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PET with [11C]-(R)-PK11195 is currently the modality of choice for
the in vivo imaging of microglial activation in the human brain. In
this work we devised a supervised clustering procedure and a
new quantification methodology capable of producing binding
potential (BP) estimates quantitatively comparable with those
derived from plasma input with robust quantitative implementa-
tion at the pixel level. Methods: The new methodology uses pre-
defined kinetic classes to extract a gray matter reference tissue
without specific tracer binding and devoid of spurious signals
(in particular, blood pool and muscle). Kinetic classes were de-
rived from an historical database of 12 healthy control subjects
and from 3 patients with Huntington’s disease. BP estimates
were obtained using rank-shaping exponential spectral analysis
(RS-ESA) (both plasma and reference input) and the simplified
reference tissue model (SRTM). Comparison between plasma-
derived BPs and those produced with the new reference metho-
dology was performed using 6 additional healthy control subjects.
Reliability of the new methodology was performed on 4 test–
retest studies of patients with Alzheimer’s disease. Results:
The new algorithm selected reference voxels in gray matter tis-
sue avoiding regions with specific binding located, in particular,
in the venous and arterial circulation. Using the new reference,
BP values obtained using a plasma input and a reference input
were in excellent agreement and highly correlated (r 5 0.811,
P , 1025) when calculated with RS-ESA and less so (r 5 0.507,
P , 0.005) when SRTM was used. In the production of parametric
maps, SRTM was used with the new reference extraction, result-
ing in test–retest variability (10.6%; mean ICC 5 0.878) that was
superior to that obtained using the previous unsupervised cluster-
ing approach (mean ICC 5 0.596). Conclusion: Reference region
modeling combined with supervised reference tissue extraction
produces a robust and reproducible quantitative assessment of
[11C]-(R)-PK11195 studies in the human brain.
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A selective ligand for the peripheral benzodiazepine
receptor (PBBS) is PK11195. The PBBS is a nuclear-
encoded mitochondrial protein that is abundant in periph-
eral organs—particularly in adrenal glands, kidney, as well
as hematogenous cells—but is present in the normal central
nervous system only at low levels (1). The function of the
PBBS is still in need of full elucidation but the receptor is
known to play an important role in steroid synthesis and in
the regulation of immunologic responses by mononuclear
phagocytes (2).

In diseases of the central nervous system, a higher den-
sity of PBBS has been observed in macrophages and acti-
vated microglia, the intrinsic immune defense of the brain
(3). Significant microglial activation occurs after mild-to-
severe neuronal damage resulting from traumatic, inflam-
matory, degenerative, and neoplastic disease (3). Microglia,
therefore, act as sensors for pathologic events, including
subtle ones without any obvious structural damage (4), and
are activated not only in the surroundings of focal lesions
but also in the distant, anterograde and retrograde projection
areas of the lesioned neural pathway and even in structur-
ally normal transsynaptic areas (5,6).

The high selectivity for the PBBS has made PK11195 the
ligand of choice for the in vivo imaging of activated mi-
croglia with PET. PET imaging with the molecular marker
[11C]-(R)-PK11195 (7) now provides an indicator of active
disease in the brain with wide applicability (3).

MATERIALS AND METHODS

Methodologic Aspects of PK11195 PET Studies
Quantification of [11C]-(R)-PK11195 PET studies has so far

been approached either by normalization of the uptake to a refer-
ence region or by application of the simplified reference tissue
model (SRTM) (8). Full kinetic characterization of [11C]-(R)-
PK11195 with measurement of the arterial input function has been
reported only recently with the application of the appropriate
2-tissue compartments, 4-rate-constants model (Fig. 1) (9).

Further work has shown that blood input modeling provides
binding potentials (BP 5 k3/k4) that correlate significantly with
those estimated with the simplified reference region model (10).
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However, the same studies highlighted large differences between
the BP estimates obtained from blood input modeling (BP ; 1.6
in cortical gray matter in controls) and those calculated with a
tissue reference (BP ; 0.07–0.46) (9). This difference could have
resulted from the presence of significant nonspecific binding in
brain tissue (7). However, BP values obtained from plasma input
and corrected for nonspecific binding calculated from the refer-
ence region were still higher than SRTM BP values indicating,
among several possible data and model deficiencies, the presence
of specific binding in the reference used (10).

