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Abstract

Background: We estimated the prevalence and incidence of amyloid-f deposition (A), small-vessel disease (V), and neurodegeneration (N)
biomarker positivity in community-dwelling cognitively normal individuals (CN). We determined the longitudinal association between the
respective biomarker indices with progression to all-cause mild cognitive impairment (MCI) and its amnestic and nonamnestic subtypes.
Methods: CN participants, recruited by advertising, underwent brain [C-11]Pittsburgh Compound-B (PiB)-positron emission tomography
(PET), magnetic resonance imaging, and [F-18]fluoro-2-deoxy-glucose (FDG)-PET, and were designated as having high or low amyloid-f (A+/
A-), greater or lower white matter hyperintensities burden (V+/V-) and diminished or normal cortical glucose metabolism (N+/N-). MCI was
adjudicated using clinical assessments. We examined the association between A, V, and N biomarker positivity at study baseline and endpoint,
with progression to MCI using linear regression, Cox proportional hazards and Kaplan—-Meier analyses adjusted for age and APOE-¢4 carrier
status.

Results: In 98 CN individuals (average age 74 years, 65% female), A+, V+, and N+ prevalence was 26 %, 33%, and 8%, respectively. At study
endpoint (median: 5.5 years), an A+, but not a V+ or N+ scan, was associated with higher odds of all-cause MCI (Chi-square = 3.9, p = .048,
odds ratio, 95% confidence interval = 2.6 [1.01-6.8]). Baseline A+, V+, or N+ were not associated with all-cause MCI, however, baseline A+
(p =.018) and A+N+ (p = .049), and endpoint A+N+ (p = .025) were associated with time to progression to amnestic, not nonamnestic, MCI.
Conclusion: Longitudinal assessments clarify the association between amyloid-f§ and progression to all-cause MCI in CN individuals. The
association between biomarker positivity indices of amyloid-3 and neurodegeneration, and amnestic MCI reflects the underlying pathology
involved in the progression to prodromal Alzheimer’s disease.
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Cognitively normal (CN) individuals with in vivo evidence of amyloid-f3 deposition and neurodegeneration, it largely ignores small-
Alzheimer’s disease (AD) pathology in the brain are considered to have vessel disease, which was noted to coexist with AD pathology since
preclinical AD (1), a target population for AD-modifying drug trials the first case report described by Alois Alzheimer (3). As amyloid-f
(2). While this definition of preclinical AD incorporates biomarkers of deposition, small-vessel disease, and neurodegeneration are common
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age-related changes in the brain that influence cognitive outcomes, it is
essential to characterize the three processes simultaneously.

Amyloid-beta (A) is deposited in the brain several years prior to
the clinical onset of AD and is associated with progression to mild
cognitive impairment (MCI), a transient preclinical phase of AD (4).
In CN older adults, elevated levels of AB in the brain are present
in 21%-25% of individuals at age 65 years and in 30%—65% at
85 years (5,6). White matter hyperintensities (WMH), markers of
small-vessel disease on MRI, have been reported to occur in over
90% of older adults with and without dementia (7) and in CN older
adults, and are associated with progression to MCI (8). Synaptic dys-
function, assessed by decreased [F-18]fluoro-2-deoxy-glucose-PET
(FDG)-PET uptake in the brain is a marker of neurodegeneration (9)
reported in 29% of CN older adults (10) and is also associated with
progression to MCI (9). Estimates of A and/or neurodegeneration
positivity have largely focused on dementia-free samples (summar-
ized by Jansen and colleagues (11)), which could include those with
MCI (10,12,13). Therefore, the estimates derived from such mixed
samples may not be generalizable to a CN sample to estimate burden
of preclinical AD. In addition, estimates of AD-biomarker positivity
in CN samples have not examined markers of coexisting small-vessel
disease (13-15). Therefore, to enable sample-size calculations for
clinical trials targeting preclinical AD, it is imperative to study AD
biomarkers in CN individuals and examine small-vessel disease bio-
markers due to its high prevalence in older populations (7).

We previously reported on the association between A, small
vessel disease and neurodegeneration positivity determined at study
baseline with clinical outcomes 2 years later in dementia-free adults
with a mean age of 85.5 years (12). Individuals with normal levels
of AB, lower burden of WMH and absence of hypometabolism can
accrue changes in these biomarkers with advancing age—the rate
of conversion from AB-negative to Af-positive status was estimated
at 3.1% per year in a CN sample (14). Therefore, the relationships
between biomarker status and clinical outcome may differ when bio-
marker positivity is assessed at baseline as opposed to a later point in
the follow-up. Here, we examined cognitive outcomes of biomarker
positivity for AB, small-vessel disease, and neurodegeneration in a
carefully screened sample of CN older adults.

