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Abstract Introduction: Cross-sectional findings using the tau tracer [18F]THK5317 (THK5317) have shown
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that [18F]fluorodeoxyglucose (FDG) positron emission tomography (PET) data can be approximated
using perfusion measures (early-frame standardized uptake value ratio; ratio of tracer delivery in
target to reference regions). In this way, a single PET study can provide both functional andmolecular
information.
Methods: We included 16 patients with Alzheimer’s disease who completed follow-up THK5317
and FDG studies 17 months after baseline investigations. Linear mixed-effects models and annual
percentage change maps were used to examine longitudinal change.
Results: Limited spatial overlap was observed between areas showing declines in THK5317 perfu-
sion measures and FDG. Minimal overlap was seen between areas showing functional change and
those showing increased retention of THK5317.
Discussion: Our findings suggest a spatiotemporal offset between functional changes and tau pathol-
ogy and a partial uncoupling between perfusion and metabolism, possibly as a function of
Alzheimer’s disease severity.
� 2017 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

In addition to amyloid b (Ab) and tau pathology,
Alzheimer’s disease (AD) is characterized by decreased brain
perfusion [1,2] and glucose metabolism [3,4]. Cross-sectional
thor. Tel.:146 8 585 85467; Fax:146 8 585 85470.

neta.k.nordberg@ki.se

/j.jalz.2017.11.008

e Authors. Published by Elsevier Inc. on behalf of the Alzhe

commons.org/licenses/by-nc-nd/4.0/).
comparative studies have indeed shown regional perfusion and
metabolism to be tightly coupled in neurodegenerative disor-
ders, includingAD[5,6], and in controls, under both active and
resting physiological conditions [7].As such, [18F]fluorodeox-
yglucose (FDG) positron emission tomography (PET)
metabolic data can be approximated using early-frame stan-
dardized uptake value ratio (p-SUVR) and the ratio of tracer
delivery in target and reference regions (R1), measures shown
to correlate strongly with brain perfusion [8,9].
imer’s Association. This is an open access article under the CC BY-NC-ND
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Comprehensive compartmental approaches, involving
the solution of differential equations and requiring arterial
blood sampling, form the basis of PET-based estimation of
physiological parameters of interest [10]. Reduced configu-
ration models have been developed, however, whereby the
input function derived from arterial plasma is replaced by
that from a reference region [10]. These approaches obviate
the need for arterial cannulation and metabolite assay,
simplifying scanning protocols and data analysis proced-
ures. While the objective of these models is to obtain an
estimate of tracer binding, such as the distribution volume
ratio (DVR)—total distribution volume in target over refer-
ence region—derived from reference Logan, a graphical
approach involving linearization [11], perfusion information
in the form of R1 can also be obtained using models that rely
on iterative curve fitting such as the simplified reference tis-
sue model [12] and related approaches involving parameter
coupling [13]. By contrast, calculation of p-SUVR does not
require kinetic modeling and instead reflects the assumption
that early–time frame uptake reflects tracer delivery [14],
with p-SUVR thus reflective of R1.

Findings from studies implementing the use of perfusion
measures (p-SUVR and R1) with Ab PET tracers have been
shown to closely correlate with FDG, and to carry potential
clinical utility, having been used to distinguish AD from
controls [15], frontotemporal lobar degeneration [16], and
cerebral amyloid angiopathy [17]. Findings from our earlier
cross-sectional study using the tau-specific PET tracer [18F]
THK5317 (THK5317) [18,19] in AD suggest that tau
imaging may also prove able to provide both molecular
and functional information [9], similar to that proposed for
Ab PET [16]. Given the possible future clinical use of tau
PET for diagnostic purposes and evaluation of drug thera-
pies, as well as the advantages inherent to dual-use imaging
[20,21], further exploration of these findings is warranted.

