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PET studies with biomarkers of regional neuronal activity
(cerebral glucose metabolism or blood flow [CBF]) and amy-
loid-b (Ab) depositions provide complementary information for
the early diagnosis of dementia and follow-up of patients with
dementia. We investigated the validity of relative regional CBF
estimates (R1) gained from pharmacokinetic analyses of 11C-
labeled Pittsburgh compound B (11C-PIB) PET studies as a
marker of neuronal activity and neurodegeneration. Methods:
Twenty-two patients with cognitive impairment (16 patients with
early Alzheimer disease) underwent 18F-FDG and 11C-PIB PET
studies for the assessment of regional glucose metabolism and
Ab load. Parametric images of R1 (relative CBF) and binding
potential (BPND; Ab load) were generated by 2-step simplified
reference tissue model (SRTM2) analyses of dynamic 11C-PIB
data. Volume-of-interest and voxel-based statistical analyses
were performed to investigate the association between normal-
ized 18F-FDG uptake and 11C-PIB R1 and the correlation of
these measures with symptom severity (Mini-Mental State
Examination [MMSE] scores) in patients with Alzheimer disease.
Results: SRTM2 analyses provided high-quality 11C-PIB R1

images that were comparable to 18F-FDG PET images.
Regional 11C-PIB R1 values strongly correlated with normalized
regional 18F-FDG uptake when correlations were calculated
separately for each patient (R2 [mean 6 SD], 0.73 6 0.11) or
across all regions of all patients (R2, 0.62). A regression model
including 18F-FDG uptake, subject identification, and region
grouping (into cortical, subcortical, and limbic regions to allow
for possible differences in flow/metabolism coupling) ac-
counted for 86% of total 11C-PIB R1 variability. Voxel-based
correlation analyses of 18F-FDG uptake and 11C-PIB R1 with
MMSE scores revealed similar core findings of positive corre-
lations in the posterior cingulate gyrus/precuneus and negative
correlations (preserved activity) in the bilateral sensorimotor
cortex. There was no correlation between Ab load (BPND) and
MMSE scores. Conclusion: These results strongly suggest that
11C-PIB R1 can serve as a complementary biomarker of neuro-
nal activity and, thus, neurodegeneration in addition to Ab load
given by 11C-PIB BPND. Further studies are needed to validate

the diagnostic value of dual-biomarker 11C-PIB PET studies in
comparison with combined 18F-FDG and 11C-PIB PET studies.
Compared with the latter, dual-biomarker 11C-PIB PET greatly
reduces costs and burden for patients.
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Numerous molecular targets and functional processes
imaged with PET and SPECT have been proposed as bio-
markers for the investigation of neurodegenerative dementia,
in particular, Alzheimer disease (AD) (1). Regional cerebral
glucose metabolism (measured by PET with 18F-FDG) and
regional cerebral blood flow (CBF) have been extensively
used as biomarkers of synaptic dysfunction and neurodegen-
eration. Under physiologic conditions (at rest and during
activation), they are closely coupled markers of neuronal
activity (2). Furthermore, a comparison of both biomarkers
in AD suggests that AD-induced changes in CBF and glu-
cose metabolism are also tightly coupled (3). Another bio-
marker of AD, which has gained tremendous attention and
acceptance in recent years, is cerebral amyloid-b (Ab) pep-
tide deposition imaged with PET. Several Ab tracers have
been reported (1); the most notable is 11C-labeled Pittsburgh
compound B (11C-PIB) (4). Together with neurofibrillary
tangles formed by protein tau, cerebral Ab aggregates rep-
resent the histopathologic hallmark of AD (Ab plaques) and
play a pivotal role in its early pathogenesis (5).

Because of differences in the nature and temporal order of
the aforementioned biomarkers (i.e., early marker of AD vs.
downstream synaptic dysfunction and neurodegeneration)
(5), these biomarkers provide highly complementary infor-
mation. For instance, positive results of 11C-PIB scans are
found not only in AD dementia (4,6,7) but also in diseases
with concomitant AD pathology, most notably, dementia
with Lewy bodies (6,8). In addition, for a significant fraction
of cognitively healthy elderly people (up to 30%), 11C-PIB
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scan results are positive (4,6,9). Conversely, negative results
of 11C-PIB scans are expected in frontotemporal lobar
degeneration (6), the majority of patients with Parkinson
disease with dementia (8), and cognitive impairment with
many other causes. Thus, an additional 18F-FDG or CBF
study can be helpful in establishing the correct diagnosis
by depicting disease-specific patterns of neurodegeneration.
Furthermore, an increasing body of evidence suggests

