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In tau PET, a reliable method to detect early tau accumulation in the
brain is crucial. Noise, artifacts, and off-target uptake impede detec-
tion of subtle true-positive ligand binding. We hypothesize that identi-
fying voxels with stable activity over time can enhance detection of
true-positive tau. Methods: In total, 339 participants in the clinical
spectrum ranging from clinically unimpaired to Alzheimer disease
dementia underwent at least 2 serial tau PET scans with flortaucipir.
The overlap index (Ol) method was proposed to detect spatially identi-
cal, voxelwise SUV ratio (SUVR) elevation when seen sequentially in
serial tau PET scans. The association of Ol with tau accumulation,
clinical diagnosis, and cogpnitive findings was evaluated. Results: Ol
showed good dynamic range in the low-SUVR window. Only Ol was
able to identify subgroups with increasing tau PET signal in low-SUVR
meta-region-of-interest (ROI) groups. Ol showed improved associa-
tion with early clinical disease progression and cognitive scores ver-
sus meta-ROI SUVR measures. Conclusion: Ol was more sensitive to
tau signal elevation and longitudinal change than standard ROl meas-
ures, suggesting it is a more sensitive method for detecting early, sub-
tle deposition of neurofibrillary tangles.
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Alzheimer disease (AD) is a heterogeneous neurodegenerative
disorder characterized by abnormal extracellular amyloid-f pla-
ques and intracellular tau neurofibrillary tangles (NFTs) (/). The
amyloid cascade hypothesis suggests amyloid-B as the primary
cause of tau NFT formation and ultimately neuronal loss (2).
However, it has also been suggested that the aggregation of patho-
logic amyloid-B and tau might be independent etiologies of AD
pathology (3). Studies have found a clear association between AD
severity and increased tau with PET (4) and that tau PET is a bet-
ter predictor of AD dementia than amyloid status (/,5). Tau is
therefore an attractive target as a biomarker for AD dementia diag-
nosis and treatment outcome measure.
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Tau PET uptake patterns have been associated with Braak NFT
staging (6) and AD dementia severity (7,8). Tau PET signal is asso-
ciated with aging (4) and with reduced glucose metabolism (7) and
can distinguish among clinical phenotypes (7). Longitudinal amyloid
PET has been studied extensively, tracking participants for over a
decade (9). Longitudinal tau PET studies are in the initial stage of
optimization (/0-/2). Global increases in tau accumulation have
been reported, rather than the region-specific sequence that would be
expected from the neuropathology literature (4,10). More longitudi-
nal tau studies are needed to better understand AD pathogenesis.

Longitudinal tau PET reliability is limited by interscan variability.
The SUV ratio (SUVR) is the most common quantitative measure of
radiotracer uptake. The annual change in SUVR in longitudinal stud-
ies has been relatively small compared with group averages (10-12).
The annual change in AV-1451 (flortaucipir) tau PET SUVR in
patients with amyloid positivity and cognitive impairment was around
0.05 SUVR (10-12), about 3% of the average cross-sectional SUVR
(1.64) for the group (4). The annual increase was similar to the tes-
t-retest variability of AV-1451 with intervals of 48 h to 4 wk (SUVR
changes of up to 0.05) (/3). Moreover, for cognitively unimpaired
(CU) subjects with amyloid positivity, possibly the earliest stage of
AD, the mean annual SUVR change has been estimated at 0.006 (10).

It is therefore important to understand the nature of the variabil-
ity in serial tau PET scans when neuropathologically related PET
signal changes may be small. Variability is especially problematic
in the early stages of tau pathology, in which the rate of NFT
accumulation is slow and thus difficult to discern relative to the
range of random fluctuation noise in tau PET imaging. To address
this problem, we developed a measure of consistency across serial
scans called the overlap index (OI) based on the hypothesis that
random noise or artifacts are unlikely to be repeated over serial
scans and that voxels with a stable signal over time more likely
represent true NFT-related binding. We evaluated the ability of OI
to measure early, subtle tau PET signal changes, compared with
standard region-of-interest (ROI)-based measures, and evaluated
for correlation with changes in clinical status.

