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Abstract

Introduction: The optimal combination of amyloid-B/tau/neurodegeneration (A/T/N)
biomarker profiles for the diagnosis of Alzheimer’s disease (AD) dementia is unclear.
Methods: We examined the discriminative accuracy of A/T/N combinations assessed
with neuroimaging biomarkers for the differentiation of AD from cognitively unim-
paired (CU) elderly and non-AD neurodegenerative diseases in the TRIAD, BioFINDER-
1 and BioFINDER-2 cohorts (total n = 832) using area under the receiver operating
characteristic curves (AUC).

Results: For the diagnosis of AD dementia (vs. CU elderly), T biomarkers performed
as well as the complete A/T/N system (AUC range: 0.90-0.99). A and T biomarkers
in isolation performed as well as the complete A/T/N system in differentiating AD
dementia from non-AD neurodegenerative diseases (AUC range; A biomarker: 0.84-1;
T biomarker: 0.83-1).

Discussion: In diagnostic settings, the use of A or T neuroimaging biomarkers alone
can reduce patient burden and medical costs compared with using their combination,

without significantly compromising accuracy.
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1 | BACKGROUND

Alzheimer’s disease (AD) is characterized by the aggregation of
amyloid-beta (AB) plaques, neurofibrillary tangles consisting of hyper-
phosphorylated tau, and downstream neurodegeneration.! Accepted
biomarker models of AD suggest that ABS accumulates decades
before the appearance of symptoms, with neocortical tau pathology
and neurodegeneration occurring closer to the onset of cognitive
impairment.23

The recently proposed unbiased biomarker classification system for
AD provides three main classes of biomarkers: A3 (A), Tau (T), and neu-
rodegeneration (N), denoted as A/T/N.* In this framework, abnormal
levels of A and Tau are considered specific to AD, with neurodegener-
ation also being a feature of other neurodegenerative diseases.” This
classification has numerous applications including enrichment of ther-
apeutic trials® and prediction of cognitive decline.” With increasing
clinical use of molecular imaging for the differential diagnosis of indi-
viduals with cognitive impairment,®~10 it has often been speculated
that this framework may also have practical applications in screen-
ing patients most likely to have AD and to help differentiate AD from
non-AD dementia disorders. However, which A/T/N biomarker pro-
files are optimal for the accurate diagnosis of the etiology of cognitive
impairment has not yet been determined.

While many research studies phenotype individuals according to the
complete A/T/N system,”-11-15 doing so in clinical settings is unlikely
to be feasible given financial, practical, and patient-related constraints.
A logical question is thus whether there is a single AD biomarker, or
combination of two biomarkers, that can provide a level of diagnostic
accuracy similar to the complete A/T/N system. Building on previous
studies reporting high diagnostic accuracy of tau positron emission
tomography (PET) biomarkers for the diagnosis AD,'¢ we compared
the performance of A/T/N biomarkers (combined or in isolation) for
the separation of AD dementia from cognitively unimpaired (CU) con-
trols and non-AD neurodegenerative diseases in three independent
cohorts. We hypothesized that the biomarkers combinations would
result in higher diagnostic performance as compared to the use of

single biomarkers.

2 | METHODS

2.1 | Participants

This study included three separate research cohorts. The first cohort
was the Translational Biomarkers in Aging and Dementia (TRIAD)
study?’ recruiting from the McGill Centre for Studies in Aging in
Montreal, Canada. The second and third cohorts were the Swedish

BioFINDER-18 and BioFINDER-21? studies, both recruiting from
Skane University Hospital and the Hospital of Angelholm, Sweden. In
all three cohorts, inclusion was based on (i) being cognitively unim-
paired (CU)—that is, did not have MCI or dementia—and above age
60, (ii) fulfilling clinical criteria for probable AD?° or a non-AD demen-
tia disorder, and (iii) availability of all three ATN biomarkers. Table S1
presents a breakdown of the non-AD neurodegenerative diseases
in each cohort. Participants were excluded if they had inadequately
treated systemic conditions, active substance abuse, recent head
trauma, major surgery, or presented with magnetic resonance imaging
(MRI)/PET safety contraindications. Full details of inclusion and exclu-
sion criteria for all studies have been published previously’~1? and are
provided in Supplementary Methods 1.