that cerebral Ab amyloidosis starts 10–15 y before the
first cognitive symptoms and, therefore, that the afore-
mentioned 11C-PIB–positive healthy subjects have pre-
clinical AD (5,10,11). In line with this notion, 11C-PIB
PET had a predictive value for cognitive decline and con-
version to AD dementia in healthy volunteers and patients
with mild cognitive impairment (MCI) (11,12). However,
11C-PIB PET was found to be rather insensitive for
assessing AD progression and dementia severity, possibly
because the rate of Ab accumulation reached a plateau in
symptomatic AD stages (5,13,14), although the findings
are controversial (15). In contrast, measures of neurode-
generation, such as 18F-FDG PET, showed a strong cor-
relation with dementia severity and AD progression
(13,14,16,17). Thus, although 11C-PIB PET is a powerful
tool for the (early) diagnosis of AD pathology, an addi-
tional 18F-FDG or CBF study is valuable for determining
the degree and progression of neurodegeneration. The
latter is particularly true for patient selection and treat-
ment monitoring in antiamyloid treatment studies of AD
(1,15,18).
Combining different PET biomarkers in dual-tracer studies

results in increased costs, discomfort for patients, and
radiation exposure. However, as demonstrated for other
ligands (19,20), pharmacokinetic analyses of 11C-PIB studies
may yield diagnostically valuable estimates of relative
regional CBF: Invasive compartment models used for 11C-
PIB quantification (21,22) provided estimates of K1 (i.e., the
rate constant for ligand transfer from arterial plasma to tis-
sue). In radiotracers with a high permeability–surface product
and, consequently, a high level of first-pass extraction, K1 is
closely related to CBF. As a prerequisite for the use of 11C-
PIB for CBF estimation, combined 15O-water and 11C-PIB
PET studies in rhesus monkeys demonstrated a high level of
11C-PIB first-pass extraction (77%6 8% [mean6 SD]) (21).
Moreover, regional CBF changes were paralleled by compa-
rable 11C-PIB K1 changes in the monkeys (21). Thus, 11C-
PIB K1 can be expected to provide a reasonable estimate of
relative regional CBF.
Several noninvasive kinetic analyses (with the cerebel-

lum as a reference region) have been validated for 11C-PIB
studies in humans (23–25). Of these, the 2-step simplified
reference tissue model (SRTM2) (26) is particularly attrac-
tive for fast and easy computation of high-quality paramet-
ric images of Ab plaque binding and relative tracer delivery
(R1) (25). Because R1 is equal to the ratio of the K1 of the
target region to the K1 of the reference region, it also rep-
resents a measure of relative regional CBF.

The aim of the present study was to explore the use of
11C-PIB R1 as a marker of regional neuronal activity and
neurodegeneration in dementia. To this end, we compared
regional 11C-PIB R1 estimates gained from voxelwise
SRTM2 analyses with estimates of relative regional glucose
metabolism obtained from 18F-FDG PET in the same
patients. In addition, we performed voxelwise correlation
analyses using 11C-PIB R1 and dementia severity and com-
pared the results with those of correlation analyses using
18F-FDG.

MATERIALS AND METHODS

Patients
PET data from 22 consecutive patients (13 men and 9 women;

age, 67.96 8.1 y) who underwent combined 11C-PIB and 18F-FDG
PET examinations were analyzed after the patients gave written
informed consent, as approved by the local ethics commission.
We intentionally investigated a sample of consecutive patients with
different causes of cognitive impairment because such a sample
should be most representative of the clinical situation. Fifteen
patients fulfilled the criteria for probable AD, according to the
criteria of the National Institute of Neurologic and Communicative
Disorders and Stroke and the Alzheimer Disease and Related Dis-
orders Association (27). The average Mini-Mental State Examina-
tion (MMSE) score in these patients was 22.76 3.7 (1 patient had a
score of 10; all others had scores of 22–25). For the other 7 patients,
the most likely diagnoses, according to consensus criteria, were
frontotemporal lobar degeneration in 3 patients (MMSE scores of
24, 26, and 27) (28) and MCI in 3 patients (MMSE scores of 25, 27,
and 28) (29); the most likely cause of cognitive impairment in the
remaining patient was depression (MMSE score of 27).

