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Neuroinflammation is a pathological hallmark of Alzheimer's disease, but its role in cognitive impairment and its course of
development during the disease are largely unknown. To address these unknowns, we used positron emission tomography with
"1C-PBR28 to measure translocator protein 18kDa (TSPO), a putative biomarker for inflammation. Patients with Alzheimer's
disease, patients with mild cognitive impairment and older control subjects were also scanned with "' C-Pittsburgh Compound B
to measure amyloid burden. Twenty-nine amyloid-positive patients (19 Alzheimer's, 10 mild cognitive impairment) and 13 amyl-
oid-negative control subjects were studied. The primary goal of this study was to determine whether TSPO binding is elevated
in patients with Alzheimer's disease, and the secondary goal was to determine whether TSPO binding correlates with neuro-
psychological measures, grey matter volume, "'C-Pittsburgh Compound B binding, or age of onset. Patients with Alzheimer's
disease, but not those with mild cognitive impairment, had greater "'C-PBR28 binding in cortical brain regions than controls.
The largest differences were seen in the parietal and temporal cortices, with no difference in subcortical regions or cerebellum.
1 C-PBR28 binding inversely correlated with performance on Folstein Mini-Mental State Examination, Clinical Dementia Rating
Scale Sum of Boxes, Logical Memory Immediate (Wechsler Memory Scale Third Edition), Trail Making part B and Block Design
(Wechsler Adult Intelligence Scale Third Edition) tasks, with the largest correlations observed in the inferior parietal lobule.
"1C-PBR28 binding also inversely correlated with grey matter volume. Early-onset (<65 years) patients had greater ''C-PBR28
binding than late-onset patients, and in parietal cortex and striatum "'C-PBR28 binding correlated with lower age of onset.
Partial volume corrected and uncorrected results were generally in agreement; however, the correlation between ''C-PBR28 and
"C-Pittsburgh Compound B binding was seen only after partial volume correction. The results suggest that neuroinflammation,
indicated by increased 'C-PBR28 binding to TSPO, occurs after conversion of mild cognitive impairment to Alzheimer's disease
and worsens with disease progression. Greater inflammation may contribute to the precipitous disease course typically seen in
early-onset patients. ''C-PBR28 may be useful in longitudinal studies to mark the conversion from mild cognitive impairment or
to assess response to experimental treatments of Alzheimer's disease.
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Introduction

Neuroinflammation, consisting of microglial activation and/or re-
active astrocytosis, has long been considered a potential contribu-
tor to pathogenesis in Alzheimer's disease (McGeer and McGeer,
2003). However, the exact role and timing of neuroinflammation
in Alzheimer's disease is controversial, as inflammatory brain
changes have been reported in both early and late stages of the
disease (Craft et al., 2006; Xiang et al., 2006; Eikelenboom et al.,
2010). In addition, results from some studies suggest microglial
activation is actually neuroprotective against Alzheimer's disease
(El Khoury et al., 2007) and that Alzheimer's disease neuropath-
ology is associated with senescent, rather than activated, microglia
(Streit et al., 2009). Patients with mild cognitive impairment (MCI)
are at increased risk for progression to Alzheimer's disease, and
patients with MCI with amyloid pathology—as identified through
PET using ''C-Pittsburgh Compound B (PIB)—convert to
Alzheimer's disease at reported rates as high as 48% within 3
years (Okello et al., 2009b; Wolk et al., 2009). Therefore PIB-
positive patients with MCI likely represent a prodromal stage of
Alzheimer's disease, and studying inflammation in these patients
may shed light on whether microglial activation is an early con-
tributor to Alzheimer's disease pathogenesis.

PET imaging allows in vivo quantification of neuroinflammation
by measuring the density of the 18kDa translocator protein
(TSPO). TSPO is a mitochondrial protein expressed by immune
competent cells in the brain (microglia and astrocytes) and in
the periphery (Papadopoulos et al., 2006). When activated
through host response to cellular injury, microglia and astrocytes
over-express TSPO. "'C-(R)-PK 11195, the prototypical TSPO
radioligand, has been used to measure neuroinflammatory
changes in several diseases, including Alzheimer's disease
(Cagnin et al., 2001) and "'C-(R)-PK 11195 binding has been
shown to correlate with Mini-Mental State Examination score in
patients with Alzheimer's disease (Edison et al., 2008). However,
there have been conflicting reports about whether ''C-(R)-PK
11195 binding is increased in Alzheimer's disease or not (Cagnin
et al., 2001; Wiley et al., 2009; Schuitemaker et al., 2013).
Whether "'C-(R)-PK 11195 binding is increased in MCI appears
even less conclusive. For instance, Okello and colleagues
(2009a) found a small increase in "'C-(R)-PK 11195 in PIB-positive
patients with MCI relative to controls, but other studies found
no increase in patients with MCI, even those who later pro-
gressed to dementia (Wiley et al., 2009; Schuitemaker et al.,
2013).

Several second generation TSPO radioligands have been de-
veloped (Chauveau et al., 2008). Of these, only ''C-DAA1106
has been used to detect increased TSPO in Alzheimer's disease
(Yasuno et al., 2008). In that study, patients with Alzheimer's
disease had greater "C-DAA1106 binding than control subjects
in several brain regions, including regions typically less affected
by the disease, such as cerebellum and occipital cortex. That

study found no correlation between ''C-DAA1106 binding and
disease severity. However, "'"C-DAA1106 has slow washout of
brain relative to the short half-life of "'C (Ikoma et al., 2007),
which could confound accurate estimation of binding values
(Imaizumi et al., 2007).

