
Original Article

Kinetic evaluation and assessment
of longitudinal changes in reference
region and extracerebral
[18F]MK-6240 PETuptake
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Abstract

[18F]MK-6240 meningeal/extracerebral off-target binding may impact tau quantification. We examined the kinetics and

longitudinal changes of extracerebral and reference regions. [18F]MK-6240 PETwas performed in 24 cognitively-normal

and eight cognitively-impaired subjects, with arterial samples in 13 subjects. Follow-up scans at 6.1� 0.5 (n¼ 25) and

13.3� 0.9 (n¼ 16) months were acquired. Extracerebral and reference region (cerebellar gray matter (CerGM)-based,

cerebral white matter (WM), pons) uptake were evaluated using standardized uptake values (SUV90-110), spectral anal-

ysis, and distribution volume. Longitudinal changes in SUV90-110 were examined. The impact of reference region on

target region outcomes, partial volume correction (PVC) and regional erosion were evaluated. Eroded WM and pons

showed lower variability, lower extracerebral contamination, and lower longitudinal changes than CerGM-based

regions. CerGM-based regions resulted larger cross-sectional effect sizes for group differentiation. Extracerebral

signal was high in 50% of subjects and exhibited irreversible kinetics and nonsignificant longitudinal changes over

one-year but was highly variable at subject-level. PVC resulted in higher variability in reference region uptake and

longitudinal changes. Our results suggest that eroded CerGM may be preferred for cross-sectional, whilst eroded

WM or pons may be preferred for longitudinal [18F]MK-6240 studies. For CerGM, erosion was necessary (preferred

over PVC) to address the heterogenous nature of extracerebral signal.
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Introduction

The accumulation of neurofibrillary tangles consisting

of hyperphosphorylated tau protein is one of the neu-

ropathological hallmarks of Alzheimer’s disease (AD).

Tau accumulation in the brain can be quantified in-vivo

with positron emission tomography (PET). [18F]MK-

6240, a second-generation tau PET radioligand, has

demonstrated high affinity (Kd �0.3 nM) for AD tauo-

pathies, lower off-target binding in basal ganglia than

first-generation radioligands, and spatial distribution

in the brain consistent with the neuropathological
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staging of tau accumulation in AD brains.1–5 Several
studies have demonstrated the applicability of [18F]
MK-6240 in subjects with mild cognitive impairment
(MCI) and AD.4,6–8 However, off-target binding to
melanin-containing cells, especially in the meningeal
space (i.e., extracerebral signal), has been observed in
both in-vivo imaging and post-mortem studies.5,6,8,9

The physiological and kinetic properties of the extrac-
erebral signal are not yet well understood, and extrac-
erebral spill-in contamination into the brain may
hamper accurate quantification of tau-specific uptake.

The gold standard for quantifying radioligand-
protein binding requires kinetic modeling with arterial
blood sampling. Since this method entails technical and
participant burden, semi-quantitative reference-tissue
methods are often preferred, under the assumption
that the reference region is: (1) devoid of specific bind-
ing, (2) representative of non-displaceable binding in
the target regions, and (3) unaffected by disease or
treatment.6,8,10 The cerebellar gray matter (CerGM)
has been shown to have kinetics consistent with non-
displaceable uptake across cognitively normal (CN)
and AD/MCI subjects and thus, was suggested as a
potential reference region for [18F]MK-6240 quantifi-
cation.4,5 However, uptake in the CerGM may be
contaminated by spill-in uptake signal from the extrac-
erebral region and from the occipital and temporal cor-
tices. To address these challenges, several studies
utilized alternative reference regions, including the infe-
rior cerebellar gray matter (InfCer) and CerGM with
an erosion of the outer regional voxels2,4,6–8,11–18

(Supplementary Table.1). Studies with [18F]Flortaucipir
and amyloid-b (Ab) radioligands evaluated pons and
cerebral white matter (WM) as reference regions, report-
ing increased sensitivity for detecting longitudinal
changes in radiotracer uptake in target regions compared
to CerGM-based reference regions.19–23 Pons and cere-
bral WM were also suggested to be less affected by scan-
ner sensitivity non-uniformity along the transaxial axis
and different reconstruction methods.24,25 Furthermore,
due to the more central anatomical location within the
brain, the pons is also less vulnerable to signal spill-in
from cortical and extracerebral uptake. Previous [18F]
MK-6240 studies examined the pons time-activity data
and showed consistent kinetics across CN and AD/
MCI subjects 2,4 but selected the CerGM as the reference
region for further reference-tissue analyses due to its
larger size.

Despite the increasing application of [18F]MK-6240
PET, comparative evaluations of potential reference
regions have been limited. In this study, we investigate
the in-vivo kinetics of [18F]MK-6240 uptake in three
types of potential reference regions (CerGM-based,
cerebral WM-based, and pons) and in the extracerebral
region using spectral analysis and arterial-based kinetic

analyses. We then examine longitudinal changes in the
reference region and extracerebral uptake up to one
year after the baseline study. Lastly, we evaluate the
impact of the reference region on the quantification of
tau load in target regions in reference tissue-based anal-
yses, and on detecting biological effects. This work is a
first step in the investigation of factors that may impact
the robust detection of early tau deposition in target
regions, and future work will more comprehensively
examine how these propagate to longitudinal changes
in target region uptake.

