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Knowledge about spatial and temporal patterns of b-amyloid (Ab)
accumulation is essential for understanding Alzheimer disease (AD)

and for design of antiamyloid drug trials. Here, we tested whether

the regional pattern of longitudinal Ab accumulation can be pre-

dicted by baseline amyloid PET. Methods: Baseline and 2-y follow-
up 18F-florbetapir PET data from 58 patients with incipient and man-

ifest dementia due to AD were analyzed. With the determination of

how fast amyloid deposits in a given region relative to the whole-
brain gray matter, a pseudotemporal accumulation rate for each

region was calculated. The actual accumulation rate of 18F-florbetapir

was calculated from follow-up data. Results: Pseudotemporal mea-

surements from baseline PET data explained 87% (P , 0.001) of the
variance in longitudinal accumulation rate across 62 regions. The

method accurately predicted the top 10 fast and slow accumulating

regions. Conclusion: Pseudotemporal analysis of baseline PET im-

ages is capable of predicting the regional pattern of longitudinal Ab
accumulation in AD at a group level. This approach may be useful

in exploring spatial patterns of Ab accumulation in other amyloid-

associated disorders such as Lewy body disease and atypical forms
of AD. In addition, the method allows identification of brain regions

with a high accumulation rate of Ab, which are of particular interest for

antiamyloid clinical trials.
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PET with amyloid tracers is an accurate tool for in vivo mea-
surement of neuritic b-amyloid (Ab) plaques, a pathologic hall-
mark of Alzheimer disease (AD) (1). Beside typical AD, a
significant amount of Ab deposition was found in patients with
Lewy body disease (2), atypical forms of AD, and mixed de-
mentia (3). Importantly, Ab plaques do not affect the brain
uniformly. Rather, they accumulate particularly in the frontal,
parietal, and temporal cortices (4–6). These are commonly ac-

cepted as AD-typical regions for Ab accumulation (7). Conse-
quently, they are commonly treated as target regions in antiamy-
loid drug trials (4,8–10).
Knowledge about regional pattern of Ab accumulation is essen-

tial for understanding AD and Ab-associated dementing disorders
as well as for the design of antiamyloid drug trials. A repeated
amyloid PET scan of the same subject over time is an ideal way to
acquire such data. However, large-scale PET studies are expensive
and subject to radiation exposure, especially when individuals
with mild disease are involved. Realization of such studies is even
more problematic in rare as compared with (typical) AD disorders
such as in Lewy body disease and atypical forms of AD. In line
with this view, no longitudinal PET studies in these Ab-associated
disorders have been published so far.
Here, we tested whether baseline amyloid PET data predict the

regional pattern of longitudinal Ab deposition in AD using a
pseudotemporal image analysis. If effective, such an approach
could provide preliminary information on spatiotemporal patterns
of Ab deposition in other Ab-associated disorders.

MATERIALS AND METHODS

Participants

The data were obtained from the Alzheimer Disease Neuroimaging
Initiative (ADNI) database (ida.loni.usc.edu). The ADNI study was

approved by institutional review boards of all participating centers,
and written informed consent was obtained from all participants or

authorized representatives. Considered were all patients with incipient
and mild dementia due to AD, for whom structural MRI, baseline, and

2-y follow-up (FU) 18F-florbetapir PET scans were available. Subjects
with incipient AD were those diagnosed with late mild cognitive

impairment at the time of baseline florbetapir scanning but who
converted to dementia due to AD within 2 y of FU. To ensure the

presence of AD pathology, only patients with an amyloid-positive

PET scan at baseline were included (11). Inclusion of clinically
manifest patients with AD resulted in a homogeneous dataset in

respect to both clinical phenotype and underlying pathology. Ab
positivity was determined according to the SUV ratio (SUVR)

in AD-typical regions with a threshold of greater 1.11 as described
elsewhere (7) and on the ADNI website (ida.loni.usc.edu). In par-

ticular, SUVR in the AD-typical regions was calculated by creat-
ing a conventional average across the frontal, anterior/posterior

cingulate, lateral parietal, and lateral temporal regions and divid-
ing by the value in the whole cerebellum. Thus, of 69 initially

selected patients, 59 were Ab-positive. After exclusion of 1 sig-
nificant outlier (Grubbs’ test (12); Graph-Pad Software), 58 pa-

tients remained for further analyses (Fig. 1). The outlier was a
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subject with a 40% reduction in SUVR at FU as compared with

baseline PET. To explore potential influence of the apolipoprotein
E e4 (APOE e4) status, age, and sex on results, subgroup analyses

were performed.

