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Voxel-based principal component analysis allows for an identification
of patterns of glucose metabolism and amyloid deposition related to
the conversion from mild cognitive impairment (MCI) to Alzheimer
disease (AD). The present study aimed to validate these AD conver-
sion-related patterns (ADCRPs) against neuropathologic findings.
Methods: We included patients from the Alzheimer’s Disease Neuro-
imaging Initiative who underwent autopsy and for whom "8F-FDG PET
(30 AD, 6 MCI, 2 cognitively normal) and amyloid-3 (AB) PET (17 AD, 3
MCI, 2 cognitively normal) were available. Pattern expression scores
(PESSs) of the "®F-FDG- and AB-ADCRP were compared with Braak
tangle stage and Thal amyloid phase, respectively. Mean "8F-FDG up-
take and mean "8F-AV-45 SUV ratio (SUVr) in regions of hypometabo-
lism and elevated amyloid load typical of AD, respectively, were used
as volume-of-interest-based PET measures. The diagnostic perfor-
mance for identifying none-to-low vs. intermediate-to-high AD neuro-
pathologic change (ADNC) was assessed for all biomarkers. Results:
We observed significant associations between PES of '®F-FDG-
ADCRP and Braak stage (p > 0.48, P < 0.005) and between PES of
AB-ADCRP and Thal phase (p > 0.66, P < 0.001). PES of "®F-FDG-
ADCRP, PES of AB-ADCRP, and their combination identified
intermediate-to-high ADNC with an area under the receiver-oper-
ating-characteristic curve (AUC) of 0.80, 0.95, and 0.98 (n = 22),
respectively. Mean '8F-FDG uptake and mean '8F-AV-45 SUVr
in AD-typical regions were also significantly associated with
Braak stage (|p| [absolute value] > 0.45, P < 0.01) and Thal phase
(p > 0.55, P < 0.01), respectively. Volume-of-interest-based PET
measures discriminated between ADNC stages with an AUC of
0.79, 0.88, and 0.90 for mean '®8F-FDG uptake, mean '8F-AV-
45 SUVr, and their combination (n = 22), respectively. Contem-
plating all subjects with available '®F-FDG PET and neuro-
pathology information (n = 38), PES of '®F-FDG-ADCRP was a
significant predictor of intermediate-to-high ADNC (AUC = 0.72),
whereas mean '8F-FDG uptake was not (AUC = 0.66), although the
difference between methods was not significant. Conclusion: PES
of '®F-FDG-ADCRP, a measure of neurodegeneration, shows close
correspondence with the extent of tau pathology, as assessed by
Braak tangle stage. PES of AB-ADCRP is a valid biomarker of under-
lying amyloid pathology, as demonstrated by its strong correlation
with Thal phase. The combination of ADCRPs performed better
than '®F-FDG-ADCRP alone, although there was only negligible
improvement compared with AB-ADCRP.
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A definite diagnosis of Alzheimer disease (AD) requires
autopsy and neuropathologic assessment (/). According to the
guidelines of the National Institute on Aging and the Alzheimer
Association for the neuropathologic assessment of AD, the pres-
ence of neurofibrillary tangles (NFTs) and neuritic plaques is con-
sidered essential for the AD diagnosis (2). The recently introduced
AT(N) classification scheme (amyloid-B [AB] deposition, patho-
logic tau, and neurodegeneration) (3) shifted the diagnostic land-
scape from clinical symptomatology toward in vivo biomarkers
for lifetime diagnosis of AD. Still, the gold standard, against
which in vivo assessments must be validated, is neuropathologic
examination.