In this study, we sought to quantify the longitudinal rela-
tionship between THK5317 perfusion measures, glucose
metabolism (FDG SUVR), and tau pathology (THK5317
DVR), in a cohort of patients with AD. The test-retest repro-
ducibility of THK5317 perfusion measures was likewise
investigated.
2. Methods

2.1. Participants

SixteenADpatients (10 prodromalADand sixADdemen-
tia) who had previously participated in baseline investigations
[22,23] were here followed up after a median interval of
17 months (interquartile range: 15–18 months) [24]. All pa-
tients had originally undergone clinical assessment for mem-
ory problems at the Department of Geriatric Medicine,
Karolinska University Hospital Huddinge, Stockholm, Swe-
den, and had been followed up after diagnosis, as detailed
elsewhere [22]. Patients diagnosed with AD dementia met
the revised NINCDS-ADRDA criteria for probable AD and
showed in vivo evidence of AD pathology (abnormal [11C]
Pittsburgh Compound B [PIB]) [25]. Patients who fulfilled
the diagnosis of mild cognitive impairment [26] and showed
a positive PIB scan were diagnosed as prodromal AD [27].

All subjects provided informed consent to take part in the
present study, which was conducted according to the Decla-
ration of Helsinki and subsequent revisions. Ethical approval
was obtained from the regional human ethics committee of
Stockholm and the Faculty of Medicine and Radiation Haz-
ard Ethics Committee of Uppsala University Hospital, Up-
psala, Sweden.
2.2. Acquisition and analysis of imaging data

Dynamic THK5317 studies were conducted over 60 mi-
nutes, following intravenous bolus injection of 217 6 42
MBq. A static 15-minute FDG scan was performed 30 mi-
nutes after injection of 3 MBq/kg. Dynamic baseline and
follow-up THK5317 and FDG PET images were coregis-
tered to their respective T1-MRIs using PMOD (v.3.5;
PMOD Technologies Ltd., Zurich, Switzerland). Structural
images were segmented using SPM8, with the inverse trans-
formation parameters generated used to spatially warp a
probabilistic atlas [28] into native T1 image space. Voxel-
wise THK5317 p-SUVR and simplified reference tissue
model R1 maps were obtained with PMOD, using the cere-
bellar cortex as reference tissue [9,12]. For p-SUVR, the
interval 0–3 minutes was selected based on the previously
reported observation that this interval showed the highest
correlations with FDG [9]. Parametric SUVR (30–45 mi-
nutes) and Logan DVR images (30–60 minutes) were
created for FDG and THK5317, respectively, using the cere-
bellar cortex as reference region [11,22].

Annual percentage change was calculated voxelwise for
all PET parameters as follows: {[(Follow-up 2 Baseline)/
Baseline]/Time interval between scans (years)} ! 100%.
In order to examine the spatial overlap of resulting para-
metric maps, the latter were binarized using the average iso-
cortical test-retest reproducibility of THK5317 p-SUVR and
R1 (rounded up to 3%), thereby excluding voxels within the
test-retest repeatability range of perfusion measures. Voxel-
wise THK5317 p-SUVR, R1, and FDG SUVR maps were
used to perform pairwise correlations using the biological
parametric mapping software package (MATLAB v.3.3).
An 8-mm filter and an a priori gray matter mask were then
applied to spatially normalized PET images with resulting
correlation maps thresholded at P, .001 (uncorrected, clus-
ter extent � 20 voxels).
2.3. Test-retest reproducibility of THK5317 perfusion
measures

To establish the test-retest reproducibility of THK5317
p-SUVR and R1, five subjects (four prodromal AD and
one possible corticobasal syndrome) [29] underwent a retest
THK5317 PET scan (range: 13–37 days).



Table 1

Longitudinal regional PET measures

Medial temporal Lateral temporal Frontal Parietal Posterior cingulate Occipital Isocortical composite

THK5317 p-SUVR

Baseline 0.81 (0.75–0.90) 0.90 (0.84–0.96) 0.94 (0.88–0.97) 0.90 (0.83–0.98) 1.04 (0.98–1.11) 0.99 (0.93–1.07) 0.94 (0.87–0.98)

Follow-up 0.78 (0.76–0.87)z 0.86 (0.81–0.94)y 0.90 (0.87–0.98)* 0.86 (0.81–0.92)y 0.98 (0.94–1.07)z 0.95 (0.90–1.02) 0.90 (0.86–0.96)*

