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Abstract Relative quantitative analysis of amyloid plaque
burden in Alzheimer’s disease (AD) patients can be reported
as standardized uptake value ratio (SUVR) from positron
emission tomography (PET). Here, the SUVR is the ratio of
the mean amyloid radioligand retention in a composite
(COMP) neocortical volume of interest (VOI) to that in a
reference VOI, such as the cerebellum, brainstem (BST)/pons,
or white matter (WM). Some longitudinal PET investigations
show that the rate of amyloid accumulation to follow-up has
an inverted U relationship with baseline amyloid SUVR rela-
tive to cerebellar or brainstem/pons reference VOIs. The cor-
responding association with SUVR relative to WM is un-
known. To test the possible benefits of WM normalization,
we analyzed [18F]-AV45 PET data from 404 subjects in the
AD Neuroimaging Initiative (ADNI) database at baseline and
2-year follow-up (144 cognitively normal controls, 225 pa-
tients with mild cognitive impairment, and 35 AD patients).
Reference regions included subcortical WM as well as

conventional cerebellar gray matter (CBL), and BST. We test-
ed associations between each subject’s inter-session change
(Δ) of SUVR and their baseline SUVR by applying linear,
logarithmic, and quadratic regression analyses. Unscaled stan-
dardized uptake values (SUVs) were correlated between VOIs
at baseline and follow-up, and within VOIs in the longitudinal
run. The association between ΔSUVR and baseline SUVR
relative to WM reference was best described by an inverted
U-shaped function. Correlation analyses demonstrated a high
regional and temporal correlation between COMP and WM
VOI SUVs. For WM normalization, we confirm that the rate
of amyloid accumulation over time follows an inverted U-
shaped function of baseline amyloid burden. Reference region
selection, however, has substantial effects on SUVR results.
This reflects the extent of covariance between SUVs in the
COMP VOI and those in the various reference VOIs. We
speculate that PET labeling of amyloid deposition within tar-
get regions is partially confounded by effects of longitudinal
changes of cerebral blood flow (CBF) on tracer delivery.
Indeed, CBF may be the leading factor influencing longitudi-
nal SUV changes.We suggest that SUVR relative toWMmay
be more robust to changes in CBF, and thus fitter for sensitive
detection of amyloid accumulation in intervention studies.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder that accounts for the majority of dementia
cases worldwide; it is associated with the accumulation
of neurofibrillary tangles and ß-amyloid plaques in the
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brain together representing the core histopathological hall-
marks of AD [1]. The ß-amyloid load of individuals with
amnestic mild cognitive impairment (aMCI) and AD pa-
tients can now be selectively detected and quantified
in vivo by positron emission tomography (PET) with spe-
cific amyloid binding radioligands such as [18F]-AV45
[2–4]. Both their specificity for AD pathophysiology and
their sensitivity for detection of amyloidosis early in the
course of the disease, and even prior to onset of overt
clinical manifestations, have contributed to the burgeoning
role of amyloid PET as an AD biomarker for the diagnostic
work-up in clinical routine, and also in new disease-
modifying intervention studies [5].

Longitudinal PET imaging of AD patients with the prototype
tracer [11C]-PiB has revealed that the apparent rate of amyloid
accumulation over time follows an inverted U-shaped function
of the amyloid burden measured at baseline. This implies that
there is an early phase of rapid amyloid deposition, which de-
celerates later in the course of the disease, as absolute amyloid
load approaches a plateau [6, 7]. Absolute quantitation of amy-
loid by PET requires prolonged dynamic recordings in conjunc-
tionwith arterial blood sampling.Most clinical studies assess the
amyloid plaque burden in a relative quantitative approach; at
some established time after tracer administration, i.e., after
achieving secular equilibrium, a standardized uptake value ratio
(SUVR) is determined, defined as the ratio of PET ligand reten-
tion within a cerebral gray matter volume of interest (VOI) rel-
ative to that in a reference tissue assumed to be relatively spared
of amyloid plaque accumulation, so as to avoid bias. There
being as yet no clear consensus, SUVR has been calculated
relative to a reference VOI encompassing the whole cerebellum,
as described for [18F]-florbetapir [8, 9], a CBL template for the
case of [11C]-PiB [6, 7], [18F]-flutemetamol [10], and [18F]-
florbetaben [11], or the brainstem (BST)/pons as reported for
[11C]-PiB [12]. Recent work has suggested that the subcortical
white matter (WM) presents advantages as a reference VOI for
calculating SUVR in amyloid PET studies using [18F]-AV45, as
WM normalization gives less variable and more accurate mea-
surements in the longitudinal run [13, 14] with relatively low
group variability [15]. Together, these properties give improved
discrimination between healthy elderly, clinically ambiguous
cases of aMCI, and genuine AD [15].

