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The goal of this paper was to evaluate the in vivo kinetics of the

novel tau-specific PET radioligand 18F-AV-1451 in cognitively
healthy control (HC) and Alzheimer disease (AD) subjects, using

reference region analyses. Methods: 18F-AV-1451 PET imaging

was performed on 43 subjects (5 young HCs, 23 older HCs, and
15 AD subjects). Data were collected from 0 to 150 min after in-

jection, with a break from 100 to 120 min. T1-weighted MR images

were segmented using FreeSurfer to create 14 bilateral regions of

interest (ROIs). In all analyses, cerebellar gray matter was used as
the reference region. Nondisplaceable binding potentials (BPNDs)

were calculated using the simplified reference tissue model (SRTM)

and SRTM2; the Logan graphical analysis distribution volume ratio

(DVR) was calculated for 30–150 min (DVR30–150). These measure-
ments were compared with each other and used as reference stan-

dards for defining an appropriate 20-min window for the SUV ratio

(SUVR). Pearson correlations were used to compare the reference
standards to 20-min SUVRs (start times varied from 30 to 130 min),

for all values, for ROIs with low 18F-AV-1451 binding (lROIs, mean of

BPND 1 1 and DVR30–150 , 1.5), and for ROIs with high 18F-AV-

1451 binding (hROIs, mean of BPND 1 1 and DVR30–150 . 1.5).
Results: SRTM2 BPND 1 1 and DVR30–150 were in good agreement.

Both were in agreement with SRTM BPND 1 1 for lROIs but were

greater than SRTM BPND 1 1 for hROIs, resulting in a nonlinear relation-

ship. hROI SUVRs increased from 80–100 to 120–140 min by 0.24 6
0.15. The SUVR time interval resulting in the highest correlation and

slope closest to 1 relative to the reference standards for all values

was 120–140 min for hROIs, 60–80 min for lROIs, and 80–100 min for

lROIs and hROIs. There was minimal difference between methods
when statistical significance between ADs and HCs was calculated.

Conclusion: Despite later time periods providing better agreement

between reference standards and SUVRs for hROIs, a good compro-
mise for studying lROIs and hROIs is SUVR80–100. The lack of SUVR

plateau for hROIs highlights the importance of precise acquisition time

for longitudinal assessment.
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Pathologic accumulation of the tau protein in the form of
neurofibrillary tangles and paired helical filaments is common in

normal aging and Alzheimer disease (AD) (1,2). Validated and
selective in vivo imaging of tau in the human brain would be

valuable in the study of AD and tauopathies (progressive supra-

nuclear palsy, corticobasal syndrome, and frontotemporal demen-

tia). A successful tau tracer would act as a biomarker that could be
measured against amyloid deposition and cognitive impairment,

aid in early disease detection, track rate of decline, and serve as an

outcome measure for interventions designed to slow, stop, or re-
verse tau accumulation in the brain.
There are many challenges in designing a tau tracer, which have

been reviewed extensively elsewhere (3). Because tau pathology is

intracellular, a tracer must cross the blood–brain barrier and the
neuronal membrane. The tau protein has multiple conformations,

6 isoforms, and numerous posttranslational modifications, which

also will affect tracer binding. Because tau and amyloid pathology
frequently colocalize in AD brains, with tau at lower concentra-

tions than amyloid, the selectivity of a tracer to tau is critical to its

use as a biomarker. Given such challenges, a validated tau tracer
for AD must have numerous distinctive properties related to spec-

ificity, pharmacokinetics, and metabolism (3) and have minimal

off-target binding.
Currently there are multiple 18F-labeled tracers being developed for

PET imaging of tau pathology. Tohoku University has developed sev-

eral potential tau tracers, including 18F-THK523 (4–6), 18F-THK5117,
18F-THK5105 (7–9), and 18F-THK5351 (10). Another series of
tracers includes 18F-T807, also known as 18F-AV-1451 (11), and
18F-T808 (12).
To fully understand the behavior of a tracer, pharmacokinetic

studies using arterial sampling and metabolite correction is the
standard. In the absence of such measurements, the simplified

reference tissue model (SRTM) (13) and other reference tissue

models can be used to explore pharmacokinetics. However, mod-
els such as SRTM and Logan graphical analysis (LGA) (14) rely

on subjects undergoing scans of 60 min or longer, which can be

uncomfortable or impractical for certain populations such as AD.