Materials and methods

Study participants

Subjects were recruited at the Massachusetts General
Hospital (MGH) and underwent comprehensive medi-
cal and neurological evaluations. All subjects provided
written informed consent, as approved by the local
institutional review board.6,19 The study included
eight cognitively impaired subjects (six with MCI and
two with AD) and 24 age-matched CN. The diagnostic
status of each participant was determined clinically by
established criteria described by Albert et al.26 The Ab
status of all subjects was determined using [11C]
Pittsburgh Compound B (PiB) PET with a threshold
of 1.13 using gaussian mixture model20 (see details in
the Supplementary Materials). The tau status was
determined using a SUVR90-110 threshold of 1.35 in
the temporal meta-ROI (comprised of entorhinal
cortex, amygdala, inferior temporal, fusiform and par-
ahippocampus) as described in a recent [18F]MK-6240
study.16 Twenty-five subjects completed follow-up [18F]
MK-6240 scans at six months (6.1� 0.5 months), and
16 subjects completed additional follow-up scans at one
year (13.3� 0.9 months) after the baseline study.
Subject characteristics are summarized in Table 1.

Imaging and arterial blood analysis

Subjects underwent T1-weighted (MPRAGE) magnetic
resonance (MR) imaging (3 T Magnetom Tim Trio,
Siemens Healthineers) and [18F]MK-6240 PET imaging
(180� 10MBq, GE Discovery-MI). Dynamic PET data
were collected for 120min post-injection (6� 10 s,
8� 15 s, 6� 30 s, 8� 60 s, 8� 120 s, 18� 300 s), with an
optional 15min break at 65min. Computed tomography
(CT) scans were acquired for attenuation and scatter
corrections. Dynamic PET data were reconstructed
using the ordered-subset expectation-maximization
algorithm (5 iterations, 16 subsets), including time-of-
flight information and point spread function modeling,
and were motion-corrected using frame-to-frame
realignment (FSL, the FMRIB Software Library).
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MR images were coregistered to the corresponding

PET images (FSL). The PET late-frame uptake (averaged

over 90–110min post-injection) were expressed as

standardized uptake values (SUV90-110, g/mL).

Representative examples are shown in Figure 1(a) and (c).
Arterial blood sampling was performed in 13 sub-

jects (eight CN and five AD/MCI) at baseline to mea-

sure whole blood and plasma concentrations of [18F]

MK-6240 over the PET scan duration. Details on arte-

rial blood collection and analysis were previously

described.6 Briefly, arterial samples were collected

every 30 s for the first 5min, then with reduced frequen-

cy (15min) towards the end of the scan. The total

plasma radioactivity was corrected for radiolabeled

metabolites of [18F]MK-6240. No arterial blood sam-

ples were collected at follow-up visits.

Image processing and regional segmentation

Brain region segmentations were generated using

FreeSurfer (version 6).27,28 In addition, an extracere-

bral mask (Figure 1(d) and (e)) was created by dilating

the cortical mask by 2–5mm outward perpendicularly

to the cortical surface. Four target regions (entorhinal

cortex, amygdala, inferior temporal cortex, and precu-

neus) were selected for evaluation.

Figure 1. Example [18F]MK-6240 PET images and segmentations for the evaluated reference and extracerebral regions.
(a) SUV90–110 PET image for a MCI subject (SUVRCerGM¼ 2.1 across target regions) showing characteristic tau uptake pattern in
the temporal and occipital lobes. (b) FreeSurfer segmentations of the candidate reference regions overlaid on the SUV90-110 image.
(c) SUV90-110 PET image for a CN subject (SUVRCerGM¼ 1.2 across target regions) showing high extracerebral signal
(SUVRCerGM¼ 1.4), especially surrounding the brain hemispheres and the cerebellum. Extracerebral masks overlaid on SUV90-110

PET (d) and MR (e) images.

Table 1. Subject characteristics.

Age (years) Sex (M/F) MMSE PiB DVR

PiB

status

Arterial

sampling

6 month

follow-up

1 year

follow-up APOEe4 status Tau status

CN

(n¼ 24)

68� 12 12M/12F 28� 1 1.5� 0.6 10þ/14� n¼ 8 n¼ 20 n¼ 11 16 APOEe4�,

6 APOEe4þ,

2 N/A

0þ/24�

AD/MCI

(n¼ 8)

70� 11 6M/2F 21� 5 2.3� 0.6 8þ/0� n¼ 5 n¼ 5 n¼ 5 5 APOEe4�,

3 APOEe4þ
6þ/2�

A total of 32 subjects were included in this study. Out of the 32 subjects, eight CN and five AD/MCI subjects had arterial blood sampling at baseline to

allow for full quantification with arterial input functions. Twenty-five subjects underwent longitudinal PET scans 6months after baseline. Out of the 25

subjects, 16 underwent additional longitudinal PET scans 1 year after baseline. No arterial samples were collected at follow-up scans. All values are

expressed as mean� standard deviation. N/A¼ data not available.
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Three types of reference regions were considered
(CerGM-based, pons, and cerebral WM-based,
Figure 1(b)). To limit spill-in contamination to these
regions from the extracerebral signal and cortical
regions, voxel erosion was applied. This included ero-
sion of the voxels in the CerGM and WM masks by
1–5mm from the outer edge (data not shown). Erosion
of 3-mm in the CerGM (CerGM3mm) and 4-mm in the
WM (WM4mm) were the most appropriate for our
tomograph to reduce spill-in signal from extracerebral
signal and cortical regions (resulting in no significant
difference between the uptake in the AD/MCI and CN
groups). The inferior portion of the CerGM (InfCer,
Figure 1(b)) was segmented using the spatially unbi-
ased infra-tentorial template (SUIT).29 Voxel counts
of the eroded and non-eroded reference region segmen-
tations are listed in Supplementary Table 2. The
MR-to-PET transformation matrices were applied to
the regional segmentations to enable sampling in PET
space and the generation of time-activity curves
(TACs).