The aim of the study was to estimate the prevalence and inci-
dence of biomarker positivity for Af deposition determined using
Pittsburgh Compound-B (PiB)-PET, small-vessel disease quan-
tified using WMH severity and neurodegeneration assessed by
hypometabolism using FDG-PET. We then determined the relation-
ship between the respective biomarker positivity status at baseline
and at last follow-up, with progression to MCI in CN older adults.

Methods

Participants

Participants (7 = 98) comprised community-dwelling older adults
aged 65-90 years (mean 73.7 = 5.6 years) screened for major psy-
chiatric or neurological disorders, depression, use of medications af-
fecting cognition, and any preclusions for brain MRI as reported
previously (16). They were recruited from advertisements in the
community, from a cohort of control volunteers at the University of
Pittsburgh Alzheimer’s Disease Research Center (ADRC), and from
the University of Pittsburgh Pepper Registry, which is a registry of
studies on mobility, balance, and aging. Inclusion criteria were age
>60 years, a Mini-Mental State Examination score >27 and cogni-
tively normal based detailed cognitive assessment, and a Clinical

Dementia Rating scale score = 0 (17). The cognitive assessments in-
cluded tests of memory (Word List Learning from the Consortium to
Establish a Registry in Alzheimer’s Disease battery, Logical Memory
Story A from the Wechsler Memory Scale—Revised, modified Rey
Osterrieth (R-O) figure recalls), visuospatial construction (modified
block design subtest from the Wechsler Adult Intelligence Scale—
Revised (WAIS-R), copying of the R-O figure), language (semantic
and letter fluency, Boston Naming Test), and attention and execu-
tive functions (Trail Making Test A & B, Digit Symbol Substitution
Test, and digit spans forward and backward from the WAIS-R) (16).
Participants were followed over the subsequent 1-10 years with clin-
ical assessments performed annually and brain imaging performed
every 1-2 years during the study period. Participants with any psy-
chiatric, brain injury, neurological, and unstable medical conditions
were excluded. We also excluded those with incomplete data for this
analysis.

Outcomes

Participants were classified as cognitively normal or MCI at every
annual clinical assessment. Adjudication of MCI was performed by
three investigators (W.E.K., B.E.S., and H.J.A.) utilizing question-
naires ascertaining participants’ subjective cognitive complaints
and neuropsychological test scores, with the following criteria: (i)
concern regarding change in cognition; (ii) impairments in one or
more cognitive domains; and (iii) preservation of independence in
functional abilities (18). We also categorized MCI as amnestic MCI
(aMCI, predominant memory impairment) and nonamnestic MCI
(naMCI, predominantly nonmemory impairments).

Imaging

PiB-PET methodology followed a standard procedure (19) that
involved injection of [11C]PiB (15 mCi) followed by a 30-minute
PiB-PET study (6 x 300-second frames) acquisition 50-70 minutes
postinjection. [18F]FDG was administered (7 mCi over 20 seconds)
intravenously after PiB injection. FDG-PET images were acquired
over 25 minutes in the 35-60 minutes postinjection interval. A struc-
tural T1-weighted MPRAGE MR image was acquired for each sub-
ject, using the Siemens 3T MR scanner. Details of image registration,
regions of interest delineation, and measures of PiB retention and
FDG uptake were described previously (20).

AR positivity was determined on PiB-PET using the sparse
k-mean clustering (SKM) (20). SKM regional cutoffs were obtained
for cortical regions with a predilection for AB deposition (anterior
cingulate, frontal, lateral temporal, parietal and precuneus cortices,
and anterior ventral striatum). Individuals with regional PiB binding
that exceeded this predetermined cutoff were designated A positive
(A+) and those not meeting this cutoff were designated as normal
AP (A-) (20).

Neurodegeneration was quantified using FDG-PET. Decreased
FDG uptake in the posterior cortices (parietal, precuneus, occipital,
and inferior temporal) was used to designate neurodegeneration
positivity (N+) at a cutoff of 1.025 SUVR (21).

