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PET imaging of tau pathology in Alzheimer disease may benefit from

the use of white matter reference regions. These regions have

shown reduced variability compared with conventional cerebellar
regions in amyloid imaging. However, they are susceptible to

contamination from partial-volume blurring of tracer uptake in the

cortex. We present a new technique, PERSI (Parametric Estimation

of Reference Signal Intensity), for flortaucipir F 18 count normaliza-
tion that leverages the advantages of white matter reference regions

while mitigating potential partial-volume effects.Methods: Subjects
with a clinical diagnosis of Alzheimer disease, mild cognitive impair-

ment, or normal cognition underwent T1-weighted MRI and florbe-
tapir imaging (to determine amyloid [Aβ] status) at screening and

flortaucipir F 18 imaging at single or multiple time points. Flortaucipir

F 18 images, acquired as 4 · 5 min frames 80 min after a 370-MBq
injection, were motion-corrected, averaged, and transformed to Mon-

treal Neurological Institute (MNI) space. The PERSI reference region

was calculated for each scan by fitting a bimodal gaussian distri-

bution to the voxel-intensity histogram within an atlas-based white
matter region and using the center and width of the lower-intensity

peak to identify the voxel intensities to be included. Four conven-

tional reference regions were also evaluated: whole cerebellum,

cerebellar gray matter, atlas-based white matter, and subject-spe-
cific white matter. SUVr (standardized uptake value ratio) was cal-

culated for a statistically defined neocortical volume of interest.

Performance was evaluated with respect to test–retest variability
in a phase 2 study of 21 subjects (5–34 d between scans). Baseline

variability in controls (SD of SUVr and DSUVr) and effect sizes for

group differences (Cohen d; Aβ-positive impaired vs. Aβ-negative
normal) were evaluated in another phase 2 study with cross-sec-
tional data (n 5 215) and longitudinal data (n 5 142/215; 18 ± 2 mo

between scans). Results: PERSI showed superior test–retest re-

producibility (1.84%) and group separation ability (cross-sectional

Cohen d 5 9.45; longitudinal Cohen d 5 2.34) compared with other
reference regions. Baseline SUVr variability and DSUVr were

minimal in Aβ control subjects with no specific flortaucipir F 18

uptake (SUVr, 1.0 ± 0.04; DSUVr, 0.0 ± 0.02). Conclusion: PERSI re-
duced variability while enhancing discrimination between diagnostic

cohorts. Such improvements could lead to more accurate disease

staging and robust measurements of changes in tau burden over time

for the evaluation of putative therapies.
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The growing acceptance of molecular imaging biomarkers in
Alzheimer disease (AD) research and clinical trials emphasizes

the need for reliable and reproducible image quantification meth-

ods. Used independently or as an adjunct to visual interpretation

by trained physicians, quantification in brain PET involves the

determination of target-specific biomarker retention in the pres-

ence of confounds from physiologic factors (e.g., blood flow and

delivery, radiopharmaceutical dose, route of administration, and

body weight), technical factors (e.g., scanner model and acquisi-

tion parameters), and diffuse or focal nonspecific binding to brain

structures that may differ between subjects and over time. In

clinical trials enrolling large numbers of subjects, ideal quantifi-

cation via tracer kinetic analysis (1,2), including noninvasive

methods that obviate arterial blood sampling (3,4), can be pro-

hibitively time-consuming and complicated. Therefore, an alter-

native approach is widely used that involves calculating the ratio

of the average activity concentration in the target volume of in-

terest (VOI) to that in a reference region—a tissue region devoid

of specific binding of the radiotracer. The reference region serves

to achieve intra- and intersubject count normalization, generating

an intercomparable measure of SUV (5), that is, SUVr. Several

studies (6–8) have validated the results from semiquantitative

methods against kinetic models for AD biomarkers.
Reliable reference regions can be critically important to PET

