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IMPORTANCE Blood-based tests for brain amyloid-f3 (AB) pathology are needed for
widespread implementation of Alzheimer disease (AD) biomarkers in clinical care and to
facilitate patient screening and monitoring of treatment responses in clinical trials.

OBJECTIVE To compare the performance of plasma AB42/40 measured using 8 different AR
assays when detecting abnormal brain A status in patients with early AD.

DESIGN, SETTING, AND PARTICIPANTS This study included 182 cognitively unimpaired
participants and 104 patients with mild cognitive impairment from the BioFINDER cohort
who were enrolled at 3 different hospitals in Sweden and underwent AR positron emission
tomography (PET) imaging and cerebrospinal fluid (CSF) and plasma collection from 2010 to
2014. Plasma AB42/40 was measured using an immunoprecipitation-coupled mass
spectrometry developed at Washington University (IP-MS-WashU), antibody-free liquid
chromatography MS developed by Araclon (LC-MS-Arc), and immunoassays from Roche
Diagnostics (IA-Elc); Euroimmun (IA-El); and Amsterdam University Medical Center,

ADx Neurosciences, and Quanterix (IA-N4PE). Plasma AB42/40 was also measured using an
IP-MS-based method from Shimadzu in 200 participants (IP-MS-Shim) and an IP-MS-based
method from the University of Gothenburg (IP-MS-UGOT) and another immunoassay from
Quanterix (IA-Quan) among 227 participants. For validation, 122 participants (51 cognitively
normal, 51 with mild cognitive impairment, and 20 with AD dementia) were included

from the Alzheimer Disease Neuroimaging Initiative who underwent AB-PET and plasma

AB assessments using IP-MS-WashU, IP-MS-Shim, IP-MS-UGOT, IA-Elc, IA-N4PE,

and |A-Quan assays.

MAIN OUTCOMES AND MEASURES Discriminative accuracy of plasma AB42/40 quantified
using 8 different assays for abnormal CSF AB42/40 and AB-PET status.

RESULTS A total of 408 participants were included in this study. In the BioFINDER cohort,
the mean (SD) age was 71.6 (5.6) years and 49.3% of the cohort were women.

When identifying participants with abnormal CSF AB42/40 in the whole cohort, plasma
IP-MS-WashU AB42/40 showed significantly higher accuracy (area under the receiver
operating characteristic curve [AUC], 0.86; 95% Cl, 0.81-0.90) than LC-MS-Arc AB42/40,
IA-Elc AB42/40, IA-El AB42/40, and IA-N4PE AB42/40 (AUC range, 0.69-0.78; P < .05).
Plasma IP-MS-WashU AB42/40 performed significantly better than IP-MS-UGOT AB42/40
and IA-Quan AB42/40 (AUC, 0.84 vs 0.68 and 0.64, respectively; P < .001), while there was
no difference in the AUCs between IP-MS-WashU AB42/40 and IP-MS-Shim AB42/40

(0.87 vs 0.83; P = .16) in the 2 subcohorts where these biomarkers were available.

The results were similar when using AB-PET as outcome. Plasma IPMS-WashU AB42/40 and
IPMS-Shim AB42/40 showed highest coefficients for correlations with CSF AB42/40 (r range,
0.56-0.65). The BioFINDER results were replicated in the Alzheimer Disease Neuroimaging
Initiative cohort (mean [SD] age, 72.4 [5.4] years; 43.4% women), where the IP-MS-WashU
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heimer disease (AD) would be a major advancement for

biomarker implementation in clinical care and highly
useful in drug trials.! Reliable measurements of A in blood
proved challenging? until the development of advanced mass
spectrometry and immunodetection methods. In 2016, plasma
AB42/40 assessed using an ultrasensitive Simoa immunoas-
say was shown to detect abnormal cerebrospinal fluid (CSF)
AB or AB-positron emission tomography (PET) status with
moderate accuracy.® Plasma AB42/40 determined with high-
precision immunoprecipitation-coupled mass spectrometry
(IP-MS) was later reported to correlate with AB-PET and iden-
tify with high precision individuals with abnormal brain AB
burden or those at high risk of future conversion to AB-PET
positivity.*® More recent articles have suggested that AB42/40
quantified using ultrasensitive and fully automated immuno-
assay platforms could predict AB-PET status (especially when
combined with APOE genotype) with accuracy approaching
that of MS-based AB42/40 measures.”® However, the varying
performance of the different A assays and platforms across
the studies could be at least in part owing to the differences
in the cohort characteristics (eg, sample size, included diag-
nostic groups, and outcome measures) and preanalytical
sample handling. To minimize these biases, we performed a
head-to-head comparison of 8 Af assays in the same cohort
of individuals with early AD from the Swedish BioFINDER
study. We assessed how well plasma AB42/40 measured using
different assays could discriminate abnormal from normal CSF
AB42/40 or AB-PET status. Finally, we replicated findings from
BioFINDER using data from the Alzheimer Disease Neuroim-
aging Initiative (ADNI).

B lood tests for detecting amyloid-f3 (AB) pathology in Alz-

Methods

Participants

The study included 286 individuals from the prospective
Swedish BioFINDER-1 (NCT03174938) cohort recruited between
2010 and 2014. Among the BioFINDER participants, 182 were
cognitively unimpaired elderly individuals and 104 had
mild cognitive impairment (MCI). For study design and
recruitment procedures, see the eMethods in the Supplement.
The BioFINDER study was approved by the Regional Ethics
Committee in Lund, Sweden. All participants provided written
informed consent. Data were analyzed from March 2021
to July 2021.

For validation, we selected 120 participants (51 cogni-
tively unimpaired, 51 with MCI, and 20 with AD dementia) re-
cruited between 2005 and 2013 from ADNI who had plasma
AP assessments. Data were obtained from the ADNI database.®
ADNIwas launched in 2003 as a public-private partnership led
by Principal Investigator Michael W. Weiner, MD. Ethical ap-
proval was given by the local ethical committees of all in-
volved sites. Data were analyzed from June 2021 to July 2021.

Plasma and CSF Analysis
All BioFINDER study participants underwent measure-
ments of plasma concentrations of AB42 and AB40 using the

JAMA Neurology November 2021 Volume 78, Number 11

Downloaded From: https://jamanetwor k.com/ on 08/16/2022

Head-to-Head Comparison of 8 Plasma Amyloid-3 42/40 Assays in Alzheimer Disease

Key Points

Question How well does plasma amyloid-3 42/40 (AB42/40),
measured using 8 different assays, detect brain AB pathology in
the early stages of Alzheimer disease?

