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A blood test that predicts the extent of amyloid plaques in the brain and risk of Alzheimer’s disease would have important benefits

for the early identification of higher risk of dementia and Alzheimer’s disease and the evaluation of new preventative therapies.

The goal of this study was to determine whether plasma levels of amyloid-b1–42, 1–40 and the amyloid-b1–42/1–40 ratio among

participants in the Pittsburgh centre of the Ginkgo Evaluation of Memory Study were related to the extent of brain fibrillar amyl-

oid plaques measured in 2009 using Pittsburgh compound-B PET imaging, hippocampal volume, cortical thickness in the temporal

lobe and white matter lesions. There were 194 participants who had Pittsburgh compound-B measurements in 2009 with the mean

age of 85 years; 96% were white and 60% men. Pittsburgh compound-B positivity was defined as a standardized uptake value

ratio of �1.57. Amyloid-b in blood was measured using a sandwich enzyme-linked immunosorbent assay developed by Eli Lilly

and modified at the University of Vermont. All participants were nondemented as of 2008 at the time of study close out. The study

sample included 160 with blood samples drawn in 2000–02 and 133 from 2009 and also had brain amyloid measured in 2009.

All blood samples were analysed at the same time in 2009. Plasma amyloid-b1–42 was inversely related to the percent Pittsburgh

compound-B positive (standardized uptake value ratio �1.57), b �0.04, P¼ 0.005. Practically all participants who were apolipo-

protein-E4 positive at older ages were also Pittsburgh compound-B positive for fibrillar amyloid. Among apolipoprotein-E4-nega-

tive participants, quartiles of amyloid-b1–42 were inversely related to Pittsburgh compound-B positivity. In multiple regression

models, plasma amyloid-b1–42 measured in 2000–02 or 2009 were significantly and inversely related to Pittsburgh compound-B

positivity as was the amyloid-b1–42/1–40 ratio. There was a 4-fold increase in the odds ratio for the presence of Pittsburgh com-

pound-B positivity in the brain in 2009 for the first quartile of amyloid-b1–42 as compared with the fourth quartile in the multiple

logistic model. This is one of the first longitudinal studies to evaluate the relationship between amyloid-b1–42 in the blood and the

extent of brain amyloid deposition measured by PET imaging using Pittsburgh compound-B. Our findings showed that remote and

recent low plasma amyloid-b1–42 levels were inversely associated with brain amyloid deposition in cognitively normal individuals.

However, changes in plasma amyloid-b1–42 over time (8 years) were small and not related to the amount of Pittsburgh com-

pound-B.
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Introduction
We have reported in the follow-up in the Pittsburgh field

centre of Ginkgo Evaluation of Memory Study (GEMS)

from 2009 to 2015 that the presence of fibrillar amyloid

deposition, as determined by Pittsburgh compound-B

(PiB) status was a significant predictor of the risk of de-

mentia, especially when combined with measures of neu-

rodegeneration, such as hippocampal (HIP) volume and

brain vascular disease, i.e. white matter lesions (WML;

Lopez et al., 2018).

Previous reports suggested that increased plasma amyl-

oid-b1–42 and amyloid-b1–40 in nondemented partici-

pants were predictors of Alzheimer’s disease (Mayeux

et al., 1999). However, three recent large longitudinal

studies reported that lower amyloid-b1–42 or the amyl-

oid-b1–2/1–40 ratio were predictors of the risk of demen-

tia. Also, a recent meta-analysis suggested that the

amyloid-b1–42/1–40 ratio was the better predictor of de-

mentia than either amyloid-b1–42 or amyloid-b1–40

alone (Song et al., 2011; Chouraki et al., 2015; Wolters,

2018; Lopez et al., 2019). We recently reported that

blood levels of amyloid-b1–42 and amyloid-b1–42/1–40

ratio measured in 2000–02 were inversely related to risk

of dementia to 2008 for participants who were cognitive-

ly normal (CN) at 2000–02 but not for those with mild

cognitive impairment (MCI) in GEMS (Lopez et al.,

2019).

The purpose of this study was to examine the associ-

ation between baseline (2000–02; n¼ 160) and follow-up

(2009; n¼ 133) plasma amyloid-b1–40 and amyloid-b1–

42 levels and amyloid deposition in the brain measured

with PiB in 2009 in a group of well-characterized, nonde-

mented participants from the Pittsburgh GEMS.

Materials and methods

The Ginkgo Evaluation of Memory

Study

A full description of recruitment and screening procedures

of GEMS has been reported previously (DeKosky et al.,

2008; Snitz et al., 2009). Briefly, volunteers were

recruited from September 2000 to May 2002, using voter

registration and other purchased mailing lists, from four

US communities with academic medical centres. The cur-

rent study included only Pittsburgh participants in the

GEMS who had measurements of brain amyloid using

PiB in 2009, 1 year after the termination of GEMS. PiB

was not measured in the other three field centres.

In the Pittsburgh cohort, there were 966 original partic-

ipants and 132 (13.6%) were demented by 2008: 115

participants were deceased without dementia and there

were 66 dropouts (Supplementary Fig. 1).

At the end of the trial, the Pittsburgh field centre

recruited 194 participants for repeat cognitive testing,

magnetic resonance imaging (MRI), and amyloid imaging

using PET for PiB. Eleven of the participants were

excluded due to technical problems, three had technical

problems with PiB imaging and eight had technical prob-

lems with MRI scans. One participant dropped out short-

ly after testing, leaving 182 eligible for analysis.