THK5317 R1

Baseline 0.78 (0.71–0.87) 0.86 (0.79–0.92) 0.90 (0.86–0.94) 0.86 (0.81–0.95) 0.96 (0.94–1.03) 0.98 (0.92–1.09) 0.91 (0.94–0.96)

Follow-up 0.75 (0.72–0.83)* 0.81 (0.76–0.88)y 0.87 (0.83–0.96)* 0.83 (0.76–0.92)y 0.93 (0.87–1.03)* 0.97 (0.87–1.02)z 0.86 (0.82–0.95)*

FDG SUVR

Baseline 0.88 (0.82–0.92) 0.99 (0.98-1.05) 1.12 (1.05–1.16) 1.07 (0.99–1.10) 1.14 (1.10–1.21) 1.15 (1.09–1.18) 1.07 (1.04–1.14)

Follow-up 0.86 (0.80–0.91)z 0.96 (0.91–1.03)* 1.09 (1.03–1.16) 1.04 (0.93–1.10)* 1.14 (1.02–1.19)z 1.13 (1.09–1.21)*‘ 1.06 (0.99–1.12)

THK5317 DVR

Baseline 1.22 (1.17–1.26) 1.20 (1.16–1.23) 1.14 (1.13–1.22) 1.18 (1.11–1.20) 1.29 (1.24–1.35) 1.20 (1.13–1.22) 1.18 (1.13–1.21)

Follow-up 1.21 (1.16–1.25) 1.20 (1.14–1.22) 1.14 (1.11–1.21) 1.17 (1.12–1.22) 1.28 (1.25–1.35) 1.18 (1.13–1.22) 1.18 (1.12–1.23)

Abbreviations: DVR, distribution volume ratio; FDG, [18F]fluorodeoxyglucose; PET, positron emission tomography; p-SUVR, early-frame standardized up-

take value ratio; R1, ratio of tracer delivery in target to reference region; ROI, region of interest; THK5317, [18F]THK5317.

NOTE. Linear mixed-effects models were used to assess changes between baseline and follow-up data for each PET measure (THK5317 p-SUVR, R1, DVR,

and FDG SUVR) within ROIs, using the following equation: PET measure ROI 5 b0 1 b1 (Time point)1 Random intercept (i)1 ε, where b0 and b1 are fixed-
effects coefficients, Time point is a fixed-effects nominal variable (baseline and follow-up examinations), and Random intercept is a variable that takes into

account the individual subject number, i, with the error term represented by ε.

*Significantly lower than baseline, P , .05.
ySignificantly lower than baseline, P , .01.
zTrend-level significance for decrease from baseline.
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2.4. Statistical methods

Analyses were performed using R (v.3.3.3; R Foundation
for Statistical Computing, https://www.R-project.org/), with
P, .05 (two-tailed) used to indicate statistical significance.
Patient characteristics at baseline and follow-up were
compared using Mann Whitney U and Fisher exact tests. In-
trasubject test (T)-retest (R) variability of THK5317 perfu-
sion measures was assessed within each region of interest
(ROI), using both the relative {[(R 2 T)/(T)] ! 100%}
and absolute {[j(R 2 T)/0.5(R 1 T)j] ! 100%} difference
between scans. Cross sectional associations between
THK5317 perfusion measures and FDG, and between
THK5317 p-SUVR and R1, were assessed across all subjects
using a nested design with linear regression and Pearson’s
correlation coefficient. Given previous studies showing
that brain perfusion can be affected by age, sex, education
level, and apolipoprotein E (APOE) ε4 genotype [30–33],
partial correlation analyses accounting for these variables
were also performed within individual ROIs.