Findings In this study, including 408 participants from 2
independent cohorts (BioFINDER and Alzheimer Disease
Neuroimaging Initiative), plasma AB42/40 quantified using certain
mass spectrometry-based methods showed better discriminative
accuracy than immunoassays when identifying individuals with
abnormal intracerebral AB status according to cerebrospinal fluid
AB42/40 levels and AB positron emission tomography.

Meaning Certain mass spectrometry-based plasma tests might
have sufficient performance to detect brain AB pathology in
Alzheimer disease.

IP-MS-based method developed at Washington University,
St Louis, Missouri (IP-MS-WashU), the antibody-free liquid
chromatography-MS developed by Araclon Biotech, Zara-
goza, Spain (LC-MS-Arc), Elecsys immunoassays from Roche
Diagnostics, Penzberg, Germany (IA-Elc), immunoassays
from Euroimmun, Liibeck, Germany (IA-EI), and N4PE
Simoa immunoassays (IA-N4PE) developed by Amsterdam
University Medical Center, Amsterdam, the Netherlands,
and ADx Neurosciences, Ghent, Belgium, and commercially
available from Quanterix, Billerica, Massachusetts, in the
specific laboratories.*#1912 In subcohorts of study partici-
pants, plasma samples were analyzed using the IP-MS-based
method developed by Shimadzu, Kyoto, Japan (IP-MS-Shim;
n = 200; subcohort 1), as well as the IP-MS-based methods
developed at the University of Gothenburg, Gothenburg,
Sweden (IP-MS-UGOT), and another Simoa immunoassay
from Quanterix (IA-Quan; n = 227; subcohort 2).341 AB42
and AB40 levels in CSF were determined with Elecsys CSF
immunoassays. We included all participants from
BioFINDER who underwent [*®F]flutemetamol PET imaging
(n = 416) with plasma samples available at the time of
analysis except that the samples were randomly selected for
the IP-MS-Shim, IP-MS-UGOT, and IA-Quan assays. In ADNI,
plasma concentrations of AB42 and AB40 were quanti-
fied using IP-MS-WashU, IP-MS-Shim, IP-MS-UGOT,
IA-Elc, IA-N4PE, and IA-Quan. All participants in ADNI
who had plasma AB and AB-PET assessments were in-
cluded. Further details of blood and CSF collection and
analysis are described in the eMethods and eTables 1 and 2
in the Supplement.

AB-PET Imaging

In BioFINDER, AP imaging was performed using [*®F]flute-
metamol PET 90 to 110 minutes postinjection, as described in
the eMethods in the Supplement. Standardized uptake value
ratio was defined as the uptake in a global neocortical target
region of interest with the cerebellar cortex as reference
region.'® In ADNI, AP imaging was performed using [*®F]flor-
betapir PET 50 to 70 minutes postinjection using a global neo-
cortical target region of interest with the whole cerebellum
as reference region.!*1°
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Table 1. Characteristics of Study Participants in BioFINDER

Median (IQR)

Characteristic AB negative (n = 168)? AB positive (n = 118)° P value®
Diagnosis, CU/MCI, No. 127/41 55/63 <.001
Age, y 71.0 (67.0-75.0) 74.0 (70.0-77.0) .001
Female, No. (%) 90 (53.6) 51(43.2) .93
Duration of education, y© 12.0(9.0-14.0) 11.0(9.0-13.0) 91
MMSE 29.0(28.0-30.0) 28.0(26.0-29.0) <.001
APOE &4 positivity, No. (%)¢ 35(21.0) 77 (65.3) <.001
AB-PET, [*®F]flutemetamol SUVR 1.19(1.12-1.28) 1.86 (1.57-2.15) <.001
CSF AB42/40 0.093 (0.079-0.102) 0.041 (0.034-0.049) <.001
Plasma AB42/40

IP-MS-WashU 0.132(0.126-0.139) 0.122(0.117-0.126) <.001

LC-MS-Arc 0.322(0.298-0.346) 0.288 (0.266-0.304) <.001

IA-Elc 0.068 (0.064-0.072) 0.062 (0.058-0.065) <.001

IA-EI 0.179 (0.162-0.199) 0.162 (0.146-0.174) <.001

IA-N4PE 0.135(0.119-0.147) 0.119 (0.105-0.132) <.001

Abbreviations: AB, amyloid-; CSF, cerebrospinal fluid; CU, cognitively
unimpaired; IA-El, immunoassay from Euroimmun; IA-Elc, Elecsys immunoassay
from Roche Diagnostics; IA-N4PE, N4PE Simoa immunoassay from Quanterix;
IP-MS-WashU, immunoprecipitation-coupled mass spectrometry method
developed at Washington University; IQR, interquartile range; LC-MS-Arc,
antibody-free liquid chromatography-mass spectrometry method developed by
Araclon; MCI, mild cognitive impairment; MMSE, Mini-Mental State
Examination; PET positron emission tomography; SUVR, standardized uptake
value ratio.

@ AB status was defined using the CSF AB42/40 cutoff (0.059) derived from
mixture modeling as previously described.”

b Differences between the groups were tested using Mann-Whitney U test and
Fisher exact test (diagnosis, sex, and APOE).

€ Education is missing for 2 study participants.
d APOE g4 is missing for 1study participant.