The inverted U-shaped association between the rate of am-
yloid accumulation over time and the amyloid burden at base-
line examination has been documented in [11C]-PiB PETstud-
ies with SUVR calculation relative to cerebellar cortex [6, 7]
and pons [12]. Since a predictable time course of amyloid
accumulation is a precondition for longitudinal studies with
disease-modifying treatments, it is important to establish if the
inverted U-shaped time course is a general phenomenon.
Therefore, we have undertaken an exploratory longitudinal
study of [18F]-AV45 data with SUVR calculation relative to
several reference regions, including WM.

Methods

Alzheimer’s disease neuroimaging initiative

Data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) da-
tabase (adni.loni.usc.edu). The ADNI was launched in 2003
as a public-private partnership, led by principal investigator
Michael W. Weiner, MD. The primary goal of ADNI has been
to test whether serial magnetic resonance imaging (MRI),
PET, other biological markers, and clinical and neuropsycho-
logical assessment can be combined to measure the progres-
sion of mild cognitive impairment (MCI) and early AD. Data
from ADNI-GO/-2 were included in this work. Pre-processed
brain [18F]-AV45-PET images and temporally corresponding
T1-weighted magnetization prepared rapid gradient echo
(MPRAGE) images were downloaded from the ADNI data-
base as available on Jan 16th, 2015. Further details are pro-
vided in the Supplemental Information (SI) section.

Subjects

Molecular and structural longitudinal imaging data was ob-
tained from 404 subjects from ADNI-GO and ADNI-2, as
available on Jan 16th, 2015. All had undergone [18F]-AV45-
PETand structural (T1-weighted MPRAGE)MRI of the brain
at baseline and at a follow-up session 2 years later. The pooled
study group was composed of 144 cognitively normal con-
trols, 225 patients with aMCI, and 35 patients with AD (see
Table 1 for detailed demographic data).

Statistical analysis of demographic data

A multivariate analysis of variance (MANOVA) was performed
in order to test the variables ADAS score at baseline, age,
APOE4 status, length of education, and the time interval be-
tween sessions for statistical between-group comparisons;
APOE4 status was scored as 1 or 2 copies of the APOE ε4 allele,
or 0 (no APOE ε4 allele). Post-hoc analyses were performed
with the Tukey’s honest significant difference test. Fisher’s exact
test was applied to test between-group gender differences.

Processing of image data

ADNI-specific [18F]-AV45-PET and MRI acquisition param-
eters and pre-processing steps are described in the SI section.
The processing of the ADNI MRI and PET data including
quality control procedures was performed as previously de-
scribed in detail by Brendel et al. [15]. In brief, T1-weighted
MRI data were transferred into the Montreal Neurological
Institute (MNI) standard space and, after skull stripping, seg-
mented into gray matter, WM, and cerebrospinal fluid (CSF).
The segmented gray matter of each subject was subdivided
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into 83 individual supra- and infratentorial VOIs according to
the atlas of Hammers [16]; individual gray matter VOIs of
frontal, parietal, and temporal cortices as well as the
precuneal/posterior cingulate gyrus were conjoined to form a
composite (COMP) VOI, which was used for the calculation
of individual standard uptake values (SUVs). Individual WM
VOIs were generated by the automatic segmentation process
mentioned above [15]. Each MRI-derived VOI was trans-
ferred from the MNI standard space into the native PET space
of each subject by applying inverse linear and nonlinear trans-
formations. We tested three reference regions for SUV deter-
mination, i.e., the gray matter-segmented cerebellum (CBL),
the BST, and the cerebral WM. SUVRs were determined by
dividing the mean COMP SUV by the mean reference SUVs,
thus yielding three different SUVRs for each subject and ses-
sion (i.e., COMP/CBL, COMP/BST, and COMP/WM). Since
progressive atrophy is a potential confounder in longitudinal
analyses, we implemented a partial volume effect (PVE)-
corrected COMP configuration to calculate COMP_PVEC/
WM SUVRs in order to adjust for possible cortical atrophy
which was manifest to volumetric MRI (see SI section for
further details).