Linear mixed-effects models (LMMs), including random
intercepts at the subject level, were used to assess longitudi-
nal changes in PET measures (see Table 1 legend for equa-
tion) and the regional longitudinal associations between
pairs of PET measures (see Supplementary Table 3 legend
for equations). LMMs were also used to assess, in an explor-
atory manner, whether the longitudinal change in the
different PET measures differed between diagnostic groups.
To that end, a separate LMM was used to assess each PET
measure as a dependent variable, with time point (baseline
and follow-up investigations), diagnostic groups (prodromal
versus AD dementia), and the interaction between the two as
fixed factors, allowing for random intercepts across different
patients and ROIs, using a nested design (see Supplementary
Table 4 legend for equations).
3. Results

3.1. Subject characteristics

Patient demographic and clinical characteristics are pre-
sented in Table 2. No group differences were found for age,
sex, education, or for the percentage of subjects carrying the
APOE ε4 allele. At both baseline and follow-up, Mini–Mental
StateExamination scoreswere significantly lower in theADde-
mentia group, relative to prodromal AD group (P, .05). In the
entire sample, Mini– Mental State Examination scores were
significantly lower at follow up, relative to baseline (P, .05).

3.2. Test-retest reproducibility of THK5317 perfusion
measures

Intrasubject variability was low for both p-SUVR and R1

(SupplementaryTables 1 and2), similar to those previously re-
ported for THK5317 DVR values [22]. Across subjects, the
test-retest variation for p-SUVR ranged from 2.41% (frontal
cortex) to 6.28% (occipital cortex), with an isocortical repeat-
ability value of 2.43%. Similar results were obtained for R1

(range: 2.59% [frontal cortex] to 6.03% [occipital cortex];
isocortical repeatability of 3.13%).

3.3. Regional longitudinal changes in THK5317 perfusion
measures, FDG SUVR, and THK5317 DVR

Baseline and follow-up values for THK5317 (perfusion
measures and DVR) and FDG SUVR are reported in Table 1.
Across all subjects, perfusion measure values declined

https://www.R-project.org/


Table 2

Demographic and clinical characteristics within and across diagnostic groups

Prodromal AD AD dementia All patients

N 10 6 16

Age at baseline (years) 65.0 (69.0:74.0) 68.5 (64.8:73.0) 70.5 (66.0:76.0)

Gender (male/female) 4/6 1/5 5/11

Education (years) 12.0 (10.3–13.8) 14.5 (13.3–15.8) 13.0 (12.0–15.3)

APOE ε4 (carriers/noncarriers) 6/3* 5/1 11/4*

MMSE at baseline 28 (27–30)y 23.5 (23–24.8)x 26 (23–28.5)z

MMSE at follow-up 26 (25–27)y 20 (16.3–23.8)x 25 (23.5–26.5)z,{

PIB status (positive/negative) 10/0 6/0 16/0

Abbreviations: AD, Alzheimer’s disease; APOE ε4, apolipoprotein ε4 allele; MMSE, Mini–Mental State Examination; PIB, [11C]Pittsburgh Compound (B).

NOTE. Data presented as medians (range) or as N.

*Data missing for one subject.
yData reported for nine patients who completed both baseline and follow-up investigations.
zData reported for fifteen patients who completed both baseline and follow-up investigations.
xSignificantly lower, relative to prodromal AD (P . .05).
{Significantly lower, relative to baseline (P . .05).
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significantly in lateral temporal, frontal, parietal, and compos-
ite isocortical regions. Within medial temporal and posterior
cingulate ROIs, however, p-SUVR and R1 differed with sig-
nificant and trend-level findings, respectively. In contrast to
perfusion measures, declines in metabolism reached signifi-
cance only in lateral temporal, parietal, and occipital regions.
Strong correlations between perfusion measures and meta-
bolism were observed at both time points (Fig. 1, uncorrected
for age, sex, education, and APOE ε4). Correlational analysis
by subgroup, however, showed that while the correlation co-
efficients between perfusion measures and metabolism were
above 0.90 at both time points in AD dementia, those for
prodromal AD were weaker at both time points and showed
increases from baseline (p-SUVR and FDG, 0.64–0.77,
P , .001; R1 and FDG, 0.70–0.79, P , .001). The longitudi-
nal pairwise associations between perfusion measures and
metabolic imaging, as well as between p-SUVR and R1,
were significant across all ROIs (Supplementary Table 3).
No significant longitudinal increases in regional DVR values
were noted.
3.4. Voxel-based annual percentage change and spatial
overlap of THK5317 perfusion measures, FDG SUVR, and
THK5317 DVR