Image Data Acquisition and Analysis

Details on image acquisition are given elsewhere (http://adni-info.
org). Briefly, PET data were acquired at 50–70 min after injection as

4 · 5 min frames. Images were realigned, averaged, resliced to a com-
mon voxel size (1.5 mm3), and smoothed to a common resolution of

8 mm3 in full width at half maximum.
Images were analyzed using the PMOD PNEURO tool (version

3.5; PMOD Technologies). First, PET images were rigidly
coregistered to the corresponding MR images. Then, individual

MR images were nonlinearly coregistered to the standard
MRI template in the Montreal Neurologic Institute (MNI) space.

Finally, registration parameters were applied to corresponding PET

images. Individual T1-weighted MR images were segmented into
gray matter (GM), white matter, and cerebrospinal fluid (13) to gen-

erate a total of 83 volumes of interest (14). Of 83 volumes of interest,
74 were GM regions. Of these, 62 regions with a volume above 1

cm3, that is, 2 · full width at half maximum, were included in the
final analyses.

A volume of interest–based correction for

partial-volume effects was performed (15).
Regional SUVR was calculated as ratio of

florbetapir uptake in each region to that in
white matter (16,17). SUVR in whole-brain

GM was calculated as a volume-weighted
mean value of 62 GM regions, likewise in-

tensity normalized to white matter.

Pseudotemporal Image Analysis

Sixty-two regional SUVR values from
the baseline 18F-florbetapir PET were used

for the pseudotemporal analysis. Specifi-
cally, subjects were ranked according to

their SUVR in whole-brain GM (SUVR-GM),
resulting in an across-subject waveform

for each region (18). For a given region r,
the SUVRs for n subjects can be expressed

as:

SUVRrðiÞ; i 5 1 . . . n Eq. 1

where SUVRrðiÞ denotes the SUVR of the ith subject for region r.

Then, SUVRr may be organized by ranking corresponding individ-
ual SUVR-GMs from minimal to maximal value, forming a pseu-

dotemporal waveform Wr

WrðjÞ 5
h
SUVR

ð1Þ
SUVR 2 GMðminÞ; . . . ;SUVR

ðnÞ
SUVR 2 GMðmaxÞ

i
; j 5 1 . . . n;

Eq. 2

where Wr(j) denotes the jth element of Wr.

The assumption behind is that there is a spatial spread of
amyloid deposition with disease progression. With the determi-

nation of how fast amyloid deposits in a given region relative to
whole-brain GM, the pseudotemporal accumulation rate can be

extracted. To this end, each region’s waveform was fitted using a
piecewise linear fit. Each fit was modeled with a restricted linear

spline with 4 knots to allow the fitted line varying nonlinearly with
total amyloid burden. Examples of piecewise linear fit of a fast-

accumulating region (FAR) and a slow-accumulating region (SAR)
are given in Figure 2. Subsequently, a derivative function of the fitted

line was obtained for each region. Finally, a mean slope value across
58 subjects was calculated for each region according to the derivative

function.

Regression Analyses

The annual accumulation rate (AAR) of

Ab was calculated as the following:

AAR 5
SUVRFU 2 SUVRBL

FU time
; Eq. 3

where SUVRFU is the SUVR of the FU PET
data, SUVRBL is baseline, and FU time (y) is

the time between 2 PET scans. The mean AAR
across subjects was calculated for each region.

A linear regression analysis was performed
to predict the AAR (as dependent variable) by

slope values (as independent variable) across
62 regions. The same analysis was performed

in subgroups of subjects stratified according to
age, sex, and APOE e4 status. For the former,

the age of 71 y was used as cutoff (19).

FIGURE 1. Algorithm of data selection. Aβ-pos. and Aβ-neg. denote Aβ-positive and Aβ-negative
subjects, respectively. *One subject was excluded as significant outlier.