PET data analyses

In target regions, standardized uptake value ratios
(SUVR¼SUVtarget/SUVreference) were computed to
assess tau load, with late-frame measures denoted as
SUVR90-110. PVC was applied to the non-eroded refer-
ence and target regions late-frame uptake data, using
the PetSurfer implementation of the symmetric geomet-
ric transfer matrix (GTM) algorithm.30

Spectral analysis (SAKE software) was used to eval-
uate the kinetics of [18F]MK-6240 in reference and
extracerebral regions, as well as the impact of the
extracerebral signal on reference region uptake.31–35

Spectral analysis decomposed the regional TACs (0–
120min, decay-corrected) into spectral components
associated with unique frequency b (min�1) and ampli-
tude a (mL � cm�3 �min�1), and estimated the K1_SA

and VT_SA macro-parameters. Spectral analysis results
were used to determine the optimal compartmental fig-
uration (see details in the Supplementary Materials).
To evaluate the effect of a shorter scan duration on
the amount of extracerebral signal contamination in
the reference regions, spectral analysis was repeated
using 0–90min of dynamic data.

Compartmental and graphical analyses were applied
to [18F]MK-6240 PET data acquired with arterial
blood samples (n¼ 13). For the reference regions, the
total distribution volume (VT) was estimated using a
two-tissue compartmental model (2TCM, VT_2TCM)
and the Logan graphical method (VT_Logan) assuming
a fixed blood volume (Vb¼ 5%, t*¼ 50min).36

Measures of tau deposition were based on the distribu-
tion volume ratio (DVR¼VT-target/VT-reference). The

non-displaceable binding potential (BPND¼DVR-1)

was computed using reference tissue analyses that

included the reference Logan (t*¼ 50min) and multi-

linear reference tissue modeling (MRTM2, t*¼ 30min,

k2
0 ¼ 0.04) methods.37,38

Statistical analysis

Baseline SUV90-110, spectral analysis parameters (a and

b), and VT values were compared across reference and

extracerebral regions using analysis of variance

(ANOVA, to compare group means) and F-test (to

compare regional inter-subject variability). Group dif-

ferences between AD/MCI and CN subjects were eval-

uated using two-sample T-tests. The SUV90-110 with

and without PVC were compared using ANOVA and

F-test in the candidate reference regions. Linear regres-

sion models were used to compare (1) the VT values

estimated using 2TCM, Logan, and spectral analysis

and (2) the K1 values estimated using 2TCM and spec-

tral analysis. Target region DVR and SUVR90-110

obtained with the different candidate reference regions

were compared using ANOVA and F-test in the AD/

MCI and CN groups separately.
The SUV90-110 at baseline and longitudinal follow-

ups were compared using paired T-tests in the reference

and extracerebral regions. Longitudinal changes

in SUV90-110 (�SUV90-110¼SUV90-110, follow-up –

SUV90–110, baseline) were computed at 6-month and

1-year follow-ups, and compared across reference

regions using ANOVA and across diagnostic groups

using unpaired T-test.
Subjects (n¼ 32) were classified into a binary group

(high/low) based on their baseline extracerebral

SUVR90-110 (CerGM3mm reference region). The

binary classification was obtained using histogram

analysis and subsequently verified by k-means cluster-

ing (k¼ 2), and a threshold for classification as high/

low extracerebral signal was calculated.
Bonferroni corrections were applied for all statistical

comparisons, with significance assessed at p¼ 0.05.
Group outcome measures were expressed as mean�

standard deviation. Inter-subject variability was

defined as the standard deviation of a group outcome

measure. Kolmogorov-Smirnov test was used to exam-

ine the normality of the SUV90-110 and VT values in all

subjects, and SUVR90-110 and DVR values in the AD/

MCI and CN groups separately.

Effect size estimation

To further inform the impact of reference region selec-

tion on target region outcomes, we performed effect

size estimations using the different candidate reference

regions for:
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a. Cross sectional data: differentiating target region
SUVR90-110 between 1) AD/MCI and CN, and
2) Abþ and Ab� individuals, as another hallmark
pathology of AD with a crucial role preceding tau
accumulation and cognitive decline.39–41

b. Longitudinal data: detecting annual changes (one
year after baseline) in target region SUVR90-110 in
1) AD/MCI, and 2) Abþ individuals.

Effect sizes were estimated using Hedge’s g coeffi-
cients (see details in the Supplementary Materials).
Similar effect size estimations were performed using
DVR (MRTM2) as the target region outcomes.