Figs. 2 and 3 show, respectively, surface projection images
of group-level averages (baseline and follow-up) and voxelwise
annual percentage change for perfusion measures (Figs. 2A,
2B, 3A and 3B), metabolism (Figs. 2C and 3C), and tau
(Figs. 2D and 3D). For THK5317 perfusion measures, a
similar pattern of change was observed in lateral temporal
and parietal regions. Medially, however, areas of change
differed between parameters, with p-SUVR-specific clusters
noted in cingulate, prefrontal, and orbitofrontal cortices.
Despite a resemblance with respect to more posterior brain
regions, the extent of change was also greater for p-SUVR in
the precuneus and the superior aspect of the cuneus. Changes
in metabolism, predominant in prefrontal, temporal, and
medial parietal regions showed greater correspondence with
declines in p-SUVR, relative to R1. Focal increases in
THK5317 retention were found in the orbitofrontal gyrus,
dorsolateral prefrontal cortex, temporal cortex, and occipital
cortex.

Fig. 3 also shows the spatial overlap between binarized
annual percentage change maps for perfusion measures
(Fig. 3E), for perfusion measures and metabolism (Fig.
3F and G), and for p-SUVR and tau (Fig. 3H). Overlap be-
tween declines in each perfusion measure was concentrated
primarily in the posterior cingulate and lateral parietal cor-
tex, lateral temporal cortex, including anterior poles,
medial aspects of the inferior temporal lobe, and fronto-
temporal operculum. Comparison of overlap patterns be-
tween perfusion measures and annual declines in FDG
showed a pattern suggestive of greater temporoparietal
overlap with R1, with more frontal predominant overlap
for p-SUVR. Overlap between perfusion measures and
annual increase in THK5317 DVR was confined to the
medial temporal lobe.
3.5. Effect of diagnostic groups on the longitudinal change
in THK5317 perfusion measures, FDG SUVR, and
THK5317 DVR

Findings from LMM analyses examining whether there
were differences between diagnostic groups (prodromal
AD and AD dementia) with respect to the longitudinal
change in the different PET measures here investigated are
reported in Supplementary Table 4. For longitudinal meta-
bolism, there was a significant interaction between time
point and diagnostic group, in that the decline between
time points was greater for the AD dementia group, relative
to prodromal AD (Supplementary Fig. 1). In contrast, this
interaction term was not significant for perfusion measures
or tau.

Fig. 4 shows subgroup-level surface projection images
of voxelwise annual percentage change for perfusion



Fig. 1. Linear regression plots and voxelwise maps showing the relationship between THK5317 perfusion measures and glucose metabolism at baseline and

follow-up. Regional correlations between THK5317 p-SUVR and FDG SUVR, THK5317 R1 and FDG SUVR, and between THK5317 perfusion measures at

baseline are shown in (A, B, and C), respectively. Regional correlations for the same pairings at follow-up are shown in (G, H, and I). Voxelwise correlations are

shown in (D–F) and (J–L). Abbreviations: FDG, [18F]fluorodeoxyglucose; p-SUVR, early-frame standardized uptake value ratio; R1, ratio of tracer delivery in

target to reference region; THK5317, [18F]THK5317.
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Fig. 2. Group-level average maps, at baseline (top row) and follow-up (bottom row), for THK5317 p-SUVR (A), THK5317 R1 (B), FDG SUVR (C), and

THK5317 DVR (D). Abbreviations: DVR, distribution volume ratio; FDG, [18F]fluorodeoxyglucose; p-SUVR, early-frame standardized uptake value ratio;

R1, ratio of tracer delivery in target to reference region; THK5317, [18F]THK5317.
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measures (Fig. 4A and B), metabolism (Fig. 4C), and tau
(Fig. 4D). In contrast to prodromal AD patients, where
perfusion measures mirrored one another, p-SUVR and
R1 showed incomplete spatial overlap in AD dementia
patients; both parameters also showed greater change in
this group. Between-group differences were marked for
FDG, with widespread declines in the AD dementia
group contrasting with a more focal pattern of change
in prodromal AD patients. Both prodromal AD and AD
dementia patients, however, showed focally-increased
THK5317 retention within cuneal, inferior temporal,
and anterior frontal areas, with AD dementia patients
in addition showing increases in dorsolateral prefrontal
areas. Using binarized annual percentage change images,
the greater spatial overlap between THK5317 perfusion
measures can be appreciated in Fig. 4E, as can the supe-
rior spatial overlap between perfusion measures and
metabolism in AD dementia patients (Fig. 4F and G).
Although relatively modest in size, an overlap between
perfusion and tau was observed in basal temporal areas
across groups (Fig. 4H).
4. Discussion