Participants were selected based on their willingness to be

Graphical Abstract

2 | BRAIN COMMUNICATIONS 2020: Page 2 of 12 O. L. Lopez et al.

https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcz038#supplementary-data


contacted for additional follow-up studies and to have a

brain MRI scan and PET imaging. Exclusion criteria

were contraindications for an MRI scan or PET imaging

for amyloid, had no evidence of dementia or treatment

for dementia since the termination of the trial in 2008–

09 (Supplementary Fig. 1). The participants completed an

abbreviated neuropsychological battery, the 10-question

Center for Epidemiologic Studies Depression Scale, a

timed walk, an inventory of the subjects’ prescriptions

and over-the-counter medications. A total of 160 of the

183 (87%) participants with blood samples for measures

of amyloid-b1–42 in blood and PET amyloid imaging for

fibrillar amyloid from blood samples drawn in 2000–02

and 133 participants with blood samples drawn in 2009

were eligible and included in this analysis (Fig. 1). All

blood samples were analysed at the same time in 2009.

PET scans

The PET data were acquired in 2008–09 on a Siemens/

CTI ECAT HRþ scanner as previously described in de-

tail. Approximately 40 min following the bolus intraven-

ous injection of 15 positive/�1.5 mCi of [11C]PIB

(administered over 10–20 s), subjects were placed in the

PET scanner and positioned so that the entire brain is in

the field of view (Mathis et al., 2013). The [11C]PIB

PET scan was acquired in dynamic, 3D imaging mode

for 20 min (4 � 5 min frames) beginning 50 min after the

injection of [11C]PIB. After the emission data were

acquired, post-injection transmission scans were acquired

for attenuation correction, using 68Ge/68Ga rods (Mathis

et al., 2013). Data were corrected for photon attenuation,

scatter and radioactive decay. The final reconstructed

PET image resolution was �6 mm (transverse and axial)

based on in-house point source measurements.

MRI scans

MRI scanning was performed on a GE Signa 1.5 T scan-

ner prior to the PET imaging procedure with a standard

head coil, 19 including fluid-attenuated inversion recov-

ery, and has been previously described in detail (Lopez

et al., 2018). Total intracranial volume was computed

using the Brain Extraction Tool. HIP volumes were calcu-

lated using the automated labelling pathway, an atlas-

based segmentation technique using a fully deformable

registration approach to measure predefined regions of

interest (ROIs), and anatomical ROIs were from the

automated anatomical labelling atlas. HIP ROIs were

defined on the reference brain (Montreal Neurological

Institute) and transformed to fit each individual’s anatom-

ical image; trilinear interpolation was used. Volumes

were calculated as the number of cubic millimetre voxels.

The HIP volumes were evaluated as the proportion of the

intracranial volume. A participant was considered to have

small hippocampi (HIP positive) when either the right or

left hippocampus was <25th percentile of that in individ-

uals who remained CN throughout follow-up. A fuzzy

connectedness algorithm was used to segment the WML

from each individual’s T2-weighted, fluid-attenuated in-

version recovery images. The volume of WML is pre-

sented as the proportion of the intracranial volume, and

volumes >75th percentile of those in normal participants

were considered abnormal, or WML positive. These clas-

sifications were done before the data analysis (Lopez

et al., 2018).

Cortical thickness was defined as the average of four

regions: entorhinal cortex, fusiform gyrus, middle tem-

poral gyrus and inferior temporal gyrus with the compos-

ite MRI-based cortical thickness were determined using

the automated surface-based algorithm implemented in

the FreeSurfer software package (v5.3, Laboratory for

Computational Neuroimaging, Athinoula A. Martinos

Center for Biomedical Imaging, Harvard University,

Cambridge, MA, USA; Fischl and Dale, 2000; Fischl,

2012; Jack et al., 2015).

Data analysis of PET

The co-registration of the MRI and PiB PET image has

been described (Rosario et al., 2008). Briefly, each sub-

ject’s native PET and MRI data were co-registered using

Statistical Parametric Mapping (SPM8) software. The

individual’s co-registered MRI scan was then spatially

normalized to an MCI MRI template using default and

best parameter settings for mid-life/elderly subjects. ROIs

were hand-drawn on the template that was a high-reso-

lution MRI of a single elderly MCI subject (79 years of

age, with mild atrophy and ventricular enlargement) that

was also used for Alzheimer’s Disease Neuroimaging PiB

PET data analysis (Rissman et al., 2012). The ROIs

included six cortical areas (i.e. anterior cingulate gyrus,

anterior ventral striatum, frontal cortex, lateral temporal

Figure 1 Description of Pittsburgh GEMS cohort.
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cortex, parietal cortex, precuneus cortex). PiB retention

was measured using the standardized uptake value (SUV)

ratio (SUVR) that is the regional summed uptake over

the 50–70 min scan (or SUV: scaled to injected dose,

body mass) that is then normalized by the SUV value of

the cerebellum reference region. The SUVR values (mean

and standard deviation) from each of six cortical brain

sub-regions and a global cortical SUVR level (average of

the six regions) were calculated (Mathis et al., 2013). PiB

positivity was defined by a previously described iterative-

outlier approach (Aizenstein et al., 2008). A subject was

defined as positive if the partial volume corrected global

cortical SUVR was >1.57 (Mathis et al., 2013). The PET

imaging measures fibrillar amyloid.

Laboratory methods

All subjects had blood tests at baseline (2000–02), includ-

ing complete blood count, metabolites, including liver

enzymes, creatinine and cystatin-C to evaluate kidney

function, electrolytes, thyroid-stimulating hormone and

vitamin B12 levels (DeKosky et al., 2008). The amyloid-b
proteins were measured using a sandwich enzyme-linked

immunosorbent assay initially developed by Eli Lilly and

further implemented at the University of Vermont’s

Laboratory for Clinical Biochemistry Research. The anti-

bodies, stock standard proteins and heat-inactivated rat

plasma were provided by Eli Lilly. Capture antibodies

were 2G3 for the amyloid-b1–40 assay and 21F12 for

the amyloid-b1–42 assay. The plasma samples were dena-

tured using guanidine hydrochloride (GuHCL) (GuHCL;

1.67 M GuHCL for amyloid-b1–40 samples, 0.83 M

GuHCL for amyloid-b1–42 samples) with protease inhibi-

tors for 15 min at room temperature. Samples were then

diluted to 0.5 M GuHCL with Phosphate-buffered saline

and used in the assay. Standard stock RS0546 was

diluted to range from 250 to 3.9 pg/ml for the amyloid-

b1–40 assay. Standard stock RS0548 was diluted to

range from 125 to 0.49 pg/ml for the amyloid-b1–42

assay. Biotinylated 3D6 was the detection antibody for

both assays. Streptavidin-conjugated horseradish peroxid-

ase provided enzyme activity for detection using 3,30,5,50-

tetramethylbenzidine as a substrate. Inter-assay coeffi-

cients of variation ranged from 3.1 to 7.9% for the

amyloid-b1–40 and 12 to 20% for the amyloid-b1–42

(Shah et al., 2012).