Written informed consent was obtained for all participants. The
TRIAD study was approved by the Montreal Neurological Instituted
PET Working Committee and the Douglas Mental Health University
Institute Research Ethics Board. Ethical approval for the BioFINDER-1
and BioFINDER-2 studies was given by the Regional Ethical Commit-
tee in Lund, Sweden. Approval for PET imaging was obtained from the
Swedish Medicines and Products Agency and the local radiation safety
committee at Skane University Hospital, Lund, Sweden.

2.2 | MRI/PET acquisition and processing

Details of the MRI and PET acquisition and processing for TRIAD,”
BioFINDER-1,2! and BioFINDER-222 studies are provided in Sup-
plemetary Methods 2. Briefly, all participants from the three cohorts
underwent 3.0T MRI scans. In the TRIAD study, AB-PET standard-
ized uptake value ratio (SUVR) was acquired using [18F]JAZD4694
from 40 to 70 min post-injection normalized to the full cerebellum?3
and tau PET was acquired using [18F]MK6240 from 90 to 110 min
post-injection normalized to the inferior cerebellum gray matter.2
In the BioFINDER-1 study, A3 PET SUVR was acquired using
[*8F]flutemetamol from 90 to 100 min post-injection normalized to the
pons and tau PET was acquired using [18F]flortaucipir from 80 to 100
min post-injection normalized to the inferior cerebellum gray matter. In
the BioFINDER-2 study, tau PET was acquired using [18FJRO948 from
70 to 90 min post-injection normalized to the inferior cerebellum gray
matter. In BioFINDER-2, AB PET is not performed on individuals with
dementiawith the cerebrospinal fluid (CSF) AB42/40 ratio instead used
as an AB biomarker.?> Tau PET SUVR values (T) for all tracers were
extracted from a composite region of interest (ROI) consisting of the
entorhinal cortex and hippocampus. AB PET SUVR (A) levels for all trac-
ers were extracted from a composite ROl comprising frontal, temporal,
and parietal cortices. In all cohorts, a high-resolution T1-weighted
MRI was acquired on a 3T scanner for the purposes of PET image
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional sources. While most research stud-
ies phenotype individuals according to the complete

(A/T/N)

system, doing so in clinical settings is unlikely to be

amyloid-f/tau/neurodegeneration biomarker
feasible given financial and patient burden constraints.

2. Interpretation: Our findings led us to investigate the
diagnostic performance of established A/T/N biomarkers
to determine the optimal combination of biomarkers for
AD diagnosis. We observed that A and T biomarkers alone
had similar performance to the full A/T/N system when
differentiating AD from non-AD neurodegenerative dis-
eases, and that T biomarkers were best for differentiating
AD from cognitively unimpaired (CU) elderly individuals.

3. Future directions: The use of A or T neuroimaging
biomarkers alone in diagnostic settings can reduce
patient burden and medical costs compared with using
AD biomarker combinations, without significantly com-
promising accuracy. Future studies should aim to investi-
gate whether same pattern of results are observed with
plasma biomarkers of AD pathophysiology.

coregistration and template normalization, and for the extraction of

hippocampal volume as a measure of neurodegeneration (N).

2.3 | Statistical analyses

Statistical analyses were performed using R Statistical software v4.0.4.
The receiver operating characteristic (ROC) curves comparing groups
provided the area under the curve (AUC) to determine biomarker
performance using clinical diagnosis as the standard of truth. Logis-
tic regressions were used to generate test variables representing the
intended biomarker combinations, which were then used as an input
in the ROC AUC analyses. Cutoff values were determined using the
Youden index maximizing the separation between groups. We then
used these optimized cutoffs to generate confusion matrices summa-
rizing diagnostic performance. In these models, each AUC value indi-
cates overall biomarker (or combination of biomarkers) performance,
with 50% indicating no difference from chance and 100% indicat-
ing a biomarker with sensitivity and specificity of 100%. We tested
whether there were statistically significant differences between AUC
values for biomarkers or combinations of biomarkers by comparing
95% confidence intervals using the DeLong method.2¢