FIGURE 2. Piecewise linear fit of pseudotemporal waveforms for FAR (A, left superior frontal

gyrus) and SAR (B, left insula). Reference line corresponds to SUVR in whole-brain GM, with a

slope value of 1.0.
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For a reference, we in addition performed a linear regression

analysis using baseline SUVR and the ratio of baseline SUVR to
SUVR-GM as independent variables.

FARs and SARs

To explore the utility of these analyses in the context of clinical

trials, we determined FARs and SARs according to ranks of both
longitudinal (AARs) and baseline (slope values) measurements. The

top 10 FARs were combined into a single composited FAR according
to Equation 4 and were treated as a putative target in clinical trials,

followed by a comparison with the commonly used set of AD-typical
regions. This set consisted of 18 regions, covering the frontal (8

regions), parietal (3 regions including precuneal/posterior cingulate),
and temporal (6 regions) lobes (16) plus the anterior cingulate region.

where SUVRregionðKÞ is the SUVR of Kth region, VolumeregionðKÞ is the
volume of Kth region, and SUVR-composited is the SUVR of com-

posited FAR, AD-typical regions, or whole-brain GM.

Statistical Analysis

The normality of distribution was tested using the D’Agostino–Pearson

test (Graph-Pad Software) and visual inspection of variable histograms.

Data are presented as mean 6 SD. The mean AAR of the composited
FAR across 58 subjects was compared with those of whole-brain GM and

AD-typical regions using a 2-tailed paired-sample t test. Statistical signif-
icance was defined as a P value of less than 0.05. Regression and statis-

tical analyses were performed using SPSS for Windows (version 22.0).

RESULTS

Demographic data of patients at baseline are summarized in
Table 1.

Regression Analysis

As illustrated in Figure 3, slope values accurately predicted
AARs across 62 regions (R2 5 0.87, P , 0.001) following the
function:

y 5 0:047 · b 2 0:010; Eq. 5

where y indicates AAR, and b means the slope value of each
region.

When separated into subgroups with incipient (n 5 30) and
mild (n 5 28) dementia due to AD, the prediction was still
strong, with an R2 of 0.77 and 0.58 (P , 0.001 for both), re-
spectively. The regression remained highly significant after strat-
ification according to age, sex, and the APOE e4 status (P ,
0.001 for all, Table 2).
In the whole cohort, baseline SUVR and the ratio baseline

SUVR/SUVR-GM predicted AARs with a similar accuracy

(R2 5 0.53 and 0.49, respectively, P , 0.001 for both). When

slope values and baseline SUVR were introduced into a forced

(baseline SUVR first) stepwise linear regression analysis, slope

values explained an additional, significant amount of variance

(R2 change 5 0.35, P , 0.001).

FARs and SARs

Bilateral anterior cingulate, superior, and middle frontal gyri,
left superior parietal, anterior orbital, and posterior cingulate regions,
and inferiolateral remainder of the parietal lobe were found to
be top 10 FARs (Table 3). These 10 regions were combined
into the composited FAR according to the Equation 4 (Fig. 4).

TABLE 1
Demographic Information for Each Group

Group n FU (y) Age (y) Sex (F/M) Education (y)
APOE

ε4–positive (%)

Mini-Mental

State
Examination

Alzheimer’s disease

assessment
scale-cognitive subscale

Incipient dementia 30 1.97 ± 0.12 70.67 ± 7.91 16/14 16.33 ± 2.70 73% 24.87 ± 2.79 19.77 ± 6.80

Mild dementia 28 2.00 ± 0.10 75.25 ± 7.37 13/15 14.96 ± 2.83 89% 21.57 ± 2.17 31.71 ± 10.64

All patients 58 1.99 ± 0.11 72.88 ± 7.93 29/29 15.67 ± 2.82 81% 23.28 ± 3.00 25.53 ± 10.65

FIGURE 3. Linear regression across 62 regions.