Statistical Analysis

SPSS version 22 (IBM) was used for statistical analysis. Corre-
lations between biomarkers were assessed with the Spear-
man test. Differences between the groups were tested using
Mann-Whitney U'test or Fisher exact test. Unadjusted 2-sided
P values <0.05 were considered statistically significant. Dis-
crimination accuracies of biomarkers were determined with
logistic regression models and receiver operating character-
istic curve analysis. Area under the receiver operating char-
acteristic curve (AUC) of 2 receiver operating characteristic
curves were compared with DeLong test with adjustment for
multiple comparisons using a false discovery rate of 5%. In
BioFINDER, CSF AB42/40 was used as the outcome in the main
analysis. We also performed a sensitivity analysis with AB-
PET and CSF AB42/40 measured with the Euroimmun assay
as outcomes to ensure that the results were not biased by the
use of the same antibodies in the CSF and plasma for the
Elecsys AB42/40 assays. In ADNI, CSF AB42 and AB40 mea-
sures at the time of plasma collection were only available in a
small group of participants, and therefore we used AB PET as
the outcome. CSF AB42/40 and AB-PET data were binarized
using previously described cutoffs (CSF A342/40 Elecsys,
0.059; CSF AB42/40 Euroimmun, 0.091; AB-PET BioFINDER,
1.42; ADNI, 1.11).71316

. |
Results

Participants in BioFINDER
Of the 286 participants without dementia in BioFINDER,
141 (49.3%) were women, and the mean (SD) age was 71.6
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(5.6) years. The baseline demographic and clinical character-
istics of the whole cohort as well as the 2 subcohorts with
IP-MS-Shim AB42/40 or IA-Quan AB42/40 data available are
summarized in Table 1 and eTables 3 and 4 in the Supple-
ment, respectively. For all tested assays, plasma Af342 and
AB42/40 were lower in individuals who were A positive com-
pared with those who were A negative whereas there were
no differences in the levels of AB40 (Table 1; eTables 3, 4, and
5in the Supplement).

Prediction of CSF A Status Using Different Plasma AB
Assays in BioFINDER

When identifying individuals with abnormal CSF A42/40 in
the whole cohort (Figure, A; Table 2), plasma IP-MS-WashU
AB42/40 had significantly better discriminative accuracy (AUC,
0.86; 95% CI, 0.81-0.90) than plasma LC-MS-Arc AB342/40
(AUC, 0.78; 95% CI, 0.72-0.83; P < .01), IA-Elc AB42/40 (AUC,
0.78; 95% CI, 0.73-0.83; P < .01), IA-EI AB42/40 (AUC, 0.70;
95% CI, 0.64-0.76; P < .001), and IA-N4PE A42/40 (AUC, 0.69;
95% CI, 0.63-0.75; P < .001).

In the 2 subcohorts of participants where IP-MS-Shim
AB42/40 or IP-MS-UGOT Af342/40 and IA-Quan Af342/40 were
also available, IP-MS-WashU A342/40 showed higher discrimi-
native accuracy for CSF AB42/40 status than IP-MS-UGOT
AB42/40 (AUC, 0.84; 95% CI, 0.79-0.89 vs AUC, 0.68; 95% CI,
0.61-0.75; P < .001) and [A-Quan A342/40 (AUC, 0.84; 95% CI,
0.79-0.89vs AUC, 0.64; 95% CI, 0.56-0.71; P < .001), while the
difference in AUCs between IP-MS-WashU AB42/40 and IP-
MS-Shim A42/40 was not significant (AUC, 0.87; 95% CI,
0.82-0.92 vs AUC, 0.83; 95% CI, 0.77-0.88; P = .16) (Figure, B
and C, Table 2).
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Figure. Receiver Operating Characteristic (ROC) Analysis for Abnormal Cerebrospinal Fluid (CSF) Amyloid-p42/40 (AB42/40) and Correlations
Between CSF and Plasma AB
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A, ROC curve analysis for differentiating participants with abnormal CSF AB42/40 from those with normal CSF AB42/40 (cutoff, 0.0597) in the whole cohort.

B, ROC curve analysis in the subcohorts where IPMS-Shim AB42/40 was available. C, ROC curve analysis in the subcohorts where IPMS-UGOT and IA-Quan AB42/40
were available. D, Spearman correlations between plasma and CSF AB42/40 in a subcohort (n = 155) individuals where all plasma samples were analyzed using

all 8 assays. E, Spearman correlations between plasma and CSF AB42 in a subcohort (n = 155) where all plasma samples were analyzed using all 8 assays.

F, Spearman correlations between plasma and CSF AB40 in a subcohort (n = 155) where all plasma samples were analyzed using all 8 assays.
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For comparison, one of the most promising plasma bio-
markers of AD, p-tau217,'%'” distinguished 117 individuals with
abnormal CSF A42/40 from 168 individuals with normal CSF
AB42/40 with an AUC of 0.79 (95% CI, 0.74-0.84), which was
numerically lower but not significantly different from the AUC
of IP-MS-WashU AB42/40 (0.86; 95% CI, 0.81-0.90; unad-
justed P = .06).

Sensitivity Analyses in BioFINDER

The results were similar when using CSF Af42/40 analyzed
with the Euroimmun immunoassay instead of the Elecsys im-
munoassay as the reference standard (eTable 6 in the Supple-
ment). Further, the overall results were very similar when using
AB-PET as the outcome, with most assays showing numeri-
cally lower AUCs compared with AUCs for CSF AB42/40 as the
outcome (Table 2).

Correlations Between Plasma and CSF AR in BioFINDER

Spearman coefficients were highest for correlations of CSF
AB42/40 with plasma IP-MS-WashU A342/40 (r, 0.65; P < .001),
followed by IP-MS-Shim APB42/40 (r, 0.56; P < .001), IA-Elc
AB42/40 (r, 0.48; P < .001), LC-MS-Arc AB42/40 (r, 0.46;
P <.001),IA-EI AB42/40 (r,0.36; P < .001), IA-N4PE AB42/40
(r,0.31; P < .001), IP-MS-UGOT AB42/40 (1, 0.25, P = .002) and
TA-Quan A42/40 (r, 0.15; P = .06) (Figure, D). Further, there
were correlations between plasma A measured using differ-
ent assays for both AB42 (r range; 0.21-0.81) and AB40 (r range,
0.58-0.82), but the coefficients were lower for correlations be-
tween plasma and CSF AB42 (r range, 0.08-0.28) and plasma
and CSF AB40 (r range, 0.09-0.18) (Figure, E and F for all as-
says used in a subcohort of 155 participants; eFigure in the
Supplement for the 5 assays used in the whole cohort).

Combining Plasma AB With APOE €4 in BioFINDER

Adding APOE €4 status improved the accuracy of all AB42/40
measures (AAUC, 0.027-0.140; eTable 7 in the Supplement)
with the AUCs of the 3 MS-based methods and IA-Elc AB42/40
consistently above 0.82 in the whole cohort and the 2 subco-
horts in which AUCs differences between the 3 MS-based meth-
ods lost statistical significance.

