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This report describes the first human study of a novel amyloid-imaging positron emission tomography (PET) tracer,
termed Pittsburgh Compound-B (PIB), in 16 patients with diagnosed mild AD and 9 controls. Compared with controls,
AD patients typically showed marked retention of PIB in areas of association cortex known to contain large amounts of
amyloid deposits in AD. In the AD patient group, PIB retention was increased most prominently in frontal cortex
(1.94-fold, p � 0.0001). Large increases also were observed in parietal (1.71-fold, p � 0.0002), temporal (1.52-fold, p �
0.002), and occipital (1.54-fold, p � 0.002) cortex and the striatum (1.76-fold, p � 0.0001). PIB retention was equiv-
alent in AD patients and controls in areas known to be relatively unaffected by amyloid deposition (such as subcortical
white matter, pons, and cerebellum). Studies in three young (21 years) and six older healthy controls (69.5 � 11 years)
showed low PIB retention in cortical areas and no significant group differences between young and older controls. In
cortical areas, PIB retention correlated inversely with cerebral glucose metabolism determined with 18F-
fluorodeoxyglucose. This relationship was most robust in the parietal cortex (r � �0.72; p � 0.0001). The results
suggest that PET imaging with the novel tracer, PIB, can provide quantitative information on amyloid deposits in living
subjects.
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We and others have worked to develop in vivo
amyloid-imaging agents for use with a variety of brain
imaging techniques.1–8 Modification of the amyloid-
binding histological dye, thioflavin-T, led to the find-
ing that neutral benzothiazoles bound to amyloid with
high affinity and crossed the blood–brain barrier very
well.5 The basic properties of the prototypical benzo-
thiazole amyloid binding agent 2-(4�methylamino-
phenyl)benzothiazole (termed BTA-1) and related de-
rivatives have been described in detail.8–10 These
studies showed that these compounds could bind to
amyloid with low nanomolar affinity, enter brain in
amounts sufficient for imaging with positron emission
tomography (PET), and clear rapidly from normal
brain tissue. At the low nanomolar concentrations typ-
ically used in PET studies, the binding of BTA-1 to
postmortem human brain was shown to be a good in-
dication of A� amyloid deposition but did not appear
to detect the presence of neurofibrillary tangles.11 The
exact form of the amyloid target of BTA-1 binding

have not yet been identified with certainty. In vitro
studies11 suggest that BTA-1 binds to aggregated,
fibrillar A� deposits such as those found in the cortex
and striatum, but not to the amorphous A� deposits
such as those that predominate in cerebellum. The
binding of BTA-1 and related derivatives to oligomeric
A� has not yet been studied.

A structure-activity study of a series of benzothia-
zoles suggested that a hydroxylated BTA-1 derivative
had brain clearance properties typical of many useful
PET radiotracers.10 Therefore, this hydroxybenzothia-
zole was chosen as the lead compound for the first hu-
man trial of benzothiazole amyloid-imaging agents. For
simplicity, the compound, N-methyl-[11C]2-(4�-
methylaminophenyl)-6-hydroxybenzothiazole, was given
the Uppsala University PET Centre code of “Pittsburgh
Compound-B” or, simply, PIB. Preclinical studies
showed that PIB bound to Alzheimer’s disease (AD)
brain with a Kd of 1 to 2nM, entered the brain rapidly
(approximately 7%ID/g 2 minutes after intravenous in-

From the 1Department of Psychiatry, University of Pittsburgh,
Pittsburgh, PA; 2Uppsala University, PET Centre/Uppsala Imanet
AB, Uppsala; 3Neurotec Department, Karolinska Institute, Hud-
dinge University Hospital, Stockholm; 4Department of Geriatric
Medicine, Huddinge University Hospital, Stockholm, Sweden; 5De-
partment of Radiology, PET Facility, University of Pittsburgh,
Pittsburgh, PA; and 6Department of Organic Chemistry, Uppsala
University, Uppsala, Sweden.

Received Sep 9, and in revised form Nov 4, 2003. Accepted for
publication Nov 18, 2003.

Address correspondence to Dr Mathis, PET Facility, B-938 UPMC
Presbyterian, 200 Lothrop Street, Pittsburgh, PA 15213-2582.
E-mail: mathisca@upmc.edu

ORIGINAL ARTICLES

306 © 2004 American Neurological Association
Published by Wiley-Liss, Inc., through Wiley Subscription Services



jection in mice), and cleared rapidly from normal mouse
brain (clearance t1/2 approximately 8 minutes).10 Using
real-time in vivo multiphoton microscopy, researchers
have shown that PIB and other benzothiazole amyloid-
imaging agents label individual amyloid plaques in trans-
genic mouse models of AD within 3 minutes after in-
travenous injection and clear rapidly from normal brain
parenchyma.8,12 This study describes the first results
from PIB PET imaging of 16 mild AD patients and 9
healthy control (HC) subjects.

Subjects and Methods
Preclinical development of the benzothiazole class of com-
pounds and PIB was completed at the University of Pitts-
burgh,10 recruitment and evaluation of AD patients subjects
and older controls were performed at the Department of Ge-
riatric Medicine, Huddinge University Hospital, and good
manufacturing process evaluation of PIB and human PET
studies were performed at Uppsala University.

PET-Microdosing Toxicology
The human use of PIB was preceded by a toxicity assessment
using the PET-microdosing concept.13 Toxicological studies
included genotoxicity (chromosomal aberration, mouse lym-
phoma mutagenesis, bacterial reverse mutation assay, and
mouse micronucleus assay), single dose toxicity in rats, and
cardiopulmonary physiology in the rhesus monkey. No toxic
effects of PIB were observed.