Criteria for selection of the preferred
reference region

The following criteria were evaluated (ranked in order
of importance):

1. Negligible tissue concentrations of neurofibrillary
tangles of tau

2. Low spill-in contamination from adjacent regions
with high specific (e.g., target) and/or nonspecific
(e.g., extracerebral) uptake

3. Low longitudinal variability in uptake measures
4. Consistent uptake characteristics across diagnostic

groups to limit the impact of reference region on
target region outcomes (i.e., low inter-subject vari-
ability across AD/MCI and CN subjects)

Ethics approval. All procedures performed in studies
involving human participants were in accordance with
the ethical standards of the institutional and/or nation-
al research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable
ethical standards.

Consent to participate. Written consents were obtained
from all participants.

Results

Baseline SUV90-110 in the reference and
extracerebral regions

Example SUV images and TACs are shown for an MCI
(Figures 1(a) and 2(a)) and a CN (Figures 1(c) and
(2b)) subject. The pons SUV90-110 (0.31� 0.08) was sig-
nificantly lower in magnitude and inter-subject vari-
ability compared to other candidate reference
regions (Table 2, Figure 2(c)). The InfCer SUV90-110

(0.64� 0.14) showed the highest magnitude among all
candidate reference regions. No significant differences
in SUV90-110 were observed across other candidate

reference regions. Applying PVC or erosion to the

SUV90-110 data slightly reduced the SUV90-110 magni-

tudes in WM and CerGM compared to the non-PVC

and non-eroded data (not significant) (Supplementary

Table 3). Applying PVC increased the SUV90-110 inter-

subject variability by 16–60% in reference regions. The

rank order of the SUV90-110 magnitudes was consistent

with and without PVC.
The WM SUV90-110 was the only candidate reference

region where the SUV90-110 was significantly higher in

the AD/MCI than the CN group. Applying erosion of

at least 4-mm or PVC reduced the group differences in

WM SUV90-110 (not significant).
The extracerebral SUV90-110 (0.78� 0.16) showed

significantly higher magnitude but similar inter-

subject variability than the candidate reference regions

SUV90-110. No significant group differences were

observed in the extracerebral SUV90-110.

Spectral analysis in the reference and

extracerebral regions

Spectral analysis identified two reversible components

and one trapping component in all candidate reference

regions, and identified one reversible component and

one trapping component in the extracerebral signal

(Figure 3(a) and (b)).
The first reversible component (b� 0.18min�1,

faster kinetics, Figure 3(c)) likely reflects radiotracer

delivery. No significant differences in b values were

observed between the reference and extracerebral regions.

The a values in the CerGM-based regions

(�0.49mL � cm�3 �min�1) were significantly higher than

in WM and pons (�0.23mL � cm�3 �min�1). The a values

in the extracerebral signal (0.05mL � cm�3 �min�1) were

significantly lower than in all reference regions.
The second reversible component (b� 0.03min�1,

slower kinetics, Figure 3(d)) likely captures the late-

frame uptake. No significant differences in b values

were observed between the candidate reference

regions, whereas a values in the WM and pons

(�0.05mL � cm�3 �min�1) were slightly higher than in

the CerGM-based regions (�0.10mL � cm�3 �min�1,

not significant). The extracerebral signal did not exhib-

it this component.
A trapping component (b¼ 10�5min�1, Figure 3(e))

was present in all candidate reference and extracerebral

regions, likely reflecting irreversible uptake. The a values

in the extracerebral signal (0.03mL � cm�3 �min�1) were

2.5-fold higher than in all candidate reference regions.

Compared to the CerGM (0.01mL � cm�3 �min�1),

the a values were lower in WM and pons

(0.006mL � cm�3 �min�1) and higher in InfCer

(0.02mL � cm�3 �min�1). Applying erosion to the

Fu et al. 585



CerGM and WM reduced the a values by 25% com-

pared to the non-eroded data.
No significant differences in the a nor b values were

observed between the CN and AD/MCI groups in any

non-target region. Spectral analysis results obtained

using 90min and 120min of dynamic data were

consistent.

Compartmental and graphical analyses in the

reference regions

The VT in pons and WM4mm showed significantly

lower magnitudes than in CerGM-based regions, and

significantly lower inter-subject variability than in

InfCer (Table 2, Figure 2(d) and (e)). No significant

differences in VT magnitudes and variability were

observed across other reference regions. No significant

differences between diagnostic groups were observed in

any reference region. Eroding the CerGM and WM

slightly reduced the VT magnitudes (not significant).

Both 2TCM and Logan graphical methods failed to

model the extracerebral uptake.
The VT_Logan and VT_2TCM values correlated signif-

icantly in all candidate reference regions (p< 10�5).

Compared to VT_2TCM, VT_Logan values showed the

highest positive bias in the InfCer (25%) and lowest

in the pons and WM (8%). Eroding the CerGM

reduced the bias by 15%. The VT_SA and VT_2TCM

values correlated significantly in the pons and WM

(p< 0.05, slope: 0.7–1.0) but not in CerGM-based

regions. The K1_SA and K1_2TCM values correlated sig-

nificantly in all candidate reference regions (p< 10�6)

with less than 3% bias.