"C-PBR28 is a second generation radioligand with high affinity
to TSPO, favourable in vivo kinetics, and greater signal-to-noise
ratio than "'C-(R)-PK 11195 in monkey brain (Fuijita et al., 2008;
Kreisl et al., 2010). No similar direct comparison of these two
radioligands has been reported in humans; thus, we do not
know whether the results in monkeys accurately reflect that in
humans. The main limitation of ""C-PBR28, shared by all tested
second generation TSPO radioligands (including "'C-DAA1106), is
differential affinity for the target protein (Owen et al., 2011). This
differential affinity is caused by the rs6971 polymorphism on the
TSPO gene that causes a non-conservative amino acid substitu-
tion, resulting in three patterns of TSPO binding (Owen et al.,
2012). Subjects without the polymorphism (HH) have high affinity
binding for PBR28, homozygotes (LL) have low affinity binding,
and heterozygotes (HL) express both high and low affinity TSPO
(mixed-affinity binding). Low affinity subjects are easily identified
by PET due to negligible ""C-PBR28 binding in vivo; however, PET
cannot easily resolve the difference between high and mixed-af-
finity subjects, and mixed-affinity subjects have, on average, 22%
less total ""C-PBR28 binding than high affinity subjects (Kreisl
et al., 2013). Previous work from our laboratory demonstrated
that correcting in vitro binding data for rs6971 genotype improves
the ability of *H-PBR28 to detect differences in TSPO density in
schizophrenia and control brain tissue (Kreisl et al., 2013). This
strategy of TSPO genotype correction to PET imaging was used
in the present study, which sought to determine whether
Alzheimer's disease is associated with increased ''C-PBR28 bind-
ing in vivo.

Specifically, we investigated the relationship between neuroin-
flammation and disease severity in Alzheimer's disease by per-
forming ""C-PBR28 PET in patients with Alzheimer's disease and
MCI, and in age-matched control subjects. We also looked for
correlative relationships between "'C-PBR28 binding and clinical
severity, grey matter volume loss and amyloid burden. Finally,
we compared ""C-PBR28 binding in early- and late-onset patients
to determine whether early disease onset was associated with
greater inflammation.

Materials and methods

Subject selection

Patients and healthy controls were recruited by the Molecular Imaging
Branch of the National Institute of Mental Health (NIMH). The study
was approved by the National Institutes of Health (NIH) Combined
Neurosciences Institutional Review Board, and all participants or their
surrogate signed informed consent before entering the study. All
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subjects underwent an extensive medical and neurological workup. All
subjects had brain MRIs, and nine patients underwent "®F-fluorodeox-
yglucose PET as part of the evaluation. Subjects with significant co-
morbid medical or psychiatric illness were excluded from the study, as
were those with significant cerebrovascular disease (defined as severe
white matter hyperintensities found on MRI). Diagnosis was based on
the consensus of two neurologists or one neurologist and one neuro-
psychologist. All patients with Alzheimer's disease who underwent
"C-PBR28 imaging met National Institute of Neurological and
Communicative Disorders and Stroke-Alzheimer's Disease and
Related Disorders Association (NINCDS-ADRDA) criteria for probable
Alzheimer's disease (McKhann et al., 1984) and updated criteria for
probable Alzheimer's disease dementia with evidence of the
Alzheimer's disease pathophysiological process (McKhann et al.,
2011). All patients with MCl who underwent ''C-PBR28 imaging
met Petersen criteria for MCI (Petersen, 2004) and updated criteria
for MCI due to Alzheimer's disease of high or intermediate likelihood
(Albert et al., 2011). All patients with Alzheimer's disease and MCI
presented with a memory complaint. Whereas some patients
with Alzheimer's disease had impairment of non-memory domains
on testing, all had memory involvement. No patient had early lan-
guage involvement out of proportion to memory impairment suggest-
ive of logopenic progressive aphasia. It is important to note that only
'PIB-positive’  Alzheimer's disease and patients with MCI, and
‘PIB-negative’ controls, had ''C-PBR28 imaging. To compare ''C-
PBR28 binding in early- and late-onset patients, symptom onset was
determined according to history from patient and informants. Onset
age <65 years was defined as early-onset.

Neuropsychological assessment

The neuropsychological testing battery was adapted from the Uniform
Data Set to be consistent with batteries used in previous studies that
stratify patients into MCI and Alzheimer's disease cohorts (Weintraub
et al., 2009). These tests included: the Folstein Mini-Mental State
Examination; Clinical Dementia Rating Scale; Wechsler Test of Adult
Reading; Digit-Symbol, Block Design, and Similarities tests from the
Wechsler Adult Intelligence Scale Third Edition; the Trail Making
Test, Parts A and B; the Wechsler Memory Scale Third Edition; the
Hopkins Verbal Learning Test Revised; the Brief Visual Memory Test
Revised; the Wisconsin Card Sorting Test, 64-item (WCST-64); the
Benton Visual Form Discrimination Test; the Boston Naming Test;
the Controlled Oral Word Association Test for letter (FAS) and cat-
egory (animals) fluency; the Grooved Pegboard Test (dominant and
non-dominant hands); the Beck Depression Inventory; and the Beck
Anxiety Inventory. Three patients (all with Alzheimer's disease) had
only partial neuropsychological data available, but this included at
least the Folstein Mini-Mental State Examination, Clinical Dementia
Rating Scale, Wechsler Memory Scale or Brief Visual Memory Test,
Trail Making Test, Boston Naming Test, and letter and category flu-
ency tests.

Brain magnetic resonance imaging

To determine anatomical boundaries for volumetric analysis and partial
volume correction, high-resolution sagittal T;-weighted magnetic
resonance images were acquired in a 3T Philips Achieva scanner
using turbo field echo sequence (repetition time=8.1ms, echo
time=3.7ms, flip angle=8°, matrix=181 x 256 x 256, voxel
size=1 x 0.983 x 0.983 mm). Magnetic resonance images and
"C-PBR28 images were acquired within 1 year of each other for
each subject.