Association between ΔSUVR and baseline SUVR

The relationship between each subject’s absolute inter-session
change (Δ) of SUVR at 2-year follow-up and their own base-
line SUVR was investigated by applying linear, logarithmic,
and quadratic regression analyses as implemented in SPSS
(SPSS Version 23, IBM SPSS Software, IBM, Armonk, NY,
USA); regression analyses were applied to the SUVR data of
all (404) subjects calculated with each of the three quantifica-
tion methods. To normalize for minor individual deviations
from the mean 730-day interval between scanning, individual
changes in SUVR were scaled by the formula:

ΔSUVR ¼ SUVR follow up−SUVR baselineð Þ
days between baseline and follow−upð Þ *730

In cases giving several statistically significant fits
(p < 0.05), the best fitting model was identified by applying
the Akaike information criterion (AIC) [17]. Age, gender,
years of education, and APOE4 status was included as covar-
iates in the regression analyses.

In addition, we characterized the association between
ΔSUVRs and SUVRs at baseline across all quantification
methods by grouping ΔSUVRs into quartiles according to
the corresponding SUVR at baseline; in so doing, we calcu-
lated the number of decliners, i.e., subjects in whom SUVR
decreased from baseline to follow-up (= negative ΔSUVRs),
per baseline SUVR quartile for each quantification method.
We also calculated the absolute number of negative ΔSUVRs
per method.

SUV characteristics

Amajor objective of this study was to define optimal standard
methods for SUVR-based quantitation of longitudinal chang-
es in uptake of the amyloid tracer [18F]-AV45. This necessar-
ily entails identifying the sources of bias for SUVR determi-
nation using different quantitation methods. For this purpose,
we investigated the characteristics of the underlying SUVs by
the following methods: First, we determined mean SUVs and
the dispersion of SUV data by means of standard deviation
(SD) for each VOI and session; this analysis was also per-
formed for longitudinal %changes (%Δ) of SUVs. Next, we
correlated the baseline and follow-up COMPSUVswith those
derived from the reference VOIs. In addition, we tested the
relationship between %Δ SUVs derived from the COMP VOI
with those derived from the reference VOIs. For all correlation
analyses, we used the Pearson correlation.

Volume analyses

Potential differences in VOI volumes of COMP, CBL, and
WM across sessions were examined by applying a pairwise t
test. BST volumes were not tested due to a mask-based ap-
proach for SUVextraction in this case.

Correlations with the ADAS-Cog13

Clinical ratings included the 13-item version of the AD
Assessment Scale Cognitive Subscale (ADAS-Cog13), and
were downloaded from the ADNI database. Pearson correla-
tions were calculated between ADAS-Cog13 and imaging
parameters at baseline as well as in the longitudinal run.

Table 1 Demographic data of participants enrolled in the current study
as stated by the ADNI database

Group CN MCI AD

N (female) 144 (68) 225 (105) 35 (17)

Mean age ± SD in years 75.5 ± 6.6 71.4 ± 8.0 76.4 ± 7.4

N of APOE ε4 carriers (%) 38 (26%) 98 (44%) 26 (74%)

Follow-up duration ± SD in days 727 ± 62 739 ± 82 733 ± 84

Mean ADAS ± SD at baseline 9.0 ± 4.4 13.5 ± 5.4 30.1 ± 10.8

Mean education ± SD in years 16.5 ± 2.8 16.2 ± 2.7 15.7 ± 2.8

CN: cognitively normal controls; MCI: patients with mild cognitive im-
pairment; AD: patients with Alzheimer’s disease; APOE ε4: carriers of at
least one copy of the ε4 allele of the apolipoprotein gene. ADAS:
Alzheimer’s Disease Assessment Scale
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Results

Demographic data

ADAS and APOE4 status significantly differed between
groups (F[2401] = 172.20 and F[2401] = 19.80; p < 0.001);
age was significantly lower in MCI patients (71.4 ± 8.0 years)
than in CNs (75.5 ± 6.6 years) and AD patients (76.4 ±
7.4 years; p < 0.001). There were no statistically significant
between-group differences in years of education, gender, or
the inter-session time interval (p > 0.05).