SUVR-composited 5

�
SUVRregionð1Þ · Volumeregionð1Þ 1⋯1SUVRregionðKÞ · VolumeregionðKÞ . . . 1SUVRregionðNÞ · VolumeregionðNÞ

�
�
Volumeregionð1Þ 1⋯1VolumeregionðKÞ⋯1VolumeregionðNÞ

� ; Eq. 4
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Bilateral hippocampus, caudate nucleus, thalamus, amygdala, and
parahippocampal gyrus appeared to be the top 10 SARs (Supple-
mental Table 1). Notably, 10 regions with the highest AAR were
the same 10 regions with the largest fitted line slope. The same
was true for the 10 regions with the lowest AAR.
The mean slope of the composited FAR was 1.31 6 0.15—

that is, higher than those of the composited AD-typical re-
gions (slope 5 1.15 6 0.12) and whole-brain GM (slope 5
1.0) (Fig. 5A). The mean AAR of the composited FAR was

0.057 6 0.045. The mean AARs of whole-brain GM and AD-
typical regions were significantly lower, that is, 0.039 6
0.032 (P , 0.001) and 0.046 6 0.038 (P , 0.001), respec-
tively (Fig. 5B). Assuming a roughly linear relationship be-
tween Ab and time in amyloid-positive subjects (20,21),
SUVR of the composited FAR increased 1.48 and 1.24 times
faster than that of the whole-brain GM and AD-typical re-
gions, respectively (Fig. 5C). Thus, the composited FAR can
reduce duration of a 2-y drug trial by approximately 32% and
19%, respectively.

DISCUSSION

In this study, we tested whether baseline PET data can predict
the regional pattern of Ab accumulation over 2 y. In a group of
patients with incipient and mild Alzheimer dementia, baseline
18F-florbetapir measurements from a pseudotemporal image anal-
ysis explained 87% of the variance in AARs across 62 regions. The
results were consistent throughout the disease severity (incipient or
manifest dementia), age intervals, genders, and the APOE genotypes.

TABLE 2
Linear Regression Coefficient (Pearson) Between

Pseudotemporal and Longitudinal Measurements in
Subgroups of Patients

Subgroup
APOE ε4–
positive

APOE ε4–
negative

Age $

71 y
Age ,
71 y Male Female

n 47 11 37 21 29 29

R2 0.82 0.32 0.72 0.58 0.79 0.70

TABLE 3
Fast-Accumulating Regions (FARs)

Region Rank of slope Slope Rank of AAR AAR (mean ± SD) Volume (mm3)