Validation in ADNI

0f122 participants in ADNI, 53 (43.4%) were women, and the
mean (SD) age was 72.4 (5.4) years. The baseline demo-
graphic and clinical characteristics are summarized in Table 3.
For all 6 tested assays, plasma AB42/40 was lower in individu-
als who were A positive compared with individuals who were
AP negative whereas there were no differences in the levels of
APB40 (Table 3; eTable 8 in the Supplement). Plasma A42 con-
centrations were also lower in the AB-positive group than in
AB-negative group for all assays except IA-Quan, which did not
show significant differences between the groups (eTable 8 in
the Supplement). In ADNI, for IP-MS-Shim, we used a previ-
ously described composite biomarker score because it identi-
fied abnormal AB-PET more accurately than AB42/40 in this
cohort. Similar to the results in BioFINDER, we found that
plasma IP-MS-WashU Af42/40 showed better performance
(AUC, 0.85; 95% CI, 0.77-0.92) than plasma IP-MS-UGOT
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Table 2. Receiver Operating Curve (ROC) Analysis for Abnormal
Cerebrospinal Fluid (CSF) Amyloid-342/40 (AB42/40) and AB-Positron
Emission Tomography (PET) Status in BioFINDER?

AUC (95% Cl)®
Plasma AB42/40 Assay CSF AB42/40 AB-PET
Entire cohort
AB+, No. 118 110
AB-, No. 168 176
IP-MS-WashU 0.855 0.833
(0.810-0.899) (0.787-0.879)
1A-Elc 0.778 0.727
(0.725-0.832)  (0.669-0.784)¢
LC-MS-Arc 0.776 0.753
(0.721-0.830)°  (0.696-0.811)¢
1A-El 0.697 0.672
(0.635-0.758)¢  (0.609-0.735)¢
IA-N4PE 0.687 0.655

(0.626-0.748)¢  (0.591-0.719)¢

Subcohort with IP-MS-Shim

AB42/40°

AB+, No. 86 86

AB-, No. 114 114

IP-MS-WashU 0.872 0.872
(0.824-0.920)  (0.824-0.920)

1P-MS-Shim 0.825 0.825
(0.767-0.882)  (0.767-0.882)

LC-MS-Arc 0.775 0.775
(0.711-0.839)°  (0.711-0.839)°

IA-Elc 0.773 0.773
(0.709-0.837)¢  (0.709-0.837)

IA-El 0.704 0.704
(0.631-0.777)¢  (0.631-0.777)¢

IA-N4PE 0.679 0.679

(0.605-0.753)¢  (0.605-0.753)¢
Subcohort with IP-MS-UGOT

and IA-Quan AB42/40

AB+, No. 91 86
AB-, No. 136 141
IP-MS-WashU 0.838 0.814
(0.785-0.891)  (0.760-0.868)
1A-Elc 0.795 0.728
(0.738-0.853)  (0.663-0.793)°
LC-MS-Arc 0.763 0.742
(0.700-0.827)"  (0.676-0.809)"
IA-N4PE 0.706 0.649
(0.639-0.773)<  (0.577-0.721)¢
IA-El 0.697 0.667
(0.628-0.767)¢  (0.596-0.738)¢
IP-MS-UGOT 0.678 0.632
(0.605-0.750)¢  (0.557-0.707)¢
IA-Quan 0.636 0.600

(0.563-0.709)¢  (0.525-0.675)¢

Abbreviations: AUC, area under the curve; IA-El, immunoassay from
Euroimmun; IA-Elc, Elecsys immunoassay from Roche Diagnostics;

IA-N4PE, N4PE Simoa immunoassay from Quanterix; IA-Quan, Simoa
immunoassay from Quanterix; IP-MS-Shim, immunoprecipitation coupled mass
spectrometry method developed by Shimadzu; IP-MS-WashU,
immunoprecipitation-coupled mass spectrometry method developed at
Washington University; IP-MS-UGOT, immunoprecipitation-coupled mass
spectrometry method developed at the University of Gothenburg;

LC-MS-Arc, antibody-free liquid chromatography-mass spectrometry method
developed by Araclon.

@ CSF AB42/40 and AB-PET data were binarized using previously described
cutoffs (0.059 and 1.42, respectively).””

® AUC of 2 ROC curves were compared with DeLong test.

€ P < .01, compared with IP-MS-WashU AB42/40.

9P <001, compared with IP-MS-WashU AB42/40.

€ In this subcohort, CSF AB42/40 and AB-PET concordance was 100%.
f P < .05 compared with AB42/401P-MS-WashU.
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Table 3. Characteristics of Study Participants in the Alzheimer Disease Neuroimaging Initiative

Median (IQR)

Characteristic AB negative (n = 63)? AB positive (n = 59)? P value®
Diagnosis, CN/MCI/AD, No. 35/26//2 16/25/18 <.001
Age, y 70.7 (65.7-76.0) 74.2 (69.9-77.5) .02
Female, No. (%) 28 (44.4) 25(42.4) .86
Duration of education, y 18.0(15.0-19.0) 16.0(13.0-18.0) .24
MMSE 29.0(28.0-30.0) 27.0(23.0-29.0) <.001
APOE €4 positivity, No. (%) 18 (28.6) 32 (54.2) .006
AB-PET, [*8F]florbetapir SUVR 1.006 (0.960-1.037) 1.321 (1.235-1.470) <.001
CSF AB42/40 NA NA NA
Plasma AB42/40

IP-MS-WashU 0.132(0.128-0.141) 0.122(0.117-0.127) <.001

IP-MS-Shim 0.040 (0.037-0.045) 0.037 (0.034-0.039) <.001

IP-MS-UGOT 0.071 (0.061-0.089) 0.064 (0.052-0.073) .002

IA-Elc 0.171(0.154-0.182) 0.152(0.141-0.164) <.001

IA-N4PE 0.049 (0.042-0.054) 0.043 (0.039-0.047) <.001

IA-Quan 0.040 (0.037-0.044) 0.037 (0.034-0.041) .01

Abbreviations: AB, amyloid-B; AD, Alzheimer disease dementia; CSF, cerebrospinal fluid; CU, cognitively unimpaired; IA-Elc, Elecsys immunoassay from Roche
Diagnostics; IA-N4PE, N4PE Simoa immunoassay from Quanterix; IA-Quan, Simoa immunoassay from Quanterix; IP-MS-Shim, immunoprecipitation coupled mass
spectrometry method developed by Shimadzu; IP-MS-UGOT, immunoprecipitation-coupled mass spectrometry method developed at the University of Gothenburg;
IP-MS-WashU, immunoprecipitation-coupled mass spectrometry method developed at Washington University; IQR, interquartile range; MCI, mild cognitive

impairment; MMSE, Mini-Mental State Examination; PET, positron emission tomography; SUVR, standardized uptake value ratio.