Preferably, a tracer could be quantified using a SUV ratio (SUVR),
a method that allows for shorter scan duration.
In this paper, we explored the in vivo kinetics of 18F-AV-1451

using reference tissue analysis approaches, in an effort to obtain
robust measures of putative tau binding in healthy control (HC)

and AD subjects. Based upon dynamic 18F-AV-1451 datasets col-

lected over 150 min, the primary objectives were to examine
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radioligand delivery and clearance characteristics, to determine
quantitative reference tissue based binding outcomes, and to iden-
tify an appropriate time window for SUVR quantification.

MATERIALS AND METHODS

Data Acquisition

This study was approved by Lawrence Berkeley National Labo-
ratory’s Institutional Review Board, and subjects provided written in-

formed consent. Forty-three subjects, including 5 young HCs (yHCs)
(all men, mean age 6 SD 5 22 6 2 y), 23 HCs (17 women/6 men,

mean age6 SD5 786 5 y), and 15 ADs (10 women/5 men, mean age
6 SD 5 64 6 8 y) underwent 18F-AV-1451 PET imaging using a

Biograph Truepoint 6 PET/CT tomograph (Siemens Medical Systems).
PET imaging began on injection of approximately 370 MBq of 18F-AV-

1451, and data were acquired for 100 min. After a 20-min break, a
second scan was acquired from 120 to 150 min after injection. Non-

diagnostic CT scans were acquired before each scan and used for at-
tenuation correction. List-mode PET data were framed as 4 · 15, 8 ·
30, 9 · 60, 2 · 180, and 22 · 300 s and reconstructed using ordered-
subset expectation maximization (scatter correction, 4 mm gaussian

kernel). The first 5 min of PET data were summed, and subsequent
frames were realigned to the summed image using SPM8 (http://www.

fil.ion.ucl.ac.uk/spm).
MRIs were acquired to define ROIs for each subject, using

T1-weighted magnetization prepared rapid gradient echo sequences.
Imaging was performed on 1.5-T Avanto (controls: repetition time 5
2,110 ms, echo time 5 3.58 ms, 1 · 1 · 1 mm voxel size) or 3-T
Magnetom Trio (ADs: repetition time 5 2,300 ms, echo time 5 2.98

ms, 1 · 1 · 1 mm voxel size) systems (Siemens Medical Systems).
Native-space MR images were segmented using FreeSurfer (version

5.1; http://surfer.nmr.mgh.harvard.edu/). Cerebellar gray matter was
chosen as the reference region because of its lack of tau accumulation

in HCs and ADs (1). Preliminary analyses were performed on 14
bilateral ROIs: caudate, putamen, thalamus, pallidum, brain stem,

precuneus, hippocampus, and anterior cingulate (ACING), posterior
cingulate (PCING), entorhinal, (ENTO), frontal (FRONT), occipital

(OCC), parietal (PAR), and temporal (TEMP) cortices. However, most
of the analyses were performed in 10 of these ROIs (excluding cau-

date, pallidum, putamen, and thalamus). A summed image of the

realigned PET frames was coregistered to the MR image (SPM8),
and these parameters were applied to individual PET frames. No

partial volume correction was performed.

