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Abstract Introduction: Tau-positron emission tomography (PET) imaging with AV1451 is sensitive to Alz-
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heimer disease (AD)–related tau deposition in the brain. We (1) examined regional variation of
average tau-PET standardized uptake value ratios (SUVRs) in a young normal population (30–
49 years) and corrected for the regional variability and (2) tested if the standardized values (z-scores)
scaled appropriately to capture regional Alzheimer-specific (i.e., amyloid sensitive) tau-PET changes
in individuals aged 501 years.
Methods: We identified 490 individuals (70 between 30–49 years as a reference group and 420
cognitively normal between 50–95 years of age) with tau-PET and amyloid PET scans from the
Mayo Clinic Study of Aging.
Results: There was intrinsic regional variability in average tau-PET SUVR with uptakes higher in
some regions than others, even in the younger individuals who would have minimal or no neurofibril-
lary tangles. We corrected for this using region of interest–specific z-scores based on the reference
group. Amyloid and tau-PET uptake were associated throughout the brain after adjusting for age,
with the highest correlations in the medial temporal regions.
Discussion: Regions with high-average SUVR are not necessarily those with the greatest tau pathol-
ogy. Standardization is therefore recommended. Standardization of the data “realigns” the data such
that the regional tau z-scores are informative of the disease process, that is, regions with high z-scores
now coincide with regions correlated with amyloid deposition. Medial temporal structures, specif-
ically entorhinal cortex–tau, may be useful as an AD-specific tau-PET signature due to its sensitivity
to amyloid.
� 2016 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

The pathological hallmarks of Alzheimer disease (AD)
are neuritic plaques composed of b-amyloid fibrils and
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neurofibrillary tangles composed of hyperphosphorylated
tau. In vivo imaging of these pathologies has been very use-
ful in understanding the pathological basis of cognitive
dysfunction. Pittsburgh compound B (PiB) positron emis-
sion tomography (PET) imaging, the first ligand for imaging
amyloid, provides an in vivo measure of Ab burden [1]. PiB-
PET binds to insoluble (fibrillary) amyloid beta deposits and
has been validated in autopsy studies [2,3]. In contrast,
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tau-PET ligands have recently been developed, with AV1451
being the most studied at this point [4–11]. Autoradiography
studies have confirmed that tau-PET imaging via 18F-AV-
1451 (or AV1451) binds most strongly to 3R/4R paired-
helical filament tau deposits seen specifically in AD and
only weakly or not at all to straight tau filaments seen in pri-
mary non-AD tauopathies. AV1451 does not bind at all at
concentrations used in imaging to other common protein ag-
gregates such as beta amyloid and synuclein [12–14].

PET imaging has significantly evolved over the last 4 de-
cades. However, the intrinsic stochastic nature of the PET
acquisition process as discussed in the following adds vari-
ability to the quantified PET images widely used. There
are four main components of PET imaging: (1) PET radio-
tracer that is injected and accumulates in the target of inter-
est. For example, 11C-PiB binds to fibrillar b–amyloid
deposits, and AV1451 has high binding affinity for fibrillar
tau deposits present in AD; (2) PET scintillation crystals
that detect incident photons that emerge from positron tracer
decay; (3) image reconstruction that reconstructs the spatial
distribution of radiotracer decay from the incident photons
on the detectors, making assumptions about the data acqui-
sition process; (4) image quantitation that includes attenua-
tion correction and quantification using image processing
methods. Intrinsically, the variability in the PET data arises
from the uncertainty in the detected data due to positron
decay, attenuation, scatter, and random events, and the
PET detection process [15]. Although several corrections
are made to the acquired data, the signal-to-noise ratio and
spatial resolution (w6 mm) [16] are reflective of the uncer-
tainty and noise in the PET data. In addition, there can be
biological variability in the PET data due to dependence
on blood flow for delivery of the tracer to the brain and par-
tial volume effects due to neurodegeneration [17]. Standard-
ized uptake value ratio (SUVR) is the most common
quantitative method used to make regional comparisons
within a subject as well as between subjects and computed
as the degree of radiotracer uptake in a target region of inter-
est with respect to a reference region. In amyloid and tau im-
aging, SUVR is typically generated using some portion or
the entire cerebellum as a reference because cerebellum is
not affected until late in the progression of AD.