Radiotracers
18F-fluorodeoxyglucose (18FDG) and PIB were produced ac-
cording to the standard good manufacturing process at the
Uppsala University PET Centre. PIB, N-methyl-[11C]2-(4�-
methylaminophenyl)-6-hydroxybenzothiazole, was prepared
(Fig 1) by the method described previously,10 with several
modifications including the use of NaH as base and di-
methyl formamide as the reaction solvent. A solution of PIB
consisting of normal saline (2ml), propyleneglycol (2ml),
ethanol (0.7ml), and HCl (0.3mM) was filtered (Dynagard
ME, 0.22�m), yielding a solution that was sterile and apy-
rogenic. Addition of 5ml sterile phosphate-buffered saline to
the solution adjusted the pH to between 6.0 and 7.0. The
radiochemical yield was in the range of 10 to 15% based on
[11C]methyl iodide, and the specific radioactivity was on av-
erage 25GBq/�mol (range, 6–74) at end of synthesis. Rou-
tine quality control of the solutions for human injection con-
sisted of a pH measurement and high-performance liquid
chromatography analysis to determine radiochemical and
chemical purity. The radiochemical purity was greater than
95%. In addition, the following analyses were performed on

selected batches: sterility and endotoxin test, radiochemical
and chemical stability test including column recovery deter-
mination, and verification of the identity of the radiolabeled
compound with liquid chromatography mass spectrometry.

Autoradiography
Fresh-frozen pieces (2 � 2cm) of frontal cortex from post-
mortem brain of Alzheimer’s patients and from age-matched
control brain were used for the autoradiographic binding
studies. Tissue was obtained from the University of Pitts-
burgh Alzheimer Disease Research Center Brain Bank and
was collected as previously described.11 Frozen sections
(25�m) were preincubated in phosphate-buffered saline, pH
7.0, complemented with 2% bovine serum albumin, for 8 to
10 minutes. Subsequently, the sections were incubated in
10nM PIB, with or without 10�M BTA-1 (unlabeled com-
pound) for 30 minutes, in the same buffer. After that, the
slices were washed 2 � 2 minutes in the same buffer with an
additional 2 � 2–minute wash step in buffer without bovine
serum albumin. Finally, the slides were dried under an air
stream, at 37°C, for 8 to 10 minutes, before being exposed
to �-sensitive phosphor imager plates (Molecular Dynamics,
Sunnyvale, CA) for at least 40 minutes. The exposed plates
were scanned in a PhosphorImager, model 400S (Molecular
Dynamics) and the obtained digital images were displayed
and analyzed by the software ImageQuant 5.1 (Molecular
Dynamics).

Human Subjects
HEALTHY VOLUNTEERS. Nine subjects volunteered as
HCs for the PIB study and for regional cerebral glucose met-
abolic rate (rCMRglc) by 18FDG. Six older controls (OCs)
ranging in age from 59 to 77 years old, and three young
controls (YCs) all 21 years old were examined. The three
YCs were studied under a separate Human Ethics Commit-
tee Protocol, which included an arterial line for the purpose
of collecting samples for metabolite analysis and input func-
tion determination. Arterial sampling was not included in
the initial AD patient protocol but subsequently was ob-
tained from three AD patients and two older controls under
a modified protocol (see below). In addition to the arterial
sampling, the YC subjects also were included because of the
near certainty that these young subjects would represent true
plaque-negative controls. None of the HC subjects had a his-
tory of a medical or neurological disease or substance abuse,
and all scored normally on neuropsychological testing.

ALZHEIMER’S DISEASE PATIENTS. Sixteen AD patients
(Tables 1 and 2) ranging in age from 51 to 81 years old were

Fig 1. Reaction scheme for the radiochemical synthesis of PIB.
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recruited at the department of Geriatric Medicine, Huddinge
University Hospital, Karolinska Institute. The AD patients
had diagnoses of probable AD according to National Insti-
tute of Neurological and Communication Disorders Alzhei-
mer’s Disease and Related Disorders Association criteria.14

Before diagnosis, subjects underwent a comprehensive clini-
cal examination including medical history with close infor-
mant, neurological and psychiatric examination, routine
blood analysis, cerebrospinal fluid analysis for A�(1-42) and
tau, electrocardiogram, magnetic resonance imaging/com-

puted tomography scans, single-photon emission computed
tomography blood flow scans, electroencephalography, apo-
lipoprotein E (ApoE) genotyping, and a comprehensive neu-
ropsychological examination. The degree of dementia, as
evaluated by the Mini-Mental State Examination (MMSE),
varied from mild to very mild, ranging from 18 to 29.
Eleven of the AD patients had been on cholinesterase inhib-
itor treatment for 2 to 4 years (five rivastigmine and six ga-
lantamine). Five recently diagnosed AD patients had never
received treatment before the study. There was no significant

Table 1. Clinical Data of Individual AD Patients

IDa
Duration

(yr)
MMSE at
Diagnosis

Time Since
Diagnosis (yr)

MMSE
at Study ChEI

Years Taking
ChEIb

AD1c 4 28 0.5 26 No 0
AD2 6 27d 4 25 Yes 3
AD3 2 18 0.2 18 No 0
AD4e 5 29 4 28 Yes 4
AD5 6 25 4 22 Yes 4
AD6 7 25 6 21 Yes 4
AD7 5 29 4 18 Yes 4
AD8 1 25 0.3 25 No 0
AD9 3 27 0.3 25 No 0
AD10 4 27 2 25 Yes 2
AD11 5 28 3 27 Yes 2
AD12e 5 28 3 28 Yes 2
AD13 4 29 2 27 Yes 2
AD14e 4 28 2 29 Yes 2
AD15 4 23f 3 27 Yes 3
AD16 4 27 0 27 No 0
Mean 4.3 26.6 2.4 24.9 11 Yes 2.9
SD 1.5 2.9 1.8 3.4 5 No 0.9

aAD patient identification code.
bMean treatment time refers to only those receiving ChEI treatment.
cAD patient AD1 was not included in standardized uptake value analyses for the reason listed in Results.
dThe first available MMSE score is from 2 years before the study.
eAD4, AD12, and AD14 showed PIB retention typical of that seen in controls.
fThe first available MMSE score is from 1 year before the study.