Longitudinal changes (�SUV90-110) in reference and

extracerebral uptake

At group level, none of the candidate reference regions

showed significant�SUV90-110 at either the 6-month or

1-year follow-up (Table 2, Figure 4). The �SUV90–110

magnitudes were similar between diagnostic groups

and were lowest in the pons (6-month: 0.02� 0.05,

1-year: �0.002� 0.07) and highest in the CerGM-

based regions (6-month: 0.04� 0.07, 1-year: 0.04�
0.13, Supplementary Table 3), although no statistically

significant differences were observed across reference

regions. The �SUV90-110 in candidate reference regions

showed high inter-subject (range: 0.05–0.13) and

Figure 2. Time-activity characteristics and VT in the candidate reference regions and the extracerebral region. Time-activity curves
were shown for a high tau binding MCI subject (a) and a CN subject (b) in the CerGM, InfCer, WM, pons, and extracerebral regions
(data points were connected using linear interpolation). (c) The SUV90-110 in the reference and extracerebral regions (n¼ 32),
showing the lowest SUV90-110 in the pons and the highest SUV90-110 in the InfCer among all candidate reference regions. The VT values
(n¼ 13) estimated using 2TCM (d) and Logan graphical analysis (e) were also the lowest in the pons and the highest in the InfCer.
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intra-subject (range: �0.24–0.26) variability at both

follow-ups. Eroding the CerGM and WM did not

impact the magnitude nor variability of �SUV90-110

measures. Applying PVC did not impact the magnitude

but significantly increased the inter- and intra-

subject variability of �SUV90-110 measures. At group

level, the extracerebral �SUV90-110 (6-month: 0.01�
0.12, 1-year: 0.0002� 0.16) was similar across diagnostic

groups, with similar magnitudes but higher

inter-subject variability than the reference regions

�SUV90-110.

Target region uptake quantification

The target region DVR and SUVR90-110 values were

significantly higher in the AD/MCI group than in the

CN group, for all candidate reference regions

(p< 0.001) except for the non-eroded WM.
In the CN group, the target region DVR and

SUVR90-110 showed higher magnitude and inter-

subject variability using the pons or WM as reference

regions, compared to CerGM-based reference regions

(p< 0.05, Figure 5(a), Supplementary Table 4).

Eroding the CerGM or WM slightly increased

the target region DVR and SUVR90-110 magnitudes

(not significant) without affecting the variability.

In the AD/MCI group, the SUVR90-110 and

DVR values using WM reference region showed the

lowest magnitude and variability (not significant,

Figure 5(b), Supplementary Table 4). The target

region SUVR90-110 and DVR values using pons and

eroded WM as reference regions showed the

highest magnitude and variability compared to using

CerGM reference region (not significant,

Supplementary Fig.1).
Applying PVC to the reference and target region

SUV90-110 data showed consistent SUVR90-110 magni-

tude rank orders across candidate reference regions,

but a 2-fold increase in inter-subject variability com-

pared to the non-PVC data (in both CN and AD/MCI

groups).

Effect size estimation

For differentiating between subject groups in cross-

sectional SUVR90-110 data, the use of the CerGM3mm

as reference region resulted in the largest effect size

(1.14–1.55 for AD/MCI vs. CN; 0.72–1.19 for Abþ
vs Ab� groups), although we found no significant dif-

ferences between the CerGM-based reference regions.

The WM showed the lowest effect size (�0.04–0.86 for

AD/MCI vs. CN; 0.18–0.45 for Abþ vs Ab� groups).

Table 2. The SUV90-110 (baseline and follow-ups) and VT (baseline) values in the reference and extracerebral regions.

SUV90-110

Baseline (n¼ 32) 6-month (n¼ 25) 1-year (n¼ 16)

CN (n¼ 24) AD/MCI (n¼ 8) CN (n¼ 20) AD/MCI (n¼ 5) CN (n¼ 11) AD/MCI (n¼ 5)

CerGM 0.62� 0.12 0.59� 0.17 0.67� 0.18 0.65� 0.20 0.71� 0.14 0.58� 0.13

CerGM3mm 0.53� 0.13 0.51� 0.17 0.59� 0.19 0.56� 0.20 0.64� 0.13 0.50� 0.14

InfCer 0.66� 0.13 0.57� 0.16 0.71� 0.18 0.64� 0.19 0.77� 0.13 0.58� 0.15

WM 0.44� 0.10a 0.73� 0.20a 0.48� 0.13a 0.90� 0.21a 0.52� 0.11a 0.80� 0.15a

WM4mm 0.42� 0.11 0.51� 0.15 0.43� 0.10 0.55� 0.13 0.48� 0.13 0.46� 0.03

Pons 0.30b� 0.08c 0.32b� 0.09c 0.30b� 0.10c 0.34b� 0.10c 0.31b� 0.07c 0.28b� 0.03c

Extracerebral 0.78b� 0.15 0.74b� 0.17 0.85b� 0.18 0.81b� 0.17 0.79b� 0.17 0.83b� 0.21

Baseline (n¼ 13) with arterial sampling

VT 2TCM VT Logan VT SA

CN (n¼ 8) AD/MCI (n¼ 5) CN (n¼ 8) AD/MCI (n¼ 5) CN (n¼ 8) AD/MCI (n¼ 5)