There were 856 Pittsburgh subjects that had amyloid-

b1–42 measured at baseline in 2000–02, and 580 (68%)

were alive and not demented by 2008–09. There were

160 participants who had both PiB measured in 2009

(Fig. 1) and amyloid-b1–42 measured in blood drawn in

2000–02 and 133 participants who had both a PiB meas-

urement in 2009 and amyloid-b1–42 evaluated in the

blood in 2009. All assays were analysed in 2009 at the

same time for both 2000–02 and 2009 samples. The la-

boratory was blinded to the diagnosis. Pearson correl-

ation between the two measurements at 2000–02 and

2009 of amyloid-b1–42 was 0.63, and that of amyloid-

b1–40 was 0.53 (P¼ 0.0001 for both). There was only a

small change in amyloid-b1–42 over time (0.84 6 14.9 pg/

ml, median 0.70, 25th percentile �4.4) and in amyloid-

b1–40 (median 7.6 6 7.1, 25th percentile �0.38 pg/ml).

Therefore, there were very small within-individual differ-

ences over 8 years from 2000–02 to 2009 in amyloid-

b1–42.

The mean blood levels of amyloid-b1–42 were similar

in Pittsburgh and for the total GEMS cohort, 15.7 pg/ml

for all participants as compared with 15.2 pg/ml in the

Pittsburgh cohort in 2000–02.

The distribution of amyloid-b1–42 is shown in Fig. 2

and follows a log normal distribution. There was only

one outlier �3 SD from mean. The risk of dementia was

directly related to PiB levels with the increase in risk at a

PiB SUVR of �1.6 (Lopez et al., 2019). Mean and me-

dian amyloid-b1–42 blood levels were also very similar

for blood samples drawn in 2000–02 and 2009 (11.9

and 11.3 pg/ml).

Statistical analysis

Plasma amyloid levels, WML, creatinine, alanine amino-

transferase, aspartate aminotransferase, gamma-glutamyl

transferase, vitamin B12 and thyroid-stimulating hormone

were log-transformed. Plasma amyloid levels were also

analysed in quartile groups where the cut points of the

quartiles were listed in the tables. All multi-group com-

parisons were carried out using two-sample t-tests, ana-

lysis of variance and Wilcoxon rank sum test for

continuous outcomes. For categorical outcomes, contin-

gency table methods with chi-square tests were used. For

chi-square tests where the expected count was <5, exact

tests of significance levels were computed. Correlation

and regression coefficients were computed between amyl-

oid deposition in selected brain regions and plasma amyl-

oid levels in 2000 and 2009 while controlling for age.

Censored values of the amyloid markers were replaced

by the limit of detection for each of the markers. This

approach was chosen over a Tobit model since the cen-

soring rate was relatively small. To compare the coeffi-

cients in Table 1, a new dataset was created by

appending the data used in Model a to the data used in

Model b and a dummy variable indicating whether the

data were for Model a or for Model b was also created.

The significant of the interaction term between the

dummy variable and the predicting variable (e.g. PiB

score) would suggest that the regression coefficients in

Model a and Model b were different. Logistic regression

model was performed to assess the relation between brain

amyloid deposition (positive vs. negative) and plasma

amyloid levels while controlling forage, years of educa-

tion, number of blocks walked per week, hypertension,

apolipoprotein-E4 (APOE4), Ginkgo intervention (yes/no)

and creatinine. Analyses were performed with SAS 9.4

(SAS Institute, Cary, NC, USA). There were 18
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participants with MCI at baseline 2000–02 included in

this study. The definition of MCI was having impair-

ments at or below the 10th percentile of the

Cardiovascular Health Study normative data stratified by

age and education on at least 2 of the 10 selected neuro-

psychological test scores from five cognitive domains and

a Clinical Dementia Rating global score of 0.5 (Lopez

et al., 2019).

Data availability

The data of the current study are available from the cor-

responding author upon reasonable request.

Results

Neuroimaging study

Measurement of PiB was available in the Pittsburgh co-

hort from 194 (27%) GEMS participants and not for

525 participants, 1 year after GEMS close out

(Supplementary Table 1 and Supplementary Fig. 1).

Participants without PiB measurements had significant

greater history at the baseline of heart attack, higher

white blood cell count, lower haematocrit and higher as-

partate aminotransferase, a liver enzyme. There were no

differences in baseline amyloid-b1–40, amyloid-b1–42,

amyloid-b1–42/1–40 ratio or prevalence of APOE4 be-

tween those who did or did not have PiB measurements

(Supplementary Table 1).

The prevalence of PiBþ (SUVR �1.57) in the 182 eli-

gible participants was higher for those who were classi-

fied as having MCI in 2009, n¼ 38, 26 (68%) PiBþ
positive as compared with 75 (52%) PiB positive among

144 classified as CN. The prevalence of PiBþ was

much higher among APOE4 carriers, 29 of 34 (85%),

as compared with 62 of 134 (46%) among-APOE4 non-

carriers. PiBþ was also associated in 2009 with higher

levels of systolic blood pressure and higher pulse wave

velocity as measured in 2009. There were, however, no

differences in PiBþ in relationship to average age at the

time of the scans within the very narrow age range,

gender, education and 3MSE scores within CN and

MCI participants.