3 AB status was defined using a previously described AB-PET cutoff (1.11)."41°
b Differences between the groups were tested using Mann-Whitney U test, x? (diagnosis), or Fisher exact test (sex and APOE).

Table 4. Receiver Operating Curve (ROC) Analysis for Abnormal Ap-PET

in the Alzheimer Disease Neuroimaging Initiative®

Plasma assay

AB-PET, AUC (95% CI)®

AB+, No.

AB-, No.

AB42/40 IP-MS-WashU
Composite IP-MS-Shim
AB42/40 IA-Elc
AB42/40 IA-N4PE
AB42/40 IP-MS-UGOT
AB42/40 IA-Quan

59

63

0.845 (0.772-0.917)
0.821 (0.747-0.895)
0.740 (0.651-0.829)°
0.685 (0.590-0.781)¢
0.662 (0.565-0.758)°
0.634 (0.534-0.734)°

Abbreviations: AB, amyloid-B; AUC, area under the curve; IA-Elc, Elecsys
immunoassay from Roche Diagnostics; IA-N4PE, N4PE Simoa immunoassay
from Quanterix; IA-Quan, Simoa immunoassay from Quanterix; IP-MS-Shim,
immunoprecipitation coupled mass spectrometry method developed by
Shimadzu; IP-MS-UGOT, immunoprecipitation-coupled mass spectrometry
method developed at the University of Gothenburg; IP-MS-WashU,
immunoprecipitation-coupled mass spectrometry method developed at
Washington University; ROC, receiver operating characteristic; PET, positron
emission tomography.

21n ADNI, CSF AB42 and AB40 measures at the time of plasma collection were
only available in a small group of participants, and therefore we used AR PET
as the outcome.

b AUCs of 2 ROC curves were compared with DeLong test. AB-PET data was
binarized using a previously described threshold of 1.11. #1>

€ P < .05, compared with IP-MS-WashU AB42/40.
4P < .01, compared with IP-MS-WashU AB42/40.
€ P <.001, compared with AB42/401P-MS-WashU.

AB42/40 (AUC, 0.66; 95% CI, 0.57-0.76; P < .001),
IA-Elc AB42/40 (AUC, 0.74; 95% CI, 0.65-0.83; P < .05), IA-
N4PE AB42/40 (AUC, 0.69; 95% CI, 0.59-0.78; P < .01), and
IA-Quan AP42/40 (AUC, 0.63; 95% CI, 0.53-0.73; P < .001)
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but not IP-MS-Shim composite biomarker score (AUC, 0.82;
95% CI, 0.75-0.89; P = .54) (Table 4).

.|
Discussion

In this cross-sectional study examining the performance of 8
plasma assays for quantification of AB42/40, we found that
certain MS-based methods offered better precision than
immunoassays for identifying individuals with early AD. In 2
independent cohorts, 2 IP-MS methods (IP-MS-WashU and
IP-MS-Shim) had the highest discriminative accuracy for
determining CSF AB42/40 and AB-PET status. In BioFINDER,
Spearman coefficients were highest for correlations of CSF
AB42/40 with IP-MS-WashU AB42/40 and IP-MS-Shim
AB42/40 as well.

AB42/40 measured using IP-MS has previously shown
high accuracy in detecting abnormal brain A status in AD
with AUCs ranging from 0.88 to 0.97,%° and the IP-MS blood
test for AB developed by Washington University can now be
used in clinical care in US. In the present study, the AUCs of
both IP-MS-based methods were somewhat lower (0.82-
0.87) than in other cohorts, highlighting that the impact of
differences in cohort characteristics and sample handling is
not negligible. Nevertheless, plasma Af42/40 quantified
with the IP-MS-WashU approach showed significantly better
performance than the immunoassays. These findings could
be explained by high specificity of MS-based technologies in
general, which is considered a substantial advantage over
immunoassay, but also by differences in the antibody speci-
ficities and sample handling procedures. It is also possible
that the AP IP-MS methods are less prone to matrix effects
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that can be especially pronounced in protein-rich and com-
positionally complex biological fluids such as blood.!® How-
ever, while MS is a powerful research tool, fully automated
immunoassays or MS will probably be needed to provide
global access to blood-based biomarkers for routine clinical
use in primary care settings. Among the immunoassays,
TA-Elc AB42/40 had the numerically highest AUC, most likely
because Elecsys AB immunoassays are performed on a fully
automated platform with very high analytical reliability
and precision.!®

Limitations

This study has limitations. One limitation is that IP-MS-Shim
AB42/40, IP-MS-UGOT AB42/40, and IA-Quan AB42/40 were
not available in the whole cohort. Other limitations include

Original Investigation Research

the relatively small size of the AB-negative cognitively unim-
paired group and that the assays were performed at different
laboratories, possibly introducing some preanalytical varia-
tion. Future investigations should examine the performance
of different A methods separately in cognitively unimpaired
participants and those with MCI.

. |
Conclusions

In conclusion, plasma AB42/40 determined using certain MS-
based methods identified individuals with abnormal brain A3
burden more accurately than immunoassay-based AB42/40
measures. These findings can help inform the future clinical
use of blood tests for Ap pathology in AD.

ARTICLE INFORMATION
Accepted for Publication: July 23, 2021.

Published Online: September 20, 2021.
doi:10.1001/jamaneurol.2021.3180

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2021 Janelidze S et al. JAMA Neurology.

Correction: This article was corrected on
November 22, 2021, to fix calculation errors in the
supplementary tables.