CerGM 6.66� 1.29 6.39� 1.29 7.94� 2.08 6.62� 0.98 4.32� 0.83 6.18� 2.14

CerGM3mm 5.88� 1.03 5.88� 1.34 6.81� 1.43 6.31� 1.25 4.76� 1.07 6.38� 2.01

InfCer 7.28� 1.69 6.48� 1.21 9.16� 3.09c 6.69� 0.81c 4.37� 1.13 6.78� 2.48

WM 4.71� 0.80 5.63� 1.09 5.02� 0.87 5.97� 1.16 3.90� 0.70 4.80� 1.33

WM4mm 4.01b� 0.62 4.39b� 1.08 4.42b� 0.81 4.58b� 1.06 4.01b� 1.00 4.19b� 1.39

Pons 3.69b� 0.61 4.14b� 0.99 3.98b� 0.66 4.23b� 0.94 4.33b� 1.65 4.29b� 1.17

All values are expressed as mean� standard deviation.
aSignificantly different between the CN and AD/MCI groups.
bMean magnitudes were significantly different compared to the CerGM.
cStandard deviations were significantly different compared to the CerGM.
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Among the examined target regions, the effect size was
the largest in the amygdala, followed by the entorhinal,
and lowest in the inferior temporal and precuneus
(Supplementary Table 5).

For detecting longitudinal change over a one-year
period in target region SUVR90-110, the effect size was
not statistically significant in our sample (i.e., the 95%
confidence interval contains zero). Our preliminary
longitudinal effect size estimation suggested that the
effect size was highest using the pons as reference
region, followed by eroded WM4mm, and was lowest
in the CerGM-based regions in the AD/MCI group
(Supplementary Table 6). However no statistically sig-
nificant differences were found between reference
regions. Similar results were obtained in the Abþ
group.

Using DVR values as target region outcomes
resulted in similar effect sizes as with SUVR90-110.

Extracerebral signal threshold

Using histogram analysis, an extracerebral SUVR90-110

threshold of 1.29 that assigned 50% of subjects to
a high extracerebral uptake group was obtained
(Supplementary Fig.2ab, Supplementary Table 7). No
significant difference in extracerebral SUVR90-110

between the CN and AD/MCI groups was observed.
No significant correlations between the extracerebral
SUVR90-110 and clinical characteristics (i.e., age, PiB
DVR, MMSE, sex) were observed. The group assign-
ments remained unchanged for all subjects at both
follow-ups except for one MCI subject who changed
from the low to the high extracerebral group at the
one-year follow-up.

Discussion

In this study, we examined the kinetics of the [18F]MK-
6240 uptake signal in the extracerebral region and in
alternative reference regions potentially less prone to
extracerebral contamination signal than CerGM. We
also evaluated the impact of these reference regions
on target region uptake. Among the candidate refer-
ence regions, the pons and WM4mm showed lowest
inter-subject variability in SUV90-110 and VT, lowest
longitudinal change in SUV90-110, lowest contamina-
tion from the extracerebral signal, highest dynamic
range of target region uptake in both the CN
and AD/MCI groups. In cross-sectional studies,
CerGM-based reference regions resulted in the largest
effect sizes for differentiating participant groups (AD/
MCI and CN; Abþ and Ab�). When considering

Figure 3. Spectral analysis results in the candidate reference
regions and extracerebral region. Examples of (a) kinetic spec-
trum and (b) decomposed time-activity curve in the reference
and extracerebral region. (c) Along the faster reversible com-
ponent, no significant difference in the b values was observed.
The a values were the highest in the CerGM-based reference
regions, followed by the WM and pons, and the lowest in the
WM4mm and extracerebral signal. (d) Along the slower reversible
component, no significant differences in the a nor b values were
observed between the candidate reference regions. The
extracerebral signal did not exhibit the slower reversible com-
ponent. (e) Along the trapping component (b¼ 10�5min�1), the
a values in the extracerebral signal were higher than all candidate
reference regions. The a values were highest in the CerGM-
based regions, followed by WM, and lowest in the pons. The
units of a and b values were min�1 and mL�cm�3 �min�1,
respectively.
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CerGM-based reference regions, our results highlight-
ed the necessity of eroding from both the inferior and
superior directions to limit contamination from the
extracerebral signal.

Spectral analysis

Spectral analysis was used to evaluate the tracer kinet-
ics without assumptions about the kinetic compartment
configuration. Our results support a reversible two-
tissue compartmental configuration in the reference

Figure 4. The longitudinal changes of SUV90–110 in the candidate reference regions and the extracerebral region at baseline,
6-month, and 1-year follow-ups (the x-axis indicates the days after the baseline PET scans). No significant longitudinal change in
SUV90–110 was observed over 1-year in any reference or extracerebral region at the group level.

Figure 5. Target region SUVR90-110 (in the entorhinal, amygdala, inferior temporal, and precuneus) using each candidate reference
region. (a) In the CN group, target region SUVR90-110 using the pons, WM, and eroded WM as the reference region were significantly
higher than those using the CerGM-based reference regions. (b) In the AD/MCI group, target region SUVR90-110 using the pons as the
reference region were significantly higher than those using the WM as the reference region.
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regions, consistent with previous studies that found
that the two-tissue compartmental model was preferred
over the one-tissue in the CerGM and pons.2,6 Spectral
analysis provided two reversible components in all can-
didate reference regions. The first reversible component
likely reflects radiotracer delivery. We found lower a
values in the WM and pons compared to CerGM-
based regions, consistent with the lower peak magni-
tudes in the TACs (Figure 2(a) and (b)). In addition,
the a values of this component correlated significantly
with the K1_2TCM values, confirming that this faster
component reflects radiotracer delivery. The second
reversible component likely captures the late-frame
characteristics and may reflect non-specific binding in
reference regions. The higher a values (reflecting the
slower kinetics) in the WM and pons were consistent
with their lower SUV90-110 compared to CerGM-based
regions. All candidate reference regions showed various
levels of the trapping component (likely reflecting irre-
versible binding), which may represent the level of
off-target or extracerebral signal contamination. The
spectral analysis accurately estimated the radiotracer
delivery (K1) values; however, the VT_SA values only
agreed with the VT_2TCM in regions with low trapping
component (i.e., pons, WM, and WM4mm). These dis-
crepancies may be attributed to the differences in the
two methods: the calculation of VT_SA does not include
the trapping component, while 2TCM assumes no trap-
ping/irreversible binding.

