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into one integrated analysis using a machine learning method
capable of classifying clinical dementia status and ranking the
biomarker features according to their relative importance in the
prediction model. Consistent with our findings, a previous
study showed that Aβ was more highly associated with cogni-
tive decline in cognitively normal participants, while glucose
hypometabolism was more closely linked with cognitive decline
in moderate and later stages of the disease (LMCI/AD)25.
Additionally, another study showed that FDG-PET, which
assesses glucose uptake, is more highly correlated to cognitive
ability than Aβ levels in patients with MCI and AD11. These
studies, in conjunction with our findings strongly support the
argument that cognitive decline in AD is initially propagated by
Aβ and tau aggregation but is further exacerbated by glucose
hypometabolism as cognitive decline progresses. Our findings
could better inform clinical AD management decisions and may

shift the targets of therapies to treat and prevent AD in future
drug development.

We found that Aβ and pTau accumulation are more highly
correlated with cognitive test scores in the CU vs. LMCI com-
parison than other biomarker features. In particular, Aβ deposi-
tion in the temporal cortex, precuneus, and frontal cortex, as well
as increased hippocampal volume, appear to be the most
important features in predicting memory and executive func-
tioning performance in early stage disease. Indeed, these areas
play a central role in a wide spectrum of highly integrated tasks
that are noticeably disturbed in patients with MCI. For example,
the temporal cortex is involved in memory, auditory cognition
and semantics26; the precuneus is involved in visuo-spatial image
processing and episodic memory retrieval27; the frontal lobe is
involved in executive function, attention, memory, and lan-
guage28; and the hippocampus is important for declarative
memory29. Additionally, we found that increased levels of pTau
were associated with memory performance but not executive
functioning in LMCI, which is consistent with previous find-
ings30. We note that some groups have found a high correlation
between tau levels and cognitive decline across the entire AD
spectrum31,32; even so, our results align with those of Mielke
et al., who found a significant association between tau and cog-
nitive performance in MCI, but a nonsignificant association
between these factors in AD33. We also noticed that the atrophy
of the hippocampus and entorhinal cortex (measures of neuro-
degeneration) were highly correlated in the CU vs. LMCI com-
parison of cognitive test scores; in addition to Aβ and pTau
burden, brain atrophy in these two regions may thus substantially
contribute to progression from CU to LMCI status, as other
groups have reported34.

We observed that impaired glucose uptake is most highly
correlated with cognitive test scores in LMCI vs. AD and CU vs.
AD groups. In particular, we found glucose uptake in the angular
gyrus (FDG-angular) to be the most important feature for pre-
dicting memory and executive functioning performance in later

Table 5 Average values of the top eight biomarker features for each diagnosis group that can be used to predict cognitive status.

Features CU LMCI AD A/T/N arm

Aβ-Precuneus (SUV cm−3) 0.0715 ± 0.0154 0.0873 ± 0.0231 0.107 ± 0.0272 A
Z= 5.79, P < 0.0001** r= 0.34 Z= 9.89, P < 0.0001ǂǂ r= 0.62

Aβ-Frontal (SUV cm−3) 0.00949 ± 0.00187 0.0114 ± 0.00260 0.0129 ± 0.00286
Z= 6.75, P < 0.0001** r= 0.39 Z= 9.07, P < 0.0001ǂǂ r= 0.56

Aβ-Cingulate (SUV cm−3) 0.0692 ± 0.00111 0.0787 ± 0.00181 0.0892 ± 0.00192
Z= 4.87, P < 0.0001** r= 0.28 Z= 8.03, P < 0.0001ǂǂ r= 0.50

Aβ-Temporal (SUV cm−3) 0.0259 ± 0.00523 0.0302 ± 0.00678 0.0331 ± 0.00672
Z= 6.76, P < 0.0001** r= 0.39 Z= 9.92, P < 0.0001ǂǂ r= 0.62

pTau (pg ml−1) 21.50 ± 8.87 29.70 ± 14.01 38.50 ± 16.52 T
Z= 5.62, P < 0.0001** r= 0.33 Z= 9.56, P < 0.0001ǂǂ r= 0.60

FDG-Angular (SUV cm−3) 1.21 ± 0.104 1.13 ± 0.149 0.956 ± 0.159 N
Z= 5.31, P < 0.0001** r= 0.31 Z= 11.46, P < 0.0001ǂǂ r= 0.71

FDG-CingulumPost (SUV cm−3) 3.03 ± 0.324 2.84 ± 0.391 2.47 ± 0.343
Z= 4.72, P < 0.0001** r= 0.27 Z= 10.69, P < 0.0001ǂǂ r= 0.67

FDG-Temporal (SUV cm−3) 8.24 ± 0.706 7.78 ± 0.983 6.73 ± 0.924
Z= 4.54, P < 0.0001** r= 0.26 Z= 10.82, P < 0.0001ǂǂ r= 0.67

Hippocampus volume (cm3) 7.49 ± 0.827 6.67 ± 1.11 5.91 ± 0.923
Z= 6.62, P < 0.0001** r= 0.39 Z=10.59, p < 0.0001ǂǂ r=0.66

Entorhinal cortex volume (cm3) 3.85 ± 0.587 3.39 ± 0.710 2.92 ± 0.622
Z= 5.51, P < 0.0001** r= 0.32 Z= 9.40, P < 0.0001ǂǂ r= 0.59

Values are displayed as the mean ± SD.
**P < 0.0001 calculated with a Wilcoxon rank-sum test comparing CU vs. LMCI.
ǂǂP < 0.0001 calculated with a Wilcoxon rank-sum test comparing CU vs. AD.
SUV is the standard uptake value, Z is the Z-score test statistic for Wilcoxon rank-sum test, r is the effect size for Wilcoxon rank-sum test.

Fig. 4 Relative importance of biomarkers predicting AD clinical
diagnosis. Diagram depicting the relative importance of biomarkers in
predicting AD clinical diagnosis (predictability). In early AD, Aβ and pTau
deposition in the brain have higher relative importance in predicting AD
clinical diagnosis. In late disease low glucose uptake in the brain has higher
relative importance in predicting AD clinical diagnosis.
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