In light of the growing use of tau PET imaging and the
high cost of FDG investigations [34], perfusion measures
derived from a tau PET scan stand as an attractive alterna-
tive, allowing for the circumvention of serial imaging and
the lowering of costs, patient discomfort, and radiation expo-
sure. In the present longitudinal study, perfusion measures
were derived from dynamic THK5317 PET studies and
compared to FDG PET and THK5317 DVR. THK5317
perfusion measures showed low intrasubject variability and
test-retest reproducibility below 3% across isocortical re-
gions, supporting their potential use in clinical settings.
Application of LMMs showed good regional agreement be-
tween declines in perfusion measures and metabolism over
the 17-month follow-up period; no significant increases
were found for tau, however. Despite strong correlations at
follow-up, similar to those previously reported using base-
line data [9], voxelwise annual percentage change maps
for perfusion and metabolism showed only partial spatial
overlap. Exploratory analysis of the effect of diagnostic
group on the longitudinal change in perfusion, metabolism,
and tau pathology showed a significant effect for the interac-
tion between time point (baseline and follow-up) and diag-
nostic group for FDG, in that the decline in SUVR was
greater for the AD dementia group, relative to prodromal
AD. Subsequent subgroup-level voxelwise analyses showed
that the spatial overlap between the longitudinal changes in
perfusion and metabolism was most divergent in the prodro-
mal AD group, with the overlap between changes in
perfusion and tau confined to basal medial temporal areas
across both subgroups.

The group-level regional declines in perfusion measures
and glucose metabolism herein observed align well with
findings reported in previous longitudinal studies in AD us-
ing comparable follow-up durations [35,36]. The
incomplete spatial overlap between voxel-level annual
change findings, however, suggests a partial loss of paral-
lelism between perfusion and metabolism, most promi-
nently at the prodromal AD stage. The lower correlations
between perfusion measures and FDG at baseline in pro-
dromal AD patients, and their increase in strength



Fig. 3. Group-level annual percentage change maps for perfusion, metabolism, and tau. Annual percentage change for each PET measure was created for each

subject as follows: {[(Follow-up2 Baseline)/Baseline]/Time interval between scans (years)}! 100%. Surface projection images showing annual percentage

change for THK5317 p-SUVR (A), THK5317 R1 (B), FDG SUVR (C), and THK5317 DVR (D). Spatial overlap of annual percentage change images binarized
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longitudinally, lend support to this hypothesis and align
with longitudinal findings using PIB p-SUVR [37].
Although the temporal ordering of changes in perfusion
and metabolism cannot be specifically addressed by our
findings, given the comparatively closer association be-
tween changes in perfusion and metabolism here observed
in the AD dementia group, it may be that an acceleration in
the decline in metabolism is specific to the dementia phase
of AD. It could then be speculated that an acceleration in
the decline of perfusion may then occur in more advanced
AD dementia, or that, alternatively, perfusion follows a
more or less continuous pattern of decline across the symp-
tomatic stages of AD.

The precise mechanisms governing the dissociation be-
tween perfusion and metabolism here observed are as yet un-
clear. Although Ab and tau have been shown to act in concert
to induce and potentiate synaptic damage, as reflected by
reduced glucose metabolism [38,39], and to alter brain
perfusion via effects on cerebral arteries and
microvasculature [40], these processes may progress accord-
ing to differing scales such that, while evolving in parallel,
the magnitude of changes in brain perfusion may supersede
that of glucose metabolism in the prodromal stage of AD.
The higher alignment of changes in perfusion and meta-
bolism in AD dementia patients may then reflect the cumu-
lative effects of these processes, a scenario strengthened by
the known downstream effects of Ab and the observation
that its deposition continues through mild-to-moderate AD
[41]. The finding of increased glial activation in prodromal
AD has also recently been hypothesized to exert a protective
effect, likely via clearance of Ab and tau [42,43]. The loss of
this protective phenotype with disease progression may
coincide with the significant decline in glucose
metabolism we observed in AD dementia subjects. Glial
activation is also reported to potentially contribute to
increases in metabolism [44], and thus a possible increase
in glial activation in the prodromal stage of AD may be
responsible for the observed attenuation in metabolic decline
[45].