AD � Alzheimer’s disease; MMSE � Mini-Mental State Examination; ChEI � cholinesterase inhibitor therapy.

Table 2. Group Mean Clinical Data

Parameter AD OC YC

Age (yr) 65.9 � 10.7 69.0 � 7.2 21 � 0
Female 5 3 3
Male 11 3 0
Education (yr) 12.3 � 3.7 12.7 � 4.0 n/aa

ApoE 3/3 8 nd nd
ApoE 2/4 1 nd nd
ApoE 3/4 1 nd nd
ApoE 4/4 6 nd nd
CSF A�42 �450pg/mlb 11 of 16 nd nd

Mean CSF A�42 372 � 129 nd nd
CSF tau �400pg/mlb 10 of 16 nd nd

Mean CSF tau 639 � 283 nd nd

aBecause these young volunteers had not yet reached their full educational potential.
bIndicates the number of patients with a level outside of the normal range.

AD � Alzheimer’s disease; OC � older control; YC � younger control; n/a � not applicable; ApoE � apolipoprotein E; nd � not deter-
mined; CSF � cerebrospinal fluid.

308 Annals of Neurology Vol 55 No 3 March 2004



difference in age or education level between the AD patients
and the OC subjects (see Table 2).

All AD patients and their next of kin and all HC subjects
gave informed consent to participate in the study. The study
was approved by the Ethics Committee of Uppsala Univer-
sity and Karolinska Institute, Stockholm, the Isotope Com-
mittee, Uppsala University Hospital, Uppsala, Sweden, and
the Institutional Review Board of the University of Pitts-
burgh.

Positron Emission Tomography
Patients and healthy volunteers were examined after fasting
for at least 6 hours before PET. Electrocardiography, pulse
and blood pressure were measured throughout the PIB study.
PET was performed in either of two Siemens ECAT HR	
cameras with an axial field of view of 155mm, providing 63
contiguous 2.46mm slices with a 5.6mm transaxial and a
5.4mm axial resolution. The orbitomeatal line was used to
center the head of the subjects. The data were acquired in
three-dimensional mode. The patients and healthy volunteers
were given an intravenous injection of approximately
300MBq of PIB. PET measured the time-dependent uptake
of radioactivity in the brain according to a predetermined set
of measurements (frames 2 � 60, 3 � 120, 4 � 180, 4 �
300, and 2 � 600 seconds) for 1 hour.

Subjects were given 200 to 300MBq of 18FDG intrave-
nously and PET measured the radioactivity in the brain for
5 � 60, 5 � 180, 5 � 300, and 1 � 600 seconds frames for
55 minutes. The plasma glucose concentration was measured
three times, once before and twice after the 18FDG injection.
All 18FDG scans of AD patients were obtained within 30
days of the PIB scan.

Attenuation correction was based on a 10-minute win-
dowed transmission scan with rotating 68Ge rod sources be-
fore administration of the radioactivity. The emission data
were normalized, corrected for random coincidences and
dead time, and corrected for scatter using a method by
Watson and colleagues.15 Images were reconstructed with the
standard software supplied with the scanner (ECAT 7.1;
CTI PET Systems, Knoxville, TN), using Fourier rebinning
followed by two-dimensional filtered back-projection apply-
ing a 4mm Hanning filter. A computerized reorientation
procedure was used to align consecutive PET studies for ac-
curate intra- and interindividual comparisons.16

Metabolite Analysis
Arterialized-venous blood samples were obtained from 13
AD patients and 4 OC subjects. Radial artery blood samples
were obtained in 2 of the 3 YC subjects, 2 of the 6 OC
subjects, and 3 of the 16 AD patients (AD12, AD13, and
AD14). Whole-blood samples were centrifuged and an equal
volume of acetonitrile was added to the plasma fraction to
precipitate the proteins. The supernatant was analyzed by
high-performance liquid chromatography. Separation of me-
tabolites and tracer was performed on a Genesis C18 column
with a mobile phase consisting of acetonitrile 50mM ammo-
nium formate, pH 3.5 (55:45, vol/vol). The metabolite and
tracer fractions were collected and the radioactivity was mea-
sured in a well-type scintillation counter.

Regions of Interest
All PET investigations were analyzed using identical stan-
dardized regions of interest (ROI) in the brain.17 Cortical
ROI (1 � 3cm) were placed in the frontal (three slices) and
parietal (four slices) cortices. ROI for the striatum were
placed at the level with highest uptake. Other cortical ROI
were placed in the occipital and cerebellar cortices at the
level of highest radioactivity uptake and in the temporal cor-
tices (five coronal slices). Two ROI (1.5cm in diameter) were
located in the pons and linked, and the subcortical white
matter was defined with a traced ROI at the location of cen-
trum semiovale. The parietal, temporal, frontal, and occipital
ROI were linked to form volumes of interest.

Image Quantitation
Arterial plasma data were available for 7 of the 25 subjects,
but 2 of the AD patients were among the 3 outliers that did
not show PIB retention (see below). Therefore, arterial data
were available for only one subject who showed significant
PIB accumulation (AD13). This precluded conventional
compartmental analysis on the subject group as a whole. Ref-
erence tissue modeling using the cerebellum then was ex-
plored. The cerebellum was chosen as a reference region be-
cause of its previously reported lack of Congo red and
thioflavin-S–positive plaques.18,19 Over the 60-minute time
frame that the data were collected, the tissue-to-reference ra-
tio did not plateau over a sufficient number of points to
validly apply steady state–based modeling methods (eg, Lo-
gan graphical analysis20,21). Future studies with extended pe-
riods of data acquisition of at least 90 minutes should allow
for definitive determination of whether or not steady state–
based methods can be applied. Models which assume irre-
versible binding (eg, Gjedde22 and Patlak and colleagues23,24)
also were applied to the data, but difficulties were observed
in brain areas with very low accumulation, such as the cor-
tical regions of HC subjects. There was some indication that
this may be caused by a small but significant net accumula-
tion of tracer in the cerebellum, perhaps because of nonspe-
cific retention in the white matter which contaminates this
reference ROI. Efforts are under way to analyze the data
with a modified Patlak method that corrects for this accu-
mulation in the reference region. The details of this analysis
will be presented separately elsewhere (G. Blomqvist, in
preparation). Currently, expressing the data in terms of stan-
dardized uptake value (SUV) appears preferable because it
does not introduce assumptions about the kinetics which
have not yet been adequately explored. SUV was obtained by
normalizing tissue concentration (nCi/ml) by injected dose
(nCi) and body mass (in units of ml, making the approxi-
mation that 1gm equals 1ml). Note that, although not yet
optimized, preliminary modeling approaches produced re-
sults that were entirely consistent with the SUV results.