investigations. Errors in the mean activity concentration of the

reference region directly translate to variability in the SUVr and

can affect the power of a trial to detect meaningful signals, or

subtle longitudinal changes in such signals, over the noise in the

measurement.
Conventionally, tissue regions that are empirically known to

contain a negligible number of specific binding sites are used as

reference regions. The cerebellar cortex, which is expected to

remain free of fibrillar amyloid over time, was selected for

amyloid PET imaging with 11C-Pittsburgh compound B (6) be-

cause cerebellar and cerebral gray matter (GM) show a similar

clearance of Pittsburgh compound B and because this region is

stable over time. Cerebellar GM regions are susceptible to noise

because of their small size, low signal level, and proximity to the

axial periphery of the PET scanner bore (where the scanner has a

lower signal-detection sensitivity). With the goal of ameliorating
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some of these concerns, the whole cerebellum (including cerebel-
lar white matter [WM]) was validated for 18F-florbetapir in an
autopsy study (9) and used to determine an amyloid (18F-florbe-
tapir) positivity threshold (10). Whole cerebellum is now routinely
used for 18F-florbetapir cross-sectional imaging (11) and is also
currently recommended by the Centiloid Project (12) for the quan-
titation of amyloid burden with 11C-Pittsburgh compound B. It has
been noticed, however, that the location of the cerebellum within
the approximately 15-cm-long axial PET field of view can make it
vulnerable to truncation. For tau imaging, focal areas of uptake in
the cerebellum (e.g., dentate nuclei) may also present a challenge.
The use of a subcortical WM reference region (centrum

semiovale) for longitudinal studies with 18F-florbetapir has been
investigated by several groups (13–15). This region has the advan-
tage of a shared axial location with the cortex and is typically
larger (and hence less sensitive to noise) than cerebellar regions.
WM regions showed lower variability than the cerebellar cortex,
especially for longitudinal data. To take advantage of this reduced
variability yet retain the merits of autopsy-validated SUVr refer-
enced to cerebellum, a 2-step normalization process was proposed
for longitudinal studies (16). Data are first normalized to whole
cerebellum and then scaled by the ratio of subcortical WM at
follow-up to subcortical WM at the first visit.
A phenomenon known as partial-volume effect (PVE) presents

an additional challenge for fixed anatomic regions. PVE refers to
blurring caused by the limited spatial resolution of PET scanners
(on the order of 4–6 mm (17)), which leads to apparent spillover

or cross-contamination of counts between adjacent structures. If
counts from areas with specific tracer binding spill in to the ref-
erence region, SUVr will be underestimated. This phenomenon is
of particular concern for WM reference regions because of their
proximity to cortical GM (containing specific tracer uptake in
positive scans). The fraction of counts spilling in to the reference
region depends on the degree of tracer binding (cortical SUVr)
and the size of the structure with specific uptake (18,19). Because
both cortical atrophy and uptake levels can change over time, a
WM reference region can be affected by PVE differently at dif-
ferent time points, thus obfuscating longitudinal measures.
In this paper, we introduce and evaluate a novel technique,

PERSI (Parametric Estimation of Reference Signal Intensity), to
identify a subject-specific WM reference region for the tau
biomarker flortaucipir F 18 that addresses the above concerns with
traditional reference regions. PERSI is a subject-specific, data-
driven technique that identifies voxels with apparent nonspecific
flortaucipir F 18 uptake within a WM region, based on the signal
intensity histogram of the region. The underlying assumption of the
approach is that the WM in a flortaucipir F 18 PET image is
composed of the following categories of voxels in differing
proportions: voxels with negligible specific binding; voxels with
contamination (or spillover) by counts from adjacent cortical tissues
with specific uptake or regions with off-target binding; and rare
occurrences of focal WM areas with elevated binding. Of these, the
voxels with negligible specific binding are considered appropriate
for count normalization across subjects and scans. The goal of

FIGURE 1. Graphical description of PERSI. Original PET image (A) is masked using WM segmentation from MNI atlas (B) to extract counts in WM

(C). The resulting nonzero counts are plotted as histogram (D) and fit to bimodal gaussian distribution. Parameters of lower-intensity peak, shown in

red, are used to select range of values to be used as reference region (E).
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PERSI is to identify such voxels, which will generally be the
majority within the WM intensity histogram and are expected to
have a lower intensity than voxels from other categories within
that histogram. These voxels are identified by fitting the histogram
to a bimodal gaussian distribution (i.e., the sum of 2 gaussian
distributions). The higher-intensity peak captures spill-in from
tissues with elevated flortaucipir F 18 uptake, whereas the lower-
intensity peak represents nonspecific (reference) signal intensity
(Fig. 1). Because this technique is not constrained by anatomic
boundaries, it maximizes the number of voxels, and hence mini-
mizes the variance, of the reference region. Further, PERSI is
designed to be relatively robust to issues related to positioning,
registration, and PVE.