W. C. Kreisl et al.

PBR28 positron emission tomography
imaging

1C-PBR28 was synthesized as described in Investigational New Drug
Application #76 441, a copy of which is available at: http://pdsp.med.
unc.edu/snidd/. At injection, "'C-PBR28 had high radiochemical purity
(>99%) and specific activity of 138 &+ 67 GBqg/pmol (Alzheimer's dis-
ease: 135 + 80 GBg/umol; MCI: 152 + 54 GBg/pumol; healthy control
subjects: 133 + 59 GBg/umol). The injected dose of ''C-PBR28 was
673 + 40 MBq (Alzheimer's disease: 684 + 15 MBq; MCI: 683 + 15
MBq; healthy control subjects: 651 + 64 MBQ).

Arterial blood was manually sampled at 15-s intervals for the first
2min30s, then at 3, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 75, and
90 min. Radioactivity in plasma was quantified by a gamma-counter
and analysed by reverse-phase chromatography to separate parent
radioligand from radiometabolites (Zoghbi et al., 2006). Free fraction
of ""C-PBR28 in plasma (fp) was measured by ultrafiltration and
normalized using a standard derived from pooled donor plasma
(Abi-Dargham et al., 1995).

Pittsburgh compound B positron
emission tomography imaging

PIB was synthesized as previously reported (Klunk et al., 2004).
Synthesis was performed in accordance with Investigational
New Drug Application #108,861. PIB was synthesized with high
radiochemical purity (>99%) and had specific activity at the time of
injection of 88 +55 GBg/umol (Alzheimer's disease: 99 + 57
GBg/umol; MCI: 81 +£35 GBg/umol; healthy control subjects:
79 + 65 GBg/pmol).

An 8min ®8Ge transmission scan was performed for attenuation cor-
rection, and PIB was then injected as an intravenous bolus. The injected
dose of radioactivity from PIB administration was 366 + 12 MBq
(Alzheimer's disease: 366 + 14 MBq; MCI: 368 + 6 MBq; healthy control
subjects: 364 + 12 MBq). The PET scan was acquired in 3D dynamic
mode using a GE Advance tomograph (GE Medical Systems) with
frame duration of 155 x 4, 30s x 8, Tmin x 9, 3min x 2, 5min x 8,
and 10 min x 1, for a total scan time of 70 min.

Image analysis

General approach

Our general approach to image analysis sought to reflect two aspects
of the neuropathology of Alzheimer's disease. First, because the pri-
mary pathology of Alzheimer's disease is in grey rather than white
matter, we analysed MRI and PET images so as to preferentially meas-
ure radioactivity in grey matter. Such approaches have been used in
Alzheimer's disease to measure amyloid burden in the Alzheimer's
Disease Neuroimaging Initiative (Landau et al., 2013) and in other
dementias with preferential pathology in grey matter (Petrou et al.,
2012). Second, because grey matter is atrophied in Alzheimer's dis-
ease, the PET signal from grey matter is more diluted in Alzheimer's
disease than in control subjects by adjacent areas of low (white
matter) or negligible (CSF) radioactivity. Several methods of partial
volume correction can compensate for atrophy and have been used
in several disorders (Thomas et al., 2011). However, because partial
volume correction may artificially create a positive finding, we report
the analysis of PET images both with and without partial volume
correction.
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To preferentially sample grey matter voxels, we first identified those
voxels in the MRI with the greatest contribution from grey matter and
then used these voxels to sample from the co-registered PET.
FreeSurfer 5.1 (Massachusetts General Hospital, Harvard Medical
School; http://surfer.nmr.mgh.harvard.edu) was used to obtain re-
gional mask images of brain regions. Individual magnetic resonance
images underwent transformation into 1 mm of isovoxel space, cor-
rection for inhomogeneity of signal intensity, skull-stripping, and seg-
mentation into grey and white matter according to the intensity
gradient and connectivity of voxels. Minimal manual correction was
applied to correct misclassified tissues. By inflating the boundary be-
tween grey and white matter and overlaying curvature information on
the inflated surface, cerebral cortex was parcellated with a probabil-
istic labelling algorithm (Fischl et al., 2004; Desikan et al., 2006).
Non-cortical grey matter structures were segmented and labelled
using probabilistic registration techniques (Fischl et al., 2002). By put-
ting the regional information of parcellation on each voxel in the
segmented image, a mask image containing 112 regional identifiers
was reconstructed. Finally, 15 regions of interest were grouped for
analysis, including target regions expected to have pathological
changes related to Alzheimer's disease and background regions
expected to be relatively spared. Target regions included prefrontal
cortex (superior, middle, inferior, orbitofrontal), sensorimotor (precen-
tral, paracentral, postcentral), inferior parietal lobule, precuneus,
occipital cortex (medial, lateral, lingual), superior temporal cortex,
middle and inferior temporal cortex, hippocampus, entorhinal cortex,
parahippocampal gyrus, anterior cingulate cortex, and posterior
cingulate cortex. Background regions included striatum (caudate and
putamen), thalamus and cerebellar cortex. A composite white matter
volume was also created. Regional cerebral volume was measured by
counting the number of voxels in each region.

"1C-PBR28 image analysis

After correction for attenuation and scatter, PET images were recon-
structed with filtered back projection algorithm in a 128 x 128 x 35
matrix with a 2 x 2 x 4.25mm voxel size. Statistical parametric
mapping 8 (SPM8; Wellcome Department of Cognitive Neurology,
London, UK) implemented in MATLAB 7.1 (MathWorks) and PMOD
version 3.17 (PMOD Technologies Ltd.) were used for preprocessing
and kinetic analysis of PET images.

Reconstructed PET images were realigned for motion correction and
coregistered to the T;-weighted magnetic resonance image in 1 mm
isovoxel space. Using binary mask images for all regions, we corrected
partial volume effects of each PET image time frame with region-based
voxel-wise correction technique programmed in MATLAB (Thomas
et al., 2011). A 3D Gaussian kernel with 7 mm full-width at half-max-
imum was used as a point-spread function correcting the spill-in and
spill-over.