The use of a tissue input function may provide practical advan-
tages, but the selection of a reference region devoid of PBBS is a
challenging task. Microglia are distributed ubiquitously through-
out the brain and their activation may occur along projections into
healthy-appearing tissue (3). Furthermore, activation of microglia
is associated with aging even in the normal brain (11).

The use of postmortem data for the selection of appropriate
reference regions devoid of active microglia may be valuable
in specific diseases and can increase [11C]-(R)-PK11195 sensitiv-
ity even with small sample sizes (12). When an informed choice
is not possible, an alternative approach is the use of cluster
analysis that segments voxels into classes on the basis of their time
courses and selects as reference the class of voxels that exhibits
the kinetic behavior closest to that of gray matter in healthy
controls (13).

Improved Reference Region Extraction: Scope
and Rationale

Here we present an improved clustering algorithm for the auto-
matic extraction of a reference tissue region for the quantification
of [11C]-(R)-PK11195 PET studies. Improvement was sought on 3
different grounds. The first aim was to increase the reliability of
current clustering methodology that is based on unsupervised

tissue classification. An unsupervised clustering algorithm defines
tissue classes in a data-dependent manner according to a very ge-
neric model (e.g., a mixture of gaussian distributions) that may not
accurately describe the underlying physiology and, therefore,
introduce instability or inaccuracies in the grouping.

Second, we considered an algorithmic design that aimed at the
extraction of a proper reference region, whereby ‘‘proper’’ meant
that its use as input function would produce BP values comparable
with those obtained with a blood input function.

Third, we considered further methodologic developments in the
BP calculations that could accommodate the improved modeling
of the reference region and produce robust and reproducible BP
estimates.

Supervised Clustering of [11C]-(R)-PK11195 Studies
In the normal brain, immunocytochemical staining suggests the

presence of PBBS in muscle cells of small- and medium-sized
intraparenchymal arteries and in the bigger leptomeningeal arter-
ies; in perivascular macrophages, lymphocytes, and neutrophils;
in the choroid plexus; and in the ependyma (Fig. 2). Other regions
with a rich density of receptors include the meninges, olfactory
bulbs, and the pituitary gland (3). Given the limited spatial reso-
lution of PET images, specific binding in these areas is a likely
source of diffuse low-level [11C]-(R)-PK111952specific signal
that may easily affect the reference region even in healthy control
subjects.

This observation commanded the use of a supervised clustering
approach to extract a gray matter reference region filtered from
unwanted contributions from the described sources. At the same

FIGURE 1. Compartmental model for [11C]-(R)-PK11195 as-
sumes a target region with a specific bound fraction and a
compartment for a free fraction plus possibly a nonspecific
bound fraction (NS) that equilibrates fast with the unbound
fraction. The (ideal) reference region should be devoid of PBBSs
and, therefore, be fitted best with a 1-tissue compartment
model. K1 and k2 represent first-order rate constants for
transport of ligand from plasma to tissue and vice versa (K19

and k29 for reference region); k3 and k4 represent rate constants
between the free and specifically bound compartments in tissue.

FIGURE 2. Immunostaining of PBBS in normal brain (mono-
clonal, clone 8D7 [kindly supplied by Dr. Pier Casellas,
Department of Immunology–Oncology, Sanofi Synthelabo,
Montpellier, France], dilution 1:200). Expression of PBBS is
seen in smooth muscle cells of tunica media of medium-sized
artery in cerebellar white matter (A) and of small cortical artery
of frontal cortex (B). (C) PBBS expression is seen in some
cuboidal cells (white arrows) of choroid plexus and in some
macrophages in underlying fibrovascular core (black arrow). (D)
Ependymal cells show expression of PBBS, which is mainly
localized in apical cytoplasm.
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time, the use of a supervised approach was expected to increase
the robustness of the region extraction as demonstrated in previous
applications (14).

Scanning Protocol
All [11C]-(R)-PK11195 studies were performed on an ECAT

EXACT 3D (CTI/Siemens) PET camera with 23.4-cm axial field
of view, 95 transaxial planes (15). To reduce the effect of activity
outside the direct field of view in brain scans, the tomograph was
equipped with annular side shielding. A transmission scan was
acquired before every emission using a single rotating photon
point source of 150 MBq of 137Cs for subsequent attenuation cor-
rection and scatter correction. The spatial resolution of the im-
ages reconstructed using the reprojection algorithm with the ramp
and Colsher filters set to Nyquist frequency is close to isotropic:
5.1-mm (full width at half maximum [FWHM]) transaxially and
5.9-mm FWHM axially (15).

