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Abstract
Purpose [11C]Flumazenil (FMZ) is a benzodiazepine re-
ceptor antagonist that binds reversibly to central-type
gamma-aminobutyric acid (GABA-A) sites. A validated
approach for analysis of [11C]FMZ is the invasive one-
tissue (1T) compartmental model. However, it would be
advantageous to analyse FMZ binding with whole-brain
pixel-based methods that do not require a-priori hypotheses
regarding preselected regions. Therefore, in this study we
compared invasive and noninvasive data-driven methods
(Logan graphical analysis, LGA; multilinear reference
tissue model, MRTM2; spectral analysis, SA; basis pursuit
denoising, BPD) with the 1T model.

Methods We focused on two aspects: (1) replacing the
arterial input function analyses with a reference tissue
method using the pons as the reference tissue, and (2)
shortening the scan protocol from 90 min to 60 min.
Dynamic PET scans were conducted in seven healthy
volunteers with arterial blood sampling. Distribution vol-
ume ratios (DVRs) were selected as the common outcome
measure.
Results The SA, LGA with and without arterial input, and
MRTM2 agreed best with the 1T model DVR values. The
invasive and noninvasive BPD were slightly less well
correlated. The full protocol of a 90-min emission data
performed better than the 60-min protocol, but the 60-min
protocol still delivered useful data, as assessed by the
coefficient of variation, and the correlation and bias
analyses.
Conclusion This study showed that the SA, LGA and
MRTM2 are valid methods for the quantification of
benzodiazepine receptor binding with [11C]FMZ using an
invasive or noninvasive protocol, and therefore have the
potential to reduce the invasiveness of the procedure.
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Introduction

[11C]Flumazenil ([11C]FMZ) is a benzodiazepine receptor
antagonist that binds reversibly to central-type gamma-
aminobutyric acid (GABA-A) sites. Validated approaches
for the kinetic analysis of [11C]FMZ include compartmental
models [1, 2] using an arterial input function and it has
been shown that a one-tissue (1T) compartmental model
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sufficiently describes the kinetic behaviour of [11C]FMZ
[1]. Alternatively, noncompartmental methods such as
Logan graphical analysis (LGA) [3] and spectral analysis
(SA) [4] have been used in clinical studies [5–7], but the
validity of these approaches has not been systematically
studied.

In order to avoid the invasive arterial cannulation in [11C]
FMZ studies, reference tissue methods have been proposed
[8–12] whereby a time–activity curve (TAC) from a
reference region devoid of receptors is used as an indirect
input function to the target region. Using reference tissue
methods where the reference region can be characterized by
a single compartment assumes that the reference region does
not allow specific binding. Furthermore, it requires that the
tissue concentration of free and nonspecifically bound
radioligand relative to the radioligand in plasma is the same
in the target region and in the reference region. For [11C]
FMZ it has been shown that the simplified reference tissue
model [9] with the pons as reference tissue input can be used
[13], although it has been shown that some degree of specific
binding occurs in the pontine region [14].

Compared to the compartmental modelling approaches,
data-driven methods such as the LGA [3, 10], the multi-
linear reference tissue model (MRTM2) [15], SA or basis
pursuit denoising (BPD) [11] do not require a-priori
hypotheses regarding the underlying model structure.
Furthermore, data-driven methods can be used to generate
parametric images that allow a voxel-by-voxel analysis of
the data. The aim of this study was, therefore, to examine
the validity of data-driven methods, with and without an
arterial input function, and to compare them with the
standard invasive 1T model. Using [11C]FMZ data from
healthy subjects, we specifically focused on two aspects:
(1) replacing arterial input analyses with reference tissue-
based analyses using the pons as the reference tissue, and
(2) shortening the scan protocol from 90 min to 60 min to
study the impact of scan duration.

Materials and methods

Subjects

Seven healthy volunteers (mean age 56.3±5.3 years; three
men, four women) participating in a clinical research study
with [11C]FMZ were included after giving written informed
consent. The volunteers had no history of neurological or
psychiatric diseases. There was no history of prior alcohol or
substance abuse and there was no intake of substances
interfering with the benzodiazepine system (e.g. analgesics)
prior to PET. This study was approved by the local ethics
committee of the medical faculty of the Technische
Universität München and the radiation protection authorities.

PET acquisition

[11C]FMZ was synthesized by a modification of the method
described by Maziere et al. [16] performing the 11C-
methylation of the desmethyl precursor on a solid Al2O3

phase treated with KOH. [11C]FMZ was administered as a
single bolus intravenous injection through a venous catheter
which was inserted into a forearm vein. Mean injected
radioactivity was 170.9±11.2 MBq, provided in a volume
of 2–4 ml.