Author Affiliations: Clinical Memory Research
Unit, Department of Clinical Sciences Malmé, Lund
University, Lund, Sweden (Janelidze, Hansson);
Neurochemistry Laboratory, Department of Clinical
Chemistry, Amsterdam Neuroscience, Vrije
Universiteit Amsterdam, Amsterdam University
Medical Center, Amsterdam, the Netherlands
(Teunissen, Verberk); Institute of Neuroscience &
Physiology, Department of Psychiatry and
Neurochemistry, the Sahlgrenska Academy at the
University of Gothenburg, MéIndal, Sweden
(Zetterberg); Clinical Neurochemistry Laboratory,
Sahlgrenska University Hospital, MdIndal, Sweden
(Zetterberg, Blennow); Department of
Neurodegenerative Disease, University College
London Institute of Neurology, London, United
Kingdom (Zetterberg); United Kingdom Dementia
Research Institute at University College London,
London, United Kingdom (Zetterberg); Mass
Spectrometry Laboratory, Araclon Biotech,
Zaragoza, Spain (Allué, Sarasa); Roche Diagnostics,
Penzberg, Germany (Eichenlaub); F. Hoffmann-La
Roche, Basel, Switzerland (Bittner); Department of
Neurology, Washington University School of
Medicine, St Louis, Missouri (Ovod, Bateman);
National Center for Geriatrics and Gerontology,
Obu, Aichi, Japan (Toba); Tokyo Metropolitan
Institute of Gerontology, Tokyo, Japan (Toba);
Center for Development of Advanced Medicine
for Dementia, National Center for Geriatrics and
Gerontology, Obu, Aichi, Japan (Nakamura);
Department of Psychiatry and Neurochemistry,
Institute of Neuroscience & Physiology,

the Sahlgrenska Academy at the University of
Gothenburg, MéIndal, Sweden (Blennow); Memory
Clinic, Skane University Hospital, Malmo, Sweden
(Hansson).

Author Contributions: Drs Hansson and Janelidze
had full access to all of the data in the study and

jamaneurology.com

Downloaded From: https://jamanetwor k.com/ on 08/16/2022

take responsibility for the integrity of the data and
the accuracy of the data analysis.

Concept and design: Bittner, Toba, Blennow, Hansson.
Acquisition, analysis, or interpretation of data:
Janelidze, Teunissen, Zetterberg, Allué, Sarasa,
Eichenlaub, Bittner, Ovod, Verberk, Nakamura,
Bateman, Blennow, Hansson.

Drafting of the manuscript: Janelidze.

Critical revision of the manuscript for important
intellectual content: Teunissen, Zetterberg, Allué,
Sarasa, Eichenlaub, Bittner, Ovod, Verberk, Toba,
Nakamura, Bateman, Blennow, Hansson.

Statistical analysis: Janelidze.

Obtained funding: Bittner, Bateman, Blennow, Hansson.
Administrative, technical, or material support:
Teunissen, Zetterberg, Allué, Sarasa, Eichenlaub,
Toba, Nakamura, Bateman, Hansson.

Supervision: Teunissen, Allué, Sarasa, Bittner, Toba,
Bateman, Blennow, Hansson.

Conflict of Interest Disclosures: Dr Teunissen
reports nonfinancial support from Quanterix during
the conduct of the study; has a patent pending for
glial fibrillary acidic protein as a biomarker; serves
as an editorial board member of Alzheimer Research
and Therapy, Medidact Neurologie, Springer, and
Neurology: Neuroimmunology &
Neuroinflammation; serves as an editor of
Neuromethods Book Series, Springer; and reports
grants from Roche Diagnostics, nonfinancial
support from ADx Neurosciences and Eli Lilly, and
compensation from AClmmune, Axon
Neurosciences, Biogen, Brainstorm Cell
Therapeutics, Celgene, Denali Therapeutics, EIP
Pharma, Eisai, PeopleBio, Toyama Pharmaceutical
Association, and Vivoryon Therapeutics outside the
submitted work. Dr Zetterberg reports personal
fees from Alector, AlzeCure Pharma, AZTherapies,
Biogen, Biosplice Therapeutics, Cellectricon,
Cognition Therapeutics, Denali Therapeutics, Eisai,
Fujirebio Diagnostics, NervGen, Pinteon
Therapeutics, Red Abbey Labs, Roche Diagnostics,
Siemens Healthineers, and Wave Life Sciences
outside the submitted work; and is a cofounder of
Brain Biomarker Solutions in Gothenburg AB.

Drs Allué and Sarasa report a patent pending for
EP2020382352 and are employed at Araclon
Biotech. Dr Eichenlaub is employed at Roche
Diagnostics. Dr Bittner is employed at F.
Hoffmann-La Roche, has a patent pending for
blood-based biomarkers, and owns stock from F.
Hoffmann-LaRoche. Mr Ovod has submitted the US
provisional patent application "Plasma Based

Methods for Detecting CNS Amyloid Deposition” as
a coinventor and may receive royalty income based
on technology (stable isotope labeling kinetics and
blood plasma assay) licensed by Washington
University to C2N Diagnostics. Dr Toba reports
grants from Amedisys during the conduct of the
study. Dr Nakamura reports grants from Amedisys
during the conduct of the study. Dr Bateman
reports consulting for Eisai and Janssen; personal
fees from ACImmune, Amgen, C2N Diagnostics,
and Pfizer; grants from AbbVie, Avid
Radiopharmaceuticals, Biogen, Centene, Eisai, Eli
Lilly, F. Hoffmann-LaRoche, Genentech, Janssen
Pharmaceuticals, and United Neuroscience outside
the submitted work; he is a member of the DIAN-TU
Pharma Consortium (Eli Lilly and Company/Avid
Radiopharmaceuticals, Hoffmann-La Roche/
Genentech, Biogen, Eisai, Janssen, and United
Neuroscience), the NFL Consortium (AbbVie,
Biogen, Roche, BMS), and Tau SIK Consortium
(AbbVie, Avid Radiopharmaceuticals, Biogen, Eli
Lilly); has a patent for a plasma amyloid-beta test
licensed to C2N Diagnostics; and cofounded C2N
Diagnostics; in addition, Washington University and
Dr. Bateman have equity ownership interest in C2N
Diagnostics and receive royalty income based on
blood plasma assay technology licensed by
Washington University to C2N Diagnostics;
Washington University and Dr Bateman have
submitted the US provisional patent application
“Plasma Based Methods for Detecting CNS Amyloid
Deposition.” Dr Blennow reports personal fees from
Abcam, Axon, Biogen, the Japanese Organization
for Medical Device Development, Julius Clinical,

Eli Lilly, MagQu, Novartis, Prothena, Roche
Diagnostics, Shimadzu, and Siemens Healthineers
and grants from the Swedish Research Council
during the conduct of the study as well as research
funding from Biogen, Eisai, and Roche Diagnostics
and nonfinancial support from AC Immune and Eli
Lilly outside the submitted work; and is a cofounder
of Brain Biomarker Solutions in Gothenburg AB,
which is a part of the GU Ventures Incubator
Program. Dr Hansson reports research support paid
to his institution from Avid Radiopharmaceuticals,
Biogen, Eisai, Eli Lilly, General Electric Healthcare,
Pfizer, and Roche Diagnostics and has received
personal fees from AC Immune, Alzpath, Biogen,
Cerveau, and Roche Diagnostics. No other
disclosures were reported.