MATERIALS AND METHODS

Design Summary

We evaluated the performance of PERSI for flortaucipir F 18
relative to traditional reference regions using data from 2 previously

reported studies (NCT01992380 (20) and NCT02016560 (21)), which
were performed in accordance with the ethical standards of the in-

stitutional or national research committee and with the 1964 Helsinki
declaration and its later amendments, or comparable ethical standards.

No new subjects were administered flortaucipir F 18 for this work.
The first of these previous studies was a test–retest study wherein

subjects underwent flortaucipir F 18 scanning on 2 occasions within
approximately 4 wk. These data were used to determine the stability

of the reference region without changes in the underlying pathology
over time. The second study was a phase 2 clinical trial with cross-

sectional (3 cohorts) and longitudinal (18 6 2 mo between scans)
components. Knowledge of the amyloid (Ab) status of the subjects in

this study allowed us to evaluate the baseline variability of PERSI vis-
à-vis traditional reference regions, since Ab-negative (Ab2) older con-

trols are presumed not to accumulate tau pathology outside the mesial
temporal lobe. The second study also allowed us to assess the cross-

sectional and longitudinal performance of the technique at varying lev-
els of impairment. Details of these analyses are described below.

Flortaucipir F 18 Image Acquisition and Preprocessing

Flortaucipir F 18 images were acquired as four 5-min dynamic

frames, beginning 80 min after an injection of approximately 370
MBq. Frames 2–4 were rigidly registered to the first frame using the

MCFLIRT tool provided by FSL software for interframe motion cor-
rection. For images acquired at a start time offset from 80 min after

injection, time correction factors were calculated for each voxel as the
slope of the linear regression line through the 4 time points, multiplied

by the time offset (22). Motion- and time-corrected frames were then
averaged and coregistered to the subject’s MR images using the FSL

FLIRT linear registration tool. Next, the unified segmentation and
normalization algorithm (23) in SPM8 was run to spatially normalize

the T1-weighted MR images acquired at screening to the Montreal

Neurological Institute (MNI) brain template (24) while simulta-
neously generating probabilistic segmentations for the GM, WM,

and cerebrospinal fluid.

PERSI Implementation

The MNI atlas was segmented using FSL to generate a binary WM
image. PET images spatially normalized to MNI space were then

masked with this image, and the resulting voxel intensities were plotted

as a histogram. The histogram for each subject was fit to a bimodal
gaussian distribution, as shown in Figure 1. The peak location (m1) and

the sigma (s1) of the first Gaussian peak were extracted for analyses.
Voxels with values within the full width at half maximum [FWHM 5
s1*2O(2ln(2))] of m1, i.e. m1 6 FWHM, were included in the reference
region for that subject.

SUVr Analysis

For comparison with PERSI, SUVr values were generated using 4
additional reference regions: whole cerebellum, (wholeCere), cerebellar

GM (cereCrus), atlas-based WM (atlasWM), and subject-specific WM
(ssWM). wholeCere was delineated manually on a template (10). cereCrus

was derived from the Automated Anatomical Labeling (AAL) soft-
ware VOI ‘‘cere-crus-1’’ and modified to avoid potential overlap

with other structures by translating it inferiorly by 6 mm. For the

atlasWM region, the MNI atlas was segmented to extract a binary
WM mask. Then, 2 steps were undertaken to eliminate voxels sus-

ceptible to PVE spillover of counts from the cortex: (1) a mask made
up of a combination all volumes from the AAL template, a cerebel-

lum volume, and a brain stem volume was created and applied to the WM
segmentation to remove the associated voxels; (2) the resulting volume

was eroded using a 5-voxel box erosion in FSL. The same 2 steps were
applied to generate ssWM regions, after a threshold was applied to

subject-specific, probabilistic MRI segmentations to preserve voxels

TABLE 1
Cross-Sectional and Longitudinal Study Participants

Clinical diagnosis group Aβ− Aβ1 Total

Probable AD 16 (10) 30 (19) 46 (29)

MCI 49 (33) 47 (28) 96 (61)

Older CN (.50 y) 52 (47) 5 (5) 57 (52)

Younger CN (#40 y) 16 (0) 0 (0) 16 (0)

All 133 (90) 82 (52) 215 (142)

MCI 5 mild cognitive impairment.
Data are number at visit 1, followed by number at visit 2 in

parentheses.