Anterior cingulate gyrus_L 1 1.42 1 0.0646 ± 0.0621 7,747

Superior frontal gyrus_L 2 1.38 2 0.0644 ± 0.0565 46,866

Superior parietal gyrus_L 3 1.32 8 0.0540 ± 0.0505 38,141

Anterior orbital gyrus_L 4 1.31 9 0.0508 ± 0.0636 5,164

Superior frontal gyrus_R 5 1.30 5 0.0571 ± 0.0614 46,158

Anterior cingulate gyrus_R 6 1.29 3 0.0638 ± 0.0515 7,441

Posterior cingulate gyrus _L 7 1.28 7 0.0558 ± 0.0598 7,159

Middle frontal gyrus_R 8 1.28 4 0.0621 ± 0.0534 42,929

Inferiolateral remainder of parietal lobe_L 9 1.28 10 0.0474 ± 0.0479 37,662

Middle frontal gyrus_L 10 1.26 6 0.0566 ± 0.0500 44,690

Posterior superior temporal gyrus_L 11 1.26 22 0.0396 ± 0.0633 12,220

Lateral remainder of occipital lobe_L 12 1.25 13 0.0462 ± 0.0547 38,030

Cuneus_L 13 1.25 33 0.0342 ± 0.0560 9,438

Superior parietal gyrus_R 14 1.24 11 0.0465 ± 0.0492 37,509

Anterior orbital gyrus_R 15 1.24 19 0.0407 ± 0.0686 4,807

Lateral remainder of occipital lobe_R 16 1.18 23 0.0390 ± 0.0424 38,789

Lingual gyrus_L 17 1.15 34 0.0341 ± 0.0529 12,333

Postcentral gyrus_L 18 1.13 12 0.0465 ± 0.0550 23,201

Inferiolateral remainder of parietal lobe_R 19 1.13 18 0.0417 ± 0.0450 38,214

Inferior frontal gyrus_R 20 1.12 17 0.0439 ± 0.0526 15,294

Posterior superior temporal gyrus_R 21 1.08 16 0.0440 ± 0.0665 12,468

Inferior frontal gyrus_L 22 1.08 14 0.0453 ± 0.0597 14,448

Postcentral gyrus_R 23 1.07 15 0.0448 ± 0.0550 25,731

Cuneus_R 24 1.03 36 0.0294 ± 0.0548 9,224

Posterior cingulate gyrus_R 25 1.01 30 0.0375 ± 0.0487 7,557

Posterior temporal lobe_L 26 1.01 20 0.0407 ± 0.0393 44,469

Whole-brain GM 27 1 26 0.0386 ± 0.0321 851,002

_L 5 left; _R 5 right.
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A pseudotemporal analysis was initially reported by Braak and
Braak, who studied progression of Ab deposition in cross-sectional
data from postmortem brain tissue (22). Recently, a pseudotem-
poral analysis of PET images has been applied at the voxel level
(18). Assuming that total amyloid burden would be a reason-
able approximation of the disease severity, Yotter et al. (18)
estimated spatial patterns of the longitudinal Ab accumulation
from cross-sectional image data. The authors found that the
pseudotemporal pattern of regional Ab deposition was stronger
related to cognitive function of healthy elderly individuals than
total amyloid burden (18). Although their results were plausi-
ble, they were not validated against real longitudinal data. In
the present study, we adopted the method of Yotter et al. for
region-based analyses and verified its efficacy using longitudi-
nal data in clinically manifest AD.
The core of our finding is a positive, linear relationship between

baseline measurements of Ab and their longitudinal changes
across regions. Thus, 55% of the variance in AARs could be
explained by baseline tracer uptake. In other words, regions with
a high/low baseline Ab load are also those with a high/low AAR at
the stage of clinically manifest AD. It is important to distinguish
this approach from an across-subject paradigm, in which baseline
measurements of whole-brain uptake are correlated with longitu-
dinal measurements of whole-brain tracer uptake across subjects,
for example (21). Such studies found a slowing of Ab accumula-
tion rate at the advanced stage of AD (21). Our results do not
contradict these findings. Whereas the Ab accumulation rate in

the whole brain might be slowing in advanced AD, some brain
regions can still continue to accumulate Ab. Further, no patients
with advanced/severe or even moderate Alzheimer dementia were
included in the present study.
As shown by a stepwise linear regression analysis, slope values

explained significantly more variance (135%) in AAR than base-
line SUVR alone, demonstrating the power of the proposed ap-
proach. This is plausible, because slope values contain pseudotem-
poral information about the dynamics of Ab deposition in a given
region. Remarkably, the pseudotemporal image analysis revealed
the same FARs and SARs as the longitudinal analysis. Namely, the
bilateral anterior cingulate, superior, and middle frontal gyri; left
superior parietal, anterior orbital, and posterior cingulate; and
inferiolateral remainder of the parietal lobe were found to have
the largest slope and the highest AAR. By contrast, the bilateral
hippocampus, caudate nucleus, thalamus, amygdala, and parahip-
pocampal gyri had the smallest slope and the lowest AAR. Our
findings are well in line with those of Grimmer et al. (23), who
examined regional progression of Ab in Alzheimer dementia us-
ing PET with Pittsburgh compound B (23). As in our study, they
found that regions of the frontal lobe followed by those of the
parietal lobe showed the highest accumulation rate, whereas the
temporal lobe appeared to have the lowest rate across the neo-
cortex. Further, most of the FARs accumulated Ab faster in the left
hemisphere (23). The same order of accumulation rate (frontal .
parietal . occipital . temporal) was found by Rinne et al. (4).
However, other groups found the lateral temporal cortex to be a

FIGURE 4. Composited FAR (purple) and AD-typical regions (blue) as overlaid onto standard T1 MRI template in MNI space. Composited FAR

region fully overlaps with AD-typical regions.