For ""C-PBR28 PET image analysis, we measured the time activity
curve of each region before and after correction for partial volume
effect. Metabolite corrected plasma and whole blood input func-
tion was fitted to tri-exponential function. Time delay between
the radial artery and brain was calculated from the volume-
weighted average time activity curve of all grey matter regions.
With parent input functions and time activity curves, total distribu-
tion volume (V7) and rate constants (K;, k», k3 and k) of the two
tissue-compartmental model were calculated for each brain region
as previously described (Fujita et al., 2008). We followed the pro-
posed consensus nomenclature for reversibly binding radioligands
(Innis et al., 2007), where Vy is the sum of both specific and
non-displaceable uptake. V; equals the ratio at equilibrium of
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the concentration of radioligand in brain to that in plasma and is
proportional to receptor density.

Pittsburgh compound B image analysis

PIB PET data were analysed using two different methods. The first
method was adapted from Jack et al. (2008) and used to stratify
subjects as PIB-positive or PIB-negative in order to include only
subjects with amyloid pathology into the patient groups, and to ex-
clude age-matched controls with incidental amyloid plaque deposition
(see Supplementary material).

The second method was used to quantify the cortical amyloid plaque
burden for correlative analysis with the PBR28 data. For this analysis
of PIB PET images, we used time frames of PET images between 35 to
60 min and made both partial volume-corrected and uncorrected 4D PET
images. Using the Logan reference tissue model with cerebellum as a
reference tissue and k,' = 0.149/min, distribution volume ratio images
were generated (Price et al., 2005) and used to measure distribution
volume ratio values within each region.

TSPO genotype

Blood samples for genetic analysis were available for only 29 sub-
jects (10 Alzheimer's disease, seven MCI, 12 control subjects),
because the report that the rs6971 TSPO polymorphism responsible
for differential affinity for PBR28 was not published (Owen et al.,
2012) until several subjects had already completed study
procedures. For these 29 subjects, genomic DNA was used to geno-
type the rs6971 polymorphism within the TSPO gene on chromosome
22q13.2, as previously described (Kreisl et al., 2013; Supplementary
material).

We recently reported that in vitro receptor binding to TSPO on
leucocyte membranes has 100% agreement with genotype (Kreisl
et al., 2013) and were able to use this method to determine the geno-
type of early subjects without samples of DNA. The in vitro receptor
binding method is described in the Supplementary methods.

Statistical analysis

Statistical analysis was performed using SPSS Statistics 17.0.
Differences in distribution volume corrected for free fraction of radi-
oligand in plasma (Vy / fp) of "'C-PBR28 were compared among diag-
nostic groups using factorial ANOVA with TSPO genotype (number of
H alleles) as a fixed factor and age and years of education as covari-
ates. To directly compare '"C-PBR28 binding within each genotype
group, we stratified subjects by affinity status and ran a separate
ANOVA. We performed this separate analysis for one representative
target region (inferior parietal cortex) and one representative back-
ground region (cerebellum). Data from Alzheimer's disease and MCI
groups were combined to look for associations between ''C-PBR28
binding and clinical severity (raw scores on Mini-Mental State
Examination, Logical Memory Immediate of the Wechsler Memory
Scale Third Edition, Block Design of Wechsler Adult Intelligence Scale
Third Edition, Trail Making part B, Wisconsin Card Sort Test Total
Errors, and Clinical Dementia Rating Scale Sum of Boxes score),
brain atrophy (grey matter voxel count), and amyloid burden (PIB
distribution volume ratio values) using linear correlation analysis.
These cognitive tests were selected because most patients had them
performed and there was a dynamic range of results that were nor-
mally distributed. For correlation with neuropsychological measures,
we examined regions affected by Alzheimer's disease with functional
relationships to these measures, namely prefrontal cortex, inferior par-
ietal lobule, middle and inferior temporal cortex, precuneus, and
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entorhinal cortex. To correct for the effect of genotype, as well as age
and education, correlations were first run between the individual out-
come measures and genotype (with age and education as additional
independent variables). Standardized residuals were then plotted
against each other. Differences in "'C-PBR28 binding between high
and mixed-affinity groups were determined using factorial ANOVA
with Mini-Mental State Examination score as a covariate to correct
for differences in PBR28 binding associated with Alzheimer's disease
pathology. Differences in "'C-PBR28 binding between high and mixed
affinity subjects within each diagnostic group were also determined
using factorial ANOVA with age and education as covariates.
Data are given as mean + SD.

Results

Demographic differences

Nineteen patients with Alzheimer's disease, 10 patients with MClI,
and 13 controls completed all study procedures (Table 1).
Diagnostic groups did not differ with regard to sex, education,
or use of non-steroidal anti-inflalmmatory drugs (P> 0.322).
Patients with MCI were on average 9 years older than patients
with Alzheimer's disease and controls (P = 0.012). No difference in
age was seen between patients with Alzheimer's disease and con-
trols (P =0.998). Duration of symptoms was the same between
groups when patients were stratified based on MCI versus
Alzheimer's disease (P=0.193) and early- versus late-onset
(P=0.232). Patients had greater Clinical Dementia Rating Sum
of Boxes scores than controls (P < 0.02) and patients with
Alzheimer's disease had greater Clinical Dementia Rating Sum of
Boxes and lower Mini-Mental State Examination scores than pa-
tients with MCI and controls (P < 0.001). Cholinesterase inhibitor
use was more prevalent in patients with Alzheimer's disease than
patients with MCI (79% versus 40%, P = 0.036).