PET data were acquired in 3-D mode on a Siemens/CTI
ECAT EXACT HR+ scanner (CTI PET Systems, Knox-
ville, TN) with a 15.2-cm field of view. The subjects were
placed head first supine with their head immobilized using
an individually moulded cushion. A 68Ge/68Ga transmission
scan was acquired for 10 min to allow attenuation
correction. PET data were acquired over 90 min with the
following frame durations: 12×5 s, 5×60 s, 3×180 s,
5×300 s, 5×600 s (for a total of 30 frames). The data were
reconstructed using filtered back-projection with a ramp
filter (cut-off 0.3 cycles per projection element) into 63
slices of 2.4-mm slice thickness (pixel size 2.1×2.1 mm2)
with an image matrix size of 128×128 pixels. The
resolution of the reconstructed images was about 6 mm
full-with at half-maximum in the transverse and axial
planes. Emission data were corrected for random coinci-
dences, scatter, attenuation and radioactive decay. The
position of the subject’s head was permanently monitored
using a video system and reference skin marks and, if
necessary, manually adjusted.

Arterial plasma analysis

For collection of arterial blood samples a catheter was
placed into the right radial artery under local anaesthesia
after confirming clinically that the collateral circulation
was satisfactory. Heparinized arterial blood samples
(about 2 ml) were acquired throughout the scanning
period as fast as possible for the first 2 min and then
followed by increasingly spaced intervals ranging from
20 s to 5 min. After blood centrifugation, radioactivity in
whole blood and plasma was determined in an automated
gamma counter. This device is regularly cross-calibrated
with the PET scanner using a 68Ge/68Ga phantom. TACs
of whole blood and plasma were decay-corrected for the
time of injection.

Arterial blood samples for metabolite quantification
were taken at 2.5, 5, 10, 20, 40, 60 and 90 min after
injection. Metabolites were analysed as described previ-
ously [17]. To generate a metabolite-corrected input
function, a monoexponential function, METAB tð Þ ¼ A0þ
ð1� A0Þe�A1t, was fitted to the fraction of intact tracer and
then multiplied with the total plasma curve.
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MR acquisition

High-resolution 3-D T1-weighted anatomical MR images
were acquired on a Siemens Symphony 1.5-T scanner
(Siemens, Erlangen, Germany) in six of seven subjects
using a magnetization-prepared rapid-acquisition (MP-
RAGE) sequence (voxel size 1×1×1 mm3). These images
were used for MRI/PET coregistration and the creation of a
ligand-specific [11C]FMZ template [18] to allow subse-
quent spatial normalization of the PET images.

Image preprocessing and volume of interest definition

To minimize movement artefacts, the time-series of each
subject’s dataset was realigned to a reference frame
(number 20) with a high signal-to-noise ratio by means of
a least-squares approach and a six-parameter spatial
transformation as implemented in SPM2 (Wellcome De-
partment of Imaging Neuroscience, London, UK) using
default settings.

Spatial normalization utilizing the ligand-specific tem-
plate in Montreal Neurological Institute (MNI) standard
space was conducted by means of a least-squares approach
and 12-parameter spatial transformation followed by esti-
mating nonlinear deformations as implemented in SPM2.
Default parameters as defined in SPM2 were maintained
except that the option for defining the bounding box was
set to “Template” and for interpolation a 4th degree B-
spline function was selected.

From the WFU PickAtlas (Wake Forest University,
Winston-Salem, NC; http://www.ansir.wfubmc.edu/down
load.htm) toolbox in SPM2 15 regional volumes of interest
(VOIs) were selected including the following structures:
cingulate gyrus, frontal gyrus, occipital gyrus, parietal
lobule, temporal cortex, insula, cerebellum anterior lobe,
cerebellum posterior lobe, pons, amygdala, hippocampus,
caudate, globus pallidus, putamen, and thalamus. To apply
these VOIs in subject space, deformation fields were
computed from the individual normalization parameters
using the “Deformations” toolbox in SPM2. Then, the
inverse of these deformation fields were calculated,
respectively, and applied to the selected VOI. These VOIs
were then applied to the subject’s realigned PET data and
TACs were extracted. All VOIs were visually controlled to
ensure their correct placement.