PET Acquisition
All patients underwent 11C-PIB PET and 18F-FDG PET exami-

nations with the same PET system (ECAT EXACT 922/47; Sie-
mens-CTI). Both scans were acquired on the same day in 11
patients (18F-FDG PET about 2 h after 11C-PIB injection; 1-h break
between examinations) or within 1 wk in 9 patients. In 1 patient
each, the delays were 1 and 6 mo.

Both scans were performed under resting conditions with the
eyes open, ambient noise, and dimmed light. For each acquisition,
the patient’s head was gently restrained with an elastic tape; the
position of the head was carefully monitored and, if necessary,
manually corrected throughout the data acquisition with the guid-
ance of the scanner laser beams and reference skin marks. Move-
ments were usually small (i.e., below the scanner resolution) and
corrected immediately. Thus, no additional software-based motion
correction was performed.

11C-PIB radiochemical synthesis was performed as previously
described (30) (the precursor was provided by ABX GmbH). The
radiochemical purity was greater than 95%, and the specific activ-
ity at the time of injection was greater than 74 GBq/mmol in each
patient. After a 5-min 68Ge/68Ga transmission scan for attenuation
correction, a dynamic 11C-PIB PET acquisition lasting 60 min
(frames: 3 · 20 s, 3 · 30 s, 2 · 60 s, 2 · 90 s, 3 · 150 s, and
9 · 300 s) was started with an intravenous bolus injection of 451 6
104 MBq of 11C-PIB.

18F-FDG PET scans were obtained 40 min after an intravenous
injection of 303 6 10 MBq of 18F-FDG. All patients fasted for at
least 6 h before tracer injection; plasma glucose levels were within
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the reference range. Four 5-min frames were collected in the
2-dimensional mode with subsequent calculated attenuation cor-
rection. Summed PET datasets (total scan time of 20 min) were
used for further data analyses.

Data Analyses
Data analyses were done with the PMOD software package

(version 3.0; PMOD Technologies Ltd.) as follows.
Parametric images of regional Ab load (i.e., BPND images) and

relative CBF (i.e., R1 images) were generated with the SRTM2
(26). This model takes advantage of the fact that k29 (i.e., the
efflux rate constant for 11C-PIB from the reference region) can
be fixed to a single, patient-specific value for all regional analyses.
Thus, only 2 free model parameters (BPND and R1) are left, greatly
facilitating voxelwise analyses. The cerebellum was chosen as the
reference region (without relevant specific 11C-PIB binding) (4).

To apply this model, we estimated k29 for each patient by using
the 3-parameter (BPND, R1, and k29) simplified reference tissue
model (SRTM) (31) and regional time–activity curves. Decay-
corrected regional time–activity curves were assessed in a highly
standardized fashion by applying a volume-of-interest (VOI) tem-
plate to the individual dynamic 11C-PIB frames after they were
spatially normalized to the Montreal Neurologic Institute (MNI)
space. The latter process involved spatial normalization of the
individual 11C-PIB integral image of the first 6 min (CBF-like
distribution; see “Discussion”) to the MNI 18F-FDG template
image provided by PMOD (mutual information algorithm). Nor-
malization parameters were then applied to the individual PET
frames. The VOI template was defined on the corresponding
MNI MRI template and comprised 14 pairs of bilateral VOIs
(frontal cortex, orbitofrontal cortex, parietal cortex, temporal cor-
tex, mesiotemporal lobe, occipital cortex, sensorimotor cortex,
anterior cingulate gyrus, posterior cingulate gyrus/precuneus,
insula, caudate nucleus, putamen, thalamus, and cerebellar cortex)
and a VOI for the pons. After fitting of the SRTM to the frontal
cortex time–activity curve (initial settings according to Yaqub
et al. (25)), the resulting estimated parameters were used as initial
parameters for regional SRTM fitting. Subsequently, the average
k29 estimate across all target regions was calculated for each
patient and used as a fixed parameter in voxelwise SRTM2 anal-
yses of the original, nonnormalized 11C-PIB data. For direct
comparisons, 18F-FDG and 11C-PIB R1 datasets were spatially
normalized to the MNI 18F-FDG template. Normalization param-
eters for the 11C-PIB R1 dataset were also applied to the 11C-PIB
BPND dataset. All normalized datasets were analyzed by use of
the aforementioned VOI template to assess side-averaged mean
regional 18F-FDG uptake and R1 and BPND values. Finally,
regional 18F-FDG uptake values were normalized to the 18F-
FDG uptake in the cerebellum (by analogy to the definition of R1).