MATERIALS AND METHODS

Participants

Eligible participants (n = 339) selected from the Mayo Clinic Study
of Aging or the Alzheimer Disease Research Center had at least 2
serial flortaucipir tau PET scans with MRI, corresponding to 850 tau
PET scans in total (Supplemental Tablel; supplemental materials are
available at http://jnm.snmjournals.org) (/0). Studies were approved
by the Mayo Clinic and Olmsted Medical Center Institutional Review
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Boards. Written informed consent was obtained. Enrolled participants
were determined to be clinically normal or cognitively impaired by a
consensus panel consisting of study coordinators, neuropsychologists,
and behavioral neurologists. Methods for defining CU, mild cognitive
impairment (MCI), and dementia in both studies conformed to stand-
ards in the field (/4-16). To examine the generalizability of the OI,
we also included the longitudinal tau PET data (n = 235, Supplemen-
tal Tables 2 and 3) from the Alzheimer Disease Neuroimaging initia-
tive (ADNI) database (adni.loni.usc.edu).

Neuroimaging Methods

Tau PET imaging was performed with '®F-flortaucipir and amyloid
PET with Pittsburgh compound B as reported previously (/7) (supple-
mental methods (/8-25)). Tau and amyloid PET SUVR were normalized
to the median uptake in the cerebellar crus. The regional tau PET SUVRs
were calculated by measuring median uptake in each ROI, excluding any
voxels segmented as cerebrospinal fluid. A meta-ROI for tau PET
included the amygdala; the entorhinal cortex; and the fusiform, parahippo-
campal, inferior temporal, and middle temporal gyri (/0,24). The tau PET
meta-ROI SUVR was calculated as an average of the median SUVR in
each region. Global cortical amyloid PET SUVR was computed as a
voxel-number-weighted average of median uptake across a set of ROIs
including the prefrontal, orbitofrontal, parietal, temporal, anterior cingu-
late, posterior cingulate, and precuneus ROls (24). An SUVR threshold of
more than 1.29 denoted abnormal tau PET scans (6). The SUVR threshold
used to define abnormal Pittsburgh compound B PET was 1.42 (24).
Meta-ROI change in SUVR (ASUVR) was calculated as an annualized
difference between the baseline SUVR from the follow-up SUVR.

Ol Calculation

Ol represents the voxelwise SUVR elevation consistently present
on 2 serial scans (Fig. 1). First, we selected the ROI (or meta-ROI) to
be evaluated in the calculation. An intensity threshold (SUVR, 1.4)—
selected from preliminary experimental tests (Supplemental Fig. 1)—
was applied to each voxel in the ROI. Voxels that survived the inten-
sity threshold were binarized (0/1) as masks (M; and Mj). Clusters
with fewer than 20 contiguous voxels (18-connectivity criterion) were
excluded. The spatial overlap between masks (Noyeriap) Was calculated
by counting the number of voxels with an intensity of 1 after multiply-
ing the 2 masks. OI was calculated by dividing Noyeriap by the number
of voxels where the value is 1 in the M, (V).

oI = Noverlap
Np

Values of 0 indicate no overlap between scans; conversely, values
approaching 1 indicate consistent elevation of voxels in the follow-up
scan.

Unlike standard indices that calculate overlap (e.g., Dice coefficient or
Jaccard index), OI is asymmetrically normalized to the value in only the
first scan. Hence, OI quantifies the extent to which the high-intensity

voxels of the first scan are spatially preserved in the second scan. Biolog-
ically, the increased topographic extent of tau uptake over time is usually
expected. Therefore, we assumed that the index calculated by a standard
symmetric measure (i.e., denominator is a union of both scan) could be
less sensitive to the detection of early tau, for which only a small amount
of NFT would exist. An overlap size quantifying a ratio of the overlap
area to the size of the total ROIs was also defined as ...

. No erlaj
Overlap size = ——%

ROI

Nror is the number of voxels of ROIs included for the analysis. The
OI and overlap size were calculated for each serial scan pair.

Statistical Analysis

To test for significant group differences in Ol and SUVR, we ran non-
parametric Kruskal-Wallis tests, followed by post hoc Dunn multiple
comparison tests. Nonparametric tests were applied because they do not
require the data to be normally distributed. To address different stages of
the typical Alzheimer continuum, we separated the CU participants using
the amyloid positivity: CU individuals with normal amyloid PET
(CUA—, i.e., not in the Alzheimer continuum) and CU individuals
with abnormal amyloid PET (CUA+, i.e., early in the Alzheimer con-
tinuum). Then, the clinical change seen in participants at the time
points of the serial scans were grouped as CUA— to CUA—, CUA—
to CUA+, CUA+ to CUA+, CU to MCI/AD, MCI to MCI, MCI to
AD, and AD to AD. More details are provided in the supplemental
materials.