MRI was performed on a 1.5 T at the start of study, and up-
graded to a 3.0 T scanner (GE Medical Systems, Milwaukee, WI)
during the study period. WMH, surrogate markers or small-vessel
disease burden, were assessed on T2-FLAIR sequences on both 1.5
T (TR = 9,004 msec, TE = 172.5 msec [effective]; TI = 2,200 msec,
number of excitations = 1, interleaved acquisition over 24 slices,
4-mm slice thickness, 1 mm gap) and 3T (TR = 9,160 msec, TE = 90
msec [effective]; TI = 2,500 msec, number of excitations = 1,
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Table 3. Biomarker Positivity and Clinical Status at Last Follow-Up

Small-vessel

ApB Disease Neurodegeneration
Clinical Status A+ A- V+ V- N+ N-
MCI = 24 14 10 9 15 N 19
CN =74 26 48 27 47 10 64
Pearson y? 3.9 0.01 0.7
Odds Ratio (95% CI) 2.6 (1.01, 6.8)* 1(0.4,2.7) 1.7 (0.5, 5.4)
Odds Ratio Adjusted for Age and APOE-¢4 (95% CI) 1.8 (0.6, 5.1) 0.7 (0.2,2.1) 2.3 (0.6, 8.7)

Note: A = Amyloid-f3 biomarker status; APOE-¢4 = Apolipoprotein-g4 carrier status; N = Neurodegeneration biomarker status; CN = Cognitively normal older
individuals; MCI = Mild cognitive impairment; V = Small-vessel disease biomarker status.

*p <.0S.
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Figure 1. Kaplan-Meier plots demonstrating the relationship between brain
amyloid-f (A) biomarkers assessed at study baseline (top section) and endpoint
(bottom section) with time (years) to progression to amnestic mild cognitive
impairment in cognitively normal individuals.

The differences in PiB-PET SUVR, WMH scale scores and
FDG-PET SUVR for the respective A, V, and N groups is shown in
Supplementary Table 1. The N- group had a significantly higher
WMH scale score than N+ groups. Otherwise, there were no signifi-
cant differences between the biomarker status groups, beyond each
respective biomarker defining group membership.

Prevalence and Incidence of Biomarker Positivity

and MCI

Table 2 shows the prevalent and incident biomarker posi-
tivity for the whole sample further subgrouped by tertiles of

Figure 2. Kaplan-Meier plots demonstrating the relationship between biomarker
positivity for combined biomarker positivity of amyloid-f and neurodegeneration
(A/N) at study baseline (top section) and at endpoint (bottom section) with time
(years) to progression to amnestic mild cognitive impairment in cognitively normal
individuals.

age. The prevalence estimates of AP, small-vessel disease, and
neurodegeneration positive biomarkers were 26%, 33%, and 8%,
respectively. In at-risk CN individuals, the overall incidence rate
of AP positivity was estimated at 6 per 100 person-years, and that
of small-vessel disease and neurodegeneration positivity was es-
timated at 2 per 100 person-years each. Incidence rates of posi-
tivity indices for AP deposition, but not small-vessel disease or
neurodegeneration, increased with age.

All participants were CN at study entry; therefore, we ascer-
tained only incident MCI in this sample. Incident rate of MCI were
estimated at 6 cases per 100 person-years for the whole sample
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(60-69 years: 5 cases per 100 person-years; 70-76 years: 4 cases per
100 person-years; and 77-90 years: 11 cases per 100 person-years).

Association Between Biomarker Positivity and
Progression to MCI

During a median of 5.5 years (interquartile range: 4.2) 24 of the 98
baseline CN individuals progressed to MCI. At baseline, there were
no significant differences in the number of A+/A-, V+/V-, or N+/N-
individuals who later progressed to MCI compared with those who
remained CN (Supplementary Table 2).

Table 3 shows the proportions of A, V, and N biomarker posi-
tive and negative proportions in the CN and MCI groups. At last
follow-up assessment, the proportion of A+ MCI individuals ex-
ceeded that of A- MCI individuals, and proportion of A- CN in-
dividuals exceeded A+ CN individuals (Chi-square = 3.9, p = .048,
odds ratio [OR] [95% confidence interval {CI} = 2.6 [1.0-6.8], Table
3). Of the 15 incident A+ cases, 6 progressed to MCI. There were no
significant differences in the last follow-up assessment in the num-
bers of those with V+ versus V- or, with N+ versus N- in those with
MCI compared to CN individuals (Table 3).

Supplementary Table 3 depicts the beta-coefficient, p value,
hazard ratio, and 95% confidence interval for univariate and multi-
variate model revealing a lack of association between baseline
and last observation of A, V, and N positivity and progression to
MCI. Supplementary Figures 1-3 depicts the Kaplan-Meier plots
demonstrating the lack of relationship between baseline and endpoint
A, V, and N biomarker positivity and MCI outcomes, respectively.