18F-fluorodeoxyglucose Analysis
Parametric maps of glucose metabolic rate (rCMRglc) were
generated by the Patlak technique using the time course of
the tracer in arterialized-venous plasma as the input func-
tion.22,23 Taking advantage of the 20-minute half-life of car-
bon 11, 18FDG scans could be performed 120 minutes after
the injection of PIB.
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Statstical Analyses
Statistical comparisons utilized a two-sample, unequal vari-
ance, two-tailed Student’s t test. Linear regression analyses
were conducted to yield the Pearson product moment corre-
lation coefficient, r. Because of the multiple comparisons in
eight brain areas, a Bonferroni correction was applied to set
statistical significance to p value of 0.05/8 (ie, p � 0.006) to
declare a significant difference to be present between two
groups.

Results
Characterization of PIB Binding to
Postmortem Tissue
In sections of fresh-frozen postmortem tissue, PIB
showed little binding to the amyloid-free frontal cortex
of a cognitively normal elderly control brain (Fig 2A,
B). In contrast, PIB bound specifically to the amyloid-
laden frontal cortex of an age-matched AD brain in a
manner that could be blocked by an excess of the
structural analog, BTA-1 (see Fig 2C, D). The nonspe-
cific retention of PIB in white matter was overshad-
owed by the cortical binding in AD brain but predom-
inated in control brain (see Fig 2). Note that Figure 2
represents fresh-frozen tissue sections that have not
been treated to mask white matter binding (ie, the tis-
sue was not defatted and washings were performed us-
ing phosphate-buffered saline without ethanol).

Plasma Metabolism of PIB
The plasma concentration of PIB was studied in the
nine HC subjects and 16 AD patients. All PIB metab-
olites were very polar. No substantial differences in the
metabolism of PIB were seen between the AD patients
and the HC subjects. The amount of unchanged PIB
decreased rapidly and was 65.5 � 8.7% in HC sub-
jects and 68.1 � 12.9% in AD patients after 5 min-
utes, 30.7 � 7.3% (HC) and 33.5 � 8.9% (AD) after
12 minutes, and 7.2 � 3.6% (HC) and 9.8 � 3.0%
(AD) after 60 minutes. Furthermore, no differences be-
tween the time course of labeled metabolites in arterial
and/or venous plasma could be seen. Of note, in vivo
mouse studies using PIB showed similarly rapid pe-
ripheral metabolism, whereas greater than 95% of the
radioactivity in brain could be recovered as unchanged
parent compound.10 Studies in other species are ongo-
ing.

Time-Activity Data
The six OC subjects showed a brain entry and clear-
ance pattern very similar to that found in the YC sub-
jects, and there was no statistically significant differ-
ence between the two healthy control (HC) groups.
Therefore, young and older control groups were com-
bined to form the HC group for comparison with the
AD patients. All statistically significant findings re-
ported below remained significant (p � 0.006) in a

separate analysis comparing AD patients to only the six
OC subjects. The data from 1 of the 16 AD patients
(AD1) were excluded from the SUV analyses because
of low radioactivity values in all brain areas (including
cerebellum and white matter), possibly caused by ex-
travasation of an unknown portion of the injected
dose.

As a group, the HC subjects showed rapid entry and
clearance of PIB in all cortical and subcortical gray
matter areas, including cerebellar cortex (Fig 3A, C,
D). Cerebellum, an area lacking fibrillar amyloid
plaques, showed nearly identical uptake and clearance
of PIB in the HC and AD groups (see Fig 3A). Sub-
cortical white matter showed relatively lower entry and
slower clearance in both HC subjects and AD patients,
but PIB retention did not differ significantly between
the two groups (see Fig 3B). In contrast, the AD pa-
tients showed a marked retention of PIB compared
with HC subjects in areas of the brain known to con-
tain large amounts of amyloid deposits in AD, such as
parietal and frontal cortices25,26 (see Fig 3C, D, E).
The SUV values over the late time points (40–60 min-
utes) were averaged to calculate the SUV values shown
in the group comparisons and to generate the images
shown below.

Fig 2. Specific and displaceable PIB binding occurs in the
cortex of postmortem Alzheimer’s disease (AD) brain, but not
in white matter or control brain cortex. Autoradiograms show-
ing the binding of PIB to fresh-frozen, post-mortem control
(A, B) and AD brain sections (C, D). All sections were incu-
bated with 10nM PIB. Excess nonradioactive BTA-1(10�M)
was added in B and D to demonstrate displaceable binding.
Arrows indicate the location of white matter and cortex (gray
matter area is circled in A, C). Cortex is barely visible on
control sections because of lack of binding.
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Standardized Uptake Value Images
As the time-activity data would predict, the topograph-
ical pattern of PIB retention was clearly different in
AD patients compared with the HC subjects (Fig 4).
PIB accumulation in AD patients as a group was most
prominent in cortical association areas and lower in
white matter areas. This pattern is very consistent with
that described in postmortem studies of amyloid dep-
osition in AD brain.25,26 PIB images from HC subjects
showed little or no PIB retention in cortical areas, leav-
ing the subcortical white matter regions highest in rel-
ative terms. Note that, in absolute terms, the accumu-
lation of PIB in white matter was essentially the same
in AD patients and HC subjects (see Figs 3B, 6B).