RESULTS

Association of Ol with SUVR in Single ROI

Scatterplots of voxel intensity within 3-dimensional space for a
specific ROI demonstrate both low- and high-OI examples (Fig. 2).
For low-OI (Fig. 2A), inconsistent voxel signal elevation over
serial scans can be seen even when the median SUVR of the over-
all region is above the autopsy tau PET threshold (SUVR, 1.29).
The median SUVR fluctuated above and below the threshold in
these examples. Conversely, high-OI examples (Fig. 2B) show con-
sistent high-intensity voxels over serial scans, with voxel clusters
gradually enlarging on visual assessment even when the median
SUVR did not numerically increase. Notably, the median SUVRs
of Figure 2B were below the threshold. More examples of high OI
can be found in Supplemental Figure 2.

Figure 3 shows the relationship between OI and baseline SUVR
for representative ROIs. Ol increased exponentially in the low-SUVR
range and approached 1.0 around an SUVR of 1.5 (vertical dotted
line) for every region. In the SUVR range of less than 1.5, SUVR
and OI showed a significant linear relationship for all regions (P <
0.005). The regional distribution of OI and SUVR for both MCI and

AD were calculated by anatomic region,

Tau-PET SUVR

Intensity threshold (>1.4)
- Mh }

Novetap = 4, Nroi = 16

Baseline

—

Follow-up

Exclude cluster size < 20

Overlap index = Neverr = 0 5
b
Qverlap size = NN—“ =0.25

N, = number of voxels over threshold in baseline scan
N; = number of voxels over threshold in follow-up scan
Noveriap = NUMber of overlapping voxels between My, and M,

Ngo = number of voxels of ROI(s)

ranked, and displayed on a 3-dimensionally
rendered plot (Supplemental Figs. 3A and
3B), corroborating the statistically signifi-
cant correlation of regional OI and SUVR
(r = 0.8489, Supplemental Fig. 3C).

Ol Can Characterize Tau Accumulators

Meta-ROI also showed a strong linear
correlation with baseline SUVR in the
low-SUVR range (R*> = 0.3806), reaching
values near 1.0 around an SUVR of 1.5

FIGURE 1.
using 2 consecutive tau PET scans.

OI MEtHOD FOR EARLY TAU PET DETECTION

Ol calculation. Ol was designed to identify voxels with stable high activity over time

(Fig. 4A). Most participants (79.65%) had
a below-threshold SUVR (<1.5), whereas
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FIGURE 2. Examples of low Ol and high Ol. Three consecutive 3-dimensional scatterplots are dis-
played in each box for 4 different examples, representing tau PET SUVR of each voxel in each scan
from individual subject. (A) Low-OlI cases. (B) High-Ol cases. Below each rendering, median SUVR
represents median value for all voxels in each region. Color bar indicates intensity of each voxel.
Font color of median SUVR is red when >1.29 and blue when <1.29. Arrows in B indicate regions
showing spatial consistency. Various anatomic regions are plotted and labeled in each panel.

high-OI (OI > 0.5) subgroups (Supple-
mental Figs. 6B and 6C). Importantly, OI
discriminates a positive tau accumulation
(slope > 0) from stable tau. Statistically,
a significant positive correlation between
OI and ASUVR was also demonstrated
(R* = 0.1603, P < 0.0001; Fig. 4B). This
significance held true for a baseline SUVR
of more than 1.5 (Supplemental Fig. 7A;
R* = 0.1566, P < 0.0001).