We found that the presence of all three positive biomarkers
combined was significantly associated with progression to MCI
(p = .0005); however, these subsamples were unbalanced (7 = 5 [A+,
V+, and N+| compared with # = 30 [A-, V-, and N-]). Any com-
bination of two positive biomarkers versus no positive biomarkers
was not significantly associated with progression to MCI. No other
inflection point along the continuous distribution of each biomarker
better predicted conversion from normal to MCI.

At last follow-up assessment, 18 of the 24 MCI individuals were
aMCI, and 6 were naMCI. Baseline A+, but not a V+ scan, was as-
sociated with higher odds of progression to aMCI (Chi-square = 5.9,
p =035, OR [95% CI] = 3.6 [1.2-10.6]), not naMCI (p = .6). In add-
ition, time to progression to aMCI, not naMCI, was significantly as-
sociated with A+ biomarker status at study baseline (p = .018), not
endpoint (p = .13, Figure 1). A combined biomarker positivity of A+
and N+ scan at study endpoint (Chi-square = 10.3,p = .007, OR [95%
CI] = 9.1 [1.9-42.9] but not at baseline (Chi-square = 4.3, p = .097,
OR [95% CI] = 9.1 [0.78-106.9]), was associated with higher odds
of aMCI when compared with staying cognitively normal. Time to
progression to aMCI, not naMCI, was associated with combined
biomarker positivity of A+ and N+ at study baseline (p = .049), and
particularly at study endpoint (p = .025, Figure 2). Of the 6 of 15 inci-
dent A+ individuals who progressed to MCI, 3 were aMCI and 3 were
naMCI, and of these, none of the aMCI were V+ or N+, whereas 1
individual (77-90 years age tertile) in the naMCI group was both V+
and N+. V+ alone, or in combination with the other two biomarkers,
had no significant association with aMCI or naMCI. Proportions of in-
cident aMCI and naMCI increased with age (Supplementary Table 4).

Discussion

AP burden increased with age in our sample of CN older adults such
that prevalence of amyloid positivity doubled, and the incidence

rates of amyloid positivity tripled from the lowest age tertile (60—
69 years) to the highest age tertile (77-90 years). Also, the prevalence
and incidence of positivity indices of small-vessel disease but not
neurodegeneration increased with age. These estimates are amongst
a few that look at prevalence and incidence rates of A, V, and N bio-
marker positivity in a single CN older adult sample.

The prevalence estimates of amyloid positivity of 26% in our
sample falls within the range expected in dementia-free older adults
(25), and are in keeping with findings from the Mayo Clinic Study
of Aging (15), Australian Imaging, Biomakers Lifestyle study (4,26),
and others (14,27). However, our estimate of prevalent A+ status was
lower than the 45% estimated in Alzheimer’s Disease Neuroimaging
Initiative recruited largely from academic memory clinics (28). The
differences in the prevalence across samples are likely due to varying
cutoffs for amyloid positivity and populations differences, besides
others.

Our estimated V+ prevalence of 33% is the same as that esti-
mated in the CHS cohort (mean age 70 years) (29), and is similar to
the 36% reported in an Asian cohort of older adults (30). Our esti-
mate of the prevalence of N+ status was lower than the 25%-29%
estimated previously (10,31). Lower estimates than those previously
reported may be explained by the fact that 74 participants remained
CN at last follow-up, which in some cases was up to 10 years from
baseline assessment, accounting for greater number of person-years,
therefore, decreasing our overall estimates of incidence rates.