In previous analysis from the total GEMS sample

(n¼ 1824), baseline (2000–02) amyloid-b1–42 was associ-

ated with poorer kidney function, higher creatinine levels,

history of hypertension and diabetes, age, higher in

women but not related to APOE4, education, body mass

index or history of CHD (Lopez et al., 2019). In the cur-

rent study, diabetes and creatinine were significantly

related to amyloid-b1–42 in 2000–02. None of the base-

line risk factors in 2000–02 were significantly related to

blood amyloid-b1–42 levels measured in 2009

(Supplementary Table 2).

Pittsburgh compound-B
standardized uptake value ratio and
blood amyloid

The analysis included 160 participants with blood drawn

in 2000–02, of whom 142 participants diagnosed as CN

and 18 participants diagnosed as MCI in 2000–02, and

133 participants with blood drawn in 2009, of whom

107 participants diagnosed as CN and 16 participants

diagnosed as MCI in 2000–02.

There was an inverse association between blood

amyloid-b1–42 and PiB SUVR, from both plasma sam-

ples from 2000–02 and 2009. For example, in 2000–

02, the mean PiB SUVR was 1.93, median 1.91, for

B
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Figure 2 Distribution of amyloid-b1–42 (pg/ml) as measured in 2000–02 and 2009 in the Pittsburgh GEMS cohort.

(A) Frequency distribution of log amyloid-b1–42 in blood in 2000–02. (B) frequency distribution of log amyloid-b1–42 in blood in 2009.
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participants with plasma amyloid in first quartile of

blood amyloid-b1–42 and a mean PiB SUVR of 1.63,

median 1.49, in the fourth quartile (Table 2). However,

there was very substantial overlap between PiB SUVR

and plasma amyloid-b1–42 at any level of amyloid-b1–

42 (Fig. 3). There was no association between amyloid-

b1–40 and PiB (not shown).

Age-adjusted regression coefficients with amyloid-b1–42

levels as the dependent variables were significant for PiB

SUVR with amyloid-b1–42 measured in blood from 2000

to 2002, b ¼ �0.40, SE 0.14 (P¼ 0.005), and amyloid-

b1–42 measured in blood samples drawn in 2009, b ¼
�0.26, SE 0.14 (P¼ 0.06). The difference between the

two regression coefficients was not significant (Table 1).

The association between amyloid-b1–42 and cortical

thickness was not significant for 2000–02 blood measure-

ments while there was a significant yet not linear associ-

ation of amyloid-b1–42 in 2000–02 and white matter

abnormalities but not for blood amyloid-b1–42 measured

in 2009. (Table 2). There was no significant association

between blood amyloid-b1–42 and HIP volume at either

time period (Table 2).

Plasma amyloid-b1–42 was divided into quartiles, and

the percentage of PiBþ by each quartile was evaluated.

Blood amyloid-b1–42 both at baseline 2000–02 and at

follow-up 2009 was significantly and inversely related to

the percentage of PiBþ. The results were similar when

the analysis was restricted to CN participants at baseline

and at follow-up. Blood levels of amyloid-b1–40 both at

baseline in 2000–02 and at follow-up in 2009 were not

related to the percentage PiBþ (data not shown).

Among the 18 participants with MCI in 2000–02, 5 of

the 11 (45%) participants in the first quartile of amyl-

oid-b1–42 were PiBþ versus 3 of the 7 (43%) PiBþ in

the other three quartiles, while for 2009 blood samples,

3 of the 5 (60%) participants in the first quartile were

PiBþ compared with 4 of the 11 (36%) participants in

the other three quartiles based on very small sample

sizes.

The amyloid-b1–42/1–40 ratio in blood as measured in

2000–02 was not significantly related to PiB amyloid lev-

els (test statistics, P¼ 0.622 for linear trend), but ratio

from bloods measured at 2009 was significantly related

to PiBþ (test statistics, P¼ 0.039 for linear trend;

Supplementary Table 3). These results were similar when

the analysis was restricted to those who were CN at

2000–02 or at 2009.

Table 1 Linear regression coefficients of amyloid-b1–42 and measures of brain MRI (WMH, cortical thickness, HIP

volume and PiB score) in the Pittsburgh GEMS cohort

Model Independent variable Estimate SE P-value 95% CI Standardized

coefficient*

Amyloid-b1–42 measured in 2000–02

1a HIP volume 1.19 1.94 0.54 �2.61 to 4.99 0.06

2a Cortical thickness 0.21 0.15 0.15 �0.07 to 0.50 0.13

3a PiB score �0.40 0.14 0.00 �0.67 to �0.13 �0.25

4a WMH �8.15 11.58 0.48 �30.85 to 14.54 �0.07

Amyloid-b1–42 measured in 2009

1b HIP volume �0.55 1.90 0.77 �4.27 to 3.19 �0.03

2b Cortical thickness 0.24 0.14 0.10 �0.04 to 0.52 0.15

3b PiB score �0.26 0.14 0.06 �0.53 to 0.01 �0.17

4b WMH �11.57 11.33 0.31 �33.77 to 10.64 �0.10

Each independent variable was in separate regression model. WMH ¼ white matter hyperintensities.

*Standardized coefficient to 1 SD of independent and dependent variables. Model 1a vs 1b, P¼ 0.533; Model 2a vs 2b, P¼ 0.903; Model 3a vs 3b, P¼ 0.476; Model 4a vs 4b,

P¼ 0.823.