Leucocyte binding results agreed with genotype results (one-site
fit = HH; two-site fit=HL) in all 29 subjects who had both ana-
lyses performed. Therefore, for the remainder of the analysis, all
subjects with one-site fit (n =18) were considered high affinity
and subjects with two-site fit (n =24) were considered mixed-

Table 1 Demographic characteristics of study participants

W. C. Kreisl et al.

affinity. Prevalence of mixed-affinity subjects was: 52.6% for
Alzheimer's disease, 60.0% for MCI, and 61.5% for controls.
All high affinity subjects (controls and patients combined) had
greater ''C-PBR28 binding than mixed-affinity subjects in a
composite (whole brain) grey matter volume (P < 0.001), after
correction for Mini-Mental State Examination score. In addition,
for each diagnostic group, high affinity subjects had greater
"C-PBR28 binding in whole brain than mixed-affinity subjects
(P < 0.03).

As expected, both patients with Alzheimer's disease and
patients with MCI had greater PIB binding (distribution volume
ratio, uncorrected for partial volume effect) than controls,
most notably in prefrontal, sensorimotor, lateral temporal, and
cingulate cortex; parahippocampal gyrus; inferior parietal lobule;
precuneus; and striatum (P < 0.001), with no difference in
cerebellum (P> 0.71). Both patients with Alzheimer's disease
and patients with MCI had greater hippocampal atrophy on MRI
than controls (summed grey matter voxel count for right and
left hippocampi: 6.63 +£0.98 and 6.87 +£0.96 versus 8.36 &
0.73 cm?, P < 0.002).

11C-PBR28 binding and clinical severity

To determine the relationship between neuroinflammation and
clinical severity in Alzheimer's disease, we first compared Me-
PBR28 binding in patients with Alzheimer's disease, patients with
MCI, and controls. In the partial volume corrected images, brain
uptake of radioligand was greater in patients with Alzheimer's
disease than in patients with MCI or controls in cortical regions
known to be affected by Alzheimer's disease pathology (Fig. 1).
Univariate ANOVA showed significant differences in ''C-PBR28
binding among patients with Alzheimer's disease and patients
with MCI and controls for all cortical regions except the anterior
cingulate gyrus (P < 0.05, Table 2). Pairwise comparison showed
that patients with Alzheimer's disease had greater binding than
either patients with MCI or controls. Differences were greatest
in inferior parietal lobule, middle and inferior temporal cortex,
and precuneus (P < 0.005, Alzheimer's disease versus controls).
No difference in ""C-PBR28 binding was seen in white matter,
thalamus, striatum or cerebellum. No difference in binding was

Alzheimer's disease MCI Healthy control subjects
n 19 10 13
Age (years) 63.1 + 8.8 72.6 £9.7* 629+64
Sex 8F, 11M 4F, 6 M 4F, 9M
Education (years) 172 £2 16.4+£2.6 159+ 2.6
Duration (years) 35+14 28+13 N/A
Mini-Mental State Examination 20.3 £4.2** 275+£2 298+ 04
Clinical Dementia Rating Scale Sum of Boxes 5.1 2= 255 2.2 +1.0t 040
Genotype, HH:HL 9:10 4:6 5:8
fp 0.039 + 0.006 0.044 £+ 0.0072 0.048 +0.017
Non-steroidal anti-inflammatory drug use 0.316 0.6 0.462
Cholinesterase inhibitor 78.9%"" 0.4 0

HH = high affinity binder; HL = mixed affinity binder; f» = plasma free fraction of C-PBR28.

*P < 0.03 versus Alzheimers disease and healthy control subjects; **P < 0.001 versus MCI and healthy control subjects; tP = 0.013 versus healthy control

subjects; "' = 0.036 versus MCI.
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Figure 1 Alzheimer's disease (AD) patients (filled circle) had greater uptake of ''C-PBR28 than healthy controls (open circle) in target, but
not background, brain regions. Concentration of radioactivity after injection of "'C-PBR28, given as standardized uptake value (SUV) and
corrected for partial volume effect, for inferior parietal lobule (A) and cerebellum (B) are shown. SUV = (concentration of activity per g
tissue / injected activity) x g body weight. Data not adjusted for TSPO genotype. Data given as mean =+ SD.

Table 2 Regional ""C-PBR28 binding in Alzheimer's disease, MCl and healthy control subjects

Alzheimer's disease, n=19 MCI, n=10 Healthy control subjects, n=13

Region

Prefrontal 195 + 43P 146 + 48 151 £ 45
Sensorimotor 194 £+ 45 150 £+ 49 159 + 47
Inferior parietal 223 + 554 147 + 61 139 + 58
Superior temporal 197 + 48P 139 £ 52 145 + 48
Middle and inferior temporal 207 + 474 137 £ 52 140 & 49
Precuneus 203 +52¢ 148 + 57 133 £ 55
Anterior cingulate 158 + 39 123 £42 138 £ 40
Posterior cingulate 175 + 44° 131 £ 49 128 + 46
Occipital 206 =+ 48%P 149 £+ 53 158 + 50
Hippocampus 123 £35° 101 + 38 85 + 36
Entorhinal 234 + 86° 151 £ 94 147 + 89
Parahippocampal 142 + 41 102 + 44 111 + 42
Thalamus 125 £+ 30 102 £33 105 + 31
Striatum 100 £+ 24 86 + 26 90 £+ 25
Cerebellum 121 £ 26 99 + 29 104 + 27
White matter 83 £+ 19 70 £ 21 75+ 20

3P < 0.05 versus MCI; °P < 0.05 versus healthy control subjects; °P < 0.005 versus MCI; P < 0.005 versus healthy control subjects. Values adjusted for genotype, age,

and education. Data given as mean =+ SD.

seen between patients with MCI and control subjects in any
region.

Without partial volume correction, patients with Alzheimer's dis-
ease had greater "'C-PBR28 binding than both patients with MCI
and control subjects in middle and inferior temporal cortex, and
greater ""C-PBR28 binding than healthy control subjects only in
inferior parietal cortex and entorhinal cortex (P < 0.05,
Supplementary Table 1 and Supplementary Fig. 1).