We hypothesized that there is significant intrinsic
regional variation in the mean tau-PET SUVR (for a vari-
ety of reasons—both biological and technical) even in sub-
jects with little tau deposition which in turn will have a
significant impact on the interpretation of tau images where
significant tracer uptake is present. Also, this variability in
average SUVR will have an impact on understanding am-
yloid effects on tau uptake. Therefore, the goal of this
study was two-fold: (1) to examine the regional variation
of average tau-PET SUVR (measure via AV1451) in a
young normal population (30–49 years) and identify a
method to correct for this and (2) to test if the standardized
values (z-scores) scale appropriately to capture regional
Alzheimer-specific (i.e., amyloid sensitive) tau-PET
changes in a population-based cohort (501 years individ-
uals). We used cognitively normal participants from the
Mayo Clinic Study of Aging (MCSA) aged 30 years and
older to answer these two questions.
2. Methods

2.1. Selection of participants

All study participants were from the Mayo Clinic Study of
Aging, an epidemiological study of the prevalence, incidence,
and risk factors formild cognitive impairment amongOlmsted
County,MNresidents aged50–89years.Recently, individuals
between 30 and 49 years were also enrolled. The sampling
frame for the MCSA is based on the Rochester Epidemiology
Projectmedical records–linkage system [18,19], and residents
are randomly selected from the county for participation based
on age and sex strata.We included all 70 individuals aged 30–
49 years who had tau-PET scans as the reference group and all
420 individuals (50–94 years) who had tau-PETand PiB-PET
available andwere cognitively normal.More extensive details
of the MCSA design and diagnosis have been published else-
where [20,21].

2.1.1. Standard protocol approvals, registrations, and
patient consents

These studies were approved by the Mayo Clinic and
OlmstedMedical Center institutional reviewboard. Informed
consentwas obtained from all participants or their surrogates.

2.2. AD imaging biomarker outcomes
2.2.1. Amyloid and tau pathology assessment from PET
scans

PiB-PET and tau-PET images were acquired with a
PET/CT operating in three-dimensional mode. The details
of the acquisition and processing were published previ-
ously [22]. Broadly speaking, an in-house modified
version of the automated anatomic labeling atlas was
used and the atlas-based parcellation of the PET images
into regions of interest was done in the subject’s native
anatomical space.

2.2.1.1. Amyloid deposition
Global cortical PIB-PET retention ratio was computed as

previously reported: the median uptake of voxels in the pre-
frontal, orbitofrontal, parietal, temporal, anterior cingulate,
and posterior cingulate/precuneus regions of interest
(ROIs) for each subject were divided by the median uptake
over voxels in the cerebellar gray-matter ROI of the atlas
[23]. We used a global SUVR cutoff of 1.4 to determine am-
yloid abnormality or positivity [24].

2.2.1.2. Tau deposition
Regional uptake of tau-PET was assessed in 46 atlas re-

gions by summarizing the median uptake in each region
scaled to the median uptake in the cerebellar crus (SUVR)



Table 1

Characteristics of participants in the reference group (30–49) and in main

analyses (50–901)

Characteristics 30–49 (n 5 70) 50–901 (n 5 420)

Demographics

Age, years, mean (SD)

[min, max]

40 (6) [30, 49] 72 (10) [52, 94]

Male gender, no. (%) 36 (51) 228 (54)

Education, years, mean

(SD) [min, max]

16 (2) [12, 20] 15 (2) [7, 20]

APOE ε4 positive, no.