Association between ΔSUVR and baseline SUVR

There was no significant (p > 0.05) association between
ΔSUVR and baseline SUVR for data calculated with
COMP/CBL (Fig. 1a). In the case of COMP/BST, the AIC
calculation suggested that a quadratic regression was the best
of the tested models for describing this association (Fig. 1b).
The fitting line of the quadratic regression had an inverted U
shape, meaning that ΔSUVR (our index of amyloid deposi-
tion) accelerated in those cases with low baseline SUVR, but
that this function reached a maximum, and thereafter de-
creased for those with baseline SUVR exceeding a certain
threshold; note that the fitting line, including the 95% confi-
dence interval (CI), was negative for cases of very high base-
line SUVRs, suggesting a longitudinal decrease in the amy-
loid burden in such individuals. Baseline SUVR level and the
APOE4 status were both independent risk factors predicting
SUVR changes to follow-up (p < 0.001). The AIC also fa-
vored a quadratic fit with an inverted U shape for COMP/
WM (Fig. 1c); in this case, however, the fitting line did not
indicate any declines in ΔSUVR below zero (fitting line and
CI >0); here, only the APOE4 status was an independent risk
factor for future SUVR increases (p < 0.001).

There were no statistically significant associations between
ΔSUVR and gender or years of education for any of the quan-
titation methods (p > 0.05).

We also found that the distribution of data as visualized
in Fig. 1 substantially varied across quantitation methods.
Data points for ΔSUVR were more clustered within the 1st

and 2nd quartiles of the corresponding baseline SUVR
levels in the cases of COMP/CBL and COMP/BST (in
the range of 80–91%) compared with COMP/WM (67%,
Table 2). Moreover, the SUVRs were more likely to show
decreases over time when calculated with the combinations
COMP/CBL and COMP/BST compared to COMP/WM.
More specifically, there were 170 decliners for the combi-
nation COMP/CBL, 144 for COMP/BST, and 131 for
COMP/WM. Relatively high numbers of decliners
(>50%) were found for the 4th quartile of baseline
SUVRs in the cases of COMP/CBL (11/17) and COMP/
BST (2/2). Note in that context, that an asymmetric data set

with clustering of ΔSUVRs towards lower baseline SUVR
levels in combination with a relatively high percentage of
SUVR decliners at high baseline SUVRs will generally
favor an inverted U-shaped curve, as observed for
COMP/BST. The portion of 4th quartile SUVR decliners
was generally lower when WM was used for normalization
(14/44, Table 2), a finding that is consistent with the ob-
servation that the fitting line in this case did not indicate
any longitudinal decline of amyloid load in those subjects
with initially high SUVR levels.

SUV characteristics at baseline and follow-up

To further understand the reasons for the differences in fittings
across quantitation methods, we additionally examined the un-
derlying SUVs in more detail. We found that VOI SUVs were
significantly higher for BSTandWM compared to COMP both
at baseline and follow-up; significantly lower results were ob-
tained for CBL (p < 0.001 each, Table 3). Dispersion of SUVs
was highest for the COMPVOIs both at baseline and follow-up
(19% & 20%, respectively; Table 3). Lower SUV dispersion
was generally obtained for the reference VOIs, in particular for
CBL (5% as opposed to 12–14% for BST and WM; Table 3).
From these data, it is inferred that the impact on SUVR deter-
mination substantially differed across reference VOIs with a
low impact of CBL and a substantially higher impact of BST
and WM. This context is visualized in Fig. 2.

In line with the findings observed in Fig. 2, we found high-
ly significant correlations between COMP and WM SUVs at
baseline and follow-up (r = 0.78, r = 0.79; p < 0.001), suggest-
ing the presence of a coupling between these regions; corre-
lations were also statistically highly significant (p < 0.001) but
substantially lower between COMP and CBL (r = 0.46, r =
0.47) and between COMP and BST (r = 0.36, r = 0.37).

SUV characteristics in the longitudinal run

Longitudinal SUV changes were highest for the COMP VOI
(2.03% ± 8.40%). For the reference VOIs, SUV changes—and,
thus, the impact onΔSUVR—ranged from 0.48% ± 2.72% for
CBL to 0.66% ± 8.41% for BST and 1.07% ± 9.44% for WM.
Thus, the main impact on SUVR changes over time resulted
from SUV changes within the COMP VOI. However, contri-
bution of reference VOIs on ΔSUVRs substantially varied
across quantitation methods and, in case of BST and WM,
influencedΔSUVRs to a relevant extent, as illustrated in Fig. 3.

Longitudinal SUV changes within the COMP VOI in
general demonstrated moderate to high correlations with
those within the reference VOIs (p < 0.001). The highest
correlations were found between COMP and WM (r =
0.94); lower correlations existed between COMP and
BST (r = 0.85), and between COMP and CBL (r = 0.66).
These data show that ΔSUVs from the COMP VOI were
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more likely to be paralleled by similar ΔSUVs within the
WM VOI compared to that within BST and CBL.