There are only a limited number of studies that assessed the
quantitative relationship between the AD pathology and antemor-
tem PET imaging (4-7). We recently applied principal component
analysis (PCA) to AP and 'SF-FDG PET data to identify the AD
conversion-related patterns of regional glucose metabolism
("®F-FDG-ADCRP) and amyloid load (AB-ADCRP), which signif-
icantly predict conversion to AD dementia in patients with mild
cognitive impairment (MCI) (8,9). Thus, incorporation of
ADCRPs into research diagnostic criteria may allow identifying
high-risk individuals already at prodromal stages of the disease.
For further validation, confirmation with neuropathology data is
of high importance. Therefore, we investigated the relationship
between '*F-FDG- and AB-ADCRP and neuropathology findings
as expressed by Braak stage of NFTs (/0) and Thal amyloid phase
for neuritic plaques (/7), respectively, and the value of individual
and combined measures to identify the AD neuropathologic
change (ADNC) stages (12).

MATERIALS AND METHODS

Patient Cohort

As of October 2019, 64 patients from the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI, ClinicalTrials.gov identifier NCT00106899)
had undergone autopsy. For this analysis, we included 38 patients with
available '*F-FDG PET data (all male; mean age = SD, 79 + 8 y).
Thirty patients were clinically diagnosed with AD and 6 with
MCI; 2 were cognitively unimpaired. Additionally, for 22 of these
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patients, '*F-AV-45 amyloid PET data were present (17 AD, 3 MCI,
and 2 cognitively normal). For most patients, PET imaging was per-
formed within 2 y before the autopsy (‘*F-FDG PET, n = 21/38; amy-
loid PET, n = 12/22). Mini-mental state examination score significant-
ly differed between diagnostic groups, whereas sex, age, and years of
education were matched between groups. Antemortem-imaging, demo-
graphic, and clinical information for the patients was downloaded from
the ADNI database (Table 1). The study protocol was approved by the
ADNI Institutional Review Board, and the ADNI obtained written in-
formed consent from all subjects before protocol-specific procedures
were performed.

Neuroimaging

PET acquisitions and data preprocessing were performed as previ-
ously described (8). For '"SF-FDG PET (acquired 30-60 min after
injection), we assessed the pattern expression score (PES) of the previ-
ously validated '*F-FDG-ADCRP (8), which was constructed by
voxelwise PCA (13). The '*F-FDG-ADCRP is characterized by a
metabolic decrease that is most prominent in the right and left

temporoparietal cortex and in the precuneus and posterior cingulate
cortex, whereas the metabolism of the sensorimotor and occipital cor-
tices and cerebellum is relatively increased (preserved) (Supplemental
Fig. 1A; supplemental materials are available at http://jnm.snmjour-
nals.org). Similarly, for "®F-AV-45 PET (acquired 50~70 min after in-
jection) the PES of the AB-ADCRP (9) was obtained by PCA on the
amyloid PET data. The AB-ADCRP is characterized by the most
prominently elevated amyloid load in the right and left precuneus, the
posterior cingulate cortex, the mesial frontal cortex, the insular region,
and the ventral striatum, whereas the cerebellum is spared (Supple-
mental Fig. 1B). Additionally, volume-of-interest (VOI)-based meas-
ures of cerebral '®F-FDG uptake and '®F-AV-45 A binding were
used. Mean normalized '®F-FDG uptake was calculated in regions of
significant hypometabolism in MCI subjects who converted to AD,
compared with stable-MCI subjects (obtained from a voxelwise 2-
sampled ¢ test performed in a previous study (8)). These
regions comprised bilateral temporoparietal regions and the precu-
neus/posterior cingulate cortex (Supplemental Fig. 1C). The mean
SUV ratio (SUVr) of 'F-AV-45 in regions with the highest AP

TABLE 1
Demographic Characteristics of ADNI Subcohort with Available Neuropathology Data According to Antemortem Clinical
Diagnostic Groups

