

31. Mormino EC, Brandel MG, Madison CM, et al.
Not quite PIB-positive, not quite PIB-negative:
slight PIB elevations in elderly normal control
subjects are biologically relevant. Neuroimage.
2012;59(2):1152-1160.

32. Oh H, Mormino EC, Madison C, Hayenga A,
Smiljic A, Jagust WJ. β-Amyloid affects frontal and
posterior brain networks in normal aging.
Neuroimage. 2011;54(3):1887-1895.

33. Villeneuve S, Rabinovici GD, Cohn-Sheehy BI,
et al. Existing Pittsburgh compound-B positron
emission tomography thresholds are too high:
statistical and pathological evaluation. Brain. 2015;
138(pt 7):2020-2033.

34. Mormino EC, Betensky RA, Hedden T, et al;
Alzheimer’s Disease Neuroimaging Initiative;
Australian Imaging Biomarkers and Lifestyle
Flagship Study of Ageing; Harvard Aging Brain
Study. Amyloid and APOE ε4 interact to influence
short-term decline in preclinical Alzheimer disease.
Neurology. 2014;82(20):1760-1767.

35. Chételat G, Villemagne VL, Villain N, et al; AIBL
Research Group. Accelerated cortical atrophy in
cognitively normal elderly with high β-amyloid
deposition. Neurology. 2012;78(7):477-484.

36. Jack CR Jr, Bennett DA, Blennow K, et al.
A/T/N: an unbiased descriptive classification
scheme for Alzheimer disease biomarkers. Neurology.
2016;87(5):539-547.

37. Kok E, Haikonen S, Luoto T, et al.
Apolipoprotein E-dependent accumulation of
Alzheimer disease-related lesions begins in middle
age. Ann Neurol. 2009;65(6):650-657.

38. Mormino EC, Betensky RA, Hedden T, et al.
Synergistic effect of β-amyloid and
neurodegeneration on cognitive decline in clinically
normal individuals. JAMA Neurol. 2014;71(11):1379-
1385.

39. Insel PS, Mattsson N, Mackin RS, et al;
Alzheimer’s Disease Neuroimaging Initiative.
Accelerating rates of cognitive decline and imaging
markers associated with β-amyloid pathology.
Neurology. 2016;86(20):1887-1896.

Research Original Investigation Association of Longitudinal Cognitive Decline With Baseline Amyloid Burden

838 JAMA Neurology July 2017 Volume 74, Number 7 (Reprinted) jamaneurology.com

Downloaded From: https://jamanetwork.com/ by a University of Texas at Dallas User  on 10/05/2022

https://www.ncbi.nlm.nih.gov/pubmed/26595683
https://www.ncbi.nlm.nih.gov/pubmed/26595683
https://www.ncbi.nlm.nih.gov/pubmed/24176981
https://www.ncbi.nlm.nih.gov/pubmed/25442939
https://www.ncbi.nlm.nih.gov/pubmed/25442939
http://dx.doi.org/10.1080/13854049108403297
https://www.ncbi.nlm.nih.gov/pubmed/7951684
https://www.ncbi.nlm.nih.gov/pubmed/7951684
https://www.ncbi.nlm.nih.gov/pubmed/11853358
http://dx.doi.org/10.1037/0012-1649.27.5.763
http://dx.doi.org/10.1037/0012-1649.27.5.763
https://www.ncbi.nlm.nih.gov/pubmed/9931268
https://www.ncbi.nlm.nih.gov/pubmed/9931269
https://www.ncbi.nlm.nih.gov/pubmed/9931269
https://www.ncbi.nlm.nih.gov/pubmed/27634551
https://www.ncbi.nlm.nih.gov/pubmed/27634551
https://www.ncbi.nlm.nih.gov/pubmed/16530430
https://www.ncbi.nlm.nih.gov/pubmed/16530430
https://www.ncbi.nlm.nih.gov/pubmed/22569063
https://www.ncbi.nlm.nih.gov/pubmed/11516708
https://www.ncbi.nlm.nih.gov/pubmed/21884802
https://www.ncbi.nlm.nih.gov/pubmed/21884802
https://www.ncbi.nlm.nih.gov/pubmed/20965254
https://www.ncbi.nlm.nih.gov/pubmed/25953778
https://www.ncbi.nlm.nih.gov/pubmed/25953778
https://www.ncbi.nlm.nih.gov/pubmed/24748674
https://www.ncbi.nlm.nih.gov/pubmed/22302548
https://www.ncbi.nlm.nih.gov/pubmed/27371494
https://www.ncbi.nlm.nih.gov/pubmed/27371494
https://www.ncbi.nlm.nih.gov/pubmed/19557866
https://www.ncbi.nlm.nih.gov/pubmed/25222039
https://www.ncbi.nlm.nih.gov/pubmed/25222039
https://www.ncbi.nlm.nih.gov/pubmed/27164667
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0892