Several studies have shown that A positivity in dementia-free
older adults is related to cognitive decline and progression to MCI
(13-15,32). We did not find a significant association between base-
line A+ status with progression to MCI. A proportion of those with
A- status at baseline progressed to A+ over the study period thereby
increasing the odds of MCI with A+ status at last follow-up. That is,
the baseline A- group harbored several individuals at a subthreshold
level of amyloid positivity who would soon progress to both A+ and
MCI (6 of the 15 incident A+ individuals progressed to MCI). This
suggests that A- individuals on a trajectory of AB deposition can
become A+ over a brief period and progress to MCI. The discrep-
ancy between findings from this sample and other larger studies
may have several explanations. One may be that our sample was
relatively smaller than other studies and not powered to show the
cognitive effects of AP over the relatively short follow-up time that
averaged 4 years. In addition, the study criteria were stringent to en-
sure that all participants were CN at study entry. Therefore, longer
follow-up may be needed to observe the effects of Af on cognition in
this sample. These findings suggest that cross-sectional analysis may
blunt the association between Af and progression to MCI, which
may be revealed longitudinally. The association between A+ status
and incident MCI at last follow-up was not significant when ad-
justed for age and APOE-e4 carrier status which raises the possibility
that AB status may have a poor predictive utility for intermediate
cognitive outcomes such as all-cause MCI. The finding that an A+
status at baseline was associated with higher odds of aMCI, and
time to progression to the aMCI, may reflect the underlying patho-
logical substrate involved in AD. Furthermore, time to progression to
aMCI, not naMCI, was significantly associated with the biomarker
status combination of A+ and N+ scan at both study timepoints.
The stronger relationship between time to progression to aMCI and
A+N+ status at study endpoint compared with at study baseline is
in keeping with prior research indicating that AP deposition is an
early event in evolution of AD, and hypometabolism from neuronal
dysfunction may follow over a period of time leading to prodromal
AD (33-35).
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In contrast with studies that found a relationship between small-
vessel disease and cognitive decline (24) and neurodegeneration
and MCI (36,37), we found no significant independent associations
between these two biomarkers and progression to all-cause MCI.
WMH and hypometabolism, indices of small-vessel disease, and
neurodegeneration, are not specific to AD pathology and have varied
etiology whereas AB deposition is a core feature of AD pathology
resulting in cognitive decline and MCI. Our findings are in keeping
with results from Alzheimer’s Disease Neuroimaging Initiative that
showed that WMH burden has no independent association with
progression to MCI (38). Some suggest that small-vessel disease,
but not neurodegenerative markers, predict incident AD (37). The
discrepancy between these findings may have to do with burden of
vascular disease sampled, thresholds used and variability in cohorts.
In addition, markers of V and N are not solely attributable to vas-
cular (39) and neurodegenerative processes, respectively (40). The
clinical implications of these findings indicate that FDG-PET and
FLAIR MRI may have limited utility in predicting transition to all-
cause MCI. The small numbers of naMCI (n = 6) in our sample may
explain why we did not find an association between small-vessel
disease biomarkers and naMCIL.

AP, small-vessel disease, and neurodegeneration can interact
with one another. Our exploratory analysis suggested that presence
of all three states (A+, V+, and N+) were significantly associated with
progression to MCI; however, the sample was too small to draw
firm conclusions. Yet, it underscores the “healthy” phenotype of our
sample compared with another older sample from the same geo-
graphic region that had a larger proportion of three-biomarker posi-
tivity and a stronger relationship with MCI (12). AR deposition and
small-vessel disease coexist and influence neurodegeneration (41).
Small-vessel disease augments the expression of clinical symptoms
in AD (42), and is independently associated with neurodegeneration
(43). Longer follow-up period may make these interrelationships be-
tween biomarkers and progression to MCI more apparent.

There are some limitations that need to be considered. The
burden of small-vessel disease in our sample was likely low based on
the study criteria employed; therefore, these findings may not be gen-
eralizable to populations with greater vascular disease burden. We
used visual rating scale scores to designate small-vessel disease posi-
tivity biomarkers because we switched to a updated MRI scanner
midway in the study, however, severity of WMH ratings did not
change when using the updated scanner. We did not characterize car-
diovascular risk and treatments of cardiac risk which can influence
small-vessel disease (44). We used established thresholds to define
biomarker positivity for the three indices, however, these were not
developed or optimized for defining transition from normal to MCI
or the two MCI subtypes assessed.

There are several strengths of this study. The recruitment of high-
functioning CN sample at baseline allows us to test the conceptual
model that biomarker changes may extends 15-20 years prior to
MCI (45). This study also shows an association between amyloid-f3
alone at study baseline, and in combination with neurodegeneration
biomarker at study endpoint, and time to progression to aMCI, in
keeping with evolution of AD pathology and neuronal dysfunction
leading to development of prodromal AD. Based on recent evidence
of vascular contribution to AD pathology (46), we include a bio-
marker for the vascular component that is missing in the proposed
conceptual framework for study of AD and related dementias (1).
We did not impute missing data or transform data. We utilized
PiB-PET and FDG-PET uniformly from initiation of the study pro-
viding a rich dataset, with some participants being followed for

approximately 10 years, enabling an accurate estimate of incidence
rates.

Conclusion

This study estimates prevalence and incidence of biomarker posi-
tivity for amyloid, small-vessel disease, and neurodegeneration in a
community-dwelling CN sample. Amyloid positivity assessed longi-
tudinally, had greater odds of progression to MCI, whereas small-
vessel disease or neurodegeneration assessed cross-sectionally or
longitudinally was not associated with progression to all-cause MCI.
Biomarker positivity for amyloid-f alone, and in combination with
neurodegeneration over the study period, was associated with time
to progression to the AD prodrome, aMCI.
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