Volume analyses

Volumes of COMP (baseline: 482 ± 41 cm3; follow-up: 474 ±
44 cm3), CBL (baseline: 127 ± 9 cm3; follow-up: 126 ±
9 cm3), and WM (baseline: 394 ± 42 cm3; follow-up: 385 ±

44 cm3) significantly decreased between sessions by an aver-
age of 1.66%, 1.22%, and 2.28%, respectively (p < 0.001).

Correlations with ADAS-Cog13

The ADAS-Cog13 data were present for all 404 subjects at
baseline and for 391 subjects both at baseline and follow-up.
There were highly significant correlations (p < 0.001) between
ADAS-Cog13 scores and SUVRs across all quantification

Fig. 1 Absolute change (Δ) of SUVR over a 2-year period (ordinate)
plotted as a function of individual baseline SUVR (abscissa) for all sub-
jects, calculated for a composite (COMP) cerebral graymatter VOI scaled
by cerebellar gray matter (CBL, a), brainstem (BST, b), and white matter
segmentations (WM, c) as reference regions. The solid line represents the

best of the several fittings for COMP/BSTandCOMP/WM. There was no
significant association between ΔSUVR and baseline SUVR for
COMP/CBL. The dotted lines represent the 95% confidence intervals
(CI) of the regression lines

Table 2 Distribution of ΔSUVRs across baseline SUVR quartiles

Q1 Q2 Q3 Q4 Q1–Q4

N (%) of ΔSUVRs [N of negative ΔSUVRs] COMP/CBL 150 (37%) [53] 174 (43%) [82] 63 (16%) [24] 17 (4%) [11] 404 [170, 42%]

COMP/BST 254 (63%) [102] 112 (28%) [23] 36 (9%) [17] 2 (1%) [2] 404 [144, 36%]

COMP/WM 161 (40%) [61] 108 (27%) [41] 91 (23%) [15] 44 (11%) [14] 404 [131, 32%]
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methods at baseline; the highest correlations were obtained for
COMP/WM (r = 0.46) and COMP/BST (r = 0.47), the lowest
for COMP/CBL (r = 0.41).

In the longitudinal run, the association between imaging pa-
rameters and clinical data substantially dropped: correlations be-
tween changes (Δ) of ADAS-Cog13 scores and SUVRs were

Fig. 2 The graphs A–C demonstrate the distribution of COMP VOI
SUVs and the corresponding reference VOI SUVs (ordinate) as a func-
tion of SUVR (abscissa) for each quantitationmethod. Data are shown for
the baseline session; similar findings were obtained at 2-year follow-up
(not shown here). The solid and dotted lines represent linear fits (p < 0.05)
of the SUV data for a simplified illustration of the association between
COMP and reference VOIs. Note the differences in the impact of SUVs
on SUVR determination across quantification methods. The lowest

impact of a reference VOI (and thus the highest of the COMP VOI)
was given for COMP/CBL (a). In the case of COMP/BST, there was a
divergence between COMP and BST SUVs in the sense that high SUVRs
were produced by high COMP SUVs and low BST VOI SUVs and vice
versa (b). Higher COMP SUVs were accompanied by higher reference
VOI SUVs when WM was used for normalization suggesting that WM
had an attenuating effect on SUVR (c)

Table 3 Mean COMP and
reference VOI SUVs ± SD at
baseline and follow-up

Quantitation method Session

Baseline SUV Follow-up SUV

COMP VOI REF VOI COMP VOI REF VOI

COMP/CBL 1.37 ± 0.26 (19%) 1.03 ± 0.05 (5%) 1.40 ± 0.28 (20%) 1.03 ± 0.05 (5%)

COMP/BST 1.60 ± 0.19 (12%) 1.60 ± 0.20 (12%)

COMP/WM 1.93 ± 0.25 (13%) 1.94 ± 0.27 (14%)

SD is given in absolute numbers and in % for the purpose of normalization across VOIs (in parentheses)
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statistically significant for COMP/WM (r = 0.11; p < 0.05), but
not for COMP/CBL or COMP/BST (r = 0.04 each, p > 0.05).

Results for the COMP_PVEC/WM method are described
in the SI section.