Kinetic analyses

The data were analysed using model-driven (1T compart-
mental model) and data-driven methods (LGA (invasive
and noninvasive), MRTM2, SA and BPD (invasive and
noninvasive). Outcome measures were distribution volume
(VT, ml·cm−3), distribution volume ratio (DVR, unitless)

and binding potential (BPND, unitless). VT and BPND are
related to the total concentration of binding sites (Bmax) and
the ligand’s equilibrium dissociation constant (KD) [19]. To
enable a direct comparison of models with arterial plasma
input and reference region input, the DVR was chosen as
the primary measure of ligand binding. The DVR is closely
related to the BPND and can be calculated from regional VT

values and distribution volume values of a reference region
(VND), where DVR ¼ VT=VND ¼ BPND þ 1. Here, the pons
was chosen as reference region [19].

A 1T compartmental model was used for the quantifica-
tion of the kinetic behaviour of [11C]FMZ. The tissue
compartment represents free nonspecifically and specifical-
ly bound ligand which are assumed to equilibrate rapidly so
that they can be described by a single-compartment, CT.
The rate constants K1 (mL·cm−3·min−1) and k2 (min−1) are
the tracer’s transfer rate constants from vasculature to tissue
and backwards, respectively. The differential equations
corresponding to the change of ligand concentration with
time are given below.

dCT tð Þ
dt

¼ K1CA tð Þ � k2CT tð Þ ð1Þ

CT tð Þ ¼ K1e
�k2t � CA tð Þ ð2Þ

where CA(t) describes the arterial plasma tracer concentra-
tion (kBq·ml−1) and the symbol ⊗ represents the convolu-
tion operator. The total concentration of ligand in tissue
over time measured by PET is given by:

CPET tð Þ ¼ 1� VBð ÞCT tð Þ þ VBCWB tð Þ ð3Þ
where VB denotes the vascular volume fraction and CWB(t)
the concentration of ligand in whole blood.

Once the blood and tissue concentration have reached
equilibrium the left hand term of Eq. 1 can be set to 0 and
the distribution volume can be expressed as:

VT ¼ K1

k2
ð4Þ

For each subject, the extracted TACs, the metabolite-
corrected arterial plasma input function, the arterial whole-
blood curve and the individual rate constants K1 and k2 and
the VB-term were assessed by weighted nonlinear least-
squares fitting using the Marquardt- Levenberg algorithm
as implemented in the PMOD software package version
2.55 (PMOD Group, Zurich, Switzerland). Each point of
the TAC was weighted according to its variance using the
following model, as proposed by Yaqub et al. [20]:

s2 ¼ a � dcf 2 � T
L2

; ð5Þ
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where the variance (σ2) is computed using the whole
scanner true counts (T), the frame length (L), the decay
correction factor (dcf), and a proportionality factor (α)
signifying the variance level which was set to 0.05. The dcf
for each frame was given by:

dcf ¼ l
Te � Tsð Þ

e�lTs � e�lTe
; ð6Þ

where l is the decay correction factor, and Ts and Te are the
start and end times of the frame, respectively. The
corresponding weighting factors for each frame were then
calculated using:

W ¼ 1

s2
ð7Þ

Before fitting of K1, k2, and the VB-term, the relative
time delay of the tissue response function and the input
function were fitted for each subject’s whole-brain VOI.
This term was kept constant for all subsequent fits. Initial
parameters for the fitting of regional VOI data were
obtained by using the parameters from fitting of the
subject’s whole-brain VOI.

The invasive LGA transforms the data to a straight-line
plot, whose terminal linear slope equals VT [3]:

Rt
0
CPET uð Þdu
CPET tð Þ ¼ VT

Rt
0
CA uð Þdu
CPET tð Þ þ int ð8Þ

where CA(t) denotes the arterial plasma input function and
CPET(t) the regional activity concentration measured by
PET.

The non-invasive LGA is a variation of the invasive
model substituting the arterial plasma input function with
an image-derived input function from a reference region,
CREF(t). The terminal slope yields values equivalent to the
tracer DVR [10]:

Rt
0
CPET uð Þdu
CPET tð Þ ¼ DVR

Rt
0
CREF uð Þduþ CREF tð Þ�k2

CPET tð Þ þ int ð9Þ

The efflux constant
C
k2 was set to a fixed averaged value

determined from the 1T compartmental analysis (
C
k2 ¼ 0:2;

data not shown).
For both Logan models, the time t* after which the

intercept term, int, becomes constant was determined in
each subject independently. The error criterion to fit t* was
restricted to allow less than 10% deviation between the
regression and all measurements. This fit was obtained
from regional TACs from the insula. This region was
chosen because it is a receptor-rich region providing TAC
values with a good signal-to-noise ratio from which the
start of the linear section of the Logan plot can be
estimated. The calculated t* was then used in all pixels

for calculating the VT and DVR from the Logan plot,
respectively (invasive analyses 13.3±6.3 to 90-min interval,
11.6±4.3 points, 6.8±4.8 to 60-min interval, 11.8±4.5
points; noninvasive analyses 10.1±3.2 to 90-min interval,
11.6±1.1 points, 6.3±2.8 to 60-min interval, 10.0±2.5
points). Parametric images were generated and analysed
by applying regional VOIs.