When stratified by genotype, high affinity patients with
Alzheimer's disease had greater ''C-PBR28 binding in inferior par-
ietal cortex than high affinity patients with MCI (P =0.016) and
high affinity control subjects (P =0.024, Supplementary Fig. 2).
Among mixed-affinity subjects, patients with Alzheimer's disease
had greater binding in these regions than controls (P =0.045).
Greater ''C-PBR28 binding in mixed-affinity patients with
Alzheimer's disease than mixed-affinity patients with MCl was
seen at the trend level only (P =0.075). ""C-PBR28 binding was

the same between patients with MCI and control subjects for both
high and mixed-affinity subjects (P =1.0). For cerebellum, no dif-
ference was seen between any two diagnostic groups, regardless
of genotype (P > 0.39).

We next looked for correlations between ''C-PBR28 binding
and performance on selected neuropsychological tests. With par-
tial volume correction—after adjusting for TSPO genotype, age,
and education—patients with Alzheimer's disease and patients
with MCI showed a significant correlation between ''C-PBR28
binding and impaired performance on Folstein Mini-Mental State
Examination, Clinical Dementia Rating Scale Sum of Boxes, Logical
Memory Immediate, Block Design, and Trail Making part B tasks
(Table 3). The strongest correlations were between ''C-PBR28
binding and Clinical Dementia Rating Scale score (r=0.570,
P=0.001) and performance on Block Design (r=—0.541,
P =0.006) in inferior parietal lobule. Without partial volume cor-
rection, correlations were still seen between ''C-PBR28 binding
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Table 3 Correlation coefficients (r) between [’

for TSPO genotype, age, and education

W. C. Kreisl et al.

CIPBR28 binding and performance on neuropsychological testing, adjusted

MMSE CDR-SB LM-I Block Design Trails B WCST

Region

Prefrontal —0.379*% 0.429* —0.432* —0.360 0.323 0.127
Inferior parietal —0.468* 0.570** —0.506%* —0.541%* 0.523** 0.175
Middle and inferior temporal —0.459* 0.544** —0.457* —0.252 0.275 0.042
Precuneus —0.496** 0.544** —0.437* —0.477* 0.424* 0.231
Occipital —0.347 0.367 —0.388* —0.437* 0.416* 0.198
Entorhinal —0.348 0.312 —0.425* —0.180 0.135 —0.271

*P < 0.05, **P < 0.01; MMSE = Mini-Mental State Examination; CDR-SB = Clinical Dementia Rating Scale Sum of Boxes; LM-| = Logical Memory Immediate from
Wechsler Memory Scale Third Edition; Trails B = Trail Making part B; WCST = Wisconsin Card Sort Test total errors.
On Clinical Dementia Rating Scale Sum of Boxes, Trail Making part B and Wisconsin Card Sort Test, higher score denotes worse performance.

and Clinical Dementia Rating Scale score in inferior parietal lobule,
middle and inferior temporal, and entorhinal cortex, and Logical
Memory Immediate in entorhinal cortex (P < 0.05, Supplementary
Table 2). No correlation was seen between ''C-PBR28 binding
and performance on the Wisconsin Card Sort Test Total Errors in
any region with or without partial volume correction.

11C-PBR28 binding and grey
matter volume

To determine the relationship between neuroinflammation and
neurodegeneration in Alzheimer's disease, we looked for correl-
ations between ""C-PBR28 and grey matter volume in each brain
region. With partial volume correction—after adjusting for TSPO
genotype, age and education—patients with Alzheimer's disease
and patients with MCI showed a significant inverse correlation
between ''C-PBR28 binding and grey matter volume in inferior
parietal lobule, superior temporal cortex, middle and inferior
temporal cortex, entorhinal cortex, posterior cingulate cortex,
parahippocampal gyrus, occipital cortex, precuneus, and cerebel-
lum (P < 0.05, Table 4). Notably, no significant correlation was
seen between ''C-PBR28 binding and hippocampal volume
(r=—-0.336, P=0.078).

Without partial volume correction, significant correlation be-
tween "'C-PBR28 and grey matter volume was seen only in infer-
jor parietal lobule (r= —0.379, P=0.043) and entorhinal cortex
(r=—0.419, P=0.024, Supplementary Table 3).

1C-PBR28 binding and amyloid burden

To determine the relationship between neuroinflammation and
amyloid burden in Alzheimer's disease, we looked for correlations
between "'C-PBR28 and PIB binding in each brain region. With
partial volume correction—after adjusting for TSPO genotype,
age, and education—patients with Alzheimer's disease and
patients with MCI showed a significant correlation between
"C-PBR28 and PIB binding in inferior parietal lobule (r =0.436,
P =0.018), superior temporal cortex (r =0.390, P = 0.036), precu-
neus (r=0.386, P=0.039), hippocampus (r=0.457, P=0.013),
and parahippocampal gyrus (r=0.487, P=0.007). However,
without partial volume correction, "'C-PBR28 binding did not
correlate with PIB binding in any brain region.

Table 4 Correlation between "'C-PBR28 binding and grey
matter voxel count, adjusted for TSPO genotype, age and
education

Region Correlation P-value
coefficient (r)

Inferior parietal —0.557 0.002
Superior temporal —0.462 0.012
Middle and inferior temporal —0.450 0.014
Posterior cingulate —0.420 0.023
Entorhinal —0.410 0.027
Precuneus —0.401 0.031
Parahippocampal —0.396 0.033
Occipital —0.378 0.043
Cerebellum —0.370 0.048
Anterior cingulate —0.337 0.074
Hippocampus —0.332 0.078
Sensorimotor —0.327 0.084
Striatum —0.245 0.201
Prefrontal —0.216 0.261
Thalamus 0.005 0.980

11C-PBR28 binding and age of onset

To determine if early onset of Alzheimer's disease was associated
with greater neuroinflammation, "'C-PBR28 binding was com-
pared between early-onset (before age 65) and late-onset pa-
tients. ''C-PBR28 image data from patients with Alzheimer's
disease and patients with MCl were combined for this analysis.
Patients with early-onset had greater binding than late-onset
patients, even after correcting for genotype, Mini-Mental State
Examination score, and symptom duration. Using the partial
volume corrected images ''C-PBR28 binding was greater in
early-onset patients in prefrontal cortex, inferior parietal lobule,
precuneus, occipital cortex and striatum (P < 0.05, Fig. 2A).
Without partial volume correction, early-onset patients had greater
"C-PBR28 binding in prefrontal cortex, inferior parietal lobule,
superior temporal cortex, middle and inferior temporal cortex,
occipital cortex, hippocampus and striatum (P < 0.05).