Discussion

Recent studies have demonstrated that WM may constitute an
advantageous reference region for longitudinal analyses with
the amyloid PET ligand [18F]-AV45, as it gives longitudinally
more stable results in the normalized tracer uptake (SUVR)
compared to commonly applied infratentorial VOIs such as
whole cerebellum or BST/pons [13–15]. Based on these re-
ports, we availed ourselves of the multi-center ADNI database

to investigate the association between the apparent rate of am-
yloid accumulation over a 2-year period and the baseline amy-
loid burden. Earlier PET studies with [11C]-PiB, the prototypic
amyloid tracer, reported that this relationship follows an
inverted U-shaped function when infratentorial brain structures
are used for tracer uptake normalization [6, 7, 12]. For the
current study, we scaled uptake of [18F]-AV45 to WM, and—
for the purpose of comparison—to CBL and BST. Analyses
were conducted using ADNI data from 144 cognitively normal
controls, 225 aMCI patients, and 35 patients with AD.

Association between ΔSUVR and baseline SUVR

Our findings confirm an inverted U-shaped relationship
between apparent amyloid accumulation rate over time

Fig. 3 The graphs A–C illustrate the associations between %Δ COMP
VOI SUVs and the corresponding %Δ reference VOI SUVs (ordinate) as
a function ofΔSUVR (abscissa) for each quantitation method. Values <0
on the abscissa indicate SUVR decliner between sessions, those >0
SUVR incliner. The solid and dotted lines represent linear fits
(p < 0.05) of the %Δ SUV data and indicate the trend of SUV changes
over time. Given the relative stability of CBL SUVs over time, the lowest

impact of a reference VOI (and thus the highest of the COMP VOI) on
ΔSUVR is present for COMP/CBL (a). For COMP/BST, SUVR changes
result from divergent SUV changes within the COMP and the reference
VOI (b). In case of COMP/WM, longitudinal SUVR increases predom-
inantly result from SUV declines within the COMP VOI that are
paralleled by even stronger SUV declines within the reference VOI; the
opposite is true for SUVR declines (c)
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and baseline amyloid load in case of WM normalization.
An inverted U-shaped relationship was also found for the
quantification method COMP/BST; however, here, the
fitting line implied a washout of amyloid in the longitudinal
run at an advanced disease stage, which contradicts the
hypothesis that brain amyloid load eventually reaches a
plateau [6]. No statistically significant association between
amyloid accumulation rate over time and baseline amyloid
load was present for COMP/CBL.

The differences in association between apparent amy-
loid changes over time and amyloid burden at baseline
were based on different distributions of ΔSUVRs and
baseline SUVRs across quantitation methods; this includes
the observation that the number of—physiologically less
plausible—decliners, i.e., cases in whom the apparent
[18F]-AV45 binding declined to follow-up, varied across
methods, especially with regard to the distribution across
baseline SUVR quartiles. The fewest decliners (in total)
were seen for WM, which confirms previous reports of
fewer decliners with WM scaling as opposed to cerebellum
or pons reference regions [13, 14]. It follows that reference
region selection can substantially influence the association
between apparent amyloid accumulation rate over time and
baseline amyloid burden, at least in the case of [18F]-AV45
(and probably also for other amyloid PET tracers).

Association between SUVs at baseline and follow-up

But, what may be the factors accounting for the differences in
association between longitudinal SUVR changes and SUVRs
at baseline across quantification methods? Our results demon-
strate that at baseline and follow-up, there are specific differ-
ences in the relative contribution of COMP and reference VOI
SUVs to SUVRs. In detail, we found that the magnitude of
SUVRs was almost completely determined by the COMP
SUV when CBL was used for normalization; in comparison,
there was a substantially lower contribution of the COMP
SUVs (and thus a higher contribution of the reference VOI
SUVs) on SUVRs when normalization was performed with
BST and especially WM reference regions, a finding that can
be linked to the well-known fact that binding of [18F]-AV45 to
myelin is high. Our results also show a high degree of associ-
ation between COMP and WM VOI SUVs—which is higher
than that between COMP and the remaining reference VOI
SUVs—implying some functional coupling between these re-
gions that persists from baseline to follow-up scanning; this
inter-regional coupling may explain the more uniform distri-
bution of ΔSUVRs as a function of baseline SUVRs when
WM VOI was used for normalization (Fig. 1) as at any given
time outlier cortical SUVs are more likely to be paralleled by
outlier SUVs in the WM VOI (and vice versa).