Comparison of baseline meta-SUVR
groups (SUVR < 1.29,1.29 < SUVR <
1.5, and SUVR > 1.5) showed an increased
ASUVR with increased baseline values
(P = 0.001); however, the comparison
between SUVR < 1.29 and 1.29 < SUVR
< 1.5 did not reach significance (Fig. 4C;
P = 0.46). A significant difference in
ASUVR was detected between low-OI and
high-OI groups within the same SUVR
range (Fig. 4D; P = 0.01 and P = 0.006 for
SUVR < 129 and 129 < SUVR < 1.5,
respectively). Notably, the average ASUVR

OI was more evenly distributed (Fig. 4A). OI provides a good
dynamic range even in this low-SUVR window. This also held true
for follow-up scans (Supplemental Fig. 4). A relationship between
OI and scan interval was tested. High OIs were found even for rela-
tively long scan intervals (>2 y) when baseline SUVR was high.
In contrast, Ol was low regardless of the scan interval for low-
SUVR cases (Supplemental Fig. 5). Multivariable linear regression
showed that baseline SUVR better explained the OI than the inter-
val (Supplemental Table 4).

Next, we investigated an association of meta-ROI OI and ASUVR.
If Ol is sensitive to tau burden, the metric would show a positive cor-
relation with tau accumulation rate, as an increased extent of tau over
time is biologically expected (/0—12). Supplemental Figure 6A shows
pairs of meta-SUVR from 2 sequential scans for each individual sub-
ject. Then, the total cohort was separated into low-OI (OI < 0.5) and

in the low-OI group was close to zero or

even negative (mean, 0.002 and —0.048 for
SUVR < 1.29 and 1.29 < SUVR < 1.5, respectively), whereas high-
OI groups showed a positive tendency in ASUVR (mean, 0.025, 0.019,
and 0.041 for SUVR < 1.29,1.29 < SUVR < 1.5,and SUVR > 1.5,
respectively). There was no significant difference among high-OI
groups at different SUVR levels. These results imply that the OI can
distinguish tau accumulation within meta-SUVR subgroups that can-
not be detected by SUVR alone. To test reliability, we compared the
meta-ROI OI from the first and second scans that that from the sec-
ond and third scans when 3 or more time points were available. The
OI of 1-2 and the OI of 2-3 correlated strongly (» = 0.8902), mean-
ing Ol is consistent over time (Supplemental Fig. 7B).

Meta-ROI Ol Relationship to Demographic Data

A pairwise comparison with CUA— to CUA— as the control
group demonstrated that OI can detect significant differences from
the other subgroups, including the smallest degree of clinical change,
CUA—- to CUA+(Fig. 5). Baseline SUVR,
baseline SUVR with partial-volume correc-
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The relationship of cognitive scores to
meta-ROI OI and SUVR was also investi-
gated. We found that the meta-ROI OI and
meta-SUVR had a significant linear relation-
ship with the cognitive scores (Supplemental
Figs. 8A and 8B; linear regression, P <
0.005). However, the cognitive scores asso-
ciated more strongly with OI than did SUVR
for the global, language, and visuospa-
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FIGURE 3. Relationship between Ol and baseline SUVR in single ROI. Bilateral ROIs were included
in calculations. Small panel inside figure illustrates enlarged view of lower SUVR range (from 0.9

to 1.5).
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tial domain (for OlI, R? = 0.2209, 0.2054,
and 0.1288 for the global, language, and
visuospatial domains, respectively, and for
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Mayo cohort. For meta-ROI, OI approached
1.0 around an SUVR of 1.5 (Fig. 6A). In
addition, meta-ROI Ol-based grouping was
able to discriminate the positive tau accu-
mulator within the same SUVR range (Fig.
6C; P < 0.001 for SUVR < 1.29 and P =
0.02 for 1.29 < SUVR < 1.5) whereas
meta-SUVR subgroups separated by base-
line SUVR did not reach statistical signifi-
cance (Fig. 6B). In the disease progression
assessment, the patterns were overall similar
to those of the Mayo dataset, where CUA+
to CUA+ and CU to MCI/AD showed sig-
nificant differences in Ol compared with
CUA—- to CUA— (P < 0.001 and P =
0.0476 for CUA+ to CUA+ and CU to
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fewer significant differences were found
in SUVR measurements between groups
(Fig. 6D).

