
Entorhinal cortex tau, amyloid-b, cortical
thickness and memory performance in
non-demented subjects

David S. Knopman,1 Emily S. Lundt,2 Terry M. Therneau,2 Prashanthi Vemuri,3 Val J. Lowe,3

Kejal Kantarci,3 Jeffrey L. Gunter,3 Matthew L. Senjem,3 Michelle M. Mielke,2

Mary M. Machulda,4 Bradley F. Boeve,1 David T. Jones,1 Jon Graff-Radford,1

Sabrina M. Albertson,2 Christopher G. Schwarz,3 Ronald C. Petersen1 and
Clifford R. Jack Jr.3

As more biomarkers for Alzheimer’s disease and age-related brain conditions become available, more sophisticated analytic

approaches are needed to take full advantage of the information they convey. Most work has been done using categorical

approaches but the joint relationships of tau PET, amyloid PET and cortical thickness in their continuous distributions to cognition

have been under-explored. We evaluated non-demented subjects over age 50 years in the Mayo Clinic Study of Aging, 2037 of

whom had undergone 3 T MRI scan, 985 amyloid PET scan with 11C-Pittsburgh compound B (PIB) and MRI, and 577 PIB-PET,
18F-AV1451 flortaucipir PET and MRI. Participants received a nine-test cognitive battery. Three test scores (logical memory

delayed recall, visual reproduction delayed recall and auditory verbal learning test delayed recall) were used to generate a

memory composite z-score. We used Gradient Boosting Machine models to analyse the relationship between regional cortical

thickness, flortaucipir PET signal, PIB-PET signal and memory z-scores. Age, education, sex and number of test exposures were

included in the model as covariates. In this population-based study of non-demented subjects, most of the associations between

biomarkers and memory z-scores accrued after 70 years of age. Entorhinal cortex exhibited the strongest associations between

biomarkers and memory z-scores. Other temporal regions showed similar but attenuated associations, and non-temporal regions

had negligible associations between memory z-scores and biomarkers. Entorhinal flortaucipir PET signal, PIB-PET signal and

entorhinal cortical thickness were independently and additively associated with declining memory z-scores. In contrast to global

PIB-PET signal where only very high amyloid-b levels were associated low memory z-scores, entorhinal flortaucipir PET signal just

above background levels was associated with low memory z-scores. The lowest memory z-scores occurred with the confluence of

elevated entorhinal flortaucipir PET signal and lower entorhinal cortical thickness.
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Introduction
The confluence of b-amyloidosis, tauopathy, and synaptic

and neuronal loss/dysfunction often culminates in the cog-

nitive disorder of Alzheimer’s disease. Studying the cogni-

tive consequences of any one of these processes individually

through their biomarker proxies is tractable. Examining the

continuous distributions of more than one biomarker sim-

ultaneously becomes particularly challenging. Most prior

work studying cognitive outcomes as a function of multiple

biomarkers has resorted to dichotomizing the biomarkers

as normal or abnormal (Burnham et al., 2016; Jack et al.,

2016; Bilgel et al., 2018; Lowe et al., submitted for publi-

cation). There are many practical and analytic advantages

to categorical groupings, but there are limitations. A cat-

egorical approach depends on the assumption that bio-

marker biology can be faithfully represented by step

functions. It is much more likely that relationships between

biomarker levels and cognition are more complex.

Working initially with Pittsburgh compound B (PIB) for

b-amyloidosis and cortical thickness measures from 3 T

structural MRI as a neurodegeneration biomarker, we

adapted an analytic approach, Gradient Boosting

Machine (GBM), to model the associations of cognition

with the continuous distributions of multiple biomarkers

in participants in the Mayo Clinic Study of Aging

(MCSA) (Knopman et al., 2018). We chose the GBM

approach because it was best-suited to deal with the

non-normal distributions and non-linearity of relationships

between cognition and biomarkers. As we have subse-

quently imaged a sufficiently large enough group of indi-

viduals who have also had 18F-AV1451 flortaucipir, we

sought to model simultaneously all three imaging bio-

markers in relation to cognition. Our goal was to under-

stand the relationships between the three biomarkers and

cognition in asymptomatic and mildly symptomatic, non-

demented people.

Materials and methods

Participants

This analysis was based on residents aged 550 years of
Olmsted County Minnesota who were imaged in the MCSA
between 2009 and 2018. Participants were non-demented
(either cognitively unimpaired or mild cognitive impairment)
as determined by diagnostic procedures described previously
(Petersen 2004, 2010; Roberts et al., 2008, 2012, 2014),
which included an examination by a physician, a cognitive
battery and an interview of participant and informant by a
study coordinator in order to complete a Clinical Dementia
Rating. There were generally equal numbers of males and fe-
males, by design. With the exception of subjects with contra-
indications to MRI scanning, all MCSA participants were
invited to undergo imaging.

For reference purposes, we also present a group of 83 sub-
jects enrolled in the MCSA or Mayo Alzheimer’s Disease

Research Center (mean age 78, range 70–92; 36 female)
with a clinical diagnosis of Alzheimer dementia who had ele-
vated amyloid-b on PIB.