The lack of significant regional increases in THK5317
DVR may reflect within group heterogeneity and conse-
quently high between-group overlap in regional tau burden
and rates of change. A recent longitudinal study that focused
on changes in tau pathology and metabolism using the same
study population indeed showed that regional tau load and pat-
terns of propagationdiffered substantially acrosspatients, sug-
gesting that patientswere at differingneuropathological stages
using the average test-retest repeatability of THK5317 perfusion measures is shown

(F), and THK5317 R1 and FDG SUVR (G). For the overlap between perfusion and

tially greater clinical applicability of p-SUVR due the fact that it does not require d

THK5317 R1. Abbreviations: DVR, distribution volume ratio; FDG, [18F]fluorodeo

dardized uptake value ratio; R1, ratio of tracer delivery in target to reference region

binarized parametric images.
with respect to tau pathology, despite the samediagnostic clas-
sification [24]. Furthermore, tau propagation at a group level
did not relate to metabolism, which was found to decrease in
a homogeneous fashion [24]. Voxelwise, however, we identi-
fied areas displaying increases in THK5317 in regions consis-
tent with Braak stages V/VI [46]; similar patterns of increase
were found between subgroups. The relative absence of over-
lap betweendeclining perfusion and increases in tau suggests a
lag phase between these processes [24]. Interestingly, compar-
isonofoverlapfindings between subgroups showed that the in-
crease in overlap between groups was due to the expansion of
the cluster for perfusion and not of tau.

The significance of discrepancies between perfusion mea-
sures is considerable given the favorability of p-SUVR in clin-
ical settings due the fact that, unlike R1, it does not require
dynamic imaging.Voxelwisemaps for annual change inperfu-
sion measures showed that these discrepancies were predom-
inant in the AD dementia group. A possible reason for the
overall discrepancy may be that p-SUVR represents a cruder
estimate of brain perfusion than R1 because it includes signal
from early binding to tau aggregates. Areas showing greater
decline with p-SUVR, relative to R1, however, did not overlap
with areas showing increased THK5317 DVR. This finding
may thus relate to the lower percentage value we adopted for
thresholding, as previous longitudinal findings using the
same tau tracer showed annual percentage change in tau below
our threshold in AD patients more advanced than those here
included [47]. Alternatively, these inconsistencies may relate
to differences in measurement variability as p-SUVR is
derived from two independent parameter estimates while R1

is derived directly as a single parameter [8]. Although the vari-
ance (interquartile range) we observed betweenmeasures was
indeed higher for p-SUVR isocortically, this pattern was not
present across all ROIs. While there have to date been no
studies addressing the longitudinal relationship between p-
SUVR and R1 using tau PET tracers, it may be that their suit-
ability, in terms of coupling to one another and to glucose
metabolism, may vary as a function of disease severity and,
possibly, brain region.

Certain methodological aspects, however, limit the inter-
pretation ofour findings. In addition to the comparatively short
follow-up time and variability in clinical progression across
patients, the relatively limited sample size did not allow for
detailed comparison of prodromal and AD dementia groups
using inferential statistics. Such analyses would likely have
provided additional information on the interrelationship be-
tween the measures here investigated. Furthermore, nonlinear
for THK5317 perfusion measures (E), THK5317 p-SUVR and FDG SUVR

THK5317 DVR (H), THK5317 p-SUVR was chosen because of the poten-

ynamic imaging and the fact that identical overlap was obtained when using

xyglucose; PET, positron emission tomography; p-SUVR, early-frame stan-

; THK5317, [18F]THK5317;
T
, overlap symbol indicating voxels shared by



Fig. 4. Subgroup-level annual percentage change maps for perfusion, metabolism, and tau. Surface projection images showing annual percentage change in