FIGURE 2. MUBADA VOI obtained using discriminant analysis to identify voxels predominantly associated with group separation between cohorts,

overlaid on MNI template. This VOI is applied to measured PET data in weighted fashion to generate SUVr.
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with more than a 50% probability of being WM. SUVr values were
calculated for a target VOI (Fig. 2) relative to the 5 candidate reference

regions. This VOI was derived using a discriminant analysis technique
(MUBADA) (25) to identify the voxels most relevant to separation by

diagnostic group and Ab status. More details are provided in a compan-
ion article (20).

Validation of PERSI Implementation for Longitudinal Data

For longitudinal datasets with more than 1 scan per subject, the

PERSI algorithm was run separately for each scan, and a common
reference region was generated from the voxels that were shared by

the individual regions. Because this approach may not be practical for
all studies, SUVr was compared using both the combined reference

region and the individual reference regions for each scan.

Evaluation of Test–Retest Reproducibility

Twenty-four subjects (10 with AD, 8 with mild cognitive impair-
ment, and 6 with normal cognition [CN]) were imaged at baseline,

followed by a repeat scan between 48 h and 4 wk later (20). Twenty-
one of these subjects had technically adequate scans for inclusion in

these analyses. The SD of SUVr percentage difference was calculated
and compared across reference regions as a measure of test–retest

reproducibility. A paired t test was also performed to evaluate differ-
ences between test and retest scans.

Cross-Sectional and Longitudinal Analyses

In total, 215 subjects from a phase 2 study (21) were imaged at

baseline, of which 142 returned for a follow-up scan 18 6 2 mo after
the screening visit (shown in parentheses in Table 1). Subjects also

had screening-visit 18F-florbetapir scans that were interpreted as Ab-

positive (Ab1) or Ab2 based on visual reads

augmented by quantitative information, as pre-
viously described (26).

To assess reference region performance in
CNs, SUVr was calculated for 68 CN subjects

(Table 1) determined to be Ab2 (18F-florbe-
tapir). Of these, 16 were between 20 and 40 y

old (younger CNs), and the remainder were
over 50 y old (older CNs). The accuracy and

precision across reference regions were
assessed, given an expected SUVr of 1 for

Ab2 CN subjects with no specific uptake.
For each reference region, a 1-sample t test

was performed to test the hypothesis that the
mean SUVr for this cohort was 1.

Cross-sectional SUVr, longitudinal SUVr
change, and group separation were evaluated

in subjects classified into groups based on clinical diagnosis (CN, mild
cognitive impairment, or AD) and Ab status (Ab1 or Ab2; Table 1).

Mean SUVr and SDs for each group were computed using each of the

5 reference regions. Baseline variability in DSUVr was evaluated for
the Ab2 older CN cohort (younger CNs were not evaluated longitu-

dinally), given an expected DSUVr of 0. The impact of reference
regions on Cohen d effect sizes for differences between Ab1 im-

paired subjects (AD and mild cognitive impairment) and Ab2 CNs
was assessed for cross-sectional SUVr and longitudinal SUVr change

(DSUVr 5 SUVrfollow-up 2 SUVrbaseline).

RESULTS

Figure 3 shows representative signal intensity histograms
(within the WM mask) used to derive the PERSI reference region
for representative subjects clinically diagnosed as younger CN,
older CN, or Ab1 AD. For the 2 CNs, only a single peak was
observed. For the subject with elevated flortaucipir F 18 uptake
in the GM, counts that spilled into the WM formed a second
peak. PERSI reference regions comprise a larger number of voxels
than traditional reference regions, even though the volume of the
PERSI region decreases with increasing count spillover from the
GM (Table 2). The average PERSI region for Ab1 subjects
(though smaller than the average Ab2 PERSI region because of
spillover) is a factor of 2.5 larger than the whole cerebellum VOI.