3 | RESULTS

A total of 832 individuals were evaluated from three prospective
cohorts (TRIAD: n = 225; BioFINDER-1: n = 123; BioFINDER-2:

Disease Monitoring

n = 484), including 418 CU elderly individuals, 221 patients with AD
dementia, and 193 patients with various non-AD neurodegenerative
disorders. Summary demographic, clinical and biomarker information
are provided in Table 1. Specific diagnoses of the subjects catego-
rized as “non-AD neurodegenerative diseases” are reported in Table S1.
Average tau PET SUVR images across diagnostic groups for each cohort
are shown in Figure 1.

We tested the discriminative accuracy of various A/T/N biomarker
combinations for the classification of AD dementia versus CU elderly.
In the TRIAD cohort (Figure 2A), no significant difference in diagnostic
accuracy was observed among A/T/N, A/T, and T biomarkers, while Aiin
isolation and N in isolation had significantly lower discriminative accu-
racy (p < 0.05). In the BioFINDER-1 cohort (Figure 2B), there were no
significant differences between A/T/N and other biomarker combina-
tions in differentiating AD dementia from CU elderly individuals. In the
BioFINDER-2 cohort (Figure 2C), A/T/N, A/T,and T had similar diagnos-
tic accuracy, while A in isolation had significantly lower discriminative
accuracy (p < 0.05).

Subsequently, we tested the discriminative accuracy of A/T/N
combinations for the classification of AD dementia versus non-AD
neurodegenerative diseases. In all three cohorts, we observed no sig-
nificant difference in diagnostic accuracy for A/T/N, A/T, A, and T
biomarkers, while N biomarkers in isolation had significantly lower

diagnostic accuracy (p < 0.05) (Figure 3).

4 | DISCUSSION

In summary, we found that the discriminative accuracy of tau PET
or AB PET in isolation was similar to the combination of A, tau and
neurodegeneration biomarkers in differentiating AD dementia from
CU individuals and those with non-AD degenerative disorders. These
results support the diagnostic utility of both tau and AgB biomarkers in
patients with cognitive impairment.