The MRTM is a development of the noninvasive LGA. It
exists in three specifications. In this study the MRTM2 was
used. The BPND is calculated from the ratio of two
regression coefficients for T>t* [15]:

C Tð Þ ¼ � VT

VT
0b

ZT
0

C0 tð Þdt þ 1

k2
C0 Tð Þ

0
@

1
Aþ 1

b

ZT
0

C tð Þdt

ð10Þ

BPND ¼ � � VTb

VT
0b
þ 1

� �
¼ VT

VT
0 � 1:0 ð11Þ

where C(t) and C′(t) are the ligand concentrations in the
tissue and reference regions and C(T) defines the noisy
tissue radioactivity term. The efflux constant (

C
k2 ¼ 0:21�

0:02 and 0.23±0.02 for the 90-min and 60-min protocol)
was calculated for each subject in a preprocessing step from
the reference TAC and then fixed for the parametric
analysis. Furthermore, the time t* was determined in each
subject independently and the error criterion to fit t* was set
to 10%. This value was then used for the parametric
analysis (3.82±6.35 to 90-min interval, 10.57±4.72 frames,
and 0.68±0.16 to 60-min interval, 7.29±1.5 frames).

The SA is a data-driven modelling approach where a
possible set of basis functions is defined which describes
the expected behaviour of the ligand. Convolution of the
input function with a sum of exponential terms character-
izes the data [4]:

CPET tð Þ ¼ 1� VBð Þ CA tð Þ �
Xn
i¼1

aie
�bit

" #
þ VBCWB tð Þ ð12Þ

where the range of n values of bi is predefined to provide
suitable coverage of the ligand’s expected behaviour, which
was set to a minimum exponential coefficient of 0.0007 s−1

and a maximum exponential coefficient of 0.01 s−1. The n
values of ai were fitted using a non-negative least squares
algorithm. The VT is calculated from the integral of the
impulse response function (IRF) according to the following
equation:

VT ¼
Z1
0

IRF dt ¼
Xn
i¼1

ai
bi

ð13Þ
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The invasive BPD method is a further development of
SA and is also data-driven. However, the n values of ai are
fitted using a BPD algorithm which involves a one-norm
penalty term on the coefficients. In contrast to SA the
coefficients are not constrained to be positive.

The non-invasive BPD method describes the data as
follows:

CPET tð Þ ¼ a0CREF tð Þ �
Xmþn�1

i¼1

aie
�bit ð14Þ

where m is the total number of tissue compartments in the
reference tissue and n is the total number of tissue compart-
ments in the target tissue, a0 is the ratio of the relative
delivery of the tracer between the target and the reference
tissue, and CREF(t) is the concentration time courses of label
in the reference tissue. The DVR is given by:

DVR ¼ VT

VND
¼ a0 þ

Xmþn�1

i¼1

ai
bi

ð15Þ

Parametric images were generated and analysed by
applying regional VOIs.

Comparison of performance In order to assess the degree
of interindividual variability within the population of
healthy volunteers, the coefficient of variation [CV =
(standard deviation/mean)100%] was calculated. DVR
values obtained by the various models were compared by
linear regression analysis. Correlation measures were
reported as Pearson r2 values. The DVR values obtained
from the 1T compartmental model for a 90-min protocol
(1T90) were used as a benchmark measure of [11C]FMZ
binding in this work. All measures of bias were compared
to the 1T90 model and reported as percentage according to:

bias ¼
bq � q1T90

� �
q1T90

100% ð16Þ

where bq is the model’s estimate of DVR and θ1T90 is the
estimate of DVR as determined from the 1T90.

Results

Kinetic analyses

DVR values were computed across all subjects (n=7) and
brain regions (n=15).

Full protocol

The average [11C]FMZ TAC from the reference region (the
pons) across the population is shown in Fig. 1. The pontial

TACs were similar across subjects and cleared rapidly over
approximately 45 min followed by a slower clearance at
later times.