Evaluation of Test–Retest Reproducibility

Test and retest datasets correlated significantly (P , 0.01) for
all reference regions (Table 3; Fig. 4). Reproducibility (SD) varied,
depending on reference region, with WM regions (1.8%–2.7%)

TABLE 2
Reference Region Sizes

Region Size*

Whole cerebellum 15,878

Cerebellar GM 1,815

Pons 1,226

Atlas-based WM 8,384

Average subject-specific WM 1,140

Average PERSI region (Aβ−) 44,222

Average PERSI region (Aβ1) 38,954

*Number of 2 · 2 · 2 mm voxels.

TABLE 3
Comparison of Reference Regions Using Test–Retest Data

Reference region R2

Mean

difference (%)

SD of

difference (%)

Whole cerebellum 0.971 0.066 3.700

Cerebellar GM 0.961 0.042 4.179

Atlas-based WM 0.986 −0.764 2.616

Subject-specific WM 0.987 −0.869 2.663

PERSI 0.990 −0.165 1.841

All correlations were statistically significant, with P , 0.01.

FIGURE 3. Typical WM histograms for 3 subjects: 36-y-old Aβ− CN (left); 69-y-old Aβ− CN

(center); and 75-y-old Aβ1 AD (right). Red line denotes lower-intensity signal, blue line denotes

higher-intensity peak, and black line denotes sum of 2 peaks (bimodal gaussian). For the 2 CNs,

only 1 peak is observed. For subject with elevated flortaucipir F 18 uptake in GM, counts that have

spilled into WM are captured by blue peak.
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outperforming cerebellar regions (3.7%–4.2%). PERSI SUVr
was the most reproducible SUVr evaluated. The absolute range
of SUVr for WM regions was smaller than for cerebellar regions.

Validation of PERSI Implementation for Longitudinal Data

The 2 methods used to identify PERSI volumes in longitudinal
datasets generated consistent results, as shown in Figure 5. Al-
though the use of individual masks for each scan produced a
slightly lower SUVr overall, SUVr correlated strongly (R 5 1)
across the disease spectrum.

Cross-Sectional and Longitudinal Analyses

Table 4 shows mean SUVr 6 SD for Ab2 younger and older
CNs. For this cohort, presumed to have no tau pathology, all
reference regions generated an SUVr consistent with expectations
(expected SUVr 5 1), indicating low baseline variability in flor-
taucipir F 18 SUVr overall. However, there appeared to be higher
variability with cerebellar regions (7%–11%) than with WM re-
gions (4%–7%). Again, PERSI outperformed other regions in both
accuracy and reproducibility. One-sample t tests indicated that
PERSI SUVr for older and younger CNs was not significantly

different from 1, whereas statistically significant differences were
noted for the other regions.
Similarly, when measuring changes in SUVr over 18 mo for

Ab2 older CNs (Table 4), PERSI registered the lowest mean and
SD of change. This finding is consistent with the understanding
that this demographic was not expected to accumulate additional
tau over 18 mo. PERSI also generated the tightest DSUVr range
(Table 4) for this demographic, again suggesting low baseline var-
iability in the measurement of longitudinal changes using PERSI.
Box plots of cross-sectional SUVr grouped by clinical diagnosis

and Ab status for each reference region are presented in Figure 6.
Overall, flortaucipir F 18 SUVr was effective at distinguishing
Ab1 impaired subjects from Ab2 subjects (21). Cerebellar ref-
erence regions again generated a larger range of SUVr than did
WM. Unlike atlas-based or subject-specific WM, however, the
smaller range of PERSI SUVr did not translate to a lowered ability
to distinguish between groups, as revealed by the Cohen d effect
sizes in Table 4. PERSI had the highest effect size for differenti-
ating impaired from control cohorts in all reference regions tested.
Although PERSI, atlas-based WM, and subject-specific WM had
comparable test–retest reproducibility (Table 3) and baseline var-
iability (Table 4), PERSI had an almost 2-fold increase in effect
size.
Similar advantages were observed with PERSI in the mea-

surement of DSUVr 18 mo after baseline. The low variability in
DSUVr for Ab2 groups led to an improved signal-to-noise
ratio for the measurement of DSUVr for impaired subjects,
resulting in a greater effect size (Table 4). Longitudinal Cohen d
was 2.34 with PERSI, 1.3 times higher than the next highest value
(atlas-based WM). The occurrence of DSUVr substantially below
0 (considered biologically unlikely) for Ab1 subjects relative to
Ab2 subjects was also reduced with PERSI, compared with the
other candidate reference regions (Fig. 6). There was 1 Ab2 AD
subject for whom DSUVr was less than 0 regardless of reference
region, including PERSI; however, the quantification of this sub-
ject may have been affected by subject motion.