FIGURE 4. Relationship between meta-ROI Ol and meta-ROI SUVR. (A) Scatterplot (left) of base-
line SUVR and Ol for meta-ROIl. Histograms are displayed along SUVR and Ol axis, respectively.
Low SUVR range (<1.5) was magnified in separate scatterplot (right) with linear regression (solid
black line) and 95% confidence band (dotted black lines). (B) Scatterplot of meta-ROI Ol and ASUVR
with regression. (C) Comparison of ASUVR between SUVR-based subgroups. (D) SUVR-based sub-
groups in C were further separated into low-Ol and high-Ol categories. *P < 0.05, post hoc Dunn

tests. **P < 0.05, post hoc Dunn tests. **P < 0.005, post hoc Dunn tests.

meta-SUVR, R?> = 0.1731, 0.1275, and 0.0667 for the global, lan-
guage, and visuospatial domains, respectively). For the memory
and attention domains, both showed a similar result (for Ol, R? =
0.1859 and 0.1337 for the memory and attention domains, respec-
tively, and for follow-up meta-SUVR, R> = 0.1810 and 0.1422 for
the memory and attention domains, respectively).

To evaluate the generalizability of the OI metric, we tested OI
in the ADNI dataset. This validated many of the results seen in the

DISCUSSION

In this study, we proposed OI as a means
for early detection of tau PET binding by
evaluating the consistency of serial tau PET
scans and tested the ability of OI to identify
subtle but true-positive tau binding in serial
scans. Participants with high OI had a larger
serial SUVR change than participants with low Ol, a finding that
notably was also seen with participants below the tau cutoff (SUVR
< 1.29). When compared with ROI-based SUVR measurements, Ol
alone had a significant association with early disease progression.

Although SUVR and OI showed a significant linear correlation,
OI showed a better dynamic range in the low-SUVR window. It
may be that the typical ROI-based measures that calculate the
median SUVR of all voxels are less sensitive to the early develop-
ment of NFT because the local tau PET sig-

nal can be diluted in the process of obtaining
g AD to AD g AD to AD the median of the entire ROI (6). In contrast
I MCI to AD ] MCI to AD to the ROI method, OI quantifies the spatial
o ] . . .
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ume is relatively small. In this respect, Ol
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Q @ . .
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& CUtoMCUADY Mishes : i 5 CUIMCIAD +Hil s | provides less added value because consis-
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— T T T — — and progressive disease, early detection
T e W B . before devastating symptoms begin is criti-
Meta-ROI SUVR . Meta-ROI ASUVR 4 g Symptoms beg
cally important. Tau PET is, in general, a

FIGURE 5. Association of Ol with disease progression. (A) Tau PET variables in different clinical
groups. O, baseline SUVR, baseline SUVR with partial-volume correction (SUVR,,), and ASUVR
to CUA— were compared with those of other groups. *P < 0.05, post hoc
Dunn tests. **P < 0.05, post hoc Dunn tests. ***P < 0.005, post hoc Dunn tests.

from meta-ROI of CUA—

OI MEtHOD FOR EARLY TAU PET DETECTION

promising biomarker more closely associ-
ated with disease severity than other imag-
ing biomarkers (26); however, interscan
random variability, which does not represent
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FIGURE 6. Result for ADNI cohort. (A) Scatterplot of baseline SUVR and Ol for meta-ROI. (B) Com-
parison of ASUVR between SUVR-based subgroups. (C) SUVR-based subgroups in B were further
separated into low-Ol and high-Ol categories. (D) Ol, baseline SUVR, and ASUVR from meta-ROI of
CUA- to CUA— were compared with those of other groups. *P < 0.05, post hoc Dunn tests. *P <

0.05, post hoc Dunn tests. **P < 0.005, post hoc Dunn tests.

true tau pathology, presents a significant hurdle (/3,27). A recent
autopsy study reported that ROI methods are insufficient to detect
subtle tau PET signals in early tau deposition (6), probably reflecting
diminished signal-to-noise ratio when a small volume of true radio-
tracer binding is present (28). Our results suggest that Ol may over-
come this limitation and be complementary to typical ROI measures
for interpreting the early tau PET signal.