(%)

5 (19)* 114 (27)

Biomarker outcomes

PiB, SUVR, mean (SD)

[min, max]

1.20 (0.05)

[1.10, 1.35]

1.47 (0.33)

[1.12, 3.08]

Abnormal PiB (.1.4),

no. (%)

0 (0) 154 (37)

Cognition

Short test of mental

status score, mean (SD)

[min, max]

37 (2) [32, 38] 36 (2) [27, 38]

Abbreviations: SD, standard deviation; PiB, Pittsburgh compound B;

SUVR, standardized uptake value ratio.

*Several missing APOE genotype.
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[25]. For the main analysis, we did not partial volume correct
the tau-PET signal and but did conduct a parallel sensitivity
analyses using partial volume–corrected data.

2.3. Statistical methods

We described characteristics of the reference group par-
ticipants (30–49) and 501 using standard summary mea-
sures (means and standard deviations [SDs] for continuous
variables, and counts and percentages for categorical vari-
ables).

2.4. Regional variability of tau-PET SUVR

We plotted the regional average SUVR in the 30- to 49-
year-old reference group by decade as well as in the
501 individuals. We also computed the coefficient of varia-
tion (CV) of the raw SUVRs in the reference group by
dividing the SD by the mean SUVR in each region. Then,
we converted the raw SUVRs into z-scores using tau-PET
scans of the reference group. This allowed us to standardize
the SUVR values by accounting for the intrinsic average
regional variation. In a sensitivity analysis, we also evalu-
ated the effect of the average size of the ROI on the CV
and mean SUVR in each region.

2.5. Amyloid associations with regional tau-PET uptake

We estimated partial correlations between global amyloid
and regional tau-PET SUVR after accounting for age. In
addition to using the z-score data, we also classified brain re-
gions as positive and negative using a cutoff of 2. A cutoff of
2 corresponds to the 97.5th percentile in the reference group
and, when applied to individuals in the 501 group, a test
with 97.5% specificity.
3. Results

The participant characteristics of the reference group
(30–49) and 501 individuals are shown in Table 1.

3.1. Regional variation of tau-PET SUVR

The mean and 95% confidence interval of the average
tau-PET SUVR and the CV (which is SD over mean) in 46
atlas regions of the reference group is shown in Fig. 1.
SUVR values are displayed separately by decade (30–39
by blue circles; 40–49 by green diamonds) in the reference
group. The plot of SUVR by decade illustrates the minimal
tau deposition observed in 30- to 49-year-old individuals.
Roughly speaking, across regions, these subjects tended to
have uptake levels about 10% higher than in the cerebellum
corresponding to SUVR levels around 1.1. Despite the over-
all low-average SUVRs, occipital and frontal regions tended
to have higher mean SUVR compared to medial temporal re-
gions.
We found no evidence that 40- to 49-year-olds had
higher levels than 30- to 39-year-olds in the cortex except
sampling variability and therefore pooled this group to
obtain more stable mean and SD estimates for Z-score
transformations. The CV plot is shown in the right panel
of Fig. 1. The range of CV in different regions reflects
more versus less heterogeneity across subjects relative to
the sample mean. With the exception of the central gray re-
gions and amygdala, the CV was below 0.1 or 10% in all
the other brain regions.

In Fig. 2, the average regional tau-PET SUVRs in the
501 individuals are shown in the first panel, and the
computed average regional tau-PET z-scores (z-scored)
are shown in the second panel. Given that a z-score of
0 represents a tau level corresponding to the average tau
in 30- to 49-year-old individuals, the average z-scores in
501 individuals were greater than zero in most brain re-
gions except the postcentral and the Heschl gyri. The
increased z-scores in the 501 group are in line with
the expected tau accumulation occurring with age, that
is, greater average tau z-scores (greater than 1) in the tem-
poral regions compared to the frontal, occipital, and pari-
etal lobes and lower tau z-scores in the sensorimotor
regions.