Characteristic AD MCI Cognitively normal
Subjects with '®F-FDG PET available
Number of subjects 30 6 2
Age at scan (y) 79.2 = 8.0 82.7 = 6.0 76.1 = 13.6
Age at autopsy (y) 82.1 = 8.1 85.0 + 5.0 79.5 + 13.4
Scan-deaths (y) 29 £ 1.7 21 +14 3.5 0.7
Mini-mental state examination 21.7 £ 43 26.7 = 24 300
Education (y) 16.5 + 2.3 14.6 + 2.1 19.0 = 1.4
PES of '®F-FDG-ADCRP* 12.4 + 8.8 6.0 =53 -5.7 +55
"8F-FDG uptake* 1.04 + 0.09 1.10 = 0.08 1.21 = 0.03
Neuropathologic diagnosis (n): Braak tangles stage (range) ADNC (24): 2-6 ADNC (5): 1-5 ADNC (1): 0
DLB (4): 24 AD (1): 5 PART (1): 2
FTLD-TDP (1): 1
HS (1): 2
Subjects with AB PET available

Number of subjects with Ap PET available 17 3 2
Age at scan (y) 80.2 = 8.6 83.9 £ 53 76.6 £ 15.2
Age at autopsy (y) 82.6 = 8.4 85.6 = 5.5 79.5 = 13.4
Scan-deaths (y) 24 =11 1.7 £ 0.7 29 +1.8
MMSE* 23.4 = 31 27.3 2.0 30 =0
Education (y) 17.2 £ 1.75 146 = 3.0 19.0 14
AB PET SUVr 1.43 £ 0.28 1.40 = 0.20 1.43 £ 0.27
PES of AB-ADCRP 104 + 24.6 3.5 +18.9 —-9.9 =+ 271
Neuropathologic diagnosis (n): Thal amyloid phase (range) ADNC (13): 4-5 ADNC (2): 4 ADNC (1): 1

DLB (2): 1 AD (1): 5 PART (1): 0

FTLD-TDP (1): 1
HS (1): 1

*Significantly different between groups (ANOVA, P < 0.01).

DLB = dementia with Lewy bodies; PART = primary age-related tauopathy; FTLD-TDP = frontotemporal lobar degeneration with

TDP-43 inclusions; HS = hippocampal sclerosis.

Qualitative data are numbers; continuous data are mean = SD. All subjects were male.
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burden in AD (/4) (bilateral middle fron-
tal, middle occipital, temporal, and superi-
or parietal regions, with cerebellar cortex
as the reference; Supplemental Fig. 1D)
was used as a VOI-based AP PET
measure.

>

p =048, P<0.005

@
S

N
S

Neuropathology

Autopsies were performed at participat-
ing centers according to the established
neuropathologic procedures (/5). Forma-
lin-fixed paraffin-embedded brain tissue a0l o

=)

PES of FDG-ADCRP
a@

o

Clinical diagnosis:
B mel

B

© AD dementia <OcN
p=0.66, P<0.001

25

(S ]

41) o@D 4}

o
O

€0 QuEEOmo ¢ 0
N
PES of AB-ADCRP
o

&
-8

25 2

mb o B oad

=3

blocks were sent to the ADNI Neuropa-
thology Core for analysis. The diagnosis
was established following the criteria for C
the pathologic diagnosis of AD (/6). Braak
NFT stage (/0), Thal amyloid phase (/1),
and ADNC (/2) were selected for compar-
ison to neuroimaging data.

N}

Statistical Analyses

The relationship among neuroimaging
biomarkers (PCA- and VOI-based) and the
relationship of these with neuropathologic

do a{® od

Normalized '®F-FDG uptake
o o
© o

o
@

p=-0.45, P<0.01

Braak stage of neurofibrillary tau tangles

4 6 0 2 4
Thal phase for amyloid plaques

O

N

p=0.55,P<0.01 o

L
)
Bo> D B
¢ o0
Mean SUVr of "®F-AV-45
b P
¢ o8 @4)

&
9
+0‘OO[. 4}

schemes were assessed with Spearman 3
correlation coefficients (zero-order correla-

4
Braak stage of neurofibrillary tau tangles

6 0 2 4
Thal phase for amyloid plaques

tion). To account for the delay from PET
examination to death (scan-to-death time),
the partial Spearman correlation between
neuroimaging and neuropathology data
was calculated while controlling for the
scan-to-death time (partial correlation).