DISCUSSION

We have evaluated PERSI, a new inter- and intrasubject count
normalization technique for flortaucipir F 18. PERSI estimates
nonspecific (reference) signal intensity within WM by modeling
the spill-in of counts from GM. Our analyses showed that PERSI
was associated with the highest effect sizes for diagnostic group
separation and the lowest variability among the reference re-
gions evaluated, for cross-sectional as well as longitudinal mea-
sures. In the absence of a truth standard, PERSI generated

FIGURE 4. Comparison of test and retest conditions for 21 subjects using 5 reference regions. wholeCere 5 whole cerebellum; cereCrus 5
cerebellar GM; atlasWM 5 atlas-based WM; ssWM 5 subject-specific WM.

FIGURE 5. PERSI SUVr comparison for longitudinal data: individual vs.

combined mask.
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results consistent with expectations based on the pathophysiol-
ogy of AD. PERSI should, in theory, also be applicable to other
tauopathies.

Unique individual patterns of flortaucipir F 18 uptake (21)
(and associated spillover) make it challenging to identify ana-

tomic reference tissues for subjects across the disease spectrum.

Issues with subject positioning and image truncation, errors in

spatial normalization to an atlas, and unexpected areas of truly

increased tracer uptake in selected reference tissues (e.g., dentate

nuclei in cerebellum for flortaucipir F 18) may further compound

the problem. Strategies to overcome PVE contamination in the

reference region typically involve erosion or shrinking of WM

segmentations, similar to our atlas-based and subject-specific

WM regions, to minimize voxels with expected contamination.

Our cross-sectional and longitudinal effect size results show that

this strategy does not completely eliminate PVE. Further, such

regions require several preprocessing steps that might be sensi-

tive to noise. PERSI is designed to leverage the advantages of

WM reference regions (27) while mitigating the potential nega-

tive impact of PVE. With PERSI, identification of the optimal

reference signal is based on voxel intensity rather than anatomic

location. Therefore, the reference signal is less likely to be af-

fected by differences in uptake pattern or by image processing

errors. Although PVE correction algorithms (19,28–31) also cor-

rect VOI counts for the effects of spillover, PERSI reduces poten-

tial contamination of the reference region when PVE correction is

not applied.
The WM mask described in this article was derived from the

MNI template and is common to all subjects. Alternatively, indi-

vidual WM segmentations can be used as subject-specific masks

if volumetric MRI scans are acquired for each subject. In our

studies, data were analyzed using both subject-specific and template-

based masks, and the results agreed. For ease of implementation

and broader applicability in studies without MRI data acquisi-

tion, our implementation of PERSI used the template-based WM

mask.

FIGURE 6. Comparison of SUVr and DSUVr using 5 reference regions

and MUBADA as target region. Subjects are grouped by clinical diag-

nosis and Aβ status. Red dot denotes mean. wholeCere 5 whole cer-

ebellum; cereCrus 5 cerebellar GM; atlasWM 5 atlas-based WM;

ssWM 5 subject-specific WM.

TABLE 4
Comparison of 5 Reference Regions Using Cross-Sectional and Longitudinal Data

Measure Group

Whole

cerebellum

Cerebellar

GM

Atlas-based

WM

Subject-specific

WM PERSI

SUVr, mean ± SD* YCN (n 5 16) 1.06 ± 0.08 1.10 ± 0.08 0.98 ± 0.06 0.99 ± 0.07 1.01 ± 0.04

OCN (n 5 52) 1.09 ± 0.07 1.12 ± 0.11 1.06 ± 0.07 1.06 ± 0.07 1.01 ± 0.04

DSUVr, mean ± SD† OCN/Aβ− (n 5 47) 0.01 ± 0.03 0.01 ± 0.04 0.01 ± 0.04 0.01 ± 0.04 0.00 ± 0.02