Reference Tissue Modeling

Three reference tissue approaches were examined: SRTM

(13,15,16), LGA (14), and SUVR. The SRTM yields estimates of
nondisplaceable binding potentials (BPNDs), relative radioligand de-

livery (R1 5 K1/K19 5 delivery to ROI/reference), and regional tissue
clearance rates (k2) by minimizing the time-weighted sum of squared

errors (SSE). Reference tissue clearance (k2’) was calculated as k2/R1

(13). Uptake that occurred in ROIs in which tau accumulation was not

expected was also explored.
Agglomerative hierarchical clustering (17) was performed on

SRTM k2’ and k2 in AD subjects, because of greater levels of 18F-

AV-1451 tau binding in AD subjects than HCs. The clustering pro-
cedure began with the SRTM k2’ values in 14 ROIs. ROIs with similar

k2’ values were joined to create a cluster. At each step, clusters with
similar k2’ values were joined to make larger clusters. When 2 clusters

remained, 1 of the clusters was made up of subcortical ROIs in which
tau accumulation was not expected (also seen in k2 analysis). This was

considered off-target binding and therefore removed from the rest of
the analyses. The second cluster of 10 ROIs was used to determine k2’

constraint for SRTM2 and was used in further analyses. We also

performed cluster analysis on R1, but this parameter did not differen-

tiate between target and off-target regions.
In the first step of the SRTM2 algorithm, within each subject we looped

through all k2’ values (1,000 equally spaced values from minimum to
maximum SRTM k2’) and calculated BPND, R1, and k2a (k2a 5 k2/[1 1
BPND] (13)) by minimizing the time-weighted SSE. In the second step, for
all k2’ and corresponding BPND, R1, and k2a values, a voxel-weighted SSE

was calculated across the 10 ROIs. The k2’ resulting in the lowest voxel-
weighted SSE (summed across ROIs) was chosen as the optimal k2’ for

that subject. This ROI-based analysis enables computational searching
through all possible reasonable values for k2’ rather than a more traditional

method of using mean or median SRTM k2’ values for SRTM2.
Once SRTM2 was completed on all subjects, the resulting

median k2’ value from SRTM2 (across subjects) was used as the
k2ref constraint for LGA for which the slope (distribution volume

ratio [DVR] 5 BPND 1 1) was determined from data points be-
tween 30 and 150 min.

SRTM and SRTM2 were compared using Akaike information
criteria (18) and the F test (18,19). We also compared SRTM BPND
with SRTM2 BPND, SRTM2 BPND 1 1 with DVR30–150, and SRTM

BPND 1 1 with DVR30–150 by applying linear regression analysis
across the 10 ROIs in all subjects, as well as comparing within ROI

and diagnosis using a Bonferroni-corrected t test.
We explored the temporal stability of DVR30–150, SRTM, and

SRTM2 BPND by calculating DVR-1 or BPND for shorter intervals
and comparing this with results obtained over the full 150 min. The

ratio of DVR-1 or BPND from the shorter scan to the full scan was
calculated in AD subjects in regions of expected tau accumulation

(precuneus, PCING, TEMP, PAR, and OCC).

Exploring SUVR Time Window

Another objective of this paper was to evaluate SUVR time

intervals for stable 18F-AV-1451 retention outcomes using SRTM
(BPND 1 1), SRTM2 (BPND 11), and DVR30–150 as reference stan-

dards, given the impracticality of 2.5-h scans. SUVR was calculated

over 20-min time intervals, with start times ranging from 30 to
130 min. We performed linear regressions between each reference

standard and SUVR measurements at various time intervals (43 sub-
jects, 10 ROIs from SRTM k2’ clustering analysis). Regressions were

performed for all values in the reference standard, ROIs with low 18F-
AV-1451 binding (lROIs), and ROIs with high 18F-AV-1451 binding

(hROIs). We compared resulting r2 and slopes.
Finally, we examined statistical significance (Welch’s t test for un-

equal variance with Bonferroni correction) in 18F-AV-1451 binding
measures between HCs and ADs, and between HCs and yHCs, for

all analysis outcomes.