Subjects consisted of 12 healthy control subjects injected with
185 MBq without arterial blood sampling, 6 healthy controls
injected with 296 MBq for whom an arterial input function was
available, 3 patients with Huntington’s disease (HD) (296 MBq
injected) (16), and 4 patients with Alzheimer’s disease (AD)
scanned twice (296 MBq injected for each scan) with a maximum
time interval of 6 wk (no blood sampling available for the patient
group). [11C]-(R)-PK11195 was provided by Hammersmith Im-
anet plc.

Thirty seconds after the start of the emission scan, [11C]-(R)-
PK11195 was infused intravenously over 10 s in 5 mL physiologic
saline. Emission data were then acquired over 60 min in list mode
and rebinned as 18 time frames (30-s background frame, 1 · 15-s
frame, 1 · 5-s frame, 1 · 10-s frame, 1 · 30-s frame, 4 · 60-s
frames, 7 · 300-s frames, and 2 · 600-s frames). Subjects were
placed in the scanner oriented parallel to the orbitomeatal line, and
head positioning was monitored throughout the scan. Volumetric
T1-weighted MR images were obtained on a 1.0-T Picker HPQ
scanner (Picker International) at the Robert Steiner MR Unit,
Hammersmith Hospital, London.

Ethical approval was granted by the Hammersmith Hospitals
Trust Ethics Committee, and permission to administer radioiso-
topes was granted by the Administration of Radioactive Substances
Advisory Committee of the Department of Health, U.K. Informed
written consent was obtained from all patients and healthy
volunteers.

Blood Sampling Protocol
Blood input data were available for 6 control subjects. For these

subjects, arterial whole-blood activity was monitored continuously
for the first 15 min of the scan with a bismuth germanate coinci-
dence detector at a flow rate of 5 mL/min (17). Eight discrete
arterial blood samples were taken at 5, 10, 15, 20, 30, 40, 50, and
60 min into heparinized syringes. The activity concentrations of
the whole blood and plasma were measured.

Five plasma samples per scan (at 5, 10, 20, 40, and 60 min)
were analyzed for metabolites using a semiautomated system with
online solid-phase extraction followed by reverse-phase chroma-
tography with online radioactivity and ultraviolet detectors and
integration system (18).

For the generation of the plasma input functions, the time
course of the plasma-to-blood ratio obtained from the 8 discrete
arterial samples was fitted to a model. On average, the ratio started

at ;1.4 and steadily decreased to ;1.3 at 60 min, and the function
of choice was the straight line:

POBðtÞ 5 p0 1 p1 � t; Eq. 1

where POB(t) is the plasma over blood ratio, p0 and p1 are the
coefficients of the linear model, and t is time.

Next, the measurement of the arterial whole-blood activity
obtained from the continuous detector system was multiplied with
that ratio to obtain a total plasma activity curve for the first 15 min
of the scan. This curve was then combined with the discrete
plasma activity concentration measurements at 20, 30, 40, 50, and
60 min to form an input function describing the total plasma
activity concentration for the entire scan.

Finally, the input function of the activity concentration due to
unmetabolized [11C]-(R)-PK11195 in plasma was created by multi-
plying the total plasma activity input function with the function
obtained from the fit of the model for the parent fraction in plasma
with the 5 measurements of the parent compound during the scan.
The mathematic model for the description of the amount of parent
compound in plasma was the following equation:

PARENT ðtÞ 5 ð1 2 q2Þ � expð2q1 � tÞ 1 q2 2 q3 � t; Eq. 2

with qi . 0.
This function describes an exponential approach to a falling

straight line, beginning at 1 for t 5 0.

Data Processing
The clustering code described in the following sections was

implemented using Matlab (The Mathworks Inc.) on a SUN
Ultra10 workstation (Sun Microsystems, Inc.). Statistical para-
metric mapping SPM2 (Functional Imaging Laboratory, Wellcome
Department of Imaging Neuroscience, University College Lon-
don, London) was used for PET/PET and PET/MRI coregistration,
normalization to the MNI/ICBM152 space (MNI is Montreal
Neurological Institute. ICBM is International Consortium for Brain
Mapping), as well as MRI segmentation. An in-house package for
tracer kinetic modeling written in Matlab was used for the kinetic
analysis of the time–activity curves and blood data processing.
Parametric maps of BP values using SRTM were calculated using
the software package RPM written in Matlab (19). Statistical
analysis of region-of-interest (ROI) values was performed in SPSS
version 13 (SPSS Inc.).