DSUVr, range‡ OCN/Aβ− (n 5 47) −0.05/0.13 −0.09/0.11 −0.09/0.16 −0.09/0.19 −0.06/0.09

Cohen d SUVr¶ Aβ1 AD & MCI vs. Aβ− CN 6.10 4.57 5.12 5.43 9.45

Aβ1 AD vs. Aβ− CN 8.14 6.20 7.01 7.68 13.61

Aβ1 MCI vs. Aβ− CN 4.80 3.53 3.91 3.99 6.79

Cohen d DSUVr§ Aβ1 AD & MCI vs. Aβ− CN 1.65 1.39 1.82 1.47 2.34

Aβ1 AD vs. Aβ− CN 2.75 2.03 2.51 2.00 3.19

Aβ1 MCI vs. Aβ− CN 0.99 0.95 1.34 1.11 1.76

*Baseline variability of SUVr measured in Aβ− CNs.
†Baseline variability of DSUVr measured in Aβ− CNs.
‡Range of DSUVr in Aβ− older CNs.
¶Cross-sectional effect sizes (Cohen d).
§Longitudinal effect sizes (Cohen d).

YCN 5 younger CNs; OCN 5 older CNs; MCI 5 mild cognitive impairment.
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For longitudinal datasets, a common PERSI region was obtained
for all scans of a given subject from the intersection of the individual
PERSI masks. Although this additional step was executed to im-
prove the consistency of our longitudinal results, its omission did not
alter our conclusions.
PERSI reference regions had several advantages over other

candidates. Our results showed excellent test–retest reproduc-
ibility (,2%) and equivalently low variability in DSUVr over
18 6 2 mo using PERSI. However, baseline variability cannot be
used in isolation to select a reference region, since the true
variability of the data could be underestimated. PERSI surpassed
other candidate regions in differentiating between groups strati-
fied on the basis of clinical diagnoses and Ab status. Atlas-based
WM and subject-specific WM had variability similar to that of
PERSI, but the group separation ability for these regions was
inferior.
With all reference regions, some subjects appeared to show

decreased flortaucipir F 18 binding over time. Although it is
possible for tau to decrease in later disease stages because of loss
of tau-producing neurons and atrophy, in these mostly mild
cognitive impairment and early AD subjects the observed
decreases are most likely artifacts of image processing methods.
The occurrence of these negative DSUVr findings was reduced
with PERSI.
The volume of the PERSI region (Table 2) varies depending on

the number of voxels deemed to be contaminated by spillover, yet
the smallest PERSI region seen in our datasets was substantially
larger than traditional reference regions. Large regions are another
contributor to low variability, further substantiating the suitability
of PERSI for longitudinal measurements.
WM reference regions may suffer from quantitative biases due

to count variations brought about by ischemic changes in sub-
cortical WM. Limited literature (32) suggests that calcification
after ischemic changes could result in elevated flortaucipir F 18
uptake. In theory, PERSI should be unaffected by focal irregu-
larities in counts because the method specifically excludes areas
with a signal intensity detectably different from the overall WM
signal. This remains to be proven since ischemic changes in WM
were not investigated in this work.
A drawback to PERSI is that it involves additional processing

compared with standard reference regions. However, popula-
tion-based SUV normalization methods have been proposed in
the past. Turkheimer et al. (33) developed a supervised cluster-
ing method for the neuroinflammatory marker 11C-PK11195
that assumed a weighted linear combination of 6 kinetic classes.
A novel method (34) was recently introduced for tau imaging using
11C-PBB3. This method involved first calculating SUVr images
using a standard cerebellar cortex reference tissue method
and then generating a new reference region for each subject using
only the voxels with SUVr between the mean and 2 SDs below
the mean SUVr of a database of healthy controls. These methods
can provide advantages over traditional methods and, with rigor-
ous evaluation, may prove to be critical to future trials.

CONCLUSION

PERSI reduced variability while enhancing discrimination be-
tween diagnostic cohorts. These improvements could lead to more
accurate disease staging and robust measurements of changes in tau
burden over time for evaluation of the efficacy of putative thera-
peutic interventions.
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