RESULTS

Figures 1A and 1B show typical HC and AD 18F-AV-1451
time–activity curves for cerebellar gray matter, putamen, ENTO,
and TEMP. SRTM and SRTM2 curve fits to these ROIs are shown.
Figures 1C and 1D show SUVRs for subjects in Figures 1A and
1B and mean (6SD) SUVR curves over all HCs and ADs. Sub-
cortical ROIs (e.g., putamen) have faster clearance than ROIs in
which tau accumulation is typical in ADs (e.g., TEMP), shown in
Figure 1B.
Figure 2 shows SRTM k2’ values in ROIs from individual AD

subjects (dots) used in the agglomerative hierarchical clustering,
which yielded 2 clusters of ROIs. Also shown is the 10th–90th
percentile (gray square) and mean (white line) of HC subjects, not
used in clustering. The branches joining the ROI labels represent
the order of clustering. For instance, FRONT and PCING were
first clustered together, then OCC was added to that cluster. The
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first group (caudate, pallidum, putamen, and thalamus) have higher
k2’ and k2 values, reflecting the faster clearance rate of the putamen
in Figure 1. Because tau accumulation is not seen in these regions in

AD brain (1,20), the faster clearance is thought to be associated
with off-target binding. The second group included brain stem,
hippocampus, ACING, PCING, precuneus, ENTO, TEMP, FRONT,
OCC, and PAR (10 ROIs). This group exhibited slower kinetics
(e.g., Fig. 1, TEMP) and included ROIs known to accumulate tau
deposits in AD.
Clustering was also performed on SRTM k2 across all ROIs for

AD subjects. We found the same results, except the brain stem was
grouped with 4 subcortical regions. The 4 subcortical regions were
excluded from the voxel-weighted SSE step in SRTM2.
Figure 3 shows the resulting SRTM2 k2’ values across all sub-

jects. Mean k2’ values were 0.03 6 0.03 min21 for yHCs, 0.04 6
0.01 min21 for HCs, and 0.036 0.01 min21 for ADs; k2’ values in
the HC group were more heterogeneous because SRTM and
SRTM2 require different kinetics between reference regions and
ROIs to reliably estimate parameters.
Figure 4 shows the corresponding LGA plots for the HC and AD

subjects in Figure 1. The median SRTM2 k2’ value across all sub-
jects (0.03 min21) was used as k2ref when calculating LGA DVR
values (14). Although DVR30–150 was used as a reference standard,
the plots delineate several time intervals: 0–40, 40–70, 70–100, and
120–150 min. Slopes in decreasing order are putamen . TEMP .
ENTO (HC), and TEMP . putamen . ENTO (AD). In these indi-
vidual subjects, HC putamen DVR ranged from 1.41 (40–70) to 1.33
(120–150) and AD from 1.48 (40–70) to 1.33 (120–150). HC TEMP
DVR values ranged from 1.09 (40–70) to 1.14 (120–150) and AD
from 2.28 (40–70) to 2.45 (120–150). The kinetics of putamen in
AD and HC do not conform to the kinetics seen in TEMP in which
tau accumulation was expected in AD subjects.

Comparing SRTM, SRTM2, and DVR

The comparison focused on the 10 ROIs from SRTM k2’ hi-
erarchical clustering, which included ROIs known to have tau
accumulation in AD. The F test results with Bonferroni correc-
tion did not detect significant differences between SRTM and
SRTM2 with the exception of ACING (P , 0.001, 10/15 sub-
jects) and TEMP (P, 0.1, 7/15 subjects). Supplemental Figure 1
(supplemental materials are available at http://jnm.snmjournals.org)
shows BPND values from SRTM plotted against SRTM2 (10 ROIs,
43 subjects).

FIGURE 1. (A and B) Time–activity curves for HC and AD subjects,

respectively. PET data are represented by ●, solid line is SRTM fit to the

data, dashed line is SRTM2 fit. (C) SUVR for single HC subject shown in

A, and mean ± SD of all HC subjects (solid/dotted lines). (D) SUVRs for

AD subject shown in B and mean ± SD of all AD subjects in (solid/dotted

lines). Circles represent single subject SUVR, solid line is mean across

subject groups, and dashed line represents SD of subject group. Puta-

men represents off-target binding with quantification challenges.