The kinetics of the extracerebral signal appeared dif-
ferent from the reference regions, with lower peaks in
the TACs and increased uptake in late frames (Figure 2
(a) and (b)), as also reported in another study.2 We
showed that the extracerebral signal exhibited a single
reversible component and a high contribution of the
trapping component. The lower a values of the faster
reversible component were consistent with the lower
peaks in the extracerebral TACs compared to candi-
date reference regions, and suggest that the extracere-
bral signal is less prominent in early-frame data. The
high a values of the trapping component suggest that
the irreversible uptake behavior of the extracerebral
signal was dominant in the late frame data. Since no
irreversible uptake is expected in reference region, the a
values of the trapping component likely reflected the
level of off-target or extracerebral signal contamina-
tion. The WM and pons were protected from the
extracerebral signal contamination due to their ana-
tomical locations, whilst the CerGM and InfCer, the
most used reference regions in the current [18F]MK-
6240 literature, were most vulnerable. Eroding the
CerGM from the outer edge voxels reduced the signal
contamination from the extracerebral and cortical
regions, emphasizing the importance of eroding from

both the inferior and superior sides. Several studies
attempted to reduce extracerebral signal contamination
by shortening scan durations (e.g. 70�90min).2,9,11,15

However, our results suggested that this does not sig-
nificantly reduce extracerebral signal contamination
(estimated by the trapping component). A longer scan
duration (up to 120min) may be preferred as the target
region uptake in high binding subjects may not have
reached adequate equilibrium at 90min.

Reference region uptake quantification

The WM showed significantly higher SUV90-110 in the
AD/MCI than the CN group, suggesting the presence
of specific tau uptake in the AD/MCI group, likely due
to spill-in from neighboring high uptake regions.
Previous studies suggested that using the WM as refer-
ence region significantly increased statistical power for
detecting within-subject longitudinal changes of target
region uptake compared to CerGM-based reference
regions.19,42 This is likely because the WM showed
lower SUV90-110 magnitude (hence generating a
higher dynamic range in target region uptake) and
has a larger size than the CerGM-based reference
regions. However, the spill-in of specific tau uptake
to the WM can reduce the sensitivity for detecting
group differences in cross-sectional studies involving
high binding subjects and for detecting longitudinal
changes in target region uptake. Our results showed
that eroding the WM by 4mm sufficiently reduced
the spill-in signal without increasing the inter-subject
variability of the reference region uptake while main-
taining a high voxel count.

Among all candidate reference regions, the VT_Logan

values showed higher positive bias than VT_2TCM in
regions that were more prone to extracerebral signal
contamination (i.e., the non-eroded CerGM and
InfCer). The InfCer showed the highest VT inter-
subject variability, likely due to the high extracerebral
signal contamination from the inferior side of the cer-
ebellum. The SUV90-110 inter-subject variability was
lower in the pons and WM4mm than in the CerGM-
based regions, reducing the impact of reference region
variability on target region outcomes. The low uptake
in the pons resulted in target region DVR and
SUVR90-110 values with higher magnitudes than
CerGM reference regions in both the CN and AD/
MCI groups. Higher dynamic range in target region
outcomes may allow for higher sensitivity for detect-
ing tau deposition in early disease or before symptoms
onset.7

Applying PVC using the GTM method to the
SUV90-110 data increased the inter-subject variability
in all reference regions except the WM. A recent
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study evaluated the performance of different PVC
methods to reduce the spill-in effects of extracerebral
signal into the cortical regions 18 and demonstrated
that applying PVC using the region-based voxel wise
(RBV) method significantly improved group differen-
ces in target region SUVR measures between the CN
and MCI groups. More studies are needed to examine
the impact of RBV PVC method on the variability of
reference region uptake and how that translates to
target region uptake in our dataset.

Effect size estimation

Our effect size calculations suggest that CerGM3mm

may be the optimal reference region for differentiating
between participant groups (AD/MCI vs. CN; Abþ
vs. Ab�) in cross-sectional [18F]MK-6240 studies,
although we did not find significant differences
among the CerGM-based regions. The effect size was
the largest in the amygdala, followed by the entorhinal,
and lowest in the inferior temporal and precuneus, con-
sistent with the rank order in a large, recent [18F]MK-
6240 study43 with a total of 464 subjects (266 CN, 112
MCI and 86 AD). Our effect size calculations failed to
detect statistically significant longitudinal changes in
the target regions, possibly due to the small sample
size available for longitudinal evaluations (n¼ 5 in
the AD/MCI group; n¼ 8 in the Abþ group), and
the limited longitudinal time points (i.e., one year
after baseline). The longitudinal effect size was the
highest (borderline significant) when using the pons
as reference region. No statistically significant differ-
ences were observed between effect size estimations for
SUVR90-110 and DVR, suggesting that dynamic acqui-
sition may not improve the detection of group differ-
ences nor of longitudinal changes in our limited sample
size and longitudinal time points. More subjects are
currently enrolling in our study to further validate
these findings.