To explore the possible additive value
of combining biomarkers in predicting
none-to-low vs. intermediate-to-high ADNC stage, we used logistic re-
gressions to construct optimal combinations of biomarkers (separately
for PCA- and VOI-based biomarkers). The diagnostic performance of
PCA- and VOI-based biomarkers and their combinations (weighting
defined by logistic regression) for classifying none-to-low versus inter-
mediate-to-high ADNC stages was assessed and compared by receiv-
er-operating-characteristic (ROC) analyses and the test of DeLong
et al. (/7). The optimal cutoffs were defined on the basis of the You-
den index criterion, and respective values for sensitivity and specificity
were calculated. Of note, we did not correct for scan-to-death time as
a covariate, as the effect of this covariate was small and only inconsis-
tently observed. All statistical analyses were conducted in R (R Foun-
dation for Statistical Computing) and MedCalc (version 12.7.8.0).

FIGURE 1.

RESULTS

PES of ADCRP Versus NFT and A Stages

We observed a significant association between PES of '°F-
FDG-ADCRP and Braak stages of NFTs (p = 0.48, P = 0.002,
Fig. 1A). This relationship was slightly strengthened by taking
into account scan-to-death time (p = 0.50, P = 0.001).

The PES of AB-ADCRP was significantly correlated with the
Thal amyloid phase (p = 0.66, P = 8 X 10~*; Fig. 1B). This cor-
relation was slightly stronger when accounting for scan-to-death
time (p = 0.71, P =3 X 10~ .

VOI-Based Measures Versus NFT and A Stages

Mean normalized '*F-FDG uptake in regions of AD-typical hy-
pometabolism showed a moderate association with the PES of
8E-FDG-ADCRP (p = —0.64, P = 2 X 10 °). Mean normalized

PET REFLECTS NEUROPATHOLOGIC STAGING *

(A and B) Associations between PCA-based ADCRPs and neuropathologic stages: PES
of "8F-FDG-ADCRP and Braak stage of tau tangles (A) and PES of AB-ADCRP and Thal phase of amy-
loid plaques (B). (C and D) Association between VOI-based measures and neuropathologic stages:
mean normalized '®F-FDG uptake and Braak stage of neurofibrillary tau tangles (C) and mean SUVr of
8F_AV-45 and Thal phase of Ap plaques (D). Spearman correlation coefficients and P values reflect
strength and significance of association between variables. CN = cognitively normal.

"F-FDG uptake in regions of AD-typical hypometabolism was
also significantly associated with Braak stage (p = —0.45, P =
0.005; Fig. 1C). The relationship between measures was not
strengthened when we also accounted for the scan-to-death time
(p = —0.45, P = 0.005).

Mean SUVr in AD-typical regions as derived from '®F-AV-45
PET was strongly correlated with PES of AB-ADCRP (p = 0.86,
P =1 X 10~%. Mean SUVr was significantly associated with the
Thal phase (p = 0.55, P = 0.008; Fig. 1D). Although these asso-
ciations were slightly improved when scan-to-death time was con-
sidered (p = 0.58, P = 0.006), the correlations between PES of
AB-ADCRP and pathology (p = 0.71) remained slightly higher.

Prediction of AD Pathology

PCA-Based Measures. Logistic regression was used to establish
a diagnostically optimal combination of the PES of '*F-FDG- and
AB-ADCRPs to predict none-to-low versus intermediate-to-high
ADNC (combined score = [0.11 X PES of '®F-FDG-ADCRP] +
[0.20 X PES of AB-ADCRP] — 1.62; yielding 95% correct predic-
tions). The combined PES score exhibited a moderate to strong
correlation with the 4-step ADNC score (p = 0.73, P = 0.0001;
Fig. 2A), which was not improved when accounting for the scan-
to-death time (p = 0.73, P = 0.0001). PES of '8F-FDG- and Ap-
ADCRPs and their combination were significant predictors of
none-to-low versus intermediate-to-high ADNC stage, with areas
under the ROC curve (AUCs) of 0.80 (0.72 in all available
F-FDG PET/neuropathology datasets, n = 38), 0.95, and 0.98,
respectively (Table 2; Fig. 3A). The combined PES yielded a signifi-
cantly higher AUC than PES of '®F-FDG-ADCRP (P = 0.04;
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FIGURE 2. Associations between combinations of '®F-FDG and amyloid PET measures and ADNCs:

PCA-based (A) and VOI-based (B). Spearman correlation coefficients and
and significance of association between variables. CN = cognitively normal.

n = 22 overlapping datasets), whereas the differences between
the PES of '®F-FDG- and AB-ADCRPs and between the PES of
AB-ADCRP and the combined PES score was not significant (P
= 0.13 and P = 0.25, respectively).

VOI-Based Measures. The optimal combination of VOI-based
mean normalized '®F-FDG uptake and mean SUVr in AD-typical
regions to predict none-to-low versus intermediate-to-high ADNC
was as follows: combined score = (—13.75 X mean '*F-FDG up-
take) + (8.63 X mean '®F-AV-45 SUVr) + 3.58 (91% correct
predictions). The combined VOI-based measure showed a moder-
ate correlation with the 4-step ADNC score (p = 0.62, P = 0.002;
Fig. 2B), which was not improved when accounting for the scan-to-
death time (p = 0.62, P = 0.002). Mean '®F-AV-45 SUVr and the
combined VOI-based measure were significant predictors of
none-to-low versus intermediate-to-high ADNC (AUC of 0.88
and 0.90, respectively), whereas the predictive value of mean nor-
malized '®F-FDG uptake in AD-typical regions was only different
from chance (AUC = 0.50) when the restricted dataset (n = 22;
AUC = 0.79) but not all available '*F-FDG PET/neuropathology

DISCUSSION

P values reflect strength 18
The PES of °F-FDG-ADCRP and

the PES of AB-ADCRP have previously
proven their usefulness in the prediction
of conversion from MCI to AD dementia (8,9). In this study, we
compared these PCA-based PET biomarkers to neuropathologic
data in patients who underwent autopsy. We demonstrated significant
associations between PET data (PES of '*F-FDG-ADCRP and PES
of AB-ADCRP) and neuropathologic findings (Braak stage and Thal
phase, respectively). Furthermore, a combination of PES of '|F-
FDG- and AB-ADCRPs showed a moderate to strong correlation
with ADNC and was highly accurate in predicting intermediate-to-
high ADNC stages. Further exploratory analyses suggest that the
combined PES of '"*F-FDG- and AB-ADCRP is a predictor superior
to '"SF-FDG-ADCRP alone but only marginally better than Ap-
ADCRP (n = 22 with '8F-FDG and AB PET). These analyses
yielded no significant differences between PCA- and VOI-based
methods. However, PES of "®F-FDG-ADCRP was a significant pre-
dictor of intermediate-to-high ADNC stages, whereas mean '*F-FDG
uptake was not when contemplating all subjects with available '8F-
FDG PET/neuropathology information (n = 38).
The delay from scan to death and autopsy may crucially affect the
relationship of PET measures to neuropathology, particularly for