Average tau-PET SUVRs and z-scores in the entorhinal
cortex (ERC), inferior temporal lobe, and pallidum are
shown in Fig. 3. Before standardization of the SUVRs
(the top panel in Fig. 3), the inferior temporal SUVR ap-
pears to increase more as individuals age with higher
mean SUVR and a nearly linear increase with age
compared to ERC. However, the standardization (bottom



Fig. 1. (Left panel) Average tau-PET SUVR in 46 atlas regions in the reference group (30–49 years). The blue circles show the SUVR in 30–39 group and the

green diamonds show the SUVR in the 40–49 group. The means and 95% confidence intervals are shown as error bars for each region. (Right panel) Coefficient

of variation defined as the SD of the SUVR values divided by the mean of the SUVR values in 46 atlas regions in the reference group (30–49 years). All regions

are ordered and grouped as subgroups of larger areas shown on each of the plots. Abbreviations: ERC, entorhinal cortex; SMA, supplementary motor area; SD,

standard deviation; SUVR, standardized uptake value ratio.
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Fig. 2. Average tau-PET SUVR (left panel) and z-scores (right panel) in 46 atlas regions in the 501 individuals. The means and 95% confidence intervals are

shown as error bars for each region. These regions are ordered and grouped as subgroups of larger anatomic areas shown on each of the plots. Abbreviations:

ERC, entorhinal cortex; SMA, supplementary motor area; SUVR, standardized uptake value ratio.
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Fig. 3. Average tau-PET SUVR (top panels) and z-scores (bottom panels) in three regions. (Left panels) Entorhinal cortex tau; (middle panels) inferior tem-

poral; (right panels) Pallidum. Color and symbols are used to indicate the reference group (30–49 years); amyloid positive (global amyloid�1.4; 501 years) and

amyloid negative (global amyloid,1.4; 501 years). In the top panels, a line is shown at 1 to indicate background levels of tau-PET uptake (relative to median

uptake in the cerebellar crus). In the bottom panels, a line is shown at 2 to indicate the cut point we used to determine tau positivity in the paper. Abbreviations:

ERC, entorhinal cortex; SUVR, standardized uptake value ratio.
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panel in Fig. 3) centers the data appropriately to observe
that the ERC-tau signal may be more tightly associated
with amyloid, that is, amyloid-positive individuals are
likely to be ERC-tau positive compared to being inferior
temporal tau positive. The standardization has a substantial
effect on the nonspecific uptake seen in the pallidum. The
pallidum SUVR has a higher mean and greater SD in the
reference group (top panel), but after standardization, we
can observe that there is a small age-related increase in
the pallidum z-scores irrespective of the amyloid status
(bottom panel).

To emphasize the change in the standardization and dy-
namic range of the regional values after the standardization
of SUVR to z-scores, we computed average tau-PET
SUVR and z-scores of the subregions into five composite
larger regions in Fig. 4 as subgrouped in the panels of
Figs. 1 and 2 (e.g., medial temporal signal is an average of
the amygdala, ERC, hippocampus, and parahippocampal
regions). Comparing raw SUVRs in the reference group,
we observed lower SUVRs in the medial temporal lobes
and the highest SUVRs in the occipital lobe. Comparing
z-scores in the reference group, all regions have the same
average values, that is, zero as expected. In the
501 cohort, the relative ordering of the regions changed
significantly after the standardization. Based on the
pathology literature, medial temporal regions have greater