Figure 3 PiB score at 2009 and log amyloid-b1–42 at 2000–

02 and 2009 in the Pittsburgh GEMS cohort. (A) Relationship

between log amyloid-b1–42 in blood in 2000–02 and PiB score at

2009. (B) Relationship between log amyloid-b1–42 in blood in 2009

and PiB score in 2009.
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Apolipoprotein-E4 and amyloid-�1–
42 in blood and brain amyloid

Most of the participants who were APOE4 carriers were

also PiBþ at 2009 (Table 3). Among APOE4 carriers,

there was no relationship between amyloid-b1–42 at ei-

ther baseline or follow-up and PiBþ but only four PiB�
at 2000–02 and 2009, severely limiting any statistical

analysis. Among APOE4 noncarriers, age-adjusted preva-

lence of PiBþ was inversely related to the amyloid-b1–42

at both baseline (not significant) and follow-up (Table 3).

Brain amyloid by specific brain
regions

PiB was evaluated in six areas (anterior cingulate gyrus,

anterior ventral striatum, frontal cortex, lateral temporal

cortex, parietal cortex and precuneus cortex), and amyl-

oid-b1–42 levels at 2000–02 and 2009 were evaluated in

relationship to the extent of PiB retention in each of

these regions. The regression coefficient for amyloid-b1–

42 and amyloid at specific sites was negative and signifi-

cant at all six sites based on the measurement of blood

amyloid-b1–42 in 2000–02. The strongest associations

were within the anterior cingulate gyrus and frontal cor-

tex regions. Similarly, the regression coefficients based on

2009 bloods were negative, smaller in magnitude than

those based on 2000–02 bloods and no longer significant

but not significantly different from the 2000–02 regres-

sion coefficients (Table 4).

There was no significant relationship between the

change in amyloid-b1–42 or amyloid-b1–40 between

2000–02 and 2009 and percentage PiBþ among those

who were CN at 2000–02 or at 2009 (Supplementary

Table 4).

The logistic regression model included blood amyloid-

b1–42 as a discrete variable, i.e. quartiles of amyloid-b1–

42 with the highest quartile as comparator. The lowest

quartile <6.23 pg/ml in 2000–02 was associated with an

apparent 4-fold (P¼ 0.015) increased risk of amyloid

positivity (Table 5). Similarly, for amyloid-b1–42 meas-

ured at 2009, the odds ratio (OR) was 2.78 (0.84–9.17,

P¼ 0.09). The second quartile was associated with a

higher OR than the first quartile. The CIs for these esti-

mates were very wide because of the small sample size in

each quartile. In the logistic regression that included the

log of amyloid-b1–42 as a continuous variable, the OR

for amyloid-b1–42 for blood samples drawn in 2000–02

was 0.56 (0.52–0.99, P¼ 0.05) and, for 2009 blood sam-

ples, the regression coefficient was 0.48 (0.26–0.06,

P¼ 0.023).

Approximately 80–85% of APOE4 carriers were PiBþ.

These analyses were therefore repeated for APOE4 non-

carriers only (44% PiBþ). The hazards ratio (HR) for the

first quartile of amyloid-b1–42 measured in 2000–02 was

4.7 (95% confidence interval (CI) 1.39–16.0, P¼ 0.01),

and that of amyloid-b1–42 measured in 2009 was 2.51

(95% CI 0.67–9.37, P¼ 0.17). Again, the second quartile

was associated with the highest risk, 8.8 (2.2–35.11,

P¼ 0.002). A further sensitivity analysis was restricted to

both participants who were CN at 2009 and APOE4

noncarriers (n¼ 89, 38 PiBþ in 2000–02 blood samples,

and n¼ 71, 29 PiBþ for analysis of 2009 blood samples).

The HR for the first quartile remained very high, 3.47

(95% CI 0.86–14.0), for the first quartile of 2000–02

blood analysis of amyloid-b1–42 and 6.7 (95% CI 1.05–

41.2, P¼ 0.04) for the first quartile of 2009 blood ana-

lysis (not shown).

Discussion
Our findings showed that remote (2000–02) and recent

(2009) low plasma amyloid-b1–42 levels were significant-

ly inversely associated with 2009 brain fibrillar amyloid

deposition in CN individuals. However, changes in

plasma amyloid-b1–42 over time between 2000–02 and

2009 were small and not related to the amount of 2009

Table 2 Variables by quartile of plasma amyloid-b1–42 at 2000–02 and 2009 in the Pittsburgh GEMS cohort

Plasma

amyloid-b1–42

HIP volume Cortical thickness (mm) PiB score WMH

n Mean SD Median n Mean SD Median n Mean SD Median n Mean SD Median

At 2000–02

1Q: �6.23 39 0.255 0.028 0.249 39 3.00 0.33 3.05 39 1.93 0.49 1.91 39 0.009 0.005 0.009

2Q: 6.24–9.35 41 0.253 0.028 0.251 41 3.07 0.38 3.06 41 1.69 0.43 1.53 41 0.010 0.006 0.008

3Q: 9.36–13.92 41 0.254 0.039 0.252 41 2.99 0.52 3.11 41 1.75 0.46 1.59 41 0.007 0.005 0.006

4Q: >13.92 38 0.257 0.035 0.261 37 3.20 0.33 3.20 38 1.63 0.43 1.49 38 0.009 0.004 0.009

P ¼ 0.932, age-adjusted

P ¼ 0.924

P ¼ 0.092, age-adjusted

P ¼ 0.097

P ¼ 0.028, age-adjusted

P ¼ 0.023

P ¼ 0.013, age-adjusted

P ¼ 0.007

At 2009

1Q: �5.81 31 0.254 0.036 0.244 31 3.00 0.43 3.06 31 1.75 0.45 1.68 31 0.010 0.005 0.009

2Q: 5.82–9.34 34 0.254 0.025 0.249 34 3.05 0.33 3.08 34 1.80 0.42 1.86 34 0.009 0.007 0.007

3Q: 9.35–14.01 34 0.254 0.032 0.253 34 3.09 0.43 3.11 34 1.58 0.43 1.47 34 0.010 0.006 0.008

4Q: >14.01 34 0.253 0.035 0.256 33 3.21 0.41 3.28 34 1.62 0.42 1.49 34 0.008 0.004 0.008

P ¼ 1.000, age-adjusted

P ¼ 0.998

P ¼ 0.198, age-adjusted

P ¼ 0.199

P ¼ 0.099, age-adjusted

P ¼ 0.080

P ¼ 0.396, age-adjusted

P ¼ 0.461

WMH comparisons were based on log-transformed values. Q ¼ quartile; WMH ¼ white matter hyperintensities.
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Table 3 PiB status by APOE4 and quartiles of blood amyloid-b1–42 at baseline (2000–02) and follow-up (2009) in the