Algorithm Implementation
The supervised clustering algorithm developed for the analysis

of dynamic [11C]-(R)-PK11195 data consisted of 3 elements:

• An input normalization procedure to scale each volume of the
dynamic sequence.

• A set of predefined kinetic classes.
• A regression procedure to calculate the contribution of each

kinetic class to each pixel’s kinetic.

Dynamic studies were normalized by subtracting from each
frame its mean and dividing it by its SD to create a unit input (14).
This created for each pixel i the normalized kinetic Pn

i ðtÞ for the N
pixels in the PET volume. Six kinetic classes were predefined:
nonspecific gray matter, nonspecific white matter, pathologic
PBBS binding, blood pool, skull, and muscle. If Kn

j ðtÞ is the
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normalized kinetic for class j, where j 5 1, . . ., 6, the supervised
clustering algorithm modeled the kinetic of each pixel as a
weighted linear combination of the class kinetics as:

P n
i ðtÞ 5 +

6

j51

wijK
n
j ðtÞ; Eq. 3

with wij $ 0.

Because the kinetic classes Kn
j ðtÞ are not orthogonal, the

weights wij were constrained to be positive by solving Equation
3 with the nonnegative least-squares algorithm (20).

Solution of Equation 3 created a volumetric map of weights wij

for each class j. The reference region time–activity curve R1(t)

(where j 5 1 refers to the gray matter class) was finally calculated
as a weighted average of the (unnormalized) pixel time–activity
curves as:

R1ðtÞ 5 +
N

i51

wi1PiðtÞ=+
N

i51

wi1: Eq. 4

Definition of Classes 1 and 2: Normal Gray and White
Matter

Gray and white matter kinetics in healthy brain were extracted
from 12 control subjects belonging to the Unit’s normal database.
Gray and white matter maps were obtained from the segmented

FIGURE 3. HD patient. (A) Map of gray
matter reference region extracted by
supervised algorithm as overlaid on the
coregistered MR image. (B) Map of high
PBBS density class. It includes voxels
belonging to striatum and frontal cortex
(arrows), where microglia activation is
expected. (C) Maximum-intensity render-
ing of blood fraction cluster. Both poste-
rior (left) and lateral (right) views are
shown. Note clear detection of venous
system but also of major arteries (arrow
points to anterior cerebral artery).
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MRI volume and then thresholded (only map values . 90% of
maximum value were retained) to minimize the effect of partial
volume. These maps were then coregistered to the dynamic scans
and multiplied with them to obtain the normalized time courses
that were then averaged to obtain the class average normalized
time–activity curve.

Definition of Class 3: Pathologic PBBS Binding
To define the kinetic class specific for tissue with intense

microglia activation we considered 3 symptomatic patients with
HD. All 3 patients had genetically proven disease with an ex-
panded CAG repeat in the IT15 gene on chromosome 4.

Time–activity curves were defined on the striatum and globus
pallidus that have well-documented microglia activity in the disease
(16,21) and that were hyperintense on the PET scans (weighted
summed average radioactivity images) of these subjects.

Definition of Classes 4, 5, and 6: Blood Pool, Muscle,
and Skull

The average time–activity curve specific for the blood fraction
was obtained by manually drawing an ROI on the venous sinus of
the 12 healthy subjects. Intense signal was identified in muscle
and a class kinetic for this tissue was obtained by drawing an ROI on
the sternomastoid muscle. A class was also defined for the kinetic of
the skull by manually drawing ROIs directly on the PET image.

Validation: Comparison with Blood Input Modeling
The first part of the validation consisted of the comparison

between the BP values obtained with blood modeling and those
obtained with the reference region extracted by the supervised clus-
tering. Six control subjects were used for whom arterial sampling
of the input function was available.

Whole gray and white matter were extracted by segmentation
of the MRI volume and then coregistered to the PET. The kinetics
of these regions, which have a high signal-to-noise ratio, were
inspected using exponential spectral analysis (ESA) (22). ESA
basis functions spanned the range from 10 s to 60 min. Regions
were also manually drawn on the MR image on cerebellum, thal-
amus, and parietal cortex and the respective time–activity curve
extracted from the matched PET volumes.