Using the partial volume corrected images, ''C-PBR28 bind-
ing—adjusted for genotype, Mini-Mental State Examination
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Figure 2 "'C-PBR28 binding was related to early age of onset in Alzheimer's disease (AD). (A) Early-onset (EOAD) patients had greater
binding than late-onset patients (LOAD). Bar graphs show values for "'C-PBR28 binding (Vr / fp) in inferior parietal lobule, corrected for
partial volume effect. "'C-PBR28 binding values were adjusted for TSPO genotype, Mini-Mental State Examination score, and duration of
symptoms. Error bars denote SD. (B) "'C-PBR28 binding negatively correlated with age of symptom onset in patients with Alzheimer's
disease and MCI. ""C-PBR28 binding values from inferior parietal lobule, corrected for partial volume effect, and age of onset were
adjusted for TSPO genotype, Mini-Mental State Examination score, and duration of symptoms before correlative analysis. Standardized
adjusted values are shown. Correlation coefficient (r) = —0.438, P = 0.017.

Table 5 Correlation between "' C-PBR28 binding and age
of symptom onset, adjusted for genotype, Mini-Mental
State Examination score and duration of symptoms

Region Correlation coefficient (r) P-
value
Inferior parietal —0.438 0.017
Striatum —0.412 0.027
Precuneus —0.402 0.031
Prefrontal —0.335 0.076
Occipital —0.320 0.090
Thalamus —0.318 0.093
Sensorimotor —0.291 0.125
Cerebellum —0.286 0.133
Posterior cingulate —0.267 0.161
Parahippocampal —0.251 0.189
Middle and inferior temporal ~ —0.250 0.192
Superior temporal —0.250 0.192
Anterior cingulate —0.246 0.198
Hippocampus —0.227 0.235
Entorhinal —-0.111 0.566

score and symptom duration negatively correlated with age of
onset in inferior parietal lobule, precuneus and striatum
(P <0.035, Fig. 2B, Table 5). Without atrophy correction,
"C-PBR28 binding negatively correlated with age of onset
in these same regions and in occipital cortex, hippocampus, and
thalamus (P < 0.05, Supplementary Table 4).

Discussion

We found that Alzheimer's disease, but not MCI, is associated
with increased "'C-PBR28 binding in cortical regions typically af-
fected by the disease, despite the fact that patients with MCI had

amyloid pathology and hippocampal atrophy as assessed by PIB
PET and MRI volumetric analysis. In addition, "'C-PBR28 binding
correlates with clinical severity and reduced grey matter volume in
several brain regions, most notably the temporo-parietal regions
with highest TSPO density. Finally, early-onset patients have
greater ""C-PBR28 binding than late-onset patients, and earlier
age of onset is associated with increased ''C-PBR28 binding, par-
ticularly in parietal cortex. Collectively, these results suggest that
increased TSPO expression by activated microglia, measureable by
"C-PBR28, occurs after the clinical conversion of MCI to
Alzheimer's disease and continues to increase as the disease pro-
gresses. These changes appear to be amplified in patients who
develop disease symptoms at an early age.

In our study, "'C-PBR28 did not detect microglial activation in
subjects with MCI. Most pathological studies and some PET stu-
dies have shown results that strongly suggest neuroinflammatory
changes occur in both patients with MCI and patients with
Alzheimer's disease (Cagnin et al., 2001; Edison et al., 2008;
Okello et al., 2009a; Eikelenboom et al., 2010). Therefore,
"C-PBR28 may not be sensitive enough to detect increased
TSPO density in patients with MCI, even when only high affinity
subjects are included. We speculate that ''C-PBR28 is able to
detect increases in TSPO density beyond what is seen in patients
with MCI, and therefore '"C-PBR28 binding has promise as an
objective measurement of conversion from MCI to dementia
caused by Alzheimer's disease. However, longitudinal study is
needed to investigate this hypothesis.

In addition, this study showed that early-onset patients have
greater "'C-PBR28 binding than late-onset patients. Previous stu-
dies have shown worsening atrophy and glucose metabolism in
early-onset patients compared with late-onset patients at similar
clinical stage (Frisoni et al., 2005, 2007; Kim et al., 2005).
However, PIB binding was found to be similar between age-of-
onset groups (Rabinovici et al., 2010). In our study, greater
"C-PBR28 binding was seen in frontal and parietal regions,
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echoing studies that found greater fronto-parietal atrophy and
dysfunction in patients with early-onset Alzheimer's disease
(Suribhatla et al., 2004; Shiino et al., 2006; Karas et al., 2007;
Licht et al., 2007). Thus, instead of amyloid burden, microglial
activation might be the driving pathogenic factor in the more
precipitous decline, and may explain the more severe executive
and visuospatial impairment in younger patients.