For the diagnosis of AD dementia (vs. CU elderly), the combination
of A and T biomarkers, as well as T in isolation, had similar perfor-
mance as the full A/T/N classification system. Because A3 pathology
accumulates for decades before the onset of cognitive symptoms,23
Ag abnormality is observed in about 30% of older CU individuals.?”-28
Consequently, the discriminative accuracy of A3 biomarkers for AD is
likely to be lower than for biomarkers of tau, which become abnor-
mal much closer to cognitive impairment.2? Since ~ 30% of CU elderly
are AS positive, the use of AS biomarker thresholds merely indicat-
ing cerebral amyloidosis will have a specificity no greater than 70%.
To circumvent this, studies have used different techniques, such as
the Optimal Operating Point for ROC, to optimize the discriminative
accuracy of AB biomarkers, resulting in better diagnostic perfor-
mance due to a more balanced trade-off between sensitivity and
specificity. In our study, the difference between the global concentra-
tions between Ag positive CU and A positive subjects with cognitive
impairment allowed optimization of AB thresholds and resulted in
better diagnostic performance compared to the use of standard A3
thresholds.
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TABLE 1 Demographic and key characteristics of the samples
(A) TRIAD Cohort CcuU AD dementia Non-AD
No. 156 39 30
Age, y, mean (SD) 71.33(5.97)2 66.59(9.07) 66.16 (9.22)P
Female, no. (%) 105 (67.3%) 19(48.7) 15 (50)
Education, y, mean (SD) 15.25(3.51) 14.58 (3.43) 14.17 (3.78)
APOE ¢4 carriers, % 43(27.5%) 21(53.8%) 5(16.6%)
MMSE, mean (SD) 29.12(1.05)24 18.34(6.58) 25.96 (5.91)¢
Neocortical [*8FJAZD4694 SUVR (SD) 1.40(0.31)! 2.28(0.34)f 1.21(0.14)
Braak I-I1 [*®FIMK6240 SUVR (SD) 0.98 (0.23) 2.07 (0.51)%f 0.86(0.18)
Braak I11-1V [ F]MK6240 SUVR,(SD) 0.95(0.08) 2.63(0.91)%f 0.9(0.08)
Braak V-VI [*8FIMK6240 SUVR (SD) 0.97 (0.09) 2.25(0.92)sf 0.96(0.11)
Hippocampal volume, cm? (SD) 3.50 (0.38)2b 2.79(0.46)° 3.19(0.54)
(B) BioFINDER-1 Cohort cu AD dementia Non-AD
No. 57 43 23
Age, y, mean (SD) 75.77 (4.45) 71.51(7.14) 69.61(5.65)°
Female, no. (%) 28 (49) 20 (46.5) 11 (48)
Education, y, mean (SD) 12.18 (3.86) 12.44 (3.85) 14.17 (3.78)
APOE &4 carriers, % 23(40) 24 (58%; 2 NA) 7 (36; 4 NA)
MMSE, mean (SD) 28.91(1.06)*4 20.69 (3.06) 25.56 (4.6)°
Neocortical [*8F]Flutemetamol SUVR (SD) 0.64(0.16) 0.90(0.17)ef 0.59(0.11)
Braak I-I1 [*8F]Flortaucipir SUVR (SD) 1.2(0.14) 1.53(0.20)sf 1.16 (0.16)
Braak I11-1V [*8F]Flortaucipir SUVR (SD) 1.18(0.10) 1.95 (0.44)%f 1.24(0.27)
Braak V-VI [8F]Flortaucipir SUVR (SD) 1.03 (0.06) 1.47 (0.36)f 1.06 (0.15)
Hippocampal volume, cm3 (SD) 3.39(0.37)2 2.89(0.48) 3.15(0.66)°
(C) BioFINDER-2 Cohort CcuU AD dementia Non-AD
No. 205 139 140
Age, y, mean (SD) 75.19 (5.86)" 74.09 (6.69)8 70.4(8.97)
Female, no. (%) 113(55) 76 (54) 56 (40)
Education, y, mean (SD) 12.04 (3.73) 12.16 (4.6) 12.59 (3.68)
APOE ¢4 carriers, % 89 (43) 100(72) 53(38)
MMSE, mean (SD) 28.77 (1.24)4 20.27 (4.25) 25.42(4.38)¢
CSF AB42/40 ratio 0.86(0.28)° 0.48(0.13) 0.93(0.23)
Braak I-I1 [*¥FIRO948 SUVR (SD) 1.12(0.16) 1.61(0.29)%f 1.07(0.21)
Braak I11-1V [*F]RO948 SUVR (SD) 1.07 (0.09) 1.51(0.42)%f 1.07(0.14)
Braak V-VI [*8F]RO948 SUVR (SD) 1.21(0.18) 2.15(0.69)sf 1.21(0.19)
Hippocampal volume, cm? (SD) 3.53(0.43)? 2.88(0.43) 3.43(0.60)¢

Abbreviations: ; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; CU, cognitively unimpaired; MMSE, Mini-Mental State Examination; SUVR, standardized

uptake value ratio; non-AD, neurogenerative diseases other than Alzheimer’s disease.

A=CU>AD (p<0.005); B=CU > nonAD (p < 0.005); C = non-AD > AD (p < 0.005); D = CU > nonAD (p < 0.005); E= AD > CU (p < 0.005); F = AD > non-AD

(b <0.005); J = CU > non-AD (p < 0.05).