A series of axial and sagittal images give a better
three-dimensional sense of the topography of PIB re-
tention (Fig 5). The marked difference between PIB
retention in the AD patient and the HC subject is ap-
parent throughout most of the forebrain. Frontal cor-
tex was widely affected in the AD patient, but intense
PIB retention also was observed in temporal and pari-
etal cortices, portions of occipital cortex, and in the
striatum. Lateral temporal cortex appeared to have
greater PIB accumulation than medial temporal areas.
Cerebellar cortex (see Fig 5) showed little PIB reten-
tion and was similar in AD patients and HC subjects.

Quantitative Comparisons of Alzheimer’s Disease and
Healthy Control Group Data
In cortical areas, the mean PIB SUV value of AD pa-
tients was significantly greater than the mean PIB SUV
value of control subjects (Fig 6A; Table 3). This indi-
cates increased retention of PIB in areas known to have
extensive amyloid deposition in AD.

Three patients diagnosed with AD (AD4, AD12,
and AD14) had high MMSE scores (28–29) and

Fig 3. PIB is differentially retained only in amyloid-laden cortical areas of AD brain. Standardized uptake values (SUVs) demon-
strating brain entry and clearance of PIB. A to C represent averaged SUV values for all HC subjects (open, black symbols; n �
9) and all AD patients (filled, red symbols; n � 15) in cerebellum, subcortical white matter, and frontal cortex. D and E show
brain entry and clearance in cerebellum (triangles), subcortical white matter (diamonds), frontal cortex (squares), and parietal
cortex (circles) for an older control subject (D) and an AD patient (E). Error bars represent one standard deviation (SD) and are
too small to be seen in some of the HC subject data in A to C. Asterisks (e.g., in C) indicate a significant difference between AD
and HC values (p � 0.006). Shaded areas highlight the 40 to 60-minute time period used for the summed SUV data displayed in
Figures 4 to 7.

Fig 4. PIB standardized uptake value (SUV) images demon-
strate a marked difference between PIB retention in Alzhei-
mer’s disease (AD) patients and healthy control (HC) subjects.
PET images of a 67-year-old HC subject (left) and a 79-year-
old AD patient (AD6; MMSE � 21; right). (top) SUV PIB
images summed over 40 to 60 minutes; (bottom) 18FDG
rCMRglc images (�mol/min/100ml). The left column shows
lack of PIB retention in the entire gray matter of the HC
subject (top left) and normal 18FDG uptake (bottom left).
Nonspecific PIB retention is seen in the white matter (top
left). The right column shows high PIB retention in the fron-
tal and temporoparietal cortices of the AD patient (top right)
and a typical pattern of 18FDG hypometabolism present in the
temporoparietal cortex (arrows; bottom right) along with pre-
served metabolic rate in the frontal cortex. PIB and 18FDG
scans were obtained within 3 days of each other.

Klunk et al: Imaging Amyloid in AD with PIB 311



showed no significant deterioration over the 2 to
4-year follow-up period (see Table 1). These subjects
had levels of PIB retention in cortical regions typical of
controls (see open triangles in Fig 6). They also had
rCMRglc values similar to controls in the brain areas
presented in Figure 6. These three subjects were re-
tained in the AD group for all analyses. In the OC
group, the oldest subject consistently showed the high-

est cortical PIB retention and the lowest cortical
rCMRglc (see boxed circles in Fig 6). This subject had
not expressed any subjective memory complaints and
performed within the reference range on the neuropsy-
chological test battery except for difficulty copying a
complex cube.

The average PIB SUV values in the HC subjects
were low and similar to each other in all cortical and

Fig 5. Serial planes demonstrate the topography of PIB retention. Axial (top two rows) and sagittal (bottom two rows) standardized
uptake value (SUV) PIB images of the subjects shown in Figure 4. The healthy control subject data are shown in rows 1 and 3.
The Alzheimer’s disease patient data are shown in rows 2 and 4. The reference region, the cerebellum, can best be appreciated in
the images at the far right. The cerebellar peduncles (white matter) show some nonspecific retention, but the cerebellar cortex shows
negligible retention. Scale bar indicates relative levels of PIB SUV values.
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subcortical gray matter areas. In HC subjects and AD
patients, the retention also was similar in the cerebel-
lar gray matter (see Table 3), a cortical area that lacks
fibrillar amyloid plaques.18 This indicates the lack of
PIB retention in control cortex and in the cerebellum
of both AD and controls, brain areas which would
not be expected to have significant amyloid deposi-
tion.

In HC subjects, the PIB SUV values in pons and
subcortical white matter (see Fig 6B) were higher than

in cortical areas and very similar to the SUV values
found in pons and subcortical white matter of AD pa-
tients (see Table 3). This suggests higher, nonspecific
retention of PIB in white matter than in gray matter
areas.

We found the striatum, consistent with previous re-
ports of extensive amyloid deposition in the striatum of
virtually all AD patients,27–30 to have significantly
higher PIB retention in AD patients than in HC sub-
jects (see Table 3).