FIGURE 2. SRTM k2’ agglomerative hierarchical clustering for AD sub-

jects. Plot shows SRTM k2’ values of ROIs in AD subjects used to

perform the clustering. Branches show levels of clustering. Gray boxes

show 10th–90th percentile of SRTM k2’ for HC, white line is mean of HC;

HC subjects not used in clustering. FIGURE 3. SRTM2 k2’ values for yHC, HC, and AD subjects.
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A comparison across the reference standards (SRTM BPND 1 1,
SRTM2 BPND 1 1, DVR30–150) was performed across ROIs of
all values, lROIs, and hROIs. The threshold of 1.5 was chosen so
there was sufficient dynamic range of values in lROI and hROI
groups. Table 1 shows linear regression results between SRTM
BPND versus SRTM2 BPND, SRTM BPND 1 1 versus DVR30–
150, and SRTM2 BPND 1 1 versus DVR30–150.
Supplemental Table 1 examines the temporal stability of SRTM,

SRTM2, and DVR-1. SRTM and SRTM2 BPND values calculated
from truncated scans were compared with BPND calculated from
0 to 150 min. The DVR-1 values calculated from truncated scans
were compared with DVR-1 calculated from 30 to 150 min. The
BPND and DVR values were still increasing at later time frames,
reflected by the increase in the mean ratio.
Supplemental Table 2 shows mean and SD within yHCs, HCs,

and ADs for DVR30–150, SRTM, and SRTM2 R1.

Exploring SUVR Time Window

A major criterion for the choice of an appropriate SUVR time
window was high correlation (r2) between the SUVR and reference
tissue outcomes. In the interest of minimizing bias effects, we ad-
ditionally considered it beneficial if the slope was approximately
1.0, although we acknowledge that the underlying true relationship
between SUVR and a given reference tissue method may yield a
slope6¼1.0. Last, if all else was equal, the earliest possible scan time
was chosen to minimize patient burden.
The appropriate SUVR time window was explored across all

subjects (43 subjects, 10 ROIs) for the full range of binding values,
as well as lROIs and hROIs. Supplemental Figure 2 shows the

relationships between the 3 reference standards (SRTM BPND 1
1, SRTM2 BPND 1 1, DVR30–150) and SUVR values calculated
at various times (40–60, 80–100, 120–140 min).
Figure 5 shows the results (A: r2, B: slopes) from the linear

regressions between the reference standards and SUVRs at various
time intervals for all ROI values, lROIs, and hROIs.
Across all binding levels, the SUVR time interval with the

highest correlation with SRTM BPND 1 1 was 130–150 min, with
SRTM2 BPND 1 1 it was 120–140 min, and with DVR30–150 it
was 120–140 min. All SUVRs determined with a start time of
50 min or later resulted in r2 greater than 0.9. In the interest of
assessing bias in SUVR relative to the reference standard, we also
examined slope values. The 80–100 min interval yielded a slope
closest to 1 for all reference standards (slopes: SRTM 5 0.99,
SRTM2 5 0.95, DVR30–150 5 0.97).
In the case of lROIs, SUVR calculated at 130–150 min

resulted in the highest correlation with SRTM BPND 1 1 (r2 5
0.79), 50–70 min with SRTM2 BPND 1 1 (r2 5 0.92), and 70–
90 min with DVR30–150 (r2 5 0.90). The SUVR time windows
with a slope closest to 1 in comparison to the reference standards
were 80–100 min for SRTM BPND 1 1 (slope 5 0.94), 60–
80 min for SRTM2 BPND 1 1 (slope 5 1.05), and 60–80 min
for DVR30–150 (slope 5 1.00). In lROIs, LGA and SRTM2
resulted in the highest r2 at earlier SUVR intervals and the cor-
relation decreased at later time intervals, whereas the correlation
with SRTM BPND 1 1 increased at later time intervals but was
overall lower. There is no clear consensus, however, 60–80 min is
the best compromise between SRTM2 BPND 1 1 and DVR30–150,
and these reference standards result in the higher r2 with SUVR
measurements.
Last, in the case of hROIs, SUVR130–150 resulted in the high-