Funding/Support: This work was supported by the
Swedish Research Council (2016-00906), the Knut

JAMA Neurology November 2021 Volume 78, Number 11

1381


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2021.3180?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
https://jamanetwork.com/pages/cc-by-license-permissions?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180

1382

Research Original Investigation

and Alice Wallenberg foundation (2017-0383),

the Marianne and Marcus Wallenberg foundation
(2015.0125), the Strategic Research Area MultiPark
at Lund University, the Swedish Alzheimer
Foundation (AF-939932), the Swedish Brain
Foundation (FO2019-0326), The Parkinson
foundation of Sweden (1280/20), the Skane
University Hospital Foundation (2020-0000028),
Regionalt Forskningsstod (2020-0314), and the
Swedish federal government under the ALF
agreement (2018-Projekt0279). Doses of
['®FIflutemetamol injection were sponsored by GE
Healthcare. Dr Zetterberg is a Wallenberg scholar
supported by grants from the Swedish Research
Council (2018-02532), the European Research
Council (681712), Swedish State Support for Clinical
Research (ALFGBG- 720931), the Alzheimer Drug
Discovery Foundation (201809-2016862), the AD
Strategic Fund and the Alzheimer’s Association
(ADSF-21-831376-C, ADSF-21-831381-C and

ADSF- 21-831377-C), the Olav Thon Foundation,
the Erling-Persson Family Foundation, Stiftelsen for
Gamla Tjanarinnor (FO2019-0228), Hjarnfonden,
the European Union's Horizon 2020 Research and
Innovation Programme under Marie
Sktodowska-Curie grant agreement 860197, and
the UK Dementia Research Institute at UCL. This
study was supported by National Institute on Aging
(RF1AGO61900) paid to Dr Bateman, the
Washington University SILQ Center paid to

Dr Bateman. Biomarker assays in Japan were
supported by Amedisys (18dk0207027h0003).
We thank Quanterix corporation for providing the
4NPE kits to the neurochemistry laboratory of
Amsterdam University Medical Center for this
study. Dr Blennow is supported by the Swedish
Research Council (2017-00915), the Alzheimer
Drug Discovery Foundation
(RDAPB-201809-2016615), the Swedish Alzheimer
Foundation (AF-742881), Hjarnfonden
(FO2017-0243), the Swedish state under the
agreement between the Swedish government and
the county councils, the ALF-agreement
(ALFGBG-715986), the European Union Joint
Program for Neurodegenerative Disorders
(JPND2019-466-236), and the National Institutes
of Health (IRO1AGO68398-01). Data collection and
sharing for this project was funded by the
Alzheimer's Disease Neuroimaging Initiative (UO1
AG024904 and W81XWH-12-2-0012). Alzheimer's
Disease Neuroimaging Initiative is funded by the
National Institute on Aging, the National Institute of
Biomedical Imaging and Bioengineering, AbbVie,
Alzheimer's Association, Alzheimer’s Drug
Discovery Foundation, Araclon Biotech, BioClinica,
Biogen, Bristol-Myers Squibb Company, CereSpir,
Incorporated, Cogstate, Eisai Inc, Elan Corporation,
Eli Lilly, Euroimmun, F. Hoffmann-La Roche Ltd and
its affiliated company Genentech, Inc, Fujirebio,
General Electric Healthcare, IXICO, Janssen
Alzheimer Immunotherapy Research &
Development, Johnson & Johnson Pharmaceutical
Research & Development, Lumosity, Lundbeck,
Merck & Co, Meso Scale Diagnostics, NeuroRx
Research, Neurotrack Technologies, Novartis
Pharmaceuticals Corporation, Pfizer, Piramal
Imaging, Servier, Takeda Pharmaceutical Company,
and Transition Therapeutics. The Canadian
Institutes of Health Research provides funds to
support Alzheimer’s Disease Neuroimaging
Initiative clinical sites in Canada. Private sector
contributions are facilitated by the Foundation for

Head-to-Head Comparison of 8 Plasma Amyloid-3 42/40 Assays in Alzheimer Disease

the National Institutes of Health. The grantee
organization is the Northern California Institute for
Research and Education, and the study is
coordinated by the Alzheimer’s Therapeutic
Research Institute at the University of Southern
California. Alzheimer's Disease Neuroimaging
Initiative data are disseminated by the Laboratory
for Neuro Imaging at the University of Southern
California.

Role of the Funder/Sponsor: Data used in
preparation of this article were obtained from the
Alzheimer's Disease Neuroimaging Initiative (ADNI)
database. As such, the investigators within the
ADNI contributed to the design and
implementation of ADNI and/or provided data but
did not participate in analysis or writing of this
article. A complete list of ADNI investigators can be
found in the Supplement. The funding sources 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. The precursor of
['®FIflutemetamol was provided by General Electric
Healthcare.

Additional Contributions: We thank Johann Karl,
PhD, and Katharina Zink, MSc, Roche Diagnostics,
for their valuable contribution to this study. They
did not receive additional compensation for their
contributions.

Additional Information: Anonymized data are
available by request from a qualified academic
investigator for the sole purpose of replicating
procedures and results presented in the article and
as long as data transfer is in agreement with
European Union legislation on the general data
protection regulation and decisions by the Ethical
Review Board of Sweden and Region Skane, which
should be regulated in a material transfer
agreement.