Fig. 4. Average tau-PET SUVR (top panel) and z-scores (bottom panel) in five composite regions. The means and 95% confidence intervals are shown as error

bars for each region. The red circle indicates the amyloid positive 501 (global amyloid �1.4), the blue diamond indicates the amyloid negative 501 (global

amyloid,1.4), and the black star indicates the reference group. The composite regions were created from the following subgroupings: medial temporal lobe is

an average composite of amygdala, ERC, hippocampus, and parahippocampal gyrus. Temporal lobe is an average composite of fusiform, Heschl, insula, infe-

rior, middle, and superior temporal, middle, and inferior temporal poles. Parietal is an average composite of angular, inferior and superior parietal, precuneus,

and supramarginal. Frontal is an average composite of inferior (operculum, orbital, triangular), medial orbital, middle and middle orbital, superior, medial su-

perior, superior orbital frontal gyri along with olfactory, rectus, and SMA. Occipital is an average composite of calcarine, cuneus, lingual, inferior, middle, and

superior occipital lobes. Abbreviations: ERC, entorhinal cortex; SUVR, standardized uptake value ratio; SMA, supplementary motor area.
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vulnerability to tau deposition than the rest of the brain with
age and AD pathology. Comparing raw SUVR values across
regions in the 501 group, it may appear that occipital lobe
has higher SUVR values in amyloid-negative individuals
compared to medial temporal lobes. However, after stan-
dardization, the medial temporal z-scores are higher in
both amyloid-positive and amyloid-negative individuals
than occipital lobe z-scores as expected unlike the raw
SUVR values.

3.2. Amyloid associations with regional tau-PET uptake

Correlations between tau-PET and global amyloid after
adjusting for age are shown in Fig. 5. The magnitude of
the association varied but was generally significant across re-
gions. The highest correlations were in the medial temporal
regions, specifically ERC. These associations were similar
for partial volume–corrected data. In the 501 individuals,
we also categorized temporal regions as normal and
abnormal based on z-score of 2 in Supplementary Fig. 1.
We found that ERC-tau was more likely to be abnormal
when an individual was amyloid positive (40%) compared
to the inferior temporal tau (36%).
4. Discussion

We observed significant variability in the average
regional tau-PET signal in the younger reference group.
We used the reference group to standardize regional tau
measurements in the 501 cohort. Standardization of the
data “realigns” the data such that the regional tau z-scores
are informative of the disease process, that is, regions
with high z-scores now coincide with regions correlated
with amyloid deposition. There was significant associa-
tion of global amyloid with regional tau-PET uptake
throughout the brain after accounting for age with
the greatest correlations in the medial temporal regions.
Z-scores may not be necessary if mean tau SUVR values
within a single region such as ERC are compared between
groups of subjects such as in a randomized controlled
trial.



Fig. 5. Partial correlations with regional tau-PET in all 501 individuals. Correlations with amyloid after adjusting for age are shown by red circles. Abbrevi-

ation: ERC, entorhinal cortex; SMA, supplementary motor area.
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As tau-PET is increasingly used in research settings,
average regional SUVRs will be used for differential diag-
nosis and understanding the pathological underpinnings of
the cognitive impairment. Although group comparisons
and correlation analyses within a given ROI are protected
against the regional variation in average SUVR observed
here, within-subject comparisons across different regional
SUVRs may be misleading. This will also have a
significant impact on determination of cut points for tau
positivity as well as computation of composite-ROI tau-
PET signatures as biomarkers [11]. With amyloid deposi-
tion, inter-ROI variation of mean SUVR has been less of
a problem because there is significant amyloid deposition
throughout the cortex early in the disease process, and
averaging larger composite regions provides a reasonable
estimate of the global amyloid load. On the other hand,
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tau deposition appears to vary widely throughout the brain,
and the effects of tau on cognition seem to be highly loca-
tion specific [7].

Accounting for the regional variability of the average
SUVR through standardization will greatly simplify data
interpretation. This is illustrated by Fig. 4 where occipital
SUVRs are highest compared to the other regions (w1.1).
After z-score standardization, the tau z-scores are compa-
rable to parietal and frontal lobes as mirroring what is
seen in pathology studies. It may be debated whether
the size of the region of interest will play an important
role in the SUVR determination. In Supplementary
Fig. 2, we illustrate the association between CV and
mean SUVR versus average size of the region of interest
in the reference group. Clearly, region size is not an
important confounding factor.