BP estimates for both sets of regions were calculated using the
plasma input function with the formula:

BP 5
Vtg2Vref

Vref
; Eq. 5

where Vtg and Vref are the volumes of distribution for the target
and reference region, respectively, and Vref is used as an estimate
of the volume of distribution of the free and nonspecifically bound
tracer. The reference region used was the one obtained by the
supervised clustering. Vtg and Vref were calculated using rank-
shaping regularized ESA (RS-ESA) (23). RS-ESA is a Bayesian
development of ESA that does not rely on the nonnegativity con-
straints of ESA and produces reliable estimates of volumes of
distribution for both plasma and reference modeling. RS-ESA
reaches an effective compromise between the reliability of the

FIGURE 4. Time–activity curves extracted from [11C]-(R)-
PK11195 dynamic scan of HD patient. ROIs were drawn on
areas where high density of PBBS related to microglia activa-
tion was expected (caudate, putamen, and globus pallidus),
whole gray and white matter. Activity in gray matter reference
region and in blood fraction region as extracted by supervised
clustering is illustrated. Time–activity curves are decay cor-
rected.

FIGURE 5. Results of application of ESA with blood input function to time–activity curve of whole normal gray matter for 2 healthy
control subjects. Time–activity curves are decay corrected. Also shown are ESA fit to data (squares), kinetic components extracted
(continuous lines), plus slowly equilibrating component (dashed line) that, by end of scan, accounts for ;75% of total radioactivity.
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estimates obtained by compartmental models with the flexibility
of SA that does not require a predefined compartmental structure.
BP estimates were also obtained using the reference input by the
formula (24):

BP 5 Vref
tg 2 1; Eq. 6

where Vref
tg is the volume of distribution in the target region

calculated with RS-ESA using the input extracted by the cluster-
ing algorithm. Note that RS-ESA incorporated a blood time–
activity curve in the functional base when plasma input was used
but obviously this was not possible using a reference tissue input.
However, this is not expected to affect the BP estimate signifi-
cantly. The fraction of signal coming from blood in PK11195
studies is no greater than in any other tracer even at late times
because, although the first-pass extraction in brain is low, there is
very large uptake of the tracer in peripheral organs (lung, heart,
liver, and kidneys).

Finally, BP estimates were calculated using SRTM and the
reference region extracted by the supervised algorithm for com-
parison.

Validation: Test–Retest Reproducibility
The second part of the validation consisted of the assessment of

the reproducibility of supervised clustering in comparison with the

previous unsupervised approach. We used a set of test–retest data
that consisted of 4 subjects with AD scanned twice at an interval
of ,6 wk. Arterial input data were not available for this cohort. To
reproduce a current processing protocol of the Unit, parametric
maps were obtained first and ROIs were placed later after normali-
zation into MNI space and application of the latest version of an
ROI maximum-probability brain atlas (25). The atlas was indi-
vidualized for each subject by convolving it with the subject’s
thresholded gray matter map. ROI sampling included hippocam-
pus, amygdala, cerebellum, lateral occipital lobe, anterior and pos-
terior cingulate gyrus, middle frontal gyrus, posterior temporal
lobe, parietal cortex, putamen, thalamus (all sampled separately
on the left and right), and brain stem.

Parametric maps were produced using both RS-ESA and
SRTM. Reproducibility of the 2 clustering methods was assessed
by calculating the test–retest variability and the intraclass corre-
lation coefficient (ICC).

RESULTS

Supervised Clustering and Reference Region Extraction

The performance of the supervised clustering is epito-
mized by the results for one of the 3 HD patients. The
supervised algorithm selects as reference region a set of
gray matter voxels, mostly in the cerebellum but also in the

FIGURE 6. For the same subjects as in Figure 7, the slowly equilibrating component of vascular origin was subtracted from the
whole gray matter time–activity curve (squares), producing a time–activity curve (dashed line) that was comparable with the time–
activity curve of reference region extracted by supervised clustering method (triangles). The ability of the supervised methodology
to filter out pixels with significant endothelial binding is illustrated.