TABLE 2
Diagnostic Utility in Detecting None-to-Low vs. Intermediate-to-High ADNC
Parameter n AUC =+ SE Cutoff Sensitivity Specificity
PCA-based
8F-FDG 38 0.72 = 0.09* 8.32 0.73 [0.52-0.88] 0.67 [0.35-0.90]
8F-FDG 22 0.80 * 0.10* 7.39 0.79 [0.49-0.95] 0.75 [0.35-0.97]
AB 22 0.95 + 0.05" -17.63 1.00 [0.77-1.00] 0.75 [0.35-0.97]
Combined 22 0.98 + 0.021 -0.77 1.00 [0.77-1.00] 0.88 [0.47-1.00]
VOI-based
8F-FDG 38 0.66 = 0.11 1.09 0.73 [0.52-0.88] 0.67 [0.35-0.90]
8F-FDG 22 0.79 = 0.12* 1.09 0.85 [0.57-0.98] 0.75 [0.35-0.97]
AB 22 0.88 + 0.107 1.23 1.00 [0.77-1.00] 0.75 [0.35-0.97]
Combined 22 0.90 + 0.08" —-0.52 1.00 [0.77-1.00] 0.75 [0.35-0.97]

*P < 0.05 (significance level vs. chance [AUC = 0.50]).
TP < 0.001 (significance level vs. chance [AUC = 0.50]).
n = number of patients in dataset.

Data in brackets are 95% Cls.
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FIGURE 3. ROC analyses for classifying none-to-low vs. intermediate-to-high ADNCs. (A and B)
AUCs are given for respective '®F-FDG PET, Ap PET, and combined-outcome measures for
PCA-based (A) and VOI-based (B) biomarkers (n = 22 patients). (C) Comparison between PCA- and
VOl-based '®F-FDG PET measures when contemplating all subjects with available '®F-FDG PET/

neuropathology information (n = 38).

biomarkers of ongoing neurodegeneration, whereas amyloid accumu-
lation decelerates during the dementia phase of AD (/8). Thus, the
scan-to-death delay was included in the analyses because some pa-
tients underwent an autopsy more than 2 y after 8E_FDG PET, a fact
that may bias the results toward relatively weaker neurodegeneration
on "F-FDG PET. However, this correction had only little effect.
Neurodegeneration is not a direct measure of, even though it closely
reflects, the Braak stage of NFTs (19). Likewise, 'SF-FDG PET as a
marker of neurodegeneration (3) only indirectly reflects tau pathology
assessed by ADNC. In contrast, amyloid PET directly reflects Thal
phases (20), as may well explain why amyloid PET provides a con-
siderably better prediction of none-to-low versus intermediate-to-high
ADNC stages and why the actual benefit of adding '*F-FDG PET is
small. The present results also agree well with the study of La Joie
et al. (6) in which intermediate-to-high ADNC was predicted by ''C-
Pittsburgh compound B PET (centiloid measure; n = 179 patients)
with an AUC of 0.90.

Although we primarily investigated the value of PCA as an ad-
vanced method for the PET data analysis, conventional measures
based on preselected VOIs that are frequently used in clinical and
research settings were also evaluated. PCA applied to amyloid
PET data led to some improvement of the relationship between
amyloid PET and neuropathologic staging (p = 0.66-0.71, with-
out and with correction for scan-to-death time) compared with
conventional amyloid PET analysis (p = 0.55-0.58) and the abili-
ty to predict intermediate-to-high ADNC stages (AUC = 0.95 vs.
0.88), although this difference failed to reach statistical signifi-
cance in the present small study cohort.

Likewise, the overall correlation between the mean '*F-FDG
uptake in regions with AD-typical hypometabolism and Braak tan-
gle stage (p = —0.45) was slightly weaker than that for the PES
of "*F-FDG-ADCRP (p = 0.48-0.50). Despite the different VOIs
and reference region used in our study, the correlation between
mean normalized '*F-FDG uptake in regions of AD-typical hypo-
metabolism and Braak tangle stage was similar to the correlation
reported by Lowe et al. (p = —0.36 to —0.45) (4). For amyloid
PET measures, we observed a slightly weaker correlation to Thal
phase than was found in the study using Pittsburgh compound B
PET (p = 0.55-0.58 for mean SUVr and p = 0.66-0.71 for PES
of AB-ADCRP vs. p = 0.75-0.76 in Lowe et al. (4)), as might be
explained by methodologic factors (e.g., different PET tracers,
multiple sites or scanners in the case of ADNI data) and the much
smaller cohort (n = 22 vs. n = 100), among other factors.