est correlation with SRTM BPND 1 1, whereas SUVR120–140
resulted in the highest correlation for both SRTM2 BPND 1 1
and DVR30–150. SUVR time intervals yielding slopes closest
to 1 were 120–140 min for SRTM BPND 1 1 (slope 5 1.10), 130–
150 min for SRTM2 BPND 1 1 (slope 5 0.94), and 120–140 min
for DVR30–150 (slope 5 0.98). For hROIs, high correlation and
slope close to 1 are achieved for SUVR measured between
120–140 min for all reference standards.
Figure 6 shows SUVR images for the AD (Figs. 6A–6C) and HC

(Figs. 6D–6F) subjects from Figures 1 and 4. The SUVR images
reflect the suggested time windows for lROIs (60–80 min, Figs. 6A
and 6D), entire range of ROIs (80–100 min, Figs. 6B and 6E), and
hROIs (120–140 min, Figs. 6C and 6F).

Statistical Comparisons Between Subject Groups

Figure 7 shows regional SRTM BPND 1 1 (Fig. 7A), DVR30–
150 (Fig. 7B), and SUVR120–140 (Fig. 7C) results; SUVR80–100

FIGURE 4. LGA DVR for HC (A) and AD (B) subjects from Figure 1.

DVR values for 40–70 (x), 70–100 (h), and 120–150 (s) for HC putamen

5 1.41, 1.40, 1.33; HC ENTO5 0.93, 0.93, 0.91; HC TEMP5 1.09, 1.14,

1.14; AD putamen 5 1.48, 1.39, 1.33; AD ENTO 5 1.51, 1.41, 1.47; and

AD TEMP 5 2.28, 2.29, 2.45.

TABLE 1
Comparison Between Reference Standards

x 5 SRTM BPND,

y 5 SRTM2 BPND

x 5 SRTM BPND 1 1,

y 5 DVR30–150

x 5 SRTM2 BPND 1 1,

y 5 DVR30–150

ROIs Slope Intercept r2 Slope Intercept r2 Slope Intercept r2

All 1.01 −0.01 0.94 1.00 −0.01 0.97 0.98 0.04 0.99

lROIs 0.74 0.01 0.75 0.80 0.01 0.82 1.01 0 0.95

hROIs 1.13 −0.15 0.86 1.08 −0.08 0.93 0.90 0.12 0.96
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results are shown in Supplemental Figure 3. Good agreement was
observed for these methods, in terms of statistically significant
group differences in 18F-AV-1451 binding between HCs and
ADs for the 10 ROIs. Precuneus, PCING, ENTO, TEMP, and
PAR showed differences of P , 0.001 across all measurements
(including all SUVR times). OCC showed differences of P ,
0.001 except for SRTM BPND, where P , 0.01. DVR30–150 in
FRONT showed differences of P , 0.001; significance was P ,
0.01 for all other measurements. ACING, brain stem, and hippo-
campus were not significant in any measurement types.
Differences between yHC and HC off-target binding in sub-

cortical regions were tested using the Bonferroni-corrected Welch’s
t test. There was a significant difference in caudate (P , 0.1) using

SRTM and SRTM2 BPND, DVR30–150,
and SUVR130–150; P , 0.01 for all other
SUVR time intervals. In the pallidum,
SRTM BPND resulted in a significant dif-
ference, P , 0.05; SRTM2 BPND,
DVR30–150, and all SUVR time intervals
were P , 0.001. In the putamen, SRTM
BPND resulted in a significant difference
between yHC and HC of P , 0.1, SRTM2
BPND of P , 0.01, and DVR30–150 and
all SUVR time intervals of P , 0.001. The
thalamus showed no significant difference
using SRTM BPND between yHC and HC;
SRTM2 BPND, DVR130–150, and all SUVR
time intervals resulted in P , 0.1, except for
SUVR80–100, which resulted in P , 0.01.