TABLE 1
BP Values for 6 Healthy Control Subjects

Plasma modeling (RS-ESA) Reference modeling (RS-ESA) Reference modeling (SRTM)

Region Mean 6 SD Mean 6 SD Mean 6 SD

Gray matter 0.26 6 0.19 0.19 6 0.14 0.12 6 0.17

White matter 0.02 6 0.07 0.07 6 0.16 0.22 6 0.17
Cerebellum 0.33 6 0.26 0.26 6 0.17 0.20 6 0.09

Thalamus 0.51 6 0.52 0.52 6 0.36 0.27 6 0.24

Cortex 0.26 6 0.22 0.22 6 0.20 0.27 6 0.24
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cerebral cortex (Fig. 3A). The algorithm clusters into the
PBBS-specific binding class regions, where high binding is
expected in HD, such as striatum and frontal cortex (Fig.
3B). The algorithm also identifies large areas with signif-
icant signal coming from the blood fraction and is able to
reconstruct a remarkably clear picture of the blood vessels
(Fig. 3C), where sinuses and even the major arteries can be
clearly identified.

Figure 4 illustrates, for the same subject as in Figure 3,
the time–activity curves of an ROI averaged over putamen,
caudate, and globus pallidus, where strong specific signal
was expected, the time–activity curves of whole gray
matter and whole white matter, and the time–activity curves
of the gray matter reference region and blood pool ex-
tracted by the supervised clustering. Figure 4 suggests that
the time–activity curve of the supervised region is filtered
from the contributions of specific binding and white matter

but also from signal coming from the blood pool. Indeed,
it is noticeable that the kinetic of the blood pool, after the
initial fast clearance, levels at a steady, if not slowly, in-
creasing level. This suggests the presence of a slowly
equilibrating component in the vasculature and, given the
steady clearance of radioactivity (parent tracer and metab-
olites) measured from arterial blood, it is consistent with
binding to the vasculature that can be eminently identified
by immunostaining.

These findings were repeated in the other 2 patients with
HD. The considerable signal in the blood pool was common
to all studies examined, both healthy control subjects and
patients.

Comparison Between Reference Input and Plasma
Input Modeling

Blood input data were used initially to confirm the pres-
ence of a slowly equilibrating kinetic component in brain
tissues. Figure 5 shows the kinetic components extracted by
ESA on the whole gray matter of healthy volunteers. The
result is shown for 2 subjects to illustrate its consistency.
Very similar results were obtained in all other control
subjects. It is clear from Figure 5 that ESA detects a slowly
increasing kinetic component that corresponds to ;75% of
the total radioactivity at 60 min. Furthermore, Figure 6
illustrates for the same 2 subjects how—by subtracting
from the whole gray matter time–activity curve the slow
component extracted by ESA—one obtains a time–activity
curve that is comparable with the one of the reference re-
gions obtained by the supervised clustering algorithm. This
suggests that the supervised clustering algorithm selects as
reference region gray matter voxels that are distant from the
vasculature, where the slow kinetic component is prom-
inent. This kinetic component is much slower than the one
we apportion to microglia but is very similar to the kinetic
of PK11195 previously reported in the heart (26). This is
consistent with either different transport rates of the tracer
or, more likely, different affinities of the PBBS in endo-
thelium and muscle.

This new finding makes the compartmental structure of
the kinetic model for [11C]-(R)-PK11195 quite complex,
as it now requires an additional tissue compartment for
the specific binding in the vasculature. This further source
of specific binding, plus the expected significant amount of
nonspecific binding (7), renders the direct estimation of
BP values from a compartmental model quite unattractive.
However, the ability to extract a valid reference region with
no specific binding and the use of RS-ESA, which can
calculate robust estimates of the volume of distribution with
no prerequisite of assuming a particular compartmental
structure, make the task of BP estimation for both plasma
and reference region quite straightforward through appli-
cation of Equations 5 and 6. Using this approach we ob-
tained a very close agreement between the BP estimates
obtained with the reference region and the plasma input
function as illustrated Table 1. Note the low values of BP

FIGURE 7. Correlation between reference region-derived and
plasma-derived BP values. Reference region was extracted by
supervised algorithm. BP values with reference region input
were calculated using RS-ESA (A) and SRTM (B). In the case of
RS-ESA, there was very close agreement and high correlation
(r 5 0.811, P , 1025) between BP values calculated by reference
tissue input and those derived from plasma input. SRTM
consistently underestimated BP values and correlation with
plasma-derived measures was poorer (r 5 0.507, P 5 0.004).
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for white matter, clustered around 0 and therefore including
negative values, which were expected given the lack of
PBBS in normal white matter and the lower vascular den-
sity. Mean values for cortical gray matter were 0.26 for
plasma-derived BPs, and 0.19 for reference-derived BPs,
which are physiologically meaningful given the overall low
density of PBBS in the normal brain. Mean values were
highest in the thalamus, where increased PBBS density is
expected in elderly control subjects (27). Note that ESA did
not detect a significant endothelial component in the tha-
lamic areas.