Fig 6. The differences in PIB retention between Alzheimer’s disease (AD) patients and healthy control (HC) subjects can be quanti-
fied and are statistically significant. Shown is the accumulation of PIB and rCMRglc in selected regions. Average PIB standardized
uptake value (SUV) values were summed over 40 to 60 minutes in cortical areas (A) or white matter areas (B) and compared
with cerebellum. Values for 18FDG uptake were calculated with the Gjedde-Patlak method in cortical areas (C) or white matter
areas (D) and compared with cerebellum. The mean and one SD are indicated with the error bars beside the individual points.
HC subjects: circles; n � 9; filled circles represent the three young HC subjects; boxed circle represents the outlier in the HC
group (oldest subject). AD patients: triangles; n � 15 (SUV) or n � 16 (FDG); open triangles represent the three outliers in the
AD group. AD mean and SD values include all 15 (SUV) or 16 (18FDG) AD subjects; p � 0.01 (*); p � 0.002 (**); p �
0.0002 (***).
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Comparison of PIB Retention to
Cerebral Metabolic Rate
The rCMRglc in cortical areas was lower in the AD
patients compared with HC subjects in most regions
(Table 4) as has been established in many previous
studies.31–34 The largest and only significant differ-
ence ( p � 0.006) in rCMRglc was observed in parietal
cortex (see Fig 6C; Table 4). The relative differences
in rCMRglc between AD patients and HC subjects
were in general smaller (eg, 41% in parietal cortex;
see Table 4) than the relative differences in PIB re-
tention (eg, 94% in frontal cortex; see Table 3). The
correlation between PIB retention and rCMRglc in all
subjects and in AD patients alone is shown in Table
4. When all HC subjects and AD patients were com-
bined, a significant negative correlation ( p � 0.006)
was observed only in the parietal cortex (Fig 7). Clear
negative trends were observed in all cortical areas, but
not in white matter areas. These correlations did not
remain significant at the p value 0.006 level (see Sub-
jects and Methods) when only AD patients were in-

cluded, although the negative trend remained obvious
in the parietal cortex (see Table 4, Fig 7).

The relative changes in PIB and rCMRglc for each
individual patient also can be appreciated from the
data in Figure 7. For this purpose, low rCMRglc val-
ues were defined as those more than one SD below
the mean rCMRglc of the HC subjects (ie, rCMRglc

�34.6�mol/min/100ml) and high PIB SUV values
were defined as those more than one SD above the
mean PIB SUV of the HC subjects (ie, PIB SUV
�1.03). These areas are indicated in Figure 7, and it
can be seen that all AD patients with abnormally low
parietal rCMRglc values also had abnormally high pa-
rietal PIB SUV values. Interestingly, all three AD pa-
tients (MMSE 28 –29) with parietal PIB SUV values
less than 1.03 also had normal parietal rCMRglc val-
ues (see open triangles in Fig 7). However, one AD
patient with a normal rCMRglc had a high PIB SUV
value (see double asterisks in Fig 7). None of the HC
subjects with PIB SUV values less than 1.03 showed
low rCMRglc values. The one HC subject (the

Table 3. PIB Retention in Various Brain Areas (SUV)

Fr Par Temp Occ Striatum Pons SWM Cb

AD mean (n � 15) 1.56 1.45 1.26 1.24 1.47 1.31 1.22 0.86
AD SD 0.53 0.43 0.39 0.43 0.41 0.22 0.21 0.17

HC mean (n � 9) 0.80 0.85 0.83 0.80 0.84 1.21 1.19 0.74
HC SD 0.21 0.18 0.15 0.13 0.19 0.26 0.22 0.07

AD vs HC (p) 0.0001 0.0001 0.0011 0.0017 0.00004 0.3563 0.7238 0.0205
AD:HC ratio 1.94 1.71 1.52 1.54 1.76 1.08 1.03 1.17

Statistically significant results (p � 0.006) are boldface and underlined.

SUV � standardized uptake value; AD � Alzheimer’s disease; HC � healthy control; SD � standard deviation.

Table 4. rCMRglc and Correlation to PIB Retention

Fr Par Temp Occ Striatum Pons SWM Cb

rCMRglc (�mol/min/100 ml)
AD mean (n � 16) 34.8 30.6 28.9 38.5 47.8 25.2 19.0 34.9

AD SD 7.2 7.6 4.9 6.6 6.8 3.9 5.1 6.0
HC mean (n � 9) 45.0 43.2 33.6 49.3 55.5 26.7 21.6 39.6

HC SD 9.7 8.6 6.4 10.3 11.4 3.6 4.9 8.7
(AD vs HC) (p) 0.0163 0.0024 0.0801 0.0149 0.0914 0.3304 0.2255 0.1716

AD:HC ratio 0.77 0.71 0.86 0.78 0.86 0.94 0.88 0.88
Correlation of rCMRglc to PIB SUV

All Subjects (n � 24)
r 
0.43 
0.72 
0.31 
0.48 
0.26 0.28 
0.08 
0.19
p 0.037 0.0001 0.187 0.017 0.323 0.266 0.99 0.776

AD only (n � 15)
r 
0.03 
0.61 
0.15 
0.34 
0.03 0.34 0.27 
0.32
p 0.99 0.015 0.99 0.258 0.99 0.257 0.438 0.305

Statistically significant results (p � 0.006) are boldface and underlined.

rCMRglc � regional cerebral glucose metabolic rate; AD � Alzheimer’s disease; SD � standard deviation; HC � healthy control; SUV �
standardized uptake value.
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oldest) with a slightly low rCMRglc value also had
an increased PIB SUV value (see single asterisk in
Fig 7).

Correlations between PIB Retention and Clinical/
Biochemical Variables
There was a trend in all brain areas for higher PIB
SUV values to be observed in AD patients having
lower MMSE scores, but none of these correlations
reached statistical significance. There was no significant
correlation of PIB retention with age in either the AD
or HC groups. However, the oldest HC subject
showed consistently higher PIB retention than the
other controls (see Fig 6).

In the AD patient group, there was no significant
correlation in any brain area studied between PIB SUV
values and duration of illness (from either onset or
time of diagnosis) or number of years on cholinesterase
inhibitors. Comparing AD patient subtypes, treatment
with cholinesterase inhibitors and sex showed no sig-
nificant effect on PIB values in any brain area. ApoE
genotype had no effect on PIB SUV values in any
brain area of AD patients. Furthermore, there was no
trend toward increased PIB SUV values in the 4/4 AD

patients (n � 6) compared with the 3/3 AD patients
(n � 8).