We can only speculate about the physiological basis for this
coupling between COMP andWMVOIs. Spill-over of the PET

signal between both regions may have substantially accounted
for it. However, some (lower) associations also existed between
COMP and infratentorial VOI SUVs, which, due to their dis-
tance, are unlikely to be caused by spill-over effects. Thus,
additional factors may also play an important role, too. One
of these factors is the global CBF, which underlies radioligand
delivery to the brain. We have earlier shown that a surrogate
marker for CBF biased estimation of the specific binding of the
dopamine receptor ligand [18F]-fallypride [18]. More pertinent-
ly, a study reported highly correlated regional relationships be-
tween the relative delivery of the amyloid tracer [11C]-PiB and
the relative 15O-water delivery, a direct surrogate for CBF [19].
Thus, the exceptionally high coupling between COMP and
WM SUVs may be additionally caused by CBF effects given
that the neocortex and its subjacent WM have a common vas-
cular supply, thus increasing the correlation between COMP
and WM tracer delivery. A distinct perfusion of CBL and
BST, on the other hand, may explain the lower association
between COMP and infratentorial VOI SUVs.

Association between VOI SUV changes in the longitudinal
run

We found substantial differences in the relative contribution of
reference VOI SUV changes to ΔSUVRs across quantitation
methods: ΔSUVRs were mainly determined by SUV changes
within the COMP VOI in the case of COMP/CBL; in contrast,
there was a substantially higher impact of reference regions on
ΔSUVRs when BST and WM were applied. Moreover, longi-
tudinal SUV changes within the WM reference tissue showed
the highest correlations with those within the COMP VOI sug-
gesting the existence of a functional coupling between the neo-
cortex and the subjacent WM also in the longitudinal run.
Again, we can only speculate about the physiological basis
for this finding. Given that CBF changes are known to occur
in aMCI and AD patients with disease progression [20–22],
CBF effects—beside PET signal spill-over—may again consti-
tute a relevant confounder. In this regard, van Berckel et al.
demonstrated in a [11C]-PiB study that SUVR in AD patients,
when determined with the cerebellum for normalization, is sen-
sitive to longitudinal changes of CBF, resulting in increased
between-subject variability, especially at follow-up examina-
tions; they link their observation to a longitudinal decrease in
tracer delivery to cortical structures relative to the cerebellum
due to a reduction in cortical perfusion during the progression
of AD [23]. Their explanation is generally plausible as the
cerebral cortex is the initial and most affected locus of amyloid
pathology, whereas the cerebellum (following the BST) is the
last to develop Aβ plaques in the course of AD [10]. From this
point of view, the temporal coupling in [18F]-AV45 SUV be-
tween COMP andWMmay—given the common vascular sup-
ply–be in part driven by similarities in perfusion-dependent
changes in tracer delivery across these two regions; in contrast,
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the reduced association of SUV changes between COMP and
infratentorial VOIs may reflect differing changes of relative
tracer delivery across these compartments between sessions.

A high degree of temporal CBF and, therefore, SUV cou-
pling between COMP and WM would explain the lower num-
ber of negativeΔSUVRs for COMP/WM as decreasing COMP
SUVs due to a reduction in perfusion are more likely to be
counterbalanced by decreasing SUVs in the subjacent WM.
Although we have no surrogate marker for CBF changes in
the present follow-up amyloid PETstudy, we think it is plausible
that longitudinal CBF decreases in the cortex enhance the crea-
tion of spurious SUVR decreases over time when infratentorial
regions are applied for normalization, as perfusion decreases in
the cortex are imperfectly matched by corresponding changes in
the brainstem and especially in the cerebellum. From this it
would follow that the increased percentage of SUVR decliners
for the 4th quartile of baseline SUVRs in the cases of COMP/
CBL and COMP/BST does not represent true changes in the
specific tracer binding within the cortex and thus a washout of
cortical amyloid burden but rather perfusion decreases.

Correlations with ADAS-Cog13

In the longitudinal run, changes of ADAS-Cog13 scores and
SUVRs were statistically significant only for COMP/WM. This
finding is comparable with a prior work of Chen et al. who
reported significant correlations between SUVR increases and
clinical declines for WM referencing only, but not for the cere-
bellum or the pons [14]. The improved association between clin-
ical data and imaging parameters suggests that PET signal nor-
malization based onWMmay represent amore realistic image of
the progression of brain amyloidosis. This finding corroborates
the theory that compensating for cortical flow changes in the
longitudinal run is of particular importance for SUVR determi-
nation. Moreover, it weakens the support for inter-regional PET
signal spill-over as the predominant factor for the observed
COMP/WM coupling given that substantial spill-over effects
should tend to decrease the validity of the SUVR and thus of
the association between SUVR and clinical data.