Statistics
A general linear model was used to explore the association

between regional R1 estimates (continuous dependent variable)
and normalized regional 18F-FDG uptake (continuous independent
variable). Through flow/metabolism coupling, regional cerebral
glucose metabolism (18F-FDG uptake) was expected to be the
major determinant of CBF and, thus, R1. In addition, 2 categoric
variables were explored as contributing variables. First, Gur et al.
(32) demonstrated that flow/metabolism coupling is not homoge-
neous across regions (i.e., relative hyperperfusion of subcortical
and limbic regions and relative hypoperfusion of association cor-

tices). Thus, we grouped our VOIs, by analogy to Gur et al. (32),
into subcortical (caudate nucleus, putamen, thalamus, and pons),
limbic (orbitofrontal cortex, mesiotemporal lobe, anterior cingu-
late gyrus, posterior cingulate gyrus/precuneus, and insula), and
cortical (frontal cortex, parietal cortex, sensorimotor cortex,
temporal cortex, and occipital cortex) regions. Second, because
flow/metabolism coupling cannot be assumed to be homogeneous
across subjects, subject identification was also included. Linear
regression analyses were performed to assess the association
between regional 11C-PIB R1 estimates and normalized 18F-FDG
uptake values. These statistical analyses were done with JMP 8
(SAS Institute Inc.).

To explore the association between symptom severity (mea-
sured with MMSE scores) and 18F-FDG uptake, 11C-PIB R1, and
11C-PIB BPND, we performed voxelwise statistical analyses with
statistical parametric mapping (SPM) (SPM2; Wellcome Trust
Centre for Neuroimaging). We included all patients with probable
AD (except for the patient with the notably lower MMSE score
of 10) and 2 patients with MCI and positive 11C-PIB scan results
(strongly suggesting an AD prodromal stage). Thus, 16 patients
with MMSE scores of 22–28 were included. After smoothing of
18F-FDG uptake, R1, and BPND datasets with a 10-mm gaussian
filter, voxelwise correlations were calculated. 18F-FDG and R1

datasets were processed with proportional scaling to account for
global metabolism and perfusion effects in a uniform way. BPND

maps (absolute measure) were processed without proportional
scaling. Thresholds were applied to SPM t-maps for positive
and negative correlations by use of a voxel height threshold of
2.98 (P , 0.005; uncorrected) and an extent threshold (kE) of
greater than 100 voxels. We intentionally used these rather liberal
statistical thresholds because our primary aim was to compare
correlation findings (mostly known) among methods, not to estab-
lish correlation patterns.

RESULTS

General Results

Thirteen of 15 patients with probable AD and 2 of 3
patients with MCI showed increased cortical 11C-PIB bind-
ing; the remaining 7 patients (5 with frontotemporal lobar
degeneration, 1 with MCI, and 1 with depression) did not.
The volume-weighted regional BPND values (mean 6 SD)
were 0.19 6 0.13 (range, 0.06–0.45) and 1.16 6 0.29
(0.62–1.64) in the 11C-PIB–negative and 11C-PIB–positive
patients, respectively (including the frontal cortex, orbito-
frontal cortex, posterior cingulate gyrus/precuneus, parietal
cortex, and temporal cortex). Of note, the two 11C-PIB–
negative patients and a clinical diagnosis of AD showed a
glucose metabolism pattern compatible with or typical of
AD.

The estimated average k29 valuewas 0.0566 0.011 min21.
There was no significant difference in k29 values between
11C-PIB–positive patients (0.058 6 0.012 min21) and 11C-
PIB–negative patients (0.052 6 0.006 min21) (P 5 0.3;
unpaired t test).

Comparison of Parametric 11C-PIB R1 Images and
18F-FDG Uptake Images

Figures 1–3 and Supplemental Figure 1 (supplemental
materials are available online only at http://jnm.snmjournals.
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org) depict representative studies. Shown are parametric
images of 11C-PIB BPND (Ab load) and R1 (relative CBF)
gained from SRTM2 analyses of dynamic 11C-PIB stud-

ies and 18F-FDG uptake images normalized to cerebellar
18F-FDG uptake. Images were acquired in 2 patients with
probable AD (mild impairment shown in Fig. 1; severe im-
pairment shown in Supplemental Fig. 1), 1 patient with MCI
(Fig. 2), and 1 patient with semantic dementia (Fig. 3). The
regional patterns of R1 closely followed the regional patterns
of 18F-FDG uptake. Major abnormalities are clearly seen on
18F-FDG and 11C-PIB R1 images. However, on close inspec-
tion, differences are apparent in subcortical structures (tha-
lamus and putamen), the pons/brain stem, and (less so) the
mesiotemporal regions. In these regions, R1 was relatively
higher than 18F-FDG uptake. Nevertheless, this qualitative
comparison strongly suggests that 11C-PIB R1 may serve as a
marker of neuronal activity.