Pittsburgh GEMS cohort

Quartile APOE42 APOE41

n # PiB1 % PiB1 Age-adjusted P-value n # PiB1 % PiB1 Age-adjusted P-value

Amyloid-b1–42 baseline 1 27 16 59.3 11 10 90.9

2 30 11 36.7 7 6 85.7

3 28 14 50.0 9 8 88.9

4 33 10 30.3 0.072 4 3 75.0 0.844

Amyloid-b1–42 follow-up 1 26 13 50.0 7 7 100.0

2 25 16 64.0 6 5 83.3

3 28 9 32.1 3 1 33.3

4 23 6 26.1 0.026 7 6 85.7 0.450

Quartile cut points—amyloid-b1–42 baseline: 1Q: �6.36, 2Q: 6.37–9.38, 3Q: 9.39–13.86, 4Q: >13.86; amyloid-b1–42 follow-up: 1Q: �6.13, 2Q: 6.14–9.54, 3Q: 9.55–14.01, 4Q:

>14.01. Q ¼ quartile.

Table 4 Regression coefficients of amyloid-b1–42 at 2000–02 and 2009 as predictors of amyloid SUVR in six brain

regions in the Pittsburgh GEMS cohort

Regression coefficient for log amyloid-b1–42 at 2000–02 Regression coefficient for log amyloid-b1–42 at 2009

Estimate SE P-value Estimate SE P-value

PiB score in ACG region �0.18 0.06 0.006 �0.13 0.07 0.066

PiB score in AVS region �0.12 0.05 0.012 �0.09 0.05 0.079

PiB score in FRC region �0.18 0.06 0.002 �0.10 0.06 0.124

PiB score in LTC region �0.09 0.04 0.042 �0.04 0.05 0.433

PiB score in PAR region �0.12 0.05 0.016 �0.07 0.05 0.210

PiB score in PRC region �0.13 0.06 0.019 �0.08 0.06 0.233

ACG ¼ anterior cyngulate gyrus; AVS ¼ anterior ventral striatum; FRC ¼ frontal cortex; LTC ¼ lateral temporal cortex; PAR ¼ parietal cortex; PRC ¼ precuneus cortex.

Table 5 Logistic regression model of predictors of PiB1 (SUVR �1.57), log plasma amyloid-b1–42 as measured at

2000–02 and 2009 separately in the Pittsburgh GEMS cohort

Outcome 5 PiB1 at 2009, N 5 143 (76 PiB1) Outcome 5 PiB1 at 2009, N 5 120 (61 PiB1)

OR (95% CI) P-value OR (95% CI) P-value

Age, per year 1.12 (0.97, 1.28) 0.123 Age, per year 1.16 (0.99, 1.36) 0.072

Years of education, per year 1.03 (0.89, 1.19) 0.680 Years of education, per year 1.02 (0.86, 1.20) 0.829

Number id="991" of blocks walked, �58/>581.28 (0.54, 3.08) 0.575 Number id="994" of blocks walked, �58/>580.93 (0.34, 2.56) 0.883

Hypertension, yes/no 1.23 (0.54, 2.82) 0.618 Hypertension, yes/no 2.08 (0.79, 5.48) 0.137

APOE4, yes/no 8.84 (2.72, 28.73) 0.000 APOE4, yes/no 7.01 (1.97, 24.96) 0.003

Ginkgo biloba intervention, yes/no 1.36 (0.64, 2.90) 0.428 Ginkgo biloba intervention, yes/no 1.28 (0.55, 2.97) 0.571

Log creatinine 1.81 (0.27, 12.19) 0.540 Log creatinine 0.92 (0.13, 6.72) 0.936

Amyloid-b1–42 at 2000 Amyloid-b1–42 at 2009

�6.23 3.99 (1.30, 12.19) 0.015 �5.81 2.78 (0.84, 9.17) 0.093

6.24–9.35 1.24 (0.43, 3.57) 0.693 5.82–9.34 5.99 (1.76, 20.37) 0.004

9.36–13.92 1.87 (0.65, 5.40) 0.246 9.35–14.01 1.05 (0.32, 3.43) 0.933

N # PiB positive N # PiB positive

Amyloid-b1–42 at 2000 Amyloid-b1–42 at 2009

1Q 35 25 1Q 29 16

2Q 37 17 2Q 30 23

3Q 37 21 3Q 31 10

4Q 34 13 4Q 31 12

Reference group for amyloid-b1–42 at 2000: >13.92. Reference group for amyloid-b1–42 at 2009: >14.01. Quartile cut points—amyloid-b1–42 baseline: 1Q: �6.36, 2Q: 6.37–9.38,

3Q: 9.39–13.86, 4Q: >13.86; amyloid-b1–42 follow-up: 1Q: �6.13, 2Q: 6.14–9.54, 3Q: 9.55–14.01, 4Q: >14.01. Q ¼ quartile.
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PiB retention. Unfortunately, the lack of brain amyloid

(PiB) at 2000–02 precluded us to determine whether

decreased amyloid-b1–42 levels preceded amyloid depos-

ition in this study, although it is probable that some PiB-

positive participants in 2009 were also PiB positive at

2000–02, at the time of initial blood samples. It is pos-

sible that larger decreases in amyloid-b1–42 over time in

between 2000–02 and 2009 were associated with the risk

of dementia over the time period and therefore excluded

from the analysis. No repeat blood samples were avail-

able for participants who were incident dementia. The

absence of a baseline brain amyloid measurement there-

fore limits the evaluation of change in plasma amyloid-

b1–42 and change in brain amyloid.