REFERENCES

1. Hansson O. Biomarkers for neurodegenerative
diseases. Nat Med. 2021;27(6):954-963. doi:10.
1038/541591-021-01382-x

2. Olsson B, Lautner R, Andreasson U, et al. CSF
and blood biomarkers for the diagnosis of
Alzheimer's disease: a systematic review and
meta-analysis. Lancet Neurol. 2016;15(7):673-684.
doi:10.1016/51474-4422(16)00070-3

3. Janelidze S, Stomrud E, Palmqvist S, et al.
Plasma 3-amyloid in Alzheimer's disease and
vascular disease. Sci Rep. 2016;6:26801. doi:10.
1038/srep26801

4. Nakamura A, Kaneko N, Villemagne VL, et al.
High performance plasma amyloid-f biomarkers for
Alzheimer's disease. Nature. 2018;554(7691):
249-254. doi:10.1038/nature25456

5. Ovod V, Ramsey KN, Mawuenyega KG, et al.
Amyloid B concentrations and stable isotope
labeling kinetics of human plasma specific to central
nervous system amyloidosis. Alzheimers Dement.
2017;13(8):841-849. doi:10.1016/].jalz.2017.06.2266

6. Schindler SE, Bollinger JG, Ovod V, et al.
High-precision plasma [-amyloid 42/40 predicts
current and future brain amyloidosis. Neurology.
2019;93(17):e1647-€1659. doi:10.1212/WNL.
0000000000008081

JAMA Neurology November 2021 Volume 78, Number 11

Downloaded From: https://jamanetwor k.com/ on 08/16/2022

7. Palmqyist S, Janelidze S, Stomrud E, et al.
Performance of fully automated plasma assays as
screening tests for Alzheimer disease-related
B-amyloid status. JAMA Neurol. 2019;76(9):
1060-1069. doi:10.1001/jamaneurol.2019.1632

8. Verberk IMW, Slot RE, Verfaillie SCJ, et al. Plasma
amyloid as prescreener for the earliest Alzheimer
pathological changes. Ann Neurol. 2018;84(5):
648-658. doi:10.1002/ana.25334

9. ADNI. Alzheimer's Disease Neuroimaging
Initiative. Accessed June 25, 2021. http://adni.loni.
usc.edu/

10. Palmqvist S, Janelidze S, Quiroz YT, et al.
Discriminative accuracy of plasma phospho-tau217
for Alzheimer disease vs other neurodegenerative
disorders. JAMA. 2020;324(8):772-781. doi:10.
1001/jama.2020.12134

11. Thijssen EH, Verberk IMW, Vanbrabant J, et al.
Highly specific and ultrasensitive plasma test
detects Abeta(1-42) and Abeta(1-40) in Alzheimer's
disease. Sci Rep. 2021;11(1):9736. doi:10.1038/
s41598-021-89004-x

12. Janelidze S, Palmqvist S, Leuzy A, et al.
Detecting amyloid positivity in early Alzheimer's
disease using combinations of plasma AB42/40 and
p-tau. Alzheimers Dement. Published online June 20,
2020. doi:10.1002/alz.12395

13. Palmaquist S, Zetterberg H, Blennow K, et al.
Accuracy of brain amyloid detection in clinical
practice using cerebrospinal fluid 3-amyloid 42:
a cross-validation study against amyloid positron
emission tomography. JAMA Neurol. 2014;71(10):
1282-1289. doi:10.1001/jamaneurol.2014.1358

14. Landau SM, Lu M, Joshi AD, et al; Alzheimer's
Disease Neuroimaging Initiative. Comparing
positron emission tomography imaging and
cerebrospinal fluid measurements of B-amyloid.
Ann Neurol. 2013;74(6):826-836. doi:10.1002/ana.
23908

15. Landau SM, Mintun MA, Joshi AD, et al;
Alzheimer's Disease Neuroimaging Initiative.
Amyloid deposition, hypometabolism, and
longitudinal cognitive decline. Ann Neurol. 2012;72
(4):578-586. doi:10.1002/ana.23650

16. Minta K, Brinkmalm G, Janelidze S, et al.
Quantification of total apolipoprotein E and its
isoforms in cerebrospinal fluid from patients with
neurodegenerative diseases. Alzheimers Res Ther.
2020;12(1):19. doi:10.1186/513195-020-00585-7

17. Janelidze S, Berron D, Smith R, et al
Associations of plasma phospho-tau217 levels with
tau positron emission tomography in early
Alzheimer disease. JAMA Neurol. 2021;78(2):149-156.
doi:10.1001/jamaneurol.2020.4201

18. Neubert H, Shuford CM, Olah TV, et al. Protein
biomarker quantification by immunoaffinity liquid
chromatography-tandem mass spectrometry:
current state and future vision. Clin Chem. 2020;66
(2):282-301. doi:10.1093/clinchem/hvz022

19. Hansson O, Seibyl J, Stomrud E, et al; Swedish
BioFINDER study group; Alzheimer's Disease
Neuroimaging Initiative. CSF biomarkers of
Alzheimer's disease concord with amyloid-3 PET
and predict clinical progression: a study of fully
automated immunoassays in BioFINDER and ADNI
cohorts. Alzheimers Dement. 2018;14(11):1470-1481.
doi:10.1016/j.jalz.2018.01.010

jamaneurology.com


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2021.3180?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
https://dx.doi.org/10.1038/s41591-021-01382-x
https://dx.doi.org/10.1038/s41591-021-01382-x
https://dx.doi.org/10.1016/S1474-4422(16)00070-3
https://dx.doi.org/10.1038/srep26801
https://dx.doi.org/10.1038/srep26801
https://dx.doi.org/10.1038/nature25456
https://dx.doi.org/10.1016/j.jalz.2017.06.2266
https://dx.doi.org/10.1212/WNL.0000000000008081
https://dx.doi.org/10.1212/WNL.0000000000008081
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2019.1632?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
https://dx.doi.org/10.1002/ana.25334
http://adni.loni.usc.edu/
http://adni.loni.usc.edu/
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.12134?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.12134?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
https://dx.doi.org/10.1038/s41598-021-89004-x
https://dx.doi.org/10.1038/s41598-021-89004-x
https://dx.doi.org/10.1002/alz.12395
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2014.1358?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
https://dx.doi.org/10.1002/ana.23908
https://dx.doi.org/10.1002/ana.23908
https://dx.doi.org/10.1002/ana.23650
https://dx.doi.org/10.1186/s13195-020-00585-7
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2020.4201?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180
https://dx.doi.org/10.1093/clinchem/hvz022
https://dx.doi.org/10.1016/j.jalz.2018.01.010
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.3180