Association Between 11C-PIB R1 and Normalized
18F-FDG Uptake

The correlation between 11C-PIB R1 and normalized
regional 18F-FDG uptake across all regions and subjects
is shown in Figure 4. Normalized 18F-FDG uptake alone
was highly predictive of 11C-PIB R1, accounting for 62% of
its variability (R2 5 0.62; F1,306 5 502.6; P , 0.00001;
linear regression: 11C-PIB R1 5 0.65 · 18F-FDG uptake 1
0.29). Categorizing regions into subcortical, limbic, and
cortical regions (32) and adding region category to the
model improved the overall model fit (R2 5 0.735; F3,306 5
281.5; P , 0.00001). The results of regression analyses
for these region categories (across subjects) are shown in
Figure 4. There was a slight, albeit significant, interaction
of region and 18F-FDG uptake (affecting the regression
slopes) (Fig. 4), which marginally improved the overall

FIGURE 1. Parametric images of 11C-PIB binding potential (BPND;

first row) and relative CBF (R1; second row) and normalized (norm.)
18F-FDG uptake (third row) in patient with early Alzheimer disease (AD;
MMSE score, 25). Marked Ab depositions are found in bilateral (right

greater than left) frontal, temporoparietal, and posterior cingulate

gyrus/precuneus cortex (first row), with concomitant reductions in
relative regional blood flow and glucose metabolism in latter 2 areas

on right side (arrows). Shown are corresponding transaxial, sagittal,

and coronal slices. Note that color scales of 11C-PIB R1 and normal-

ized 18F-FDG uptake images were individually adjusted for optimal
illustration. See color scale maximum for quantitative comparison.

FIGURE 2. Parametric images of 11C-PIB BPND (first row) and R1

(second row) and normalized (norm.) 18F-FDG uptake (third row) in

patient with mild cognitive impairment (MMSE score, 28). Moderate

Ab depositions are found in right frontal, temporoparietal, and pos-
terior cingulate gyrus/precuneus cortex, with relatively preserved R1

and normalized 18F-FDG uptake in these areas (arrows). Note that

cortical areas without significant Ab binding (BPND, 0; e.g., left hemi-

spheric cortex) appear as defects (color-coded in black), in contrast
to strong nonspecific 11C-PIB binding in brain stem, thalamus, and

white matter. (See legend to Fig. 1 for additional information.)

FIGURE 3. Parametric images of 11C-PIB BPND (first row) and R1

(second row) and normalized (norm.) 18F-FDG uptake (third row) in

patient with semantic dementia (MMSE score, 24). Whereas no rel-
evant cortical Ab depositions are found, leftward asymmetric

reduced R1 and normalized 18F-FDG uptake are detected in tem-

poral lobes (arrows). Asymmetry of nonspecific 11C-PIB binding
(first row) is primarily due to concomitant atrophy. (See legend to

Fig. 1 for additional information.)
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model fit (R2 5 0.743; F5,302 5 174.8; P , 0.00001).
Intraindividual regression analyses of PIB R1 and normal-
ized 18F-FDG uptake (including all regions) indicated some
interindividual variations in flow/metabolism coupling: The
average regression slope and y-axis intercept were 0.76 6
0.14 and 0.17 6 0.12, respectively (R2 5 0.73 6 0.11).
Thus, subject identification was also entered into the
regression model, leading to further improvement in the
overall model fit (R2 5 0.83; F26,281 5 53.27; P ,
0.00001). An interaction of subject identification and 18F-
FDG uptake marginally improved the overall model fit
(R2 5 0.86; F47,260 5 33.15; P , 0.00001). Thus, the final
model accounted for 86% of 11C-PIB R1 variability. It
included normalized 18F-FDG uptake as the most important
predictor (effect test: F1,260 5 655.22; P , 0.00001) and
region (F2,260 5 99.5; P , 0.00001), subject identification
(F21,260 5 6.9; P , 0.00001), and the interactions of region
and 18F-FDG uptake (F2,260 5 3.2; P 5 0.04) and subject
identification and 18F-FDG uptake (F21,260 5 2.2; P 5
0.002) as interacting categoric variables.