Discussion
In autoradiographic studies of postmortem brain tis-
sue, PIB showed specific and displaceable binding to
AD cortical areas containing amyloid deposits, but
not to control cortex. These studies are consistent
with several previous studies which support the spec-
ificity of benzothiazole, thioflavin-T derivatives for
amyloid deposits.8,10 –12 Plasma metabolism of PIB
was rapid and all metabolites were polar, suggesting
that blood metabolites are not likely to enter the
brain. This is consistent with metabolic data in
mice.10 Further studies are under way in other species
and with human tissue in vitro to determine whether
radioactive metabolites could be present in human
brain. Determination of the optimal pharmacokinetic
modeling method will be ongoing as more arterial
data are collected and scan time is increased to 90
minutes. Until this issue can be clarified, we prefer to
express the data in terms of SUV.

In this study, both imaging and time-activity
curves showed that the retention of PIB provided a
quantifiable discrimination between most mild AD
patients and HC subjects. In HC subjects, there was
very little retention of PIB in cortical regions. In con-
trast, frontal and temporoparietal cortical areas,
known to contain amyloid deposits in AD, showed
preferential retention of PIB. The absolute level of
PIB retention was approximately the same in the cer-
ebellum and white matter of AD patients and HC
subjects, brain areas known to lack substantial depos-
its of fibrillar amyloid. Time-activity curves demon-
strated that the absolute amount of PIB retained in
the frontal cortex of AD patients was greater than
90% higher than that retained in control frontal cor-
tex or cerebellum of either controls or AD patients.

In general, this pattern of PIB retention is consis-
tent with the pattern of amyloid plaque deposition
described in postmortem studies of AD brain.25,26

These postmortem studies showed that, from the ear-
liest stages, amyloid plaque deposition was distributed
fairly evenly across neocortical association cortices in
AD. In contrast, mesial temporal lobe areas (includ-
ing hippocampus) showed relatively low plaque bur-
dens.26 Unlike plaque deposition, the topographical
development of neurofibrillary tangles begins focally
in the transentorhinal cortex and progresses predict-
ably through limbic areas to the neocortex.35 PIB re-
tention typically predominated in frontal cortex, but
note that frontal cortex did not always show the high-
est PIB retention in a given subject and mean levels
of frontal PIB retention exceed parietal levels by less
than 10%. Postmortem studies using silver stains, an-
tibodies to A�, or thioflavin-S do identify frontal cor-

Fig 7. PIB retention is inversely correlated with rCMRglc. Cor-
relation of rCMRglc in parietal cortex versus parietal PIB
standardized uptake value (SUV) values. Correlations were
performed separately on all subjects (n � 24, R2 � 0.511; p
� 0.0001; solid line) and only Alzheimer’s disease (AD) pa-
tients (n � 15, R2 � 0.377; p � 0.015; dotted line). AD
patients are represented by triangles (outliers are open trian-
gles) and HC subjects are represented by circles (young con-
trols are filled circles). Also indicated is a horizontal line that
represents one SD above the HC mean PIB SUV value (at
1.03 SUV) and a vertical line that represents one SD below
the HC mean rCMRglc (at 34.6�mol/min/100ml). See text
for further details.
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tex as a brain area very high in amyloid deposition
but have not identified it as the site of greatest dep-
osition.25,26 This raises the question of whether the
observation of highest PIB retention in the frontal
cortex is real or an artefact. There is evidence that the
nature of amyloid deposits varies across the neocor-
tex.36 It also is possible that there are additional re-
gional variations in amyloid processing and fibrillo-
genesis that can be detected in vivo but cannot be
detected in postmortem tissue, particularly after fixa-
tion. Another possible reason for the greater PIB SUV
values in frontal cortex compared with temporal and
parietal cortex could be the fact that, in AD, regional
cerebral blood flow (rCBF) to the frontal cortex is
relatively preserved compared with the well-described
decreases in temporal and parietal cortex.37 Currently,
the presence or absence of a rCBF effect on PIB mea-
sures has not yet been determined, and careful studies
exploring the relationship between changes in rCBF
and PIB retention will be needed to fully address this
issue. Whether or not SUV measures of PIB retention
are found to be affected by rCBF differences, com-
partment models will be applied to PIB data in the
future and the optimal PIB retention measures de-
rived from these models would be expected to be
much less influenced by rCBF differences than those
derived from SUV-type analyses.

Extensive amyloid deposition has been reported to
occur in the striatum of virtually all AD pa-
tients,28 –30 and we observed substantial PIB retention
in the striatum of AD patients in this study. Striatal
plaque deposition appears to occur early in the pro-
gression of AD pathology and coincides with neocor-
tical pathology and cognitive changes.27 Although
neuritic elements have been described in ventral stri-
atum,29 most striatal A� deposits are not associated
with dystrophic neurites.28,29 Despite this poorly un-
derstood absence of neuritic changes in the striatum,
striatal plaques appear to be fibrillar as evidenced by
the fact that they are stained well by the fibril-specific
Congo red derivative, X-34.38 PIB and related benzo-
thiazoles also stain striatal amyloid deposits in post-
mortem AD brain (W.E. Klunk, unpublished data) in
a manner similar to the staining of cortical deposits
by other benzothiazole derivatives.11 Therefore, the
observation of significant PIB retention in the stria-
tum is not surprising.

Three patients with very mild AD (AD4, AD12, and
AD14) had cortical PIB retention similar to the HC
subjects. Note that these three patients had MMSE
scores between 28 and 29 after 2 to 4 years of follow-
up. At the time of the PIB study, AD4, AD12, and
AD14 all had temporal and parietal rCMRglc values
that were not typical of AD patients and more closely
resembled the HC subjects. Other mild AD patients
with similar clinical profiles showed typical AD-like

changes in PIB retention and rCMRglc. For example
AD11, AD13, and AD15 all had an MMSE score of
27 at the time of study but had increased PIB reten-
tion and decreased rCMRglc. Treatment with cholines-
terase inhibitors was not related to the differences ob-
served. Therefore, it is unclear whether this amyloid
imaging technique was simply insensitive to the
amount of amyloid deposits in the brains of AD4,
AD12, and AD14 or whether PIB imaging has cor-
rectly identified subjects without amyloid deposits in
whom the clinical diagnosis would not be confirmed
by postmortem evaluation.