The use of a PVE-corrected COMP VOI scaled by WM

The PVE-corrected data showed some important differences
in comparison with the PVEC-free COMP/WMmethod. First,
we observed that the already low total number of SUVR de-
cliners for COMP/WM (131 or 32%) further decreased for
COMP_PVEC/WM (101 or 25%); there was also a relatively
lower proportion of SUVR decliners for the 4th quartile of the
corresponding baseline SUVR levels (4/18). The decreased
number of SUVR decliners was associated with greater in-
creases for COMP_PVEC SUVs over time, which propagated
to a higher impact of the COMP_PVEC configuration on the
corresponding ΔSUVRs. Accordingly, the association

between ΔSUVR and baseline SUVR was best characterized
by a logarithmically increasing function in this case, a finding
that does not necessarily conflict with a U-shaped association,
but may rather indicate that increasing cortical amyloid bur-
den persists for a longer period before it eventually stops. We
attribute this difference in association between ΔSUVR and
baseline SUVR as a consequence of the correction for pro-
gression of cortical atrophy [24], which was indeed found to
be significant between sessions in the current study popula-
tion. Second, in comparison with COMP/WM, the coupling
between COMP_PVEC and WM SUVs decreased within
each session (baseline: r = 0.78 to r = 0.56; follow-up: r =
0.79 to r = 0.57), and also over time (r = 0.94 to r = 0.67).
This is consistent with the expectation that signal spill-over
between the cortex and subjacent WM indeed influenced the
PVEC-free analysis. Nonetheless, the degree of inter-regional
coupling remained relatively high after the correction (corre-
lations between COMP_PVEC and CBL/BST decreased to r
< 0.20, data not shown here), further supporting the notion
that inter-regional changes in perfusion and tracer delivery
effects may be of substantial importance. Third, correlations
with ADAS-Cog13 increased for COMP_PVEC/WM, espe-
cially in the longitudinal run, demonstrating that correction of
COMP SUVs for progressive atrophy may substantially im-
prove the association between SUVR-based quantification of
amyloid burden and cognitive performance.

Limitations

We used a standard PET imaging protocol with acquisition dur-
ing 50–70min after [18F]-AV45 application. Our hypothesis that
CBF changes have a substantial effect on the measured SUVs
and thus on the association between ΔSUVR and SUVR at
baseline could be tested through complete dynamic PET acqui-
sitions, with initial tracer uptake/delivery serving as a surrogate
for CBF. The realization of such an approach, however, is hardly
feasible in case of large-scale multi-center studies.

The progression of atrophy of brain structures observed in
all tested VOIs in the current study emerges as a significant
factor in semi-quantitative analyses of amyloid burden. We
show that PVEC of the COMP VOI, which accommodates
the cortical atrophy, has a substantial effect on the results. In
this context, it will be of great importance for future research
to extend the use of atrophy correction also to reference re-
gions includingWM,which should afford a better understand-
ing of the definitive association between longitudinal SUVR
changes and SUVR at baseline.

We note that cerebral binding of the moderately lipophilic
[18F]-AV45 in WM has been reported to be a predominantly
non-specific process [2, 4, 13]. However, there may also be a
specific binding component, possibly to amyloid, in lipid-rich
WM regions [25]; when present, this component would addi-
tionally bias the apparent association between COMP and
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WM SUVs. However, the presently available data analysis
methods do not support a rigorous examination of the conse-
quences of this possible factor for the quantitation of amyloid
burden in the cortex. Finally, present PET results with [18F]-
AV45 may not be directly comparable to earlier reports with
[11C]-PiB, especially given the differing proclivities of that
tracer for non-specific binding in WM.

Conclusion

The current work shows that the association between the rate of
amyloid accumulation over time and the baseline amyloid burden
follows an inverted U-shaped time course forWMnormalization
with [18F]-AV45. However, reference region selection is of para-
mount importance on this association, which is a key issue in
designing longitudinal intervention studies. We find regional and
temporal correlations in [18F]-AV45 SUVs, which are more pro-
nounced between COMP and WM than between COMP and
CBL/BST VOIs. We attribute this coupling mainly to tracer de-
livery effectsmediated by perfusion, especially in the longitudinal
run. Due to the plausible covariance of CBF in the cortical mantle
and underlyingWM,we suggest that SUVR relative toWMmay
be more robust to changes in CBF and thus fitter for sensitive
detection of amyloid accumulation in intervention PET stud-
ies with [18F]-AV45. This hypothesis seems to be corroborat-
ed by an improved association between imaging and clinical
data. Our results for the PVE-corrected data do not contradict
the inverted U-shaped association, but rather imply that ad-
justment of SUV measurements for atrophy is beneficial for
quantitation, and should certainly be further elucidated in
future studies.
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