PET REFLECTS NEUROPATHOLOGIC STAGING *

and high phases with no intermediate-range
diagnosis present. Thus, particularly the
comparison between analysis methods has to
be viewed as preliminary, warranting further
evaluation in larger datasets.

CONCLUSION

PES of "®F-FDG-ADCRP, a measure of neuronal injury and neu-
rodegeneration, shows a close correspondence with the extent of tau
pathology, as assessed by Braak tangle stage. PES of AB-ADCRP is
a valid biomarker of underlying amyloid pathology, as demonstrated
by its strong correlation with Thal amyloid phase. The combined
score of '8F-FDG- and AB-ADCRP performed better than '*F-FDG-
ADCRP alone in predicting intermediate-to-high ADNC stages,
although there was only negligible improvement compared with Ap-
ADCRP. Further studies of sufficient sample sizes are needed to
explore possible performance differences between PCA- and VOI-
based methods.
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KEY POINTS

QUESTION: Do advanced methods of PET data evaluation reflect
neuropathologic staging schemes, and if so, do they perform bet-
ter than conventional methods of PET data evaluation?

PERTINENT FINDINGS: In this cohort study, '®F-FDG-ADCRP
and AB-ADCRP significantly correlated with Braak tangle stage

(p > 0.48) and Thal amyloid phase (p > 0.66) and allowed for pre-
dicting severe ADNCs with high AUCs of 0.80 and 0.95, respec-
tively. VOI-based measures of '®F-FDG and amyloid PET were
also significantly associated with Braak stage (|p| > 0.45) and Thal
phase (p > 0.55) and discriminated between ADNC stages with an
AUC of 0.79 and 0.88, respectively.

IMPLICATIONS FOR PATIENT CARE: These results are of high
relevance by opening the opportunity to accurately predict under-
lying AD pathology based on the PET measures.
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REFERENCES

[S5]

%)

w

f=2)

3

oo

Nl

860

. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical

diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work Group
under the auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology. 1984;34:939-944.

. Hyman BT, Phelps CH, Beach TG, et al. National Institute on Aging-Alzheimer’s

Association guidelines for the neuropathologic assessment of Alzheimer’s disease.
Alzheimers Dement. 2012;8:1-13.

. Jack CRJr, Bennett DA, Blennow K, et al. NIA-AA research framework: toward

a biological definition of Alzheimer’s disease. Alzheimers Dement. 2018;14:
535-562.

. Lowe VJ, Lundt ES, Albertson SM, et al. Neuroimaging correlates with neuropatho-

logic schemes in neurodegenerative disease. 4lzheimers Dement. 2019;15:927-939.

. Toledo JB, Cairns NJ, Da X, et al. Clinical and multimodal biomarker correlates of

ADNI neuropathological findings. Acta Neuropathol Commun. 2013;1:65.

. La Joie R, Ayakta N, Seeley WW, et al. Multisite study of the relationships

between antemortem [''C]PIB-PET centiloid values and postmortem measures of
Alzheimer’s disease neuropathology. Alzheimers Dement. 2019;15:205-216.

. Thal DR, Ronisz A, Tousseyn T, et al. Different aspects of Alzheimer’s disease-

related amyloid beta-peptide pathology and their relationship to amyloid positron
emission tomography imaging and dementia. Acta Neuropathol Commun.
2019;7:178.

. Blazhenets G, Ma Y, Sorensen A, et al. Principal components analysis of brain me-

tabolism predicts development of Alzheimer dementia. J Nucl Med. 2019;60:
837-843.

. Blazhenets G, Ma Y, Sorensen A, et al. Predictive value of 18F-ﬂorbetapir and '*F-

FDG PET for conversion from mild cognitive impairment to Alzheimer dementia.
J Nucl Med. 2020;61:597-603.

. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta

Neuropathol (Berl). 1991;82:239-259.

20.