When differentiating AD from non-AD neurodegenerative demen-
tia disorders, we observed that the combination of A and T biomarkers,
as well as A and T biomarkers in isolation performed nearly as well
as the complete A/T/N classification system in all three cohorts.
This supports the use of either A or tau PET for the differential

diagnosis of neurodegenerative diseases in individuals with cogni-
tive impairment.? N, as a nonspecific biomarker that characterizes
AD as well as non-AD neurodegenerative disease, performed signifi-
cantly worse than biomarkers that were specific to AD pathology (i.e.,
AandT).
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Overall, we observed a relatively consistent pattern of results
across the three cohorts investigated in this study. T biomarkers in
isolation performed as well as the complete A/T/N system in dis-
tinguishing between AD dementia and CU elderly. Both A and T
biomarkers in isolation performed as well as the complete A/T/N sys-
tem in distinguishing AD dementia and CU elderly. Similarly, in all three
cohorts, both A and T biomarkers in isolation performed as well as the
complete A/T/N system in differentiating between individuals with AD
dementia and those with non-AD neurodegenerative diseases.

It is important to emphasize that this study was designed to test the
diagnostic accuracy of A/T/N biomarkers in individuals with cognitive
impairment. Biomarker phenotyping with the full A/T/N system is use-
ful in a number of other situations, including clinical trial enrichment?®
and prediction of cognitive decline.” While the use of A or T biomarkers
alone in diagnostic settings could reduce patient burden and medical
costs compared with using AD biomarker combinations if A, T, and N
are completely or partially defined using neuroimaging, the combined
use of A, T, and N CSF measures has been shown to carry prog-
nostic value in memory clinic settings®® and can easily be obtained
without increasing patient burden and at only a mildly increased cost
compared to individual measures. In addition to high diagnostic per-
formance, tau PET offers the potential to stage individuals based on
their pattern of tau deposition.2*3! Because both the topography and
the magnitude of tau PET uptake vary according to the severity of

AD, it is conceivable that a tau PET scan may prove advantageous in

providing additional information to clinicians regarding patient man-
agement, including identifying atypical phenotypic presentations of
AD.3? Future studies are needed to determine the feasibility of this
concept, however.

This study has several limitations. One important limitation is the
lack of autopsy data; hence, clinical diagnoses were considered as the
reference standard. Because of imperfect agreement between clinical
diagnoses and presence of AS plaques and neurofibrillary tangles at
autopsy,>S the reference standard for ROC analyses can be considered
suboptimal. Second, diagnoses were made in secondary (BioFINDER)
and tertiary (TRIAD) care clinical settings by dementia specialists and
may not reflect diagnostic accuracy of more typical clinical settings.
Third, applying cutoffs to binarize biomarkers inevitably results in
trade-offs between sensitivity and specificity.*® Fourth, we used hip-
pocampal volume as our measure of neurodegeneration as this was the
measure common to both cohorts; future should assess the importance
of other neuroimaging and fluid neurodegeneration biomarkers, such
as [18F]FDG PET or CSF neurofilament light. Last, we did not include
patients with MCI due to AD because of the potential circularity of
including AD-biomarker positive individuals in an analysis of the dis-
criminative accuracy of specific biomarkers. Future work should focus
on this population. Strengths of this study include the investigation of
three large and well-defined cohorts, replication of results across dif-
ferent PET tracers for AB and tau, and multimodal imaging biomarkers

used to determine diagnostic performance.
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A/T/N system (81%), although this difference was not statistically significant. Similar to the TRIAD and BioFINDER-2 cohorts, N in isolation
performed significantly worse (accuracy = 78%) than the complete A/T/N system
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FIGURE 3 ABPET and tau PET alone have similar diagnostic performance to complete ATN biomarker classification for distinguishing AD
dementia from non-AD neurodegenerative diseases. Plots from ROC analyses illustrating diagnostic performance of A/T/N as well as individual
biomarkers and biomarker combinations for distinguishing individuals with AD dementia from individuals with non-AD neurodegenerative
disorders. Boxes illustrate the confusion matrices with the accuracy (predicted vs true class) of each biomarker or biomarker combination. In all
three cohorts (A-C), the combination of AT, as well as T in isolation and A in isolation performed with similar accuracy to the complete A/TN
system. Only N in isolation performed significantly worse
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To conclude, our study provides evidence from three independent
cohorts that A or tau PET biomarkers provide similar diagnostic
accuracy to the full A/T/N system for the diagnosis of AD.
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