Longitudinal changes in the reference regions

No significant longitudinal SUV90-110 changes were
observed in any of the candidate reference regions, sug-
gesting relatively stable uptake over one year at the
group level. A previous study suggested an annual
increase of 0.01–0.15 in target region SUVR90-110

across CN and AD subjects.44 Our results showed
that the longitudinal changes in reference region
uptake were similar in both magnitude and variability
to the annual increase reported for target region uptake
in the CN subjects,44 highlighting the importance of
evaluating the reference region characteristics, especial-
ly in low binding subjects. Among the candidate refer-
ence regions, the pons showed slightly lower magnitude

and variability of the change measure, and may be pre-
ferred as the reference region used for longitudinal
studies. These preferred longitudinal characteristics
may contribute to the highest longitudinal effect size
when using the pons as reference region compared to
the CerGM-based regions. A divergence in the optimal
reference region selection between cross-sectional and
longitudinal studies is possible, as has also been shown
for first-generation tau and Ab radiotracers: while
CerGM-based reference regions may be preferred for
cross-sectional studies, WM-rich regions may be pre-
ferred for longitudinal studies.19,45,46

Erosion of the outer voxels of the CerGM and WM
slightly decreased the variability of the change meas-
ures compared to the non-eroded data, likely due to the
reduction of spill-in contamination signal. Applying
PVC to reference region uptake significantly increased
the variability of the change measures compared to the
non-PVC data, which may be detrimental for the
robust estimation of longitudinal changes in target
region uptake. More studies are needed to examine
the performance of different PVC methods (e.g.,
RBV) on longitudinal changes in target region uptake.

Extracerebral uptake quantification and
longitudinal changes

In our study, 50% of subjects showed high extracere-
bral uptake, consistent with a recent study.18 Another
recent study suggested a sex-related effect in the extrac-
erebral uptake;17 we didn’t observe a sex-related differ-
ence in extracerebral uptake, which may be due to the
smaller sample size in our study. The heterogeneous
nature of the extracerebral signal may impact the accu-
rate quantification of tau uptake in both the target
(e.g., inferior temporal and entorhinal cortex) and ref-
erence (e.g., CerGM and InfCer) regions. The extrac-
erebral uptake was stable over one year at the group
level but exhibited high inter- and intra-subject vari-
ability, independent of the diagnostic group. The vari-
able nature of the extracerebral signal across subjects
should be considered, and either erosion or PVC
should be applied, especially in cross-sectional studies
involving low binding subjects and in longitudinal
studies.

Limitations

The limitations in this study include a relatively small
number of participants with arterial blood samples.
The VT_2TCM values in this study were comparable
with previous studies, and the rank orders
of reference region uptake estimated by VT and
SUV90-110 were consistent in all candidate reference
regions.6,8 Our study focused primarily on CN subjects;
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the small number of AD/MCI subjects limited the sta-

tistical power for examining group differences in refer-

ence and target region uptake. Similarly, our sample

size may not allow accurate estimation of effect sizes,

especially for detecting longitudinal changes in target

regions over one year. The lack of test-retest data pre-

vents us from determining the test-retest variability of

reference region uptake and from comparing the test-

retest variability to the longitudinal changes of refer-

ence region uptake. Further investigations are needed

to evaluate the test-retest variability of reference region

uptake. In this study, we quantified the unique kinetics

of the extracerebral signal. Additional studies are

needed to explore methods for correcting for the

extracerebral signal contamination in both target and

reference regions without introducing additional vari-

ability. The unique kinetic spectra of the extracerebral

signal could potentially be leveraged for removing the

trapping component from the time-activity data in sub-

jects with high extracerebral signal.
In summary, our results suggested that careful con-

siderations should be taken in the selection of optimal

reference regions for [18F]MK-6240 studies. The most

used reference regions in the current literature (CerGM

and InfCer) still present a considerable level of extrac-

erebral signal contamination that can result in high

inter-subject variability in reference region uptake

and influence longitudinal change measures. Among

the examined reference regions, the pons and WM4mm

may be preferred for longitudinal [18F]MK-6240 stud-

ies due to their low inter-subject variability and low

magnitude in uptake, low variability in longitudinal

change, and low level of extracerebral signal contami-

nation. However, effect size calculations suggest that

the CerGM-based regions may be the optimal reference

region for differentiating between participant groups

(AD/MCI vs. CN; Abþ vs. Ab�) in cross-sectional

[18F]MK-6240 studies. We also showed that when

using CerGM reference regions, eroding from both

the inferior and superior sides may be necessary to

account for extracerebral signal contamination. Even

though the physiological nature of the extracerebral

signal is not yet understood, our results suggested

that the extracerebral signal is stable over time at the

group level. However, efforts should be made to correct

the extracerebral signal contamination due to its high

inter- and intra-subject variability.
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