Correlation between the reference-derived and plasma
input2derived BPs was also high (r 5 0.811, P , 1025), as
illustrated in the scatter plot in Figure 7A.

In this ROI analysis, the simple modeling structure of
SRTM lacked the degrees of freedom to describe time–
activity curves with high signal-to-noise ratios and the fits
were poor. Consequently, there was little correspondence
between SRTM-derived BPs and plasma-derived BPs (Ta-
ble 1), and correlation between the 2 measures was lower
(r 5 0.507, P , 0.004; Fig. 7B). In particular, SRTM
overestimated BPs in white matter (Table 1), due to the
inability of the model to cope with the irreducible spillover
of signal from gray matter caused by imperfect segmenta-
tion. Note that percentage errors for the estimates of the
volumes of distributions were low for both RS-ESA and
SRTM (;1.5% for large regions such as cortex and cere-
bellum, ;3% for thalamus).

Validation: Test–Retest Reproducibility

The final validation consisted of the comparison of the
reproducibility of the new reference region extraction with
that obtained through the unsupervised algorithm (13).
Both SRTM and RS-ESA were used to generate parametric
maps. RS-ESA performed poorly in the pixel-by-pixel es-
timation, producing maps with high variability (data not
shown). SRTM’s simpler structure instead performed well
with the high noise levels and the less heterogeneous signal
at the pixel level and was selected as the better compromise
for the estimation of parametric maps. Therefore, only
SRTM results are reported.

Tables 2 and 3 show results for the 4 AD subjects
injected with 296 MBq for whom test–retest data were
available in terms of mean value, mean of the differences
between the first and second scan, percentage mean differ-
ence, and the ICC.

Table 2 reports the reproducibility results for SRTM
where the reference was extracted with the unsupervised
clustering. Care must be taken in the interpretation of this
table: Because the reference region selected by the unsu-
pervised algorithm contained specific binding, BP values
obtained by SRTM in this case were close to zero if not
negative. For those regions with a mean value around 0, the
percentage mean difference was therefore abnormally high
but is included for completeness. Reproducibility can be
better appreciated by looking at the absolute mean differ-
ences and at the ICC values.

TABLE 2
Test–Retest BP Values and ICC Obtained Using Reference Region Extracted by Unsupervised Clustering Algorithm

Unsupervised clustering

Region Mean Mean difference Percentage difference ICC

Hippocampus (L) 0.133 0.033 24.54 0.861

Hippocampus (R) 0.155 0.051 32.69 0.909

Amygdala (L) 0.019 0.096 517.53 0.391
Amygdala (R) 0.090 0.057 63.76 0.932

Cerebellum (L) 0.080 0.049 61.49 0.181

Cerebellum (R) 0.093 0.044 47.75 0.660

Brain stem 0.228 0.029 12.76 0.928
Lateral occipital lobe (L) 0.122 0.047 38.09 0.678

Lateral occipital lobe (R) 0.118 0.048 40.35 0.063

Anterior cingulate gyrus (L) 0.156 0.055 35.37 0.667

Anterior cingulate gyrus (R) 0.142 0.045 31.78 0.883
Posterior cingulate gyrus (L) 0.181 0.076 42.18 0.747

Posterior cingulate gyrus (R) 0.191 0.054 28.11 0.903

Middle frontal gyrus (L) 0.099 0.041 41.03 0.081

Middle frontal gyrus (R) 0.088 0.026 29.60 0.726
Posterior temporal lobe (L) 0.130 0.030 23.11 0.425

Posterior temporal lobe (R) 0.134 0.026 19.64 0.399

Parietal cortex (L) 0.133 0.035 26.59 0.817
Parietal cortex (R) 0.117 0.033 28.22 0.813

Putamen (L) 0.191 0.062 32.69 0.844

Putamen (R) 0.148 0.028 19.26 0.536

Thalamus (L) 0.153 0.102 66.22 0.086
Thalamus (R) 0.156 0.120 76.91 0.170

Mean 0.133 0.033 58.25 0.596
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Regional ICCs were 0.596, on average, for the BPs
obtained using the unsupervised clustering methodology.
This value must be compared with the average ICC ob-
tained using the supervised reference extraction—that is,
0.878—as shown in Table 3. In this table, given that BP
values are higher, fractional mean differences are more
informative and equal to 10.6% on average.