OI will likely also be useful in distinguishing true tau accumula-
tion from random variability in longitudinal studies. Our results
showed that OI can characterize the participants who will accumu-
late tau among those in the low-SUVR and mid-SUVR groups bet-
ter than meta-ROI. Because an increased extent of NFT over time
is biologically expected (/0—12), Ol, which is sensitive to subtle
tau burden, may better identify subjects with true accumulation that
was hidden by ROI SUVR washout or random variability. Clearly,
there is a wide SD in the high-meta-ROI group, with some partici-
pants showing a negative change. This phenomenon of negative
change was also observed in previous longitudinal studies reporting
some individuals with high baseline SUVR and negative SUVR
changes (/0-12). The reasons for these negative SUVR changes are
not yet well understood. CSF phosphorylated tau level could
decrease in late AD (29), accounting for the negative change. Noise
or partial-volume effects due to tau aggregation—driven local atrophy
may contribute (30,31). Further optimization of OI methods to target
the high-meta-ROI group is an aim of our ongoing work.

OI was highest in the inferior, middle, and medial temporal
lobes, including the entorhinal cortex, and in the amygdala—areas
of elevated tau PET activity described in the literature (8,32).
Although nonspecific binding related to AV1451 is not well under-
stood in longitudinal data, a possible limitation is that Ol may be
vulnerable to suprathreshold off-target binding when it consistently
occurs in serial scans. For example, the hippocampal OI may be
vulnerable to the choroid plexus (Supplemental Fig. 10). To mini-
mize this problem, areas of typical nonspecific binding such as
basal ganglia and choroid plexus are excluded from meta-ROI anal-
ysis. Four cases of nonspecific binding in the meninges were
observed but affected the OI measurement but when meninges had
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vs. CUA— to CUA+) was demonstrated
only in the Mayo cohort. Notably, the
mean Ols of CUA— to CUA+ were not
different between cohorts (P = 0.9652;
mean OI, 0.3573 and 0.3558 for Mayo and
ADNI, respectively), but CUA— to CUA—
showed a significantly different mean OI between cohorts (P <
0.001; mean OI, 0.1832 and 0.3125 for Mayo and ADNI, respec-
tively). One possible explanation is the relatively smaller number of
samples in CUA— to CUA— from the ADNI cohort (97 for Mayo
vs. 26 for ADNI). However, the reason for high Ols in the early pre-
clinical groups should be investigated with neuropathology studies.
One limitation of this study is the assumption that voxels with arti-
factual or false-positive activity would be less likely to show spatial
consistency over time, an assumption that should be validated with
postmortem neuropathologic data on tau deposition. SUVR is sensi-
tive to perfusion changes; therefore, interscan comparison may be
biased when perfusion differs between the 2 scans. Despite this limi-
tation, OI performs better for early detection of tau PET signal and
disease progression than the ROI-based SUVR measure. Future
investigation with simulation studies will be needed to assess the
magnitude of the bias of perfusion on OI. The intensity threshold
used in this study was determined observationally. The OI calculation
is largely dependent on this threshold, and future work is warranted
to determine the optimal threshold among different regions and even
at the voxel level. Although OI can augment sensitivity to early tau
PET uptake, acquiring 2 separate PET scans is a disadvantage. Using
dynamic scans to derive OI from a single imaging session by splitting
the scan into 2 segments may address this limitation. Future investi-
gation of this possible solution is needed, which will require careful
optimization given the slow kinetics of the AV-1451 tracer.

CONCLUSION

By identifying voxels with a consistent signal, the OI method
could be helpful in measuring early tau PET signal. This voxel-
wise analysis can overcome the limitations of ROI-based measures,
which had reduced sensitivity to early detection of low levels of
tau. The ability of OI to reliably detect true-positive binding is
likely to have the most impact in the lower-SUVR window, reflect-
ing the early stage of neurodegeneration and early tau NFT pathol-
ogy before cognitive decline. Combining the OI method with other
methods that minimize interscan variability (partial volume correc-
tion and optimized reference) may synergistically improve interpre-
tations of longitudinal change in the tau PET signal.
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KEY POINTS

QUESTION: Is identifying voxels with a stable signal over time a more
sensitive method for detecting early, subtle development of NFTs?

PERTINENT FINDINGS: Only Ol was able to identify subgroups
with increasing tau PET signal in low-SUVR meta-ROI groups. Ol
showed an improved association with early disease progression

and cognitive scores versus meta-ROl SUVR measures.

IMPLICATIONS FOR PATIENT CARE: Our findings demonstrate
that the proposed method could be more helpful in detecting tau
signal elevation and longitudinal changes than are standard ROI
measures, suggesting less vulnerability to random variability and
greater sensitivity to early, subtle ligand binding.
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