. Thal DR, Rub U, Orantes M, Braak H. Phases of AB-deposition in the human brain

and its relevance for the development of AD. Neurology. 2002;58:1791-1800.

. Montine TJ, Phelps CH, Beach TG, et al. National Institute on Aging-Alzheimer’s

Association guidelines for the neuropathologic assessment of Alzheimer’s disease:
a practical approach. Acta Neuropathol (Berl). 2012;123:1-11.

. Eidelberg D. Metabolic brain networks in neurodegenerative disorders: a functional

imaging approach. Trends Neurosci. 2009;32:548-557.

. Frings L, Hellwig S, Spehl TS, et al. Asymmetries of amyloid-beta burden and

neuronal dysfunction are positively correlated in Alzheimer’s disease. Brain.
2015;138:3089-3099.

. Cairns NJ, Taylor-Reinwald L, Morris JC, Alzheimer’s Disease Neuroimaging

Initiative. Autopsy consent, brain collection, and standardized neuropathologic
assessment of ADNI participants: the essential role of the neuropathology core.
Alzheimers Dement. 2010;6:274-279.

. Consensus recommendations for the postmortem diagnosis of Alzheimer’s disease:

the National Institute on Aging, and Reagan Institute Working Group on diagnostic
criteria for the neuropathological assessment of Alzheimer’s disease. Neurobiol
Aging. 1997;18(suppl):S1-S2.

. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or

more correlated receiver operating characteristic curves: a nonparametric approach.
Biometrics. 1988;44:837-845.

. Jack CR Jr, Knopman DS, Jagust WIJ, et al. Hypothetical model of dynamic bio-

markers of the Alzheimer’s pathological cascade. Lancet Neurol. 2010;9:119-128.

. Nelson PT, Alafuzoff I, Bigio EH, et al. Correlation of Alzheimer disease neuro-

pathologic changes with cognitive status: a review of the literature. J Neuropathol
Exp Neurol. 2012;71:362-381.

Murray ME, Lowe VJ, Graff-Radford NR, et al. Clinicopathologic and ''C-Pitts-
burgh compound B implications of Thal amyloid phase across the Alzheimer’s
disease spectrum. Brain. 2015;138:1370-1381.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 62 * No. 6 * June 2021



	TF1
	TF2
	TF3
	TF4
	TF5
	TF6
	TF7


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 300
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /FlateEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /Warning
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects false
	/DownsampleMonoImages false
	/PassThroughJPEGImages true
	/ColorSettingsFile (Color Management Off)
	/AutoRotatePages /None
	/Optimize false
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /Warning
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues true
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1000
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth 8
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IncludeProfiles false
			/AddBleedMarks false
			/ConvertColors /ConvertToCMYK
			/IncludeLayers false
			/FormElements false
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/IncludeInteractive false
			/AddColorBars false
			/DestinationProfileSelector /DocumentCMYK
			/MultimediaHandling /UseObjectSettings
			/UseDocumentBleed false
			/AddCropMarks false
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /DocumentCMYK
			/DestinationProfileName ()
			/UntaggedRGBHandling /UseDocumentProfile
			/GenerateStructure false
			/AddRegMarks false
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/AddPageInfo false
			/UntaggedCMYKHandling /LeaveUntagged
		>>
	]
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 300
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
		true
	]
	/EndPage -1
	/DownsampleColorImages false
	/ASCII85EncodePages false
	/PreserveEPSInfo true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 1200
	/NeverEmbed [
		true
	]
	/CannotEmbedFontPolicy /Error
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (None)
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages false
	/GrayImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /Warning
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ColorImageDepth 8
	/DetectCurves 0.0
	/PDFXTrapped /False
	/ColorImageFilter /FlateEncode
	/TransferFunctionInfo /Remove
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage false
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA <>
		/DAN <>
		/JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		792.0
		1224.0
	]
	/HWResolution [
		2400
		2400
	]
>>
setpagedevice