SPM Analyses: MMSE Scores Versus Regional
Measures of Neuronal Activity

SPM analyses of correlations of 11C-PIB R1 and 18F-
FDG uptake with MMSE scores were performed with a
subgroup of 16 patients with early AD (14 with probable
AD and two 11C-PIB–positive MCI patients) (Supplemental
Fig. 2). Regarding positive correlations between 18F-FDG
uptake and MMSE scores, the largest correlation cluster
covered the bilateral posterior cingulate gyrus/precuneus
(maximum t score [tmax] 5.87; kE, 2,015 voxels; P corrected
at the cluster level [Pc-cl] 5 0.002). A similar positive cor-
relation cluster in terms of statistical significance, size, and
location was also found for the correlation between 11C-
PIB R1 and MMSE scores (tmax, 5.72; kE 5 1,980 voxels;

Pc-cl 5 0.001). Exceeding the findings for 18F-FDG, 11C-
PIB R1 also positively correlated with MMSE in bilateral
clusters in the lateral inferior temporal cortex (left side:
tmax, 3.95, and kE, 646 voxels; right side: 2 clusters, tmax,
3.88, and sum kE, 460 voxels) and the temporoparietal
junction (left side: tmax, 3.83, and kE, 232 voxels; right side:
2 clusters, tmax, 5.37, and sum kE, 1,007 voxels). Additional
small positive correlation clusters were found in the bilat-
eral cerebellum (18F-FDG and 11C-PIB R1), left mesiotem-
poral lobe (18F-FDG only), pons, and left thalamus/internal
capsule (11C-PIB R1 only).

Concerning negative correlations between MMSE scores
and 18F-FDG uptake, the largest correlation cluster covered
the bilateral apical sensorimotor cortex and extended into
the bilateral paracentral lobule and anterior cingulate cortex
(tmax, 5.87; kE, 2,420 voxels; Pc-cl 5 0.001). Additional
negative correlation clusters were found in the right lateral
sensorimotor cortex (tmax, 5.90; kE, 674 voxels), right anterior
cingulate cortex (tmax, 5.33; kE, 198 voxels), and left striatum
(tmax, 4.45; kE, 259 voxels). Regarding 11C-PIB R1, smaller
clusters of negative correlations with MMSE scores were
restricted to the left dorsolateral sensorimotor cortex (tmax,
6.12; kE, 251 voxels) and right dorsolateral sensorimotor cor-
tex (2 clusters: tmax, 5.46; sum kE, 481 voxels), overlapping
those detected for 18F-FDG (Supplemental Fig. 2).

In contrast, there was no negative or positive correlation
between Ab load, as assessed with 11C-PIB BPND, and
MMSE scores.

DISCUSSION

The results of the present study strongly suggest that
relative regional CBF estimates (R1) derived from pharma-
cokinetic analysis of 11C-PIB PET studies represent a valid
marker for synaptic dysfunction and neurodegeneration:
Parametric R1 images strongly resemble 18F-FDG uptake
images, depicting congruent disease-specific patterns of
CBF and glucose metabolism, respectively. Furthermore,
regional R1 and 18F-FDG uptake values are closely corre-
lated. Finally, R1 and 18F-FDG uptake show very similar
correlation patterns with severity of cognitive impairment
as assessed by MMSE scores in early AD. Thus, a single
11C-PIB PET study may be used both for quantification of
Ab-plaque load and for assessing functional consequences of
neurodegeneration. The present approach circumvents the
drawbacks associated with combined PET studies and, there-
fore, significantly facilitates dual biomarker imaging, as the
patient needs to undergo only one PET study with consi-
derably lower radiation exposure (8.1 mSv for combined
11C-PIB (500 MBq) and 18F-FDG (300 MBq) PET studies
compared with 2.4 mSv for a single 11C-PIB study (33,34)).

For BPND and R1 estimation, we used the SRTM2, which
was previously validated as the reference tissue model most
suitable for 11C-PIB analyses (25). Earlier studies indicated
that 2 tissue compartments are needed for accurate descrip-
tion of 11C-PIB tissue kinetics (22). Although this violates

FIGURE 4. Association between relative regional CBF estimates
gained from 11C-PIB PET (11C-PIB R1; y-axis) and normalized

regional 18F-FDG uptake (x-axis). Data are grouped in cortical (red),

limbic (blue), and subcortical (green) regions. Results of linear regres-

sion analyses are given in corresponding colors in upper left corner.