If we assumed that individuals in the lowest quartile of

amyloid-b1–42 were ‘at high risk’ for brain amyloid,

then 25 of the 76 PiBþ (sensitivity 33%) would be iden-

tified and 57 of the 67 (specificity 85%) individuals

would be identified as PiB� (Table 5). This blood amyl-

oid-b1–42 measure would not be a good diagnostic test

as compared with CSF measures of amyloid-b1–42 or

some of the newer, much more expensive blood tests be-

cause of this low sensitivity in a population of older indi-

viduals with the high prevalence of PiBþ [85 of 160

(53%)] (Table 6). In contrast, it could be used as a very

low cost screening method to identify individuals at the

higher risk of amyloid positivity as well as the risk of de-

mentia, as occurs when higher serum cholesterol levels

are indicative of risk of clinical CHD (Verberk et al.,

2018; Lopez et al., 2019).

In the current study, the laboratory variability within

individuals was low based on split samples as described.

There was little difference in levels of amyloid-b1–42

over time in same individuals, within-individual variabil-

ity, and no evidence of decline in levels due to blood

storage. Therefore, the reproducibility of the measurement

technique, both laboratory and within-individual variabil-

ity, for amyloid-b1–42 is good. The accuracy, i.e. levels

of amyloid-b1–42 as reported by our laboratory tech-

nique in comparison with the actual true levels of amyl-

oid-b1–42 in the blood, requires a new ‘gold standard’,

such as mass spectrometry or other newer techniques,

and further evaluation in different populations.

The literature of the study of a blood test that can

diagnose or predict incident Alzheimer’s disease has been

growing over the past years. There is a need to have an

accurate peripheral biomarker that can reduce the costs

of diagnosis and research. A blood test, i.e. amyloid-b1–

42 or amyloid-b1–42/1–40 ratio in blood, could identify

individuals at risk during asymptomatic period prior to

the development of Alzheimer’s disease (Hampel et al.,

2018). Zetterberg recently reviewed the blood-based bio-

markers for the Alzheimer’s disease. The brain biomarker

molecules are present in much smaller quantities in blood

than CSF, creating substantial challenges in laboratory

analysis (Zetterberg, 2019).

Previous studies reported a weak correlation between

CSF amyloid-b1–42 levels and plasma amyloid levels

(Galasko et al., 1998; Mehta et al., 2001; Fagan et al.,

2009), while CSF amyloid-b1–42 levels are strongly cor-

related with cerebral amyloid deposition (Fagan et al.,

2006). Lower plasma amyloid-b1–42 and especially the

amyloid-b1–42/1–40 ratio were inversely correlated with

amyloid deposition in patients with Alzheimer’s disease in

several studies (Lui et al., 2010; Burnham et al., 2014;

Kaneko et al., 2014; Swaminathan et al., 2014; Tzen

et al., 2014). A recent study evaluated plasma tau and

amyloid-b1–42 in blood among individuals with prevalent

dementia, MCI and CN and found that both high tau

and low amyloid-b1–42 were associated with higher tau

and amyloid in the brain (Park et al., 2019).

Palmqvist reported a fully automated method of meas-

uring plasma amyloid-b and tau as well as other blood

biomarkers. The CSF amyloid-b1–42/1–40 ratio was used

as an indicator of brain amyloid status. Plasma amyloid-

b1–42 was reduced in CN subjects as compared with

participants with MCI and Alzheimer’s disease.

Participants with probable amyloid in the brain based on

the CSF examination had lower levels of amyloid-b1–42

and amyloid-b1–42/1–40 ratio. The amyloid-b1–42 levels

in the blood were lowest in those with Alzheimer’s dis-

ease (Palmqvist et al., 2019).

Park and colleagues further evaluated the effect of chem-

ically treating the plasma amyloid-b and brain amyloid as

measured by PiB in 358 individuals. Lower levels of modi-

fied amyloid-b1–42 were associated with amyloid

Table 6 Quartiles of blood amyloid-b1–42 at baseline (2000–02) and follow-up (2009) and percent PiB positive

(SUVR �1.57) at 2009 in the Pittsburgh GEMS cohort

Quartile Total cohort CN only at 2000–02

n % PiB1 Trend P-value n % PiB1 Trend P-value

Amyloid-b1–42 baseline 1 40 70.00 0.013 29 79.31 0.013

2 40 47.50 38 44.74

3 40 57.50 38 57.89

4 40 37.50 37 40.54

Amyloid-b1–42 follow-up 1 34 61.76 0.016 29 62.07 0.029

2 33 66.67 28 67.86

3 32 34.38 29 37.93

4 34 41.18 31 41.94
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deposition in the brain (Park et al., 2017). Measures of

misfolded proteins related to amyloid-b1–40 and amyloid-

b1–42 in the blood using immuno-infrared techniques that

measure the secondary structural changes in amyloid-b
peptides have successfully identified patients with MCI

with brain amyloid from CN without brain amyloid with

very high sensitivity and specificity (Nabers et al., 2019).

Another study evaluated plasma amyloid-b1–42/1–40

ratio and other biomarkers and cerebral amyloidosis

among 276 participants aged 70–85 years with subjective

memory complaints. Seventy-three participants were amyl-

oid-b-PET positive (SUVR 1.07, SD 0.27), and 203 par-

ticipants were amyloid-b-PET negative (SUVR 0.608, SD

0.05). Plasma levels of amyloid-b1–42 were significantly

lower in those classified as positive versus negative (15.1

versus 18.4 pg/ml, respectively). The sensitivity of amyl-

oid-b to identify brain amyloid was very high (75%),

and specificity was 77%. The study also noted that other

blood biomarkers, such as tau and neurofilament light

chain, did not impact the results (Vergallo et al., 2019).