Table 1 presents the calculated mean DVR values for all
subjects, brain regions and analysis methods. The calculat-
ed DVR values are consistent with the expected outcome of
higher benzodiazepine receptor density in cortical structures
and lower receptor density in sub-cortical structures [21].
The invasive models, LGA and BPD, yielded higher DVR
values and the non-invasive methods yielded in most cases
lower DVR values compared to the 1T90. This was
especially evident in cortical VOIs with high binding and
was less evident for LGA than for BPD. Only SA resulted
in lower values than the 1T90 model. Values of the non-
invasive BPD for the 90 min protocol yielded in four
(cingulate gyrus, occipital gyrus, temporal cortex and
cerebellum parietal lobe) out of 15 VOIs slightly higher
values than the 1T90 model.

The DVR CVs were nearly equal for the invasive and
noninvasive LGA (CV 17.37±3.36% and 16.32±2.55%)
and lower for MRTM2 (CV 13.05±2.39). SA showed the
lowest variability of all models (CV 9.22±3.95) and the
invasive and noninvasive BPD showed the highest vari-
ability (CV 19.21±2.99% and 26.81±7.38%). The invasive
LGA and the noninvasive LGA produced near-perfect
correlation with the 1T90 (r2=0.999 and 0.998, slope 1.23
and 1.01; Fig. 2). The MRTM290 protocol delivered nearly
similar correlation values (r2=0.997, slope 0.98; Fig. 3).
The SA DVR values showed slightly lower correlation
values with the 1T90 values (r2=0.987, slope 0.92; Fig. 4).
This also applied to the invasive and noninvasive BPD
DVR values (r2=0.976 and 0.939, slope 1.63 and 1.00;

Fig. 1 Averaged TAC (±1 SD) obtained from the pons using a single
bolus injection protocol. The pontial TAC showed a similar
progression across subjects and cleared rapidly over approximately
45 min followed by a slower clearance at later times

Eur J Nucl Med Mol Imaging (2009) 36:659–670 663



Fig. 5). High correlation values were also observed for both
protocols between the invasive and noninvasive DVR in the
LGA and BPD (r2=1.000 and 0.961; data not shown).

The lowest percentage bias was found for MRTM2 and
SA (MRTM2: bias 0.89±2.09; SA: bias 3.55±1.36%). The
greatest percentage bias was found for the invasive LGA
and BPD methods, whereas lower biases were observed for
their noninvasive versions. The invasive protocols showed
positive biases (LGA: bias 15.41±2.88%; BPD: bias 46.64±
8.31), whereas the noninvasive protocols showed negative
biases (LGA: bias −10.23±3.99%; BPD: bias −8.89±8.85).
The noninvasive BPD also showed positive biases for
occipital gyrus, temporal cortex and cerebellum posterior
lobe (data not shown).

Shortened protocol

To investigate the stability of the DVR values, a shorter
protocol with a length of 60 min rather than 90 min was
also investigated. Table 1 shows the measured mean DVR
values for all subjects, brain regions and analysis methods.

It was not possible to obtain model solutions for the
noninvasive BPD using this protocol.

As for the full protocol, the calculated DVR values were
consistent with the expected outcome of high receptor
density of benzodiazepine sites in cortical structures and
low receptor density in subcortical structures [21]. The
invasive models yielded higher DVR values and the
noninvasive methods yielded lower DVR values compared
to the 1T model. This was especially evident in cortical
VOI with high binding. The DVR CVs were overall higher
than for the full protocol (LGA: CV 25.39±5.75% and
20.92±3.80%, MRTM2: CV 14.53±2.28%, SA: CV 18.62±
4.26%, BPD: CV 19.96±3.33%).

The shortened LGA yielded high correlations with the
1T90 method, whereas the noninvasive LGA yielded the
lowest slope of all methods (r2=0.984 and 0.948, slope 1.53
and 0.92; Fig. 6). Also the MRTM2 yielded high
correlation values (r2=0.994, slope 1.01; Fig. 7). This was
also seen for SA (r2=0.991, slope 1.28; Fig. 8). The
invasive shortened BPD yielded high correlations with the
1T90 and had the highest slope (r2=0.985, slope 1.79;

Table 1 Regional DVR values expressed as means (coefficients of variation, %) across regions

Region Protocol 1T LGA MRTM2 SA BPD

Invasive Noninvasive Invasive Noninvasive

Cingulate gyrus 90 min 2.90 (17.41) 3.34 (16.55) 2.60 (17.46) 3.01 (13.73) 2.80 (6.00) 4.28 (19.93) 2.96 (21.08)
60 min – 3.72 (23.44) 2.35 (23.25) 2.91 (14.00) 3.31 (14.56) 4.33 (14.23) –

Frontal gyrus 90 min 4.