PETmeasures in prodromal AD andAD dementia patients: THK5317 p-SUVR (A), THK5317R1 (B), FDG SUVR (C), and THK5317DVR (D). Spatial overlap

of annual percentage change images binarized using the average test-retest repeatability of THK5317 perfusion measures is shown in prodromal AD and AD

dementia patients for THK5317 perfusion measures (E), THK5317 p-SUVR and FDG SUVR (F), and THK5317 R1 and FDG SUVR (G). For the overlap be-

tween perfusion and THK5317 DVR (H), THK5317 p-SUVR was chosen because of the potentially greater clinical applicability of p-SUVR due the fact that it

does not require dynamic imaging and the fact that identical overlap was obtained when using THK5317 R1. Images in panels (E–H) are in radiologic orien-

tation. Abbreviations: AD, Alzheimer’s disease; DVR, distribution volume ratio; FDG, [18F]fluorodeoxyglucose; PET, positron emission tomography; p-SUVR,

early-frame standardized uptake value ratio; R1, ratio of tracer delivery in target to reference region; THK5317, [
18F]THK5317;

T
, overlap symbol indicating

voxels shared by binarized parametric images.
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models were not included in our analyses. The use of such
models, particularly with larger sample sizes, would perhaps
have proved better suited to characterizing the trajectories of
perfusion, metabolism, and tau pathology in AD. Moreover,
while FDG SUVR has previously been validated against fully
quantitativemeasures of cerebral glucosemetabolic rate, it re-
mains a relativemeasure only; furthermore, there are as yet no
studies validating theuseofTHK5317p-SUVRandR1 against
absolute measures of brain perfusion, such as arterial spin
labelling MRI or [15O]water PET. Finally, incorporation of
markers of vascular pathology would have allowed for the
investigation of possible ties between this pathophysiological
process and the observed association between perfusion and
metabolism.

In conclusion, the partial spatial mismatch between
THK5317 perfusion measures and FDG SUVR here observed
using longitudinal data may be indicative of an altered paral-
lelism between perfusion and metabolism, possibly due to
variation in the spatiotemporal association of the underlying
processes as a function of AD disease severity. The complex
multifactorial basis of AD, characterized by different effects
ofAb, tau, glial activation, and neuroinflammation at different
stages of disease progression, may underlie the observed vari-
ation in the spatiotemporal trajectories of the functional bio-
markers investigated in this study. Already incorporated into
current thinking about AD biomarker dynamics [48–50],
this concept of spatiotemporally offset courses may likewise
account for the minimal overlap we observed between
changes in functional measures and THK5317 retention.
Additional, more adequately powered, longitudinal studies
enabling inferential statistics between prodromal and AD
dementia stages, as well as more varied diagnostic groups,
will be required to expand these findings and, in particular,
to delineate the conditions under which THK5317 perfusion
measures may prove suitable proxies for FDG PET.
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RESEARCH IN CONTEXT

1. Systematic review: Cross-sectional data from the
tau-specific positron emission tomography (PET)
tracer [18F]THK5317 suggest that [18F]fluorodeox-
yglucose PET data can be approximated using
perfusion measures (early-frame standardized uptake
value ratio and the ratio of tracer delivery in target to
reference regions). A single [18F]THK5317 study
could thus provide both metabolic and molecular
information. The longitudinal relationship between
[18F]THK5317 perfusion measures, glucose meta-
bolism, and [18F]THK5317 retention, however, has
not been investigated.

2. Interpretation: Our findings suggest a partial uncou-
pling between perfusion and metabolism, possibly
as a function of Alzheimer’s disease severity.
Further, the limited spatial overlap between longitu-
dinal changes in perfusion and [18F]THK5317 reten-
tion suggests that these processes may follow
spatiotemporally offset courses.

3. Future directions: Given the possible future clinical
use of tau PET, further studies aiming to better delin-
eate the conditions under which [18F]THK5317
perfusion measures may prove suitable proxies for
[18F]fluorodeoxyglucose PET are required.
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