FIGURE 5. (A) Pseudotemporal analysis of 3 sets of regions. Green line is reference fit, with slope value of 1.0. (B) Annual accumulation rates (mean ±
SD) for composited FAR, AD-typical regions, and whole-brain GM. *P , 0.001 in a 2 tailed paired t test. (C) Three sets of regions as putative targets in

hypothetical drug trial of 24 mo.
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FAR (5,6). Somewhat unexpectedly, we observed the posterior
cingulate region to accumulate Ab slower than the anterior cin-
gulate region. Although this is still consistent with some reports
(23), a few studies reported the posterior cingulate cortex to be one
of the most active Ab-accumulating regions (4,24). The discrep-
ancy may well be related to methodologic factors such as lack of
partial-volume correction (4,24) and different reference regions
(4,5,24). Most longitudinal studies with amyloid PET measured
SUVR either in the whole brain or in the AD-typical regions,
without a detailed regional analysis. As for the SARs, only Grimmer
et al. (23) conducted a similarly detailed analysis including 90
volumes of interest. In line with our findings, they reported low
or no increases in Ab accumulation in the archipallium, thalamus,
and caudate nucleus (23).
Ab deposition is a slow process, likely extending for more than

2 decades (20,21). This around 20-y interval provides a large
therapeutic window. So far, no longitudinal amyloid PET study
in atypical AD, Lewy body disease, or mixed (AD and vascular)
diseases has been reported. Thus, our approach can be used to
predict regional patterns of Ab accumulation in these clinical
entities. In particular, the proposed method can predict regions
with the highest Ab accumulations rate, which are of interest
for antiamyloid clinical trials. In the present study, the set of
AD-typical regions was found to have a higher Ab AAR than
the whole-brain GM, confirming the relevance of these regions
in AD. However, the pseudotemporal analysis revealed a set of
regions with a significantly higher accumulation rate of Ab than
AD-typical regions. Consequently, when used as a target region,
the duration of a drug trial can be reduced by approximately 19%
as compared with AD-typical regions.
There is an increasing number of longitudinal studies in asymp-

tomatic subjects with or at risk for AD by virtue of a mutation
(25,26), gene status (27,28), or significant amyloid burden as mea-
sured by PET (29,30) or cerebrospinal fluid analyses (31). Al-
though highly interesting from the perspective of clinical trials,
we did not include asymptomatic individuals in the present study,
because their clinical fate is unclear. Indeed, the presence of a
significant Ab load does not mean a future development of (typ-
ical) clinical AD. Instead, the subject may have a mixed dement-
ing disorder, Lewy body disease, or an atypical AD. Thus, if such
subjects were included in the present study, we might have a
heterogeneous sample of patients with unclear clinical phenotype,
as well as with distinct spatial patterns of Ab accumulation. In a
similar vein, to ensure the presence of the AD pathology as origin
of the clinical phenotype, this study included only patients with an
amyloid-positive baseline PET scan. Yet, the proposed method can
be effective in amyloid-negative subjects, too. Such an approach
would allow capturing the whole trajectory of Ab accumulation,
including a long preclinical phase. Given uncertainty about both
pathologic and clinical pathways, however, interpretation of re-
sults would be problematic.
A limitation of the present study is that only 2-y FU data were

available. Although the relationship between baseline and longi-
tudinal measurements of Ab deposition was strong, the correspon-
dence at the level of individual regions was far from perfect,
especially beyond the top 10 FARs and SARs. This may well be
explained by the short FU period, which is incomparable with the
disease duration as captured by the pseudotemporal image anal-
ysis. Thus, one would expect a larger correspondence between
the measurements when a longer FU is available. Further, our
results with respect to FARs are limited to amyloid-positive

patients with clinically manifest AD. Thus, FARs may in part
differ in amyloid-negative and asymptomatic subjects. Finally,
the present results should be replicated in an independent sample
of patients.

CONCLUSION

The pseudotemporal analysis of baseline PET images is capable
of predicting a regional pattern of longitudinal Ab accumulation
in clinically manifest AD at a group level. This approach may be
useful in exploring spatial patterns of Ab accumulation in other
amyloid-associated disorders such as Lewy body disease and atyp-
ical forms of AD. In addition, the method allows identification of
brain regions with a high accumulation rate of Ab, which are of
particular interest for antiamyloid drug trials.
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