Standard protocol approvals,
registrations, and patient consents

This study was approved by the Mayo Clinic and Olmsted
Medical Center Institutional Review Boards. All participants
provided written consent in accordance with the Mayo Clinic
Foundation and Olmsted Medical Center Institutional Review
Boards. All potential conflicts of interest and sources of fund-
ing are disclosed herein.

Cognitive outcome measures

All MCSA participants undergo a nine-test cognitive battery
that has been described previously (Roberts et al., 2008;
Knopman et al., 2015). The primary outcome measure in
this analysis was a memory domain z-score. Three tests [logical
memory delayed recall, visual reproduction delayed recall and
auditory verbal learning test (AVLT) delayed recall] were used
to quantitate delayed recall. Individual test scores were con-
verted to z-scores based on a reference cohort of clinically
normal MCSA participants ages 50–89 years enrolled between
2004 and 2012, and weighted to the Olmsted County MN
population. The score was adjusted for number of prior neuro-
psychological testing sessions. A global z-score was also gen-
erated from all nine cognitive tests, and was used in sensitivity
analyses.

Imaging

Among cognitively unimpaired participants, 2037 had under-
gone 3 T MRI scan, of whom 985 had undergone PIB and
MRI, and 577 who had undergone PIB, flortaucipir and MRI
scanning. Among those with mild cognitive impairment who
had a 3 T MRI (n = 210), there were 103 who had undergone
PIB and MRI, and 25 who had undergone PIB, flortaucipir
and MRI scanning. Time of introduction of the scanning mo-
dality accounted for the differences in numbers of participants
with the three scans, MRI first, PIB second and flortaucipir
last.

MRI acquisition

We used cortical thickness as the measure of cortical structural
integrity. As described in detail elsewhere (Schwarz et al.,
2016), regional cortical thickness was estimated from magnet-
ization-prepared rapid-acquisition gradient echo (MPRAGE)
sequences performed on 3 T MRI scanners (General Electric
Healthcare) with an eight channel phased array head coil.
Sequences were processed through an SPM12 (Ashburner
et al., 2005) pipeline using Mayo Clinic Adult Lifespan
Template (MCALT; https://www.nitrc.org/projects/mcalt/)
(Schwarz et al., 2017) tissue priors and settings optimized
for our study population. Cortical thickness measurements
were then calculated from the resulting tissue-class segmenta-
tions using DiReCT (Das et al., 2009). Regions of interest
were defined on each MRI by transforming the
MCALT_ADIR122 atlas using Advanced Normalization
Tools (ANTs) (Avants et al., 2008). These T1-weighted 3D
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high-resolution scans were also used for anatomical segmenta-
tion and labelling of PET images.

PET acquisition

Tau PET was performed using the 18F-AV-1451 (flortaucipir)
ligand and amyloid-b PET was performed using the 11C-PiB
ligand on a PET/CT scanner (GE Healthcare) operating in 3D
mode as previously described (Schwarz et al., 2016; Jack et al.,
2017, 2018; Vemuri et al., 2017; Lowe et al., 2018). For
flortaucipir PET, an intravenous bolus injection of �370
MBq (range 330–406 MBq) was administered, followed by
an 80-min uptake period, and a 20-min scan acquisition. For
PIB, an injection of �627 MBq (range 384–722 MBq) of PIB
was administered, followed by a 40-min uptake period, and a
20-min PIB scan of four 5-min dynamic frames. An automated
image processing pipeline for PET image analysis included
rigid registration of the PET volumes to each patient’s own
T1-weighted MRI for the segmentation of grey and white
matter. Regions of interest were defined using the transformed
MCALT_ADIR122 atlas, masked to include only those voxels
labelled primarily as grey or white matter.

Regional 11C-PIB uptake was defined as the median uptake
across all voxels in a region of interest. We also defined a
global PIB standardized uptake value ratio (SUVR) calculated
from the region-size weighted average of grey plus white
matter in bilateral parietal (including posterior cingulate and
precuneus), orbitofrontal, prefrontal, temporal, and anterior
cingulate regions, referenced to the right and left cerebellar
crus grey matter. No partial volume correction was used.
This meta-region of interest was based on our prior work
(Jack et al., 2008), and has been validated neuropathologically
(Murray et al., 2015). We will refer to 11C-PIB binding as PIB
SUVR hereafter.

We examined global PIB SUVR as our primary measure of
brain amyloidosis because amyloid-b plaque pathology is pre-
sent in a widespread fashion by the time it reaches nominal
clinical cut-point levels (Grothe et al., 2017), and local levels
are closely correlated with global level (Lockhart et al., 2017).
We also conducted analyses using regional PIB SUVR and re-
examined associations with cognition.

Flortaucipir uptake in each region of interest was divided by
the median value of the right and left cerebellar crus uptake.
No partial volume correction was used. Regional flortaucipir
SUVR was determined for combined right and left hemispheres
in 46 regions. Based on our prior work with flortaucipir in
cognitively unimpaired subjects (Lowe et al., submitted for
publication) in which entorhinal cortex showed the strongest
associations with categorical elevated PIB and elevated flortau-
cipir, we focused on this region. We also examined other re-
gions (Lowe et al., 2018) including two other temporal regions
of interest, and two regions of interest that had much lower
tau levels in non-demented individuals and were less associated
with memory, posterior cingulate and prefrontal (frontal infer-
ior operculum, inferior orbital frontal, medial orbital frontal,
mid frontal, mid orbital frontal, superior frontal, superior or-
bital frontal). See Supplementary Fig. 1 for regional flortauci-
pir SUVR values in cognitively unimpaired subjects.

Analysis

We explored the relationships between regional cortical thick-
ness, tau SUVR and PIB SUVR for predicting memory z-scores

using a machine learning model, GBM as described previously
for this purpose (Knopman et al., 2018). Models were fit in
each of the five regions of interest. Age, education and sex
were included as covariates and an interaction depth of two
was specified allowing for all possible 2-way interactions. To
account for learning effect due to exposure to the neuropsy-
chological test battery prior to the visit at which the current
imaging data were collected, we used the entire MCSA cohort
to estimate the learning effect over repeated exposures to the
cognitive battery using a linear mixed effects model. The esti-
mated effect (0.26, 0.36, 0.44) for having taken the cognitive
battery (two, three, four or more) times, respectively, were
subtracted from the memory z-score. The GBM model accom-
modates missing data so that we chose to include participants
who had undergone only MRI or only MRI and PIB to take
advantage of their larger numbers for refining estimates
derived from the model. The model complexity (number of
subtrees) was chosen using 8-fold cross-validation.

We predicted the marginal effects of flortaucipir SUVR, PIB
SUVR, cortical thickness, and age over the covariates of edu-
cation and sex. For flortaucipir SUVR, PIB SUVR and cortical
thickness, the maximum and minimum by decade were
observed to have occasional extreme values. Because the
GBM model returns a flat line in regions where there are no
data, we added limits based on 3rd and 97th percentile values
by decade and region in order to declutter the heat maps and
2D plots. The 3D heat maps displayed imaging values on the
x- and y-axes and memory (or global) z-scores as a colour
code to represent the z-axis. The 2D figures displayed an ima-
ging feature on the x-axis and memory z-scores on the y-axis
with a family of cubic smoothing spline curves representing
different discrete values of the other imaging feature. For con-
sistency with the other two biomarkers, the scale for cortical
thickness is inverted for all heat maps. Thus, more abnormal
values are always to the right on the x-axis or upward on the
y-axis.

Analyses were performed in R statistical software version
3.4.2 (R Core Team, R Foundation of Statistical Computing,
Vienna) using the GBM package version 2.1.

Confidence limits cannot be obtained directly from GBM
models at this time. Bootstrapping is a non-parametric
method for computing standard errors and confidence inter-
vals. For each of 1000 replicates we resampled the data with
replacement fitting new GBM models to each sample, and
summarize differences and standard errors. We tabulated dif-
ferences between the 5th and 95th percentiles of biomarker
values as shown in the 2D figures.

Data availability

The Mayo Clinic Study of Aging makes data available to qua-
lified researchers upon reasonable request.

Results
Table 1 shows the demographics and basic descriptive stat-

istics on imaging features in the study group. The group

ranged in age from 50 and 90 years, with few 490 years

old. Memory z-scores generally declined with age but there

was wide variability (Supplementary Fig. 1).
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The entorhinal cortex was not among the regions with

the highest flortaucipir SUVRs across all cortical regions

(Supplementary Fig. 2), but was the region with the greatest

difference in flortaucipir SUVR between those with elevated

versus not elevated global PIB SUVR (cut-point = 1.48) (es-

timate, after adjusting for age = 0.078, P5 0.001)

(Supplementary Fig. 3). Entorhinal cortex had the lowest

regional PIB SUVR of the five regions we focused on

(Supplementary Fig. 3). Differences in cortical thickness

across the five regions of interest also varied as a function

of elevated versus not elevated PIB SUVR (Supplementary

Fig. 3). After adjusting for age, there was no difference in

cortical thickness in entorhinal cortex between those with

elevated versus not elevated PIB SUVR (estimate = 0.059,

P = 0.11). Flortaucipir SUVR and cortical thickness in

entorhinal cortex were modestly correlated (rho = �0.30,

P = 0.0022) in participants in the 80–89 year old group,

and uncorrelated in the younger groups (Supplementary

Fig. 4).

In the GBM model, age and education had large effects

on memory z-score, and females on average performed

better than males (Supplementary Fig. 5).

We first show 3D heat maps for flortaucipir SUVR and

cortical thickness, and will include PIB SUVR subsequently.

Figure 1 presents the GBM models for memory z-score

(z-axis, colour-coded) with regional flortaucipir SUVR (x-

axis) and regional cortical thickness (y-axis) in the four age

decades for all age regions. The range of values for the

biomarkers has been truncated to the 3rd and 97th per-

centiles because the GBM model lacks sufficient data points

to construct associations outside of that range; hence the

coloured areas reflect the age-specific distributions of the

biomarkers. The entorhinal cortex (Fig. 1A), as expected,

showed the strongest relationships between memory z-

scores and the two imaging biomarkers. Similar relation-

ships (Fig. 1B–E) can be seen in the other two temporal

regions of interest. In the two extra-temporal regions of

interest the relationships between memory z-score and bio-

markers were further attenuated.

Figure 1A illustrates three important observations about

relationships between biomarkers and memory z-scores in

the entorhinal cortex. First, the distribution of memory z-

scores, as well as entorhinal cortex flortaucipir SUVR and

entorhinal cortex cortical thickness were limited to less ab-

normal values in the younger age decades. With advancing

age, the distributions of memory z-scores, cortical thickness

and flortaucipir SUVR spanned a broader range. Second, in

the oldest two groups, there was a distinct decline in

memory z-scores associated within a narrow segment of

the entorhinal cortex flortaucipir SUVR and entorhinal

Table 1 Demographics and PIB SUVR values of study participants

Feature Overall

(n = 2247)

Group with MRI

only (n = 557)

Group with MRI

+ PIB-PET (n = 1088)

Group with MRI + PIB-PET +

flortaucipir PET (n = 602)

Age in years (%)

50–59 280 (12.5) 19 (3.4) 144 (13.2) 117 (19.4)

60–69 501 (22.3) 30 (5.4) 290 (26.7) 181 (30.1)

70–79 770 (34.3) 232 (41.7) 374 (34.4) 164 (27.2)

80–89 636 (28.3) 251 (45.1) 257 (23.6) 128 (21.3)

90 + 60 (2.7) 25 (4.5) 23 (2.1) 12 (2.0)

Female, n (%) 1085 (48.3) 297 (53.3) 521 (47.9) 267 (44.4)

Education, years

Mean (SD) 14.6 (2.66) 14.0 (2.73) 14.6 (2.72) 14.9 (2.42)

Quartile 1, Quartile 3 12, 16 12, 16 12, 16 13, 16

Cognitive status

Cognitively unimpaired 2037 475 985 577

Mild cognitive impairment 210 82 103 25

APOE e4 carrier (%) 635 (28.6) 161 (29.1) 301 (27.8) 173 (29.4)

Short test of mental status score (max = 38)

Mean (SD) 34.8 (2.76) 33.7 (2.92) 34.8 (2.73) 35.7 (2.26)

Quartile 1, Quartile 3 33, 37 32, 36 33, 37 35, 37

Range 22–38 24–38 22–38 22–38

Prior exposure to cognitive tests, n (%)

0 698 (31.1) 171 (30.7) 508 (46.7) 19 (3.2)

1 338 (15) 53 (9.5) 216 (19.9) 69 (11.5)

2 + 1211 (53.9) 333 (59.8) 364 (33.5) 514 (85.4)

Global PIB SUVR

Mean (SD) 1.54 (0.373) NA 1.54 (0.375) 1.55 (0.369)

Quartile 1, Quartile 3 1.33, 1.57 NA 1.32, 1.58 1.34, 1.56

Range 1.04–3.49 NA 1.04–3.49 1.14–3.32

Tau, amyloid, cortical thickness and memory BRAIN 2019: 142; 1148–1160 | 1151

https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz025#supplementary-data


cortex cortical thickness range. These impressions are

borne out in the 2D renditions in Fig. 2A and B. Over

the course of 1000 replications of the model, almost all

of the differences in the regional flortaucipir SUVR and

cortical thickness versus memory z-scores at their 5th

percentile versus 95th percentile were significant

(Supplementary Table 1). Third, because interaction terms

were included in the model, we can conclude that higher

regional flortaucipir SUVR and lower regional cortical

thickness additively contributed to lowest memory z-scores.

The role of global PIB SUVR levels is illustrated in Fig. 3

in which the entorhinal cortex flortaucipir

SUVR � entorhinal cortex cortical thickness plots are stra-

tified by three levels of global PIB SUVR. The PIB cut-

points were chosen only for illustrative purposes. The

main message in Fig. 3 was that worse memory z-scores

occurred in the two strata with higher global PIB SUVR,

and the lowest memory z-scores were seen with the highest

global PIB SUVR, highest entorhinal cortex flortaucipir

SUVR and lowest entorhinal cortex cortical thickness.

We also examined the continuous relationships of global

PIB SUVR to memory z-scores in relation to entorhinal

cortex flortaucipir SUVR (Fig. 4A) and to entorhinal

cortex cortical thickness (Fig. 4B). In these heat maps, the

transition zone for declining memory z-scores was in the

range of 2.0 to 2.3 for global PIB SUVR. Elevated flortau-

cipir SUVR or low cortical thickness were associated with

lower memory z-scores across all levels of PIB SUVR, but

only at high PIB SUVR were the lowest memory z-scores

seen. The other four regions show relationships between

memory z-score and PIB SUVR versus flortaucipir SUVR

and PIB SUVR versus cortical thickness that followed the

same pattern as entorhinal cortex but were attenuated

(Supplementary Fig. 5).

When we examined models using entorhinal cortex PIB

SUVR rather than global PIB SUVR (Fig. 5), we found that

the relationship of memory z-score to regional entorhinal

cortex PIB SUVR versus flortaucipir SUVR (Fig. 5B) was

substantially attenuated compared to global PIB (cf.

Fig. 4A). Substituting regional for global PIB SUVR had

no impact on associations between flortaucipir SUVR and

cortical thickness and memory z-score.

In Fig. 6, we show the GBM-generated bivariate curves

depicting the distributions of entorhinal cortex cortical

thickness, entorhinal cortex flortaucipir SUVR and global

PIB SUVR versus memory z-scores. These curves summar-

ize the relationship of the biomarker to memory z-scores

after accounting for all other variables. The bivariate curves

Figure 1 3D heat maps generated by GBM. (A) Entorhinal cortex; (B) parahippocampal gyrus; (C) inferior temporal cortex; (D) posterior

cingulate; and (E) the prefrontal region of interest. For each heat map, four age ranges are represented: 50–59, 60–69, 70–79 and 80–89 years.

Flortaucipir SUVR is on the x-axis, cortical thickness (inverted scale) on the y-axis and predicted memory z-score on the z-axis as depicted by the

colour code for each individual graph. Heat map ranges are set at the 3rd and 97th percentiles of the distribution of each biomarker by decade of

age. The key findings are that the entorhinal cortex shows the strongest associations between the biomarkers and memory z-score.
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Figure 3 3D heat maps generated by GBM for entorhinal cortex broken down by three levels of global PIB SUVR. For each, four

age ranges are represented: 50–59, 60–69, 70–79 and 80–89 years. Flortaucipir SUVR is on the x-axis, Cortical thickness on the y-axis (inverted

scale) and predicted memory z-score on the z-axis as depicted by the colour code for each individual graph. Heat map ranges were set at the 3rd

and 97th percentiles of the distribution of each biomarker by decade of age. The main finding illustrated is that the lowest memory performance,

as indicated on the heat map occurred with the lowest levels of cortical thickness, the highest levels of flortaucipir SUVR in the setting of PIB

SUVR 41.8. Also illustrated here is the relationship between global PIB SUVR and the distributions of entorhinal cortex flortaucipir SUVR and

entorhinal cortex cortical thickness. Flortaucipir SUVR 41.4 was not seen in the lowest global PIB SUVR strata, and very low flortaucipir SUVR

was infrequent in the highest global PIB SUVR strata. Similarly, while all levels of cortical thickness were seen in the lowest two global PIB SUVR

strata, very thick entorhinal cortex cortical thickness levels were infrequent in the highest global PIB SUVR strata.

Figure 2 2D renderings of relationships of flortaucipir SUVR, cortical thickness and memory z-scores for entorhinal cortex.

Predicted memory z-score is shown on the y-axis, while (A) cortical thickness (inverted scale) and (B) flortaucipir SUVR are on the x-axis. A

family of curves is shown in colour code that represents: (A) different levels of flortaucipir SUVR and (B) cortical thickness. These two sets of

graphs represent in 2D that which is depicted in Fig. 1A in 3D. As with the heat maps, the ranges for depicted values were set at the 3rd and 97th

percentiles of the distribution of each biomarker by decade of age.
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are shown on the same x-axis scale as the scatterplots for

each biomarker for three groups: the 50–59-year-old group,

the rest of the participants aged 60 + years, and patients

with Alzheimer’s disease dementia with elevated global PIB

SUVR. The relationship between the segment (‘critical’ seg-

ment) of the biomarker values in which memory z-score

declines were steepest differed for the three biomarkers.

The 50–59-year-old group represents an age range in

which elevations in PIB and flortaucipir SUVRs are infre-

quent. The critical segment for entorhinal cortex cortical

thickness began at the top quartile among the 60 + -year-

olds but included the entire range of the Alzheimer’s disease

dementia group. For entorhinal cortex flortaucipir SUVR,

the critical segment was beyond that seen in the 50–59-

year-olds but was far short of that seen in the

Alzheimer’s disease dementia group. The critical segment

for global PIB SUVR, on the other hand, was further to

the right including only a region well into the upper quar-

tile of the 60 + -year-old group and within the Alzheimer’s

disease dementia range.

We performed sensitivity analyses in which we examined

global z-scores rather than memory z-scores as the outcome

to be predicted (Supplementary Fig. 6). We saw similar,

though attenuated, relationships in the entorhinal cortex

and other regions between global z-scores and the bio-

markers compared to memory z-scores, as one would

expect given the prominent clinical-anatomic relationships

between memory performance and entorhinal cortex.

Finally, we also examined models that were limited to cog-

nitively unimpaired participants. Although the range of low

memory z-scores was more limited, the same relationships

were evident between biomarkers and cognition

(Supplementary Fig. 7).

Discussion
We used a machine learning algorithm to model memory

performance in non-demented individuals as a simultaneous

function of PIB SUVR, flortaucipir SUVR and cortical

thickness. Other than our prior analysis (Knopman et al.,

2018) that was restricted to global PIB SUVR and a meta-

region of interest for cortical thickness, we are not aware of

other explorations of the continuous distributions of PIB

SUVR, flortaucipir SUVR and cortical thickness considered

jointly. There were four principal findings: (i) in this popu-

lation-based study, associations between biomarkers and

memory z-score were strongly age-related; (ii) the entorh-

inal cortex showed the strongest relationships between

memory z-scores, flortaucipir SUVR and cortical thickness;

(iii) all three biomarkers were independently associated

(additive) with memory z-scores; and (iv) each biomarker

had a characteristic quantitative relationship to memory z-

scores. Our analyses provide a unique view of the roles and

responsibilities of each of the biomarkers during the non-

demented phase of the Alzheimer process.

Figure 4 3D heat maps generated by GBM for entorhinal cortex. (A) Global PIB SUVR versus flortaucipir SUVR; and (B) global PIB

SUVR versus cortical thickness. For each, four age ranges are represented: 50–59, 60–69, 70–79 and 80–89 years. Global PIB SUVR is on the x-

axis in A and B. In A, flortaucipir SUVR is on the y-axis, and in B, cortical thickness (inverted scale) is on the y-axis. Predicted memory z-scores

are represented on the z-axis as depicted by the colour code for each individual graph. The heat maps’ ranges were set at the 3rd and 97th

percentiles of the distribution of each biomarker by decade of age. The third pairing of biomarker—entorhinal cortex flortaucipir SUVR versus

cortical thickness—heat map is found in Fig. 1A.
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The relationship of entorhinal cortex
flortaucipir to memory function

Flortaucipir SUVR elevations in entorhinal cortex, in the

presence of low cortical thickness, were associated with

declining memory function when flortaucipir signal was

above background. Elevations of flortaucipir SUVR in the

entorhinal cortex were highly relevant to memory function,

consistent with our expectations based on findings from

multiple sources. From the neuropathology of tauopathy

in Alzheimer’s disease (Arnold et al., 1991; Braak et al.,

1991; Arriagada et al., 1992; Ingelsson et al., 2004) to the

repeated structural MRI observations of associations of

hippocampal volume with memory functioning (Jack

et al., 1997; Killiany et al., 2000) and risk for future de-

mentia (Jack et al., 1999), as well as more recent work with

flortaucipir (Lowe et al., submitted for publication), the

medial temporal lobe is the anatomic substrate for both

changes in memory functioning with ageing and with histo-

pathology of Alzheimer’s disease.

We show here that those who had elevated PIB SUVRs

had higher mean flortaucipir SUVR, replicating the obser-

vations of others that elevated regional flortaucipir SUVR is

contingent on the presence of elevated global PIB SUVR

(Johnson et al., 2015; Brier et al., 2016; Cho et al.,

2016; Ossenkoppele et al., 2016; Scholl et al., 2016;

Schwarz et al., 2016; Marks et al., 2017; Pontecorvo

et al., 2017; Leal et al., 2018) particularly in the entorhinal

cortex (Vemuri et al., 2017). Although medial temporal

tauopathy can occur in the absence of b-amyloidosis

(Duyckaerts et al., 1997; Price et al., 1999), elevated b-

amyloidosis facilitates 3R/4R tau burden and anatomic

extent. This relationship is entirely consistent with neuro-

pathological observations of the contingent relationship of

elevated tauopathy on b-amyloidosis (Nelson et al., 2007;

Hyman et al., 2012).

Figure 5 3D heat maps generated by GBM for entorhinal cortex. (A) Flortaucipir SUVR versus cortical thickness (inverted scale);

(B) regional (entorhinal) PIB SUVR versus flortaucipir SUVR; and (C) regional (entorhinal) PIB SUVR versus cortical thickness. For each, four age

ranges are represented: 50–59, 60–69, 70–79 and 80–89 years. Predicted memory z-scores are represented on the z-axis as depicted by the

colour code for each individual graph. Heat map ranges were set at the 3rd and 97th percentiles of the distribution of each biomarker. The

flortaucipir SUVR versus cortical thickness heat map (A) was similar to that seen (Fig. 1A) when global PIB SUVR was in the model. The

entorhinal cortex regional PIB SUVR versus cortical thickness heat map (C) was also similar to that seen (Fig. 4B) with global PIB. However, the

heat map of regional PIB SUVR versus regional flortaucipir showed a much attenuated relationship with PIB SUVR compared to the heat map with

global PIB SUVR (Fig. 4A), suggesting that entorhinal cortex PIB SUVR and flortaucipir SUVR share more variance than do global PIB SUVR and

entorhinal cortex flortaucipir SUVR.
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The relationship of entorhinal cortex
cortical thickness to memory
function

In the current study, low entorhinal cortex cortical thick-

ness was associated with lower memory z-scores despite

inclusion of age, flortaucipir or PIB SUVRs in the model.

In fact, low entorhinal cortex cortical thickness appeared

necessary for low memory z-scores. The current results rep-

licate our previous work (Knopman et al., 2018) on rela-

tionships of cortical thickness to cognition, even though we

used a much smaller region of interest and focused on

memory currently. Even with low flortaucipir SUVR, low

entorhinal cortex cortical thickness was associated with

some decline in memory z-scores. Cortical thickness is a

reasonable proxy for neuronal cell loss and synapse loss

(DeKosky et al., 1990; Terry et al., 1991; Gomez-Isla

et al., 1997; Giannakopoulos et al., 2003; Scheff et al.,

2007; Savva et al., 2009; Andrade-Moraes et al., 2013),

and generally in the neuropathology literature, structural

integrity measures show a stronger relationship to cognitive

status than tauopathy.

Cortical thickness in the entorhinal cortex in non-demen-

ted subjects may be modestly associated with entorhinal

cortex flortaucipir as seen here in our oldest subgroup

(Supplementary Fig. 3D) and as reported by others

(Sepulcre et al., 2016). Importantly, elevated flortaucipir

SUVR in medial temporal structures is associated with wor-

sening atrophy (Das et al., 2018). Amyloid-b burden is also

associated with volume loss in the medial temporal lobe. In

prior studies using categorical classifications in which we

lacked flortaucipir imaging, there was a weak association

of PIB SUVR on hippocampal volume but stronger associ-

ations with changes in hippocampal volume (Knopman

et al., 2013, Petersen et al., 2015). In the current cross-

sectional studies we cannot claim that cortical thickness

was under the influence of tauopathy and b-amyloidosis,

but we believe we are on firm ground in hypothesizing that

such links exist. However, the cross-sectional data are clear

that neither rising PIB SUVR nor flortaucipir SUVR have

an exclusive control over cortical thickness.

Cortical thickness is affected by many processes other

than tauopathy and b-amyloidosis that compromise cortical

integrity over a lifetime, including genetic (Brouwer et al.,

2017), childhood nutritional and educational (EClipSE

Collaborative Members et al., 2010; Kim et al., 2015) fac-

tors, and acquired insults to the brain, such as trauma,

vascular risk factors (Leritz et al., 2011) or other systemic

Figure 6 The bivariate relationships between each biomarker. (A) Entorhinal cortical thickness (inverted scale); (B) Entorhinal flor-

taucipir SUVR; and (C) global PIB SUVR and predicted memory z-score (y-axis) are shown on the top row. The curves are right-truncated at the

10th smallest or 10th largest of the distribution of each biomarker. The y-axis values for memory z-scores range from + 0.5 to �1.5. The small

vertical lines on the x-axis each represent individual participants. In the bottom row are shown scatterplots of the distribution for biomarkers in three

groups: cognitively unimpaired participants between the ages of 50 and 59 years, non-demented participants 60 years and older; and subjects with

Alzheimer’s disease (AD) dementia (n = 83) from the Mayo Clinic Alzheimer’s Disease Research Center and MCSA. The latter group was not

included in GBM modelling and is shown here for comparison purposes. The figure shows the relationships of the ‘critical segments’ of each

biomarker’s range (i.e. the range where memory z-scores show the greatest decline in non-demented study participants). ERC = entorhinal cortex.
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conditions (Driscoll et al., 2009; Nelson et al., 2011;

Crivello et al., 2014; Fjell et al., 2014). The level of cortical

thickness that exists at the time point that flortaucipir

SUVR rises above background will vary greatly from

person to person. Because we found that the level of

entorhinal cortex cortical thickness had a major modifying

effect on the cognitive consequences of the pathological

elevations of flortaucipir and PIB SUVRs, entorhinal

cortex cortical thickness represents a biomarker that

could be downstream of b-amyloidosis and tauopathic neu-

rodegeneration, and is also a proxy for brain reserve. In

fact, the two concepts are inextricably linked. A protective

effect of larger temporal lobe volume on memory function

in the presence of elevated amyloid-b has been seen by

others (Chetelat et al., 2010). Further studies of the rela-

tionship between tauopathy and cortical structural integrity

are needed, but we would assert that the interplay between

cortical thickness and tauopathy is one explanation for the

large degree of variability in the impact of tauopathy on

memory.

The relationship of PIB SUVR to
memory function

Global PIB SUVR was associated with low memory z-score

to a slight degree at levels just above background PIB

SUVR, but the level at which global PIB SUVR was asso-

ciated with steeply lower memory z-scores was at its high-

est range as occurs in subjects with dementia. With

flortaucipir SUVR in the current model, in contrast to

our prior work (Knopman et al., 2018), associations be-

tween memory z-scores and PIB SUVR were modest at

lower PIB SUVR levels. This latter association was

weaker still when regional entorhinal cortex PIB SUVR

was substituted in the model, suggesting it was not local

amyloid-b accumulation that was critical. Regions other

than the medial temporal lobe are where early amyloid-b
accumulation occurs (Gonneaud et al., 2017; Palmqvist

et al., 2017). The lag of 20–30 years between the initiation

of amyloid-b elevations and achieving the magnitude of

PIB SUVR in which we observed the steep declines in

memory z-scores (Rowe et al., 2010; Villemagne et al.,

2013) suggests that rising PIB SUVR, even to levels con-

sidered abnormal, is dissociated from cognition. To ac-

count for the association between elevated global PIB and

memory z-scores, we therefore conjecture that global PIB

SUVR functions as a marker of duration of other patho-

logical processes of Alzheimer’s disease that become active

20–30 years into amyloid-b accumulation. That conjecture

would allow us to account for the persistence of the asso-

ciation of high global PIB SUVR and memory z-scores, by

asserting that high PIB is a measure of pathology in the

Alzheimer’s disease pathway not accounted for by entorh-

inal cortex flortaucipir or cortical thickness. For example,

elevated global PIB SUVR, more so than regional PIB,

could be a proxy for worsening network disruption

(Jones et al., 2017).

Other cortical regions

Flortaucipir SUVR and cortical thickness were also related

to memory z-scores in parahippocampal gyrus and inferior

temporal gyrus, but associations were not as strong as in

entorhinal cortex. As expected, imaging biomarkers in pos-

terior cingulate and the prefrontal region of interest showed

very little association with memory z-scores. We also exam-

ined other regions, but as most regions outside of the

medial temporal lobe have little tau in non-demented sub-

jects (Lowe et al., 2018), we would not have expected to

see flortaucipir SUVR � memory z-score associations.

In the current analyses, we have viewed each region in-

dependently, except for b-amyloidosis, thereby ignoring any

effects of regional connectivity. Fully integrating more rele-

vant biomarkers and accounting for interplay between re-

gions is clearly a major computational challenge the field

needs to address.

The influence of age

Age played a large role on cognition in this population-

based sample of non-demented people. The extent to

which age remained associated with memory z-scores in

our modelling demonstrates that there is much variance

yet to be explained after accounting for PIB, flortaucipir

and cortical thickness. As most patients dying with

Alzheimer’s disease also have other pathologies (Schneider

et al., 2009; Robinson et al., 2018), we believe that age

effects could eventually be accounted for by defined disease

conditions (Power et al., 2018). However, it was well

beyond the scope of the current analyses to incorporate

biomarkers of cerebrovascular disease, which may the

most commonly coexisting of the age-related pathologies

that we know about (Arvanitakis et al., 2016). In the

future, accounting for �-synucleinopathy or TDP43 protei-

nopathy will also have to be addressed. However, given the

high dimensionality of our current models, adding add-

itional biomarkers will require additional computational

and graphic sophistication.

Strengths and limitations

Strengths of the current analysis include the large, well

characterized cohort of non-demented individuals who

had all three imaging biomarkers. In addition, the GBM

approach offered a flexible method for analysing multidi-

mensional data. There are also limitations to our studies.

Although the participants were drawn from a population-

based study and all eligible participants were invited to

undergo brain imaging, we do not know whether the ima-

ging features of current cohort differed systematically from

those MCSA participants who did not undergo imaging.

The current study was cross-sectional, thereby limiting
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any predictive analyses. Although there is evidence that

both PIB SUVR (Murray et al., 2015) and flortaucipir

SUVR (Alzforum, 2018) are correlated with their neuro-

pathological counterparts, it may be premature to equate

the PET biomarkers with amyloid-b and Alzheimer’s dis-

ease tauopathy. Associations between flortaucipir and cog-

nition may be understated because flortaucipir is known to

be associated with nonspecific binding to iron, monoamine

oxidase enzymes, to 4-repeat tau and to an unknown re-

ceptor in relation to TDP-43. Cross-sectional biomarker

observations cannot be used to make definitive statements

about causal links between amyloid-b, 3R/4R tauopathy

and cortical neuronal integrity. Biomarkers are not the

actual biological actors; hence one should approach infer-

ences about treatment targets from these observations with

caution. The use of the GBM modelling enabled us to

examine relationships among imaging biomarkers without

prespecifying their functional form. While we were able to

replicate our prior studies that used only amyloid-b and

cortical thickness biomarkers, we found that we were

able to take our analyses down to smaller more function-

ally homogeneous regions.

Conclusion
We can draw some inferences about the sequence of ap-

pearance of the biomarker changes in relation to cognition

up to the onset of overt cognitive impairment. As cortical

thickness in late life represents the sum of a lifetime of

acquired pathologies, lower cortical thickness is under mul-

tiple influences besides b-amyloidosis and tauopathy. It was

only at very elevated levels of PIB SUVR (entorhinal cortex

or global) that we saw associations with low memory

scores, consistent with the view that b-amyloidosis is not

a proximal influence on cognition. Brain amyloid-b levels

are better considered as a proxy for the duration of a

neurodegenerative process, and as a necessary precondition

for elevated flortaucipir SUVR. Flortaucipir SUVR eleva-

tion above background was closely associated with lower

memory performance. Dysfunction of processes involved in

learning and delayed recall are substantially influenced by

the confluence of amyloid-b-enabled elevations of entorh-

inal cortex tauopathy and lower levels of entorhinal cortex

cortical thickness.
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