DISCUSSION

This study examined the pharmacoki-
netics of 18F-AV-1451, a PET tracer for
tau pathology, in ADs, HCs, and yHCs, us-
ing reference tissue analysis approaches.
Our goal was to evaluate the relative perfor-
mance of the reference tissue methods using
dynamic 0–150 min 18F-AV-1451 PET

datasets, with these results as reference standards for subsequent
determination of an appropriate time interval for measurement of
the clinically feasible SUVR tissue ratio. The discussion addresses
challenges associated with 18F-AV-1451 off-target binding, the
relative performance of the reference standards, and selection of
an appropriate SUVR time interval relative to reference standards.
A previous study reporting the pharmacokinetics of 18F-AV-

1451 (21) scanned only up to 100 min, did not explore SRTM
or SRTM2, and did not derive the k2ref for LGA from the data.

Off-Target Binding

Off-target 18F-AV-1451 binding has been reported previously in
humans in the putamen (21–23), pallidum (23), and near the

substantia nigra (22,23). A recent post-

mortem study reported strong off-target
18F-AV-1451 signal in areas that included

neuromelanin-containing cells of the sub-

stantia nigra (24). In the present work, off-

target 18F-AV-1451 binding was apparent

in the pallidum, putamen, caudate, and

thalamus of HCs. In ADs, 18F-AV-1451

clearance was greater in these ROIs than

in ROIs in which tau deposition is

expected, whereas R1 was similar for tar-

get and off-target ROIs. The 18F-AV-1451

uptake in off-target ROIs across yHCs

and HCs in SRTM, SRTM2, DVR, and

SUVRs was consistent with off-target

binding increases with age that might con-

tribute to heterogeneity in SRTM2 k2’ val-

ues across HCs. Studies are ongoing, and

future work is needed to better understand

the source and impact of putative off-tar-

get binding (on regional and voxel-based

measures).

FIGURE 5. Results of linear regression of SRTM BPND 1 1, SRTM2 BPND 1 1, and DVR130–

150 with SUVR at various time windows. (A) r2. (B) Slope. Regression included 43 subjects and

10 ROIs (FRONT, PAR, OCC, TEMP, ENTO, brain stem, ACING, PCING, hippocampus, and

precuneus).

FIGURE 6. SUVR images for AD (A–C) and HC subjects (D–F) from Figures 1 and 4. SUVRs were

calculated from 60–80 (A and D), 80–100 (B and E), and 120–140 min (C and F). Color map ranges

for SUVR normalized by cerebellar gray from 1 to 5 for all images.
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Reference Standards

A limitation of this study is the absence of full compartment
modeling performed using a metabolite-corrected arterial input
function. Without such data, it is not possible to characterize the
reference region kinetics, quantify the level of agreement in the
nondisplaceable volume of distribution value across subject
groups, or assess the relative bias that is expected in the reference
tissue BPND and SUVR measures (13–15,24).
Bias in the SRTM method arises when a 1-tissue-compartment

model does not adequately describe the kinetics of the reference
and target regions. Limitations in SRTM are also realized when
analyzing low-binding regions (i.e., HC data) with kinetics that are
similar to that of the reference region, and this contributed to
heterogeneity in the HC k2’ values. The SRTM analyses per-
formed herein yield different k2’ values for target- and off-target
binding regions that is inconsistent with the notion of a uniform
nondisplaceable volume of distribution across all brain areas. In a
similar manner, it is well known that the LGA outcomes are vul-
nerable to noise-induced bias (14) and the SUVR tissue ratios are
expected to overestimate the true DVR when equilibrium condi-
tions are not established. In the absence of an arterial-based ref-
erence standard analysis (that will also have its own sources of
bias), we are unable to fully investigate the impact of methodo-
logic bias on reference tissue outcome measures. We acknowledge