DISCUSSION

One peculiar aspect of [11C]-(R)-PK11195 studies in
brain is the very scarce presence of the PBBS in the normal
brain. This renders the modeling of this tracer particularly
difficult because effects of no interest such as tissue
heterogeneity and vascular signal become predominant,
whereas the abundant presence of the PBBS in the periph-
ery affects the availability of [11C]-(R)-PK11195 for bind-
ing in the brain. This problem affects the definition of a
reference region, a process that already must take into
account the unknown location of microglia activation. In
this work we have introduced a new supervised clustering
procedure, totally automatic, that is able to extract a gray
matter reference region devoid of nuisance signal.

A relevant finding of the study is the presence of a slowly
equilibrating kinetic component in the tissue time–activity
curves. Evidence from immunohistochemistry suggests that
this signal is specific for PBBS binding in the vasculature,
and its kinetic, although different from that of specific bind-

ing to activated microglia, resembles closely the [11C]-(R)-
PK11195 kinetic in heart (26).

The presence of this additional component introduced
another level of complexity in the kinetic modeling of ROI
time–activity curves. For this task we abandoned compart-
mental modeling and adopted RS-ESA for the calculation
of BP estimates for both plasma input and reference tissue
input analyses. The effective extraction of a reference re-
gion combined with parameter estimation through RS-ESA
provided an excellent agreement between plasma input and
reference tissue input2derived BPs that were also highly
correlated (r 5 0.811, P , 1025). This validates further the
use of reference region modeling for the quantification of
[11C]-(R)-PK11195 and allows direct comparison with the
plasma input counterpart.

Finally, we investigated the reliability of the new refer-
ence extraction when BP parametric maps for [11C]-(R)-
PK11195 are produced on a test–retest dataset. In this
application, given the generally low signal-to-noise ratio
in [11C]-(R)-PK11195 studies, SRTM was the method of
choice for kinetic analysis. Results confirmed a substantial
increase in the reliability of the estimates with the new
supervised approach (mean ICC 5 0.878) compared with
the unsupervised approach (mean ICC 5 0.596) and low
test–retest variability (10.6%).

CONCLUSION

Reference region modeling combined with supervised
reference tissue extraction produces reproducible and

TABLE 3
Test–Retest BP Values and ICC Obtained Using Reference Region Extracted by Supervised Clustering Algorithm

Supervised clustering

Region Mean Mean difference Percentage difference ICC

Hippocampus (L) 0.294 0.030 10.20 0.953
Hippocampus (R) 0.280 0.023 8.04 0.782

Amygdala (L) 0.270 0.068 25.00 0.753

Amygdala (R) 0.268 0.020 7.46 0.893

Cerebellum (L) 0.299 0.010 3.34 0.972
Cerebellum (R) 0.292 0.008 2.57 0.987

Brain stem 0.452 0.033 7.19 0.896

Lateral occipital lobe (L) 0.252 0.013 4.96 0.969

Lateral occipital lobe (R) 0.270 0.018 6.48 0.944
Anterior cingulate gyrus (L) 0.261 0.030 11.49 0.971

Anterior cingulate gyrus (R) 0.283 0.043 15.02 0.905

Posterior cingulate gyrus (L) 0.336 0.033 9.67 0.982
Posterior cingulate gyrus (R) 0.312 0.053 16.83 0.93

Middle frontal gyrus (L) 0.237 0.040 16.88 0.848

Middle frontal gyrus (R) 0.228 0.028 12.06 0.84

Posterior temporal lobe (L) 0.264 0.015 5.68 0.964
Posterior temporal lobe (R) 0.251 0.020 7.97 0.929

Parietal cortex (L) 0.228 0.035 15.35 0.794

Parietal cortex (R) 0.226 0.033 14.38 0.743

Putamen (L) 0.395 0.050 12.66 0.891
Putamen (R) 0.399 0.033 8.15 0.928

Thalamus (L) 0.399 0.050 12.53 0.722

Thalamus (R) 0.424 0.043 10.02 0.591
Mean 0.301 0.031 10.61 0.878
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reliable parametric maps of [11C]-(R)-PK11195 binding in
the human brain.
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