Notably, this study was the first to implement TSPO genotype
correction to improve data interpretation in a clinical study using a
second generation TSPO radioligand. Our previous in vitro study
using *H-PBR28 showed that genotype correction improved detec-
tion of differences in TSPO density in post-mortem brain tissue from
patients with schizophrenia compared with control subjects (Kreis!
et al., 2013). Genotype correction reduces variance in PET data
caused by differential affinity, thereby increasing statistical power.
In addition, genotype correction decreases type 1 or type 2 errors
due to unequal inclusion of mixed-affinity subjects in patient
and control groups. A previous study that used the second gener-
ation radioligand ''C-DAA1106 detected differences between
Alzheimer's disease and controls, though it was published before
the discovery of differential affinity in this radioligand (Yasuno
et al., 2008). However, the rs6971 polymorphism is rare in the
Japanese population (~4% allelic frequency) and unlikely to have
affected the results in that study (http://hapmap.ncbi.nlm.nih.
gov/cgi-perl/snp_details_phase3?name=rs6971&source=hapma-
p28_B36&tmpl=snp_details_phase3). Different results might have
been obtained if that study had included participants of Caucasian
or African-American ancestry, in whom the rs6971 polymorphism
has an allelic frequency of ~30%.

Previous studies using ''C-(R)-PK 11195 showed conflicting
results regarding whether or not TSPO density is increased in
MCI or Alzheimer's disease (Cagnin et al., 2001; Edison et al.,
2008; Okello et al., 2009a; Wiley et al., 2009; Schuitemaker
et al., 2013) and whether or not TSPO binding correlates with
clinical severity in Alzheimer's disease (Edison et al., 2008,;
Schuitemaker et al., 2013). However, the one "'C-(R)-PK 11195
study that showed a correlation between TSPO binding and cog-
nitive impairment also used PIB imaging to measure amyloid
plaque deposition (Edison et al., 2008). In that study, similar to
ours, all patients had PIB binding greater than control subjects,
strongly suggesting that patients with non-Alzheimer's disease
pathology and controls with incidental Alzheimer's disease path-
ology were excluded. Our results therefore confirm that TSPO
binding is elevated in dementia patients with evidence of amyloid
pathology on PET imaging.

Even with correction for genotype, PET imaging with "'C-PBR28
has several limitations. First, low affinity subjects, who have negli-
gible binding to PBR28, had to be excluded from the study. Second,
while adjusting V1 / fp values for genotype corrects for the lower
binding caused by the mixed-affinity genotype, the fact remains that
mixed-affinity subjects have a lower ratio of specific-to-non-specific
binding than high affinity subjects. Therefore, "'C-PBR28 PET ima-
ging of mixed-affinity subjects likely has reduced sensitivity to detect
differences in TSPO density than imaging only high affinity subjects.
Third, PBR28 binds to TSPO, which is expressed by astrocytes as well
as microglia. Therefore, increased TSPO density could reflect acute
injury with associated activation of microglia, or alternatively could
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represent past damage with residual astrocytosis, such as that seen in
chronic epilepsy (Librizzi et al., 2012). Increased "'C-PBR28 binding
in Alzheimer's disease therefore does not necessarily reflect ongoing
activation of microglia. However, results from transgenic mouse
and autopsy studies have shown that increased TSPO density in
Alzheimer's disease brain co-localizes to microglia rather than astro-
cytes (Venneti et al., 2008; Gulyas et al., 2009). Finally, even after
genotype correction, variance in ''C-PBR28 binding remains, so
that overlap exists between Alzheimer's disease, MCI, and control
values. Whereas age, education, gender, and non-steroidal anti-
inflammatory drug and cholinesterase use did not appear to influ-
ence ''C-PBR28 binding, other yet-to-be-determined factors
besides genotype may affect ''C-PBR28 binding within any diag-
nostic group. Identifying such factors is expected to further reduce
variance and improve the ability of ''C-PBR28 to detect differences
in TSPO density in Alzheimer's disease and other diseases associated
with inflammation.

Like many other PET studies of disorders with brain atrophy,
this paper partially compensated for atrophy with partial volume
correction. Although partial volume correction is intended to com-
pensate and correct for atrophy, it can theoretically induce positive
results when none actually exists. To minimize false positive re-
sults, we regard as truly significant only those which are so both
with and without partial volume correction. For example, with
regard to the primary result of this paper, the elevation of TSPO
binding in Alzheimer's disease compared with control subjects and
MCI was statistically significant in at least some regions both with
and without partial volume correction. However, with regard to
the secondary results of this paper, only three of the four correl-
ations to TSPO binding were significant both with and without
partial volume correction. That is, the correlation with TSPO bind-
ing was dually significant for neuropsychological measures, grey
matter volume, and age of onset but not for amyloid load. Thus,
we are not as confident in the true correlation of TSPO and amyl-
oid load because it was statistically significant only after partial
volume correction. Furthermore, among these four variables,
only amyloid load was itself measured with partial volume correc-
tion, consistent with several other studies using PIB (Price et al.,
2005; Landau et al., 2013). Thus, the cause of the potentially false
positive correlation may be a co-linear effect induced by multiply-
ing both variables (TSPO binding and amyloid load) by the same
scaling factor generated by partial volume correction. Finally, in
contrast to TSPO binding, amyloid load does not correlate well
with clinical severity (Edison et al., 2008) and shows little to no
increase after conversion to dementia (Scheinin et al., 2009;
Villemagne et al., 2011; Villain et al., 2012). TSPO binding may
therefore provide complementary information to amyloid load
regarding disease pathology and may be a more dynamic
marker of disease progression.

Conclusion

Alzheimer's disease, but not MCI, is associated with increased
TSPO expression as measured with "C-PBR28 PET, mostly in tem-
poral and parietal regions known to be affected by amyloid plaque
pathology. In these same regions, TSPO correlates with clinical
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severity and grey matter loss, but less clearly with fibrillar amyloid
burden. Early-onset patients have greater frontal and parietal TSPO
binding than late-onset patients, which might explain the more pre-
cipitous disease course in patients who develop Alzheimer's disease
at an early age, and the prevalence of frontoparietal dysfunction in
early-onset patients. /n vivo measurement of TSPO expression has
promise in longitudinal studies to detect disease progression from
MCI to Alzheimer's disease, and a radioligand with even greater
sensitivity than "' C-PBR28, which does not distinguish different af-
finity states of TSPO, would be advantageous.
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