We do not know the initial trigger of Alzheimer’s dis-

ease pathology and the origin of amyloid-b. It is possible

that there is an increased deposition of amyloid in the

brain, primarily amyloid-b1–42, in older individuals

caused by decreased clearance of amyloid from the CNS

into the blood and hence lower blood amyloid-b1–42 lev-

els, while in younger individuals with genetic forms of

Alzheimer’s disease, both increased production and

decreased clearance likely contribute to greater brain

amyloid deposition (Holtzman, 2004; Mawuenyega et al.,
2010; Rissman et al., 2012). Experimental studies using

parabiosis techniques and labelling in mice have shown

that amyloid-b in the brain can be cleared through the

peripheral circulation and that such clearance, i.e. in

parabiosis experiments, results in a decrease in

Alzheimer’s disease pathology (Xiang et al., 2015).

Differences in the association between amyloid depos-

ition in the brain in older individuals and plasma amyl-

oid may stem from at least three factors. First, it is

possible that at least some of the plasma amyloid-b1–42

and amyloid-b1–40 are being produced in the periphery

and not in the brain (Rosenberg et al., 1997). Second,

there are various factors that can modulate plasma amyl-

oid levels, including age, renal function and liver disease,

both excretion and metabolism of amyloid in the blood.

In recent studies, the association between plasma amyloid

levels was attenuated when renal function, MRI infarcts

or evidence of hypertensive vascular disease or diabetes

were included in the models (Arvanitakis et al., 2002;

Lopez et al., 2008; Gronewold et al., 2016; Hilal et al.,

2017; Wang et al., 2017). Third, as noted, there are dif-

ferent methods to measure plasma amyloid that provide

varying quantification of levels of these amyloid-b pepti-

des (Lambert et al., 2009; Figurski et al., 2012; Perez-

Grijalba et al., 2016; Nakamura et al., 2018). Some of

the new techniques, such as mass spectrometry, provide

higher sensitivity of levels of amyloid-b1–42 in the blood

to predict, and amyloid in the blood may become a diag-

nostic test for brain amyloid (Nakamura et al., 2018).

These mass spectrometry tests are currently more expen-

sive than the methods used in the current study, and un-

likely at present to be a screening but rather a potential

diagnostic test much like current CSF examinations for

PiBþ.

The levels of amyloid-b in blood are determined by

multiple factors. Most amyloid in the peripheral circula-

tion is bound primarily to albumin, an acute phase pro-

tein produced in the liver, and possibly complement in

the blood (Zipser et al., 2007; Crane et al., 2018).

Consequently, low levels of albumin secondary to mul-

tiple factors (e.g. inflammation) could result in a decrease

in plasma albumin levels and consequently lower the

availability of albumin for the transport of amyloid-b1–

42 and amyloid-b1–40 in the blood. There was no sig-

nificant association of albumin levels in blood with either

amyloid-b1–42 or extent of amyloid in the brain in these

analyses (data not shown). Amyloid-b1–42 is metabolized

in the liver, and high levels of amyloid-b1–42 are found

in individuals with severe liver disease (Wang et al.,

2017). We did not find any association between liver

enzymes and amyloid-b1–42 levels, brain fibrillar amyloid

or risk of dementia. We did find and association between

plasma amyloid-b1–42 level and kidney function in this

cohort. The amyloid-b1–42 is excreted by the kidney,

and high levels of creatinine, markers of glomerular func-

tion, were associated with higher levels of amyloid-b1–42

in blood (Lopez et al., 2008). The relationship between

kidney function and amyloid in plasma may explain, in

part, the association between hypertension and diabetes,

major risk factors for chronic kidney disease in the elder-

ly, and amyloid deposition in the brain and dementia

(Janelidze et al., 2016; van Leijsen et al., 2018).

Interestingly, several studies have reported decreases in

amyloid-b1–42 levels following renal dialysis and possible

change in in cognition (Kitaguchi et al., 2015, 2018).

There are also ongoing studies of plasma apheresis to re-

duce amyloid-b1–42 levels in the blood and potentially

decrease amyloid in the brain and improve cognition

(Boada et al., 2017).

Conclusions
There is a growing research effort to improve the use of

peripheral markers of amyloid deposition in the brain.

Clearance of amyloid from the brain to the periphery

may be an important determinant of the amount of brain

amyloid, especially in the elderly. However, the mecha-

nisms for which peripheral amyloid reflect CNS amyloid

are not fully understood. Several investigators have sug-

gested that brain vascular disease may play an important

role in decreasing blood–brain barrier function and in the

clearance of amyloid (Zlokovic, 2011), including the

glymphatic pathways (Donahue and Johanson, 2008;
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Tarasoff-Conway et al., 2015; Wang et al., 2017;

Bowman et al., 2018; Cai et al., 2018).

All future studies of blood biomarkers should include

the reproducibility of laboratory methods, biological vari-

ability within individuals over time and associations with

other methods of measurement of similar variables, i.e.

amyloid-b1–42, as well as dependent variables, i.e. brain

amyloid, Alzheimer’s disease, Alzheimer’s dementia. If

blood amyloid-b1–42 or ratio to other amyloid-b species

is a determinant of brain amyloid and dementia, sug-

gested by this and other recent studies, then one of the

most important questions is what are the determinants of

blood levels?

With continued work, blood amyloid amyloid-b1–42

and other blood markers could be clinically used in in

the near future, similarly to blood low density lipoprotein

cholesterol or apolipoprotein-B level as a predictor of the

extent of atherosclerosis and risk of a heart attack. The

availability of blood biomarkers would have a substantial

impact on human Alzheimer’s disease research or possibly

to preventive therapies.
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