DUAL-BIOMARKER IMAGING WITH 11C-PIB PET • Meyer et al. 397



the underlying assumption of a single tissue compartment
in the target and the reference region made by SRTM, the
resulting BPND bias is small (on average, 6% and 23% in
11C-PIB–negative and 11C-PIB–positive patients) (23). Fur-
thermore, adding a second tissue compartment to the target
or reference region model does not improve model fits or
BPND estimates (24). Taken together, this strongly suggests
that the SRTM2 yields valid estimates of BPND and R1.
Mean k29 values estimated in our study are in good agree-
ment with k29 estimates reported by Zhou et al. (31) (on
average 0.04 to 0.06 min21 in both studies). Because R1 is
insensitive to minor inaccuracies in k29 (31) and because
relatively long scan durations are primarily needed to gain
precise estimates of BPND and k29, we investigated how R1

is affected if k29 is simply fixed to 0.05 min21 and scan
duration is reduced to only 20 min (not shown in detail):
This resulted in only marginally higher (1% 6 1%; P ,
0.00001) and still highly correlated (R2 5 0.99) R1 esti-
mates, again underlining the robustness of R1. In addition,
we explored regional 11C-PIB uptake during the first 6 min
(as used for initial spatial normalization, see “Materials and
Methods”) as an index of CBF: calculated values of initial
regional 11C-PIB uptake normalized by cerebellar uptake
were only moderately higher than 60-min R1 estimates
(5% 6 3%; P , 0.00001), the correlation between both
measures being still very high (R2 5 0.95). Thus, a brief
preceding PET session for generation of relative CBF
maps may be simply added to the late-scan 11C-PIB PET
(e.g., 40–60 or 50–70 min to calculate standardized uptake
value ratios) (23,25) used in many institutions at the
moment. However, it has to be emphasized that only full
dynamic data acquisition with subsequent pharmacokinetic
analyses (as done in the present work) allows for an esti-
mation of Ab load (BPND) that is least biased by nonspe-
cific effects like CBF changes and peripheral tracer
clearance. This is of particular importance for follow-up
studies and treatment trials. In our experience, a 1-h scan
duration is well tolerated by virtually all patients with MCI
or mild to moderate dementia.

11C-PIB R1 estimates are highly correlated to normalized
regional 18F-FDG uptake values. This would be expected if
11C-PIB R1 is a valid marker of CBF based on tight flow/
metabolism coupling (2). Across all subjects and regions,
18F-FDG uptake predicted about 62% of 11C-PIB R1 vari-
ability. However, this relationship was not homogeneous
across regions, with relatively higher 11C-PIB R1 values
in thalamus, striatum, pons, and mesiotemporal lobe (Figs.
1–3). This observation agrees with a recent study by Gur
et al. (32), who, by comparing 15O-water and 18F-FDG PET
studies of healthy controls, demonstrated a relative hyper-
perfusion of subcortical and limbic structures, whereas
association cortices are relatively hypoperfused. They
speculated that this may represent an anticipatory flow/
metabolism uncoupling in regions that share the need for
a rapid response to external stimuli and arousal, in contrast
to association cortices that are involved in more down-

stream processing (32). Consequently, after this region
grouping was included in the regression model, it improved
to account for 74% of 11C-PIB R1 variability. Furthermore,
there was some interindividual variability of regression
slopes (coefficient of variation, 18%) between 11C-PIB R1

and normalized 18F-FDG uptake (including all regions).
This is not unexpected, given that various, hardly control-
lable individual systemic and local cerebral factors possibly
affected flow/metabolism coupling (2,35). Thus, entering
subject identification into the regression model also
improved overall model fit, finally accounting for about
86% of 11C-PIB R1 variability.

Of note, the regression slopes between 11C-PIB R1 and
normalized 18F-FDG uptake were less than 1 (on average
0.76 6 0.14 within subjects; see also Fig. 4), which suggest
that 11C-PIB R1 possesses a restricted dynamic range and,
thus, lower diagnostic sensitivity compared with 18F-FDG.
A limited diagnostic sensitivity was indeed observed for the
diagnosis of AD with 15O-water PET (36). Furthermore, in
direct comparison to 18F-FDG PET, the sensitivity of 123I-
IMP SPECT was somewhat lower (70% vs. 86%), albeit
overall diagnostic accuracy in moderate AD did not differ
(3). This underlines the need for further prospective studies
to validate the diagnostic value of dual-biomarker 11C-PIB
PET studies in comparison to combined 18F-FDG and 11C-
PIB PET studies for diagnosis and monitoring of the pro-
gression of AD.