that the in vivo kinetics of 18F-AV-1451 observed herein over
150 min do not appear to adhere to basic SRTM assumptions
(25). Rather than assign a single reference tissue method as the
standard, we compared the results of SRTM, SRTM2, and LGA
each with the SUVR tissue ratio results; all outcomes varied across
target regions from yHC to AD in a manner that is consistent with
negligible-to-significant levels of tau deposition expected across the
subject groups studied, and TEMP 18F-AV-1451 SUVRs were found
to be associated with clinical impairment (22).

Exploring SUVR Time Window

Given the difficulty of tolerating a 2.5-h scan, it is necessary to
define a window during which an SUVR can accurately quantify
18F-AV-1451 binding to tau.
Because of the lack of full compartmental modeling, we

compared SUVR time intervals with 3 reference standards (SRTM,
SRTM2, and LGA) using the criteria of linearity and slope close to
1. When analyzing the full range of ROI values, the later the SUVR
was acquired, the higher the correlation with the reference
standards, although SUVR80–100 min r2 was lower by only 0.02.
The slope was closest to 1 for SUVR80–100 min, and later SUVR
measurements overestimated the reference standards. When the
high correlation, the slope closest to 1, and minimizing of subject
burden with a shorter wait were combined, SUVR80–100 was the
best selection for studying the full range of tau deposition. This is in
agreement with the previous study (21), which concluded SUVR80–
100 was a sufficient time to measure 18F-AV-1451 based on 100 min
of data and DVR quantification with a faster k2ref (0.20 min21).
In determining the appropriate time window for hROIs, SUVR

between 120–140 min results in the most linear fit and slope
closest to 1 for all reference standards. SUVR130–150 min yielded
similar results, so we chose the earliest possible scan time of the 2
similar choices. SUVRs in ROIs in which there is considerable
18F-AV-1451 binding are continuing to increase through the 2.5-h
scan. This increase over time mandates accurate scan start time to
optimize comparisons in cross-sectional studies and to accurately
quantify changes in longitudinal studies.
Last, for studies focusing on early quantification of tau deposi-

tion, there is no agreement in appropriate SUVR time interval and
the reference standards. SRTM results in lower correlations to
SUVR at any time interval in comparison to the other reference
standards. SRTM2 is most correlated to SUVR from 50–70 min,
with a slope closest to 1 from 60–80 min; DVR is more correlated to
SUVR from 70–90 min, with slope closest to 1 from 60–80 min.
SUVR60–80 min would optimize the overlap of the optimal time
window of SUVRs with reference standards.

CONCLUSION

Despite the challenges posed by slow dynamics, 18F-AV-1451 is
able to statistically distinguish between AD and HC subjects with
good agreement of P values across various times and quantifica-
tion methods, showing the strength of this tracer in cross-sectional
studies, although longitudinal studies may prove challenging. Al-
though beyond the scope of this paper, it is clear that longitudinal
studies must take care to start the emission acquisition precisely at
the same time after injection, because scanning later would pro-
duce higher values. Future examination of 18F-AV-1451 and re-
lated tracers will assist the identification and study of preclinical
pathologic tau accumulation in the living human brain, a goal of
researchers studying aging and disease.

FIGURE 7. Welch’s t test between HCs and ADs in SRTM BPND 1 1

(A), DVR30–150 (B), and SUVR130–150 (C). Boundaries of boxes rep-

resent 25th–75th percentiles, solid horizontal white line is median,

dashed horizontal white line is mean, dashed vertical line is 5th–95th

percentiles. **P , 0.001. *P , 0.01, Bonferroni-corrected.
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