Conversely, the oldest control in this study showed
PIB retention typical of AD patients and could be de-
scribed as an asymptomatic amyloid-positive case. This
type of case brings up issues of specificity versus early
detection. One possibility could be that a high PIB sig-
nal was obtained in the absence of amyloid deposits (ie,
a false-positive). However, if this finding does represent
the true presence of amyloid in an asymptomatic indi-
vidual, the question becomes whether substantial amy-
loid deposition can be found as part of the normal ag-
ing process in subjects who will never develop AD39 or
is increased amyloid deposition always a sign of pre-
clinical AD40–42? The ability to longitudinally follow
PIB retention as an in vivo measure of amyloid depo-
sition now gives us a tool through which we may be
able to answer this question in a manner that postmor-
tem studies can not.

Note that this initial proof-of-concept study was not
designed to determine the sensitivity and specificity of
amyloid imaging with PIB for the diagnosis of AD.
Many very mild cases (MMSE �25 in 12 of 16 cases)
were included, and the accuracy of the clinical diagno-
sis of AD is not clearly defined at this stage. Therefore,
we cannot assess the utility of PIB for the diagnosis of
AD from this study. Further studies that include only
more typical, moderately impaired AD patients will be
needed to address sensitivity issues and more controls
and patients with non-AD dementias must be studied
to define specificity issues.

The coupling between increased PIB retention and
decreased 18FDG metabolism was not an unexpected
finding, given the well-known decrease in temporopa-
rietal metabolism in AD patients31 and the presence of
extensive amyloid deposition in these same areas.25,26

PET with 18FDG and PIB might be considered as
complementary methods, one looking directly at amy-
loid pathology and the other looking at metabolic dys-
function at the synapse that may or may not be related
to the local pathology. Thus far, we have studied only
mild AD patients with PIB, but 18FDG imaging has
been shown to be sensitive enough to demonstrate
metabolic changes before the onset of clinical symp-
toms in subjects at risk for AD due to the presence of
the ApoE4 allele43,44 or the presence of chromosome
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21 or 14 mutations.45,46 Inevitably, a comparison of
the relative “sensitivities” of imaging with PIB and
18FDG for detecting changes in the brains of AD pa-
tients will be necessitated. Our data showed that the
largest mean difference between AD patients and HC
subjects in rCMRglc was approximately 40% in the
parietal cortex (or approximately 1.5 SD from the
control mean), whereas the largest mean difference in
PIB retention was greater than 90% in frontal cortex
(or approximately 3.6 SD from the control mean). All
AD patients with low parietal rCMRglc also had high
PIB retention, but one AD subject (AD16) with nor-
mal parietal rCMRglc had elevated PIB retention.

No significant correlation was observed between PIB
accumulation and MMSE scores in this sample of AD
patients, but this may be because 12 of the 16 AD
patients fell into the narrow range of 25 to 29 on
MMSE score. In this initial study, the reported associ-
ation between ApoE4 genotype and increased postmor-
tem cortical amyloid load was not reflected by in-
creased PIB retention in AD patients having an ApoE4
allele.47,48 However, the relationship between ApoE4
and postmortem amyloid load is complex and not al-
ways observed.49

Although this “proof-of-concept” study represents
the first evaluation of a benzothiazole compound as
an in vivo radiotracer for imaging amyloid deposition
in human brain, two previous attempts have been
made to image amyloid deposition in living AD pa-
tients using other tracers. The first attempt used
single-photon emission computed tomography and a
99mTc-labeled antibody to A�, but there was no evi-
dence of cerebral uptake of the antibody.50 The sec-
ond in vivo human amyloid-imaging study used the
tracer 18F-FDDNP to quantify amyloid in nine AD
patients and seven controls.51 The time-activity data
from an AD patient included in that study indicated
that, at late time points (90 –120 minutes), the abso-
lute retention of 18F-FDDNP in neocortical areas ex-
ceeded that in the reference region, the pons, by 10
to 15%. The area of highest retention at late time
points was the hippocampus/amygdala/entorhinal cor-
tex region, an area that exceeded the reference region
by approximately 30%.

As the technology of amyloid imaging moves for-
ward, it will be important to avoid the circular reason-
ing inherent in the association of amyloid deposition
with both the diagnosis and the cause of AD. There-
fore, at the outset, it may be best to not equate amy-
loid deposition to clinical diagnosis. Rather than as a
method of diagnosis, it might be best to first think of
PIB retention more fundamentally as a method to de-
tect and quantify brain �-amyloidosis, a term first used
in reference to AD by Glenner.52 Several basic, unbi-
ased questions then can be asked regarding (1) the cor-
relation of �-amyloidosis with clinical diagnosis; (2)

the natural history of �-amyloidosis and its onset rela-
tive to clinical symptoms of dementia; and (3) the abil-
ity of �-amyloidosis to serve as a surrogate marker of
efficacy for antiamyloid therapeutics.

The relationship of brain �-amyloidosis to clinical
AD and the natural history of that relationship can be
determined only by large and careful longitudinal hu-
man studies. We have so far investigated only mild
AD patients. To sort out the relationship between
brain �-amyloidosis and AD, it will be important to
perform further studies in subjects with mild cogni-
tive impairment, carriers of familial AD mutations
and other types of increased genetic risk, and in larger
groups of AD patients and HC subjects. Another po-
tential use of in vivo amyloid imaging could be as an
aid to the development of a variety of antiamyloid ther-
apeutic candidates. Such antiamyloid drug studies may
provide new knowledge concerning the relevance of
�-amyloidosis to the clinical symptoms of AD. Al-
though these and other issues are yet to be fully resolved,
this study strongly suggests that PIB retention may be a
good indicator of amyloid deposition in vivo.
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