Flow/metabolism coupling may be altered by several
mechanisms in AD, including disruption/alteration of the
vasodilatory cholinergic nucleus basalis of Meynert, alter-
ations of glycolytic enzymes and glucose transporters, and
amyloid angiopathy (35). However, a recent study with a
combination of encephalography and Doppler sonography
showed preserved activation/flow coupling on visual stim-
ulation in AD (37), and coupled changes of glucose metab-
olism and CBF were observed in the aforementioned
combined 18F-FDG PET and 123I-IMP SPECT studies (3).
Nevertheless, future studies with sufficient statistical power
need to exclude possible systematic effects of AD pathol-
ogy on the validity of the proposed method, for example, by
comparing 11C-PIB R1/glucose metabolism coupling in
well-defined AD and non-AD populations. As a preliminary
impression, we did not observe an obvious effect of 11C-
PIB positivity on 11C-PIB R1/glucose metabolism coupling.

Finally, we used SPM analyses to assess the correlation
between severity of cognitive symptoms (MMSE scores)
and PET measures. Regarding positive correlations, most
relevant and well-agreeing (in terms of location, size, and t
score) correlation clusters covered the bilateral posterior
cingulate gyrus/precuneus for both 11C-PIB R1 and 18F-
FDG (Supplemental Fig. 2). This perfectly agrees with pre-
vious studies indicating that earliest AD-related metabolic
changes occur in this region (17). Also in line with earlier
studies (16,17), additional smaller positive correlation clus-
ters were located in the bilateral temporoparietal cortex for
11C-PIB R1. For 18F-FDG, a comparable left temporopar-
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ietal cluster occurred at a slightly lowered statistical thresh-
old (P , 0.01). In turn, Nihashi et al. (3) observed highly
correlated changes of CBF and glucose metabolism in tem-
poroparietal cortex (r 5 0.82), whereas the correlation of
changes in posterior cingulate gyrus/precuneus was moder-
ate (r 5 0.63). This difference may be explained by the fact
that Nihashi et al. (3) included patients with moderate AD,
whereas we contemplated patients with mild AD and 11C-
PIB–positive MCI. Furthermore, Nihashi et al. (3) used
CBF SPECT, which may be disadvantageous in posterior
cingulate gyrus/precuneus because of its lower resolution
and sensitivity. These findings illustrate that, despite a pos-
sibly limited dynamic range, 11C-PIB R1 should be a sen-
sitive marker of disease severity and progression in early
AD. Clearly unexpected 11C-PIB R1 correlation clusters
occurred in pons and the left thalamus/internal capsule.
They may result from the liberal statistical threshold used
(false positives) but may also represent artifacts related to
the high nonspecific 11C-PIB uptake in these regions. Con-
cerning negative correlations with MMSE scores (i.e., rel-
atively spared areas given that proportional scaling was
performed), prominent overlapping correlation clusters
were found in bilateral sensorimotor cortex for both meth-
ods, although being larger for 18F-FDG than for 11C-PIB
R1, in line with an earlier 18F-FDG PET study (23). Low-
ering the statistical threshold to P , 0.01 had relatively
little effect on these 11C-PIB R1 correlation clusters, which
may signify CBF-limited 11C-PIB extraction in these high-
flow areas. In contrast to 18F-FDG uptake and R1 maps, no
significant correlation could be detected between MMSE
scores and 11C-PIB BPND. This agrees with previous com-
bined 18F-FDG and 11C-PIB studies in AD that found (pos-
itive) correlations of cognitive scores with 18F-FDG uptake
but no or only considerably weaker (negative) correlations
with Ab load (or changes thereof) (7,13,14,18).

CONCLUSION

Voxelwise pharmacokinetic analyses of dynamic 11C-
PIB studies provide high-quality R1 images of relative
regional CBF that are well comparable to 18F-FDG PET
images. The high correlation between 11C-PIB R1 and
18F-FDG uptake and the good agreement of both methods
in terms of correlation with symptom severity (MMSE
scores) strongly suggest that 11C-PIB R1 can serve as a
complementary biomarker of neuronal activity and, thus,
neurodegeneration in addition to Ab load given by 11C-
PIB BPND.
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