Amyloid associations with tau-PET have recently been
investigated [4–10]. In this study, we looked at the
independent effects of amyloid on regional tau after
accounting for age as also done by Scholl et al. [8]. The
larger numbers and wider age ranges are strengths of the
analyses presented here. There was significant association
of amyloid with tau-PET uptake throughout the brain after
accounting for age. Given our cohort of cognitively normal
individuals most of whom likely have Braak neurofibril-
lary tangles (NFT) stages of IV or lower [26], the associ-
ations we found here between global amyloid and tau-
PET throughout the brain (even regions affected in Braak
V and Braak VI [27]) may suggest that there is simulta-
neous emergence of tau throughout the brain with
increasing amyloid deposition. This idea concurs with
the emerging data from our group [25] and others [5].

We found the strongest correlations in the medial
temporal lobe suggesting that these regions may have
heightened vulnerability to tau deposition associated
with amyloid [28]. The use of inferior temporal lobe
versus ERC-tau-PET as an AD tau-PET signature has
been debated. Inferior temporal lobe has mean SUVR
of 1.13 versus ERC has a mean SUVR of 1.03 in our
reference group, which shows the effect of regional vari-
ability in the mean levels of tau SUVR. Standardization
of the data by z-scoring aids in removing the nonuni-
form dynamic range throughout the brain and allows
us to detect higher SUVR values in medial temporal
lobes (Figs. 3 and 4). In addition, ERC-tau was slightly
more likely to be abnormal when an individual was am-
yloid positive (40%) compared to the inferior temporal
tau (36%). Due to greater sensitivity of ERC to amyloid,
it may be suitable as AD-specific tau-PET signature.
The correlation of ERC-tau uptake with the tau uptake
in the rest of the brain is shown in Supplementary
Fig. 3. ERC-tau is highly correlated with tau in other
medial temporal regions and moderately correlated
with tau levels in other regions in these cognitively
normal individuals.
4.1. Strengths, limitations, and future studies

A major strength of this study is the availability of a
reference group with PET scans sampled in a similar
fashion as the cohort of interest. When a reference group
is not available, statistical methods that allow for compar-
isons across the regions need to be considered, for
example, correlations and group comparisons can be
compared across all the brain regions but comparison of
raw SUVR values between regions may be less meaning-
ful. In a clinical trial setting, z-score may not be necessary
if mean tau SUVR values within a single reporter region
such as ERC are compared between treated and untreated
subjects.

There are some limitations to this study. We designed the
study with a limited scope. We combined left and right re-
gions and did not look at the dose differences or quantifica-
tion differences due to change in PET image processing.
Also, we focused only on investigating the impact of amy-
loid on tau deposition. Future studies will be designed to
investigate additional sources that may increase tau deposi-
tion other than amyloid.
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RESEARCH IN CONTEXT

1. Systematic review: Tau-PET ligands have recently
been developed, with AV1451 being the most studied
at this point. The effect of amyloid on tau and the
neuroanatomical variability of tau-PET uptake
across subject and patient groups are currently being
thoroughly investigated.

2. Interpretation: The average SUVR values are vari-
able in different brain areas. Standardization of
regional tau-PET SUVR (here with z-scores) is
therefore recommended. Amyloid and tau-PET up-
take were associated throughout the brain, with the
highest correlations found in medial temporal re-
gions. Although it is not a high SUVR region, the
high age-independent correlation with amyloid and
high z-scores in amyloid-positive individuals after
standardization show that ERC-tau may be useful as
an AD-specific tau-PET signature.

3. Future directions: More extensive work will be un-
dertaken to study the effect of PET acquisition, pro-
cessing, and quantification on SUVR. Methods for
measuring tau-PET biomarkers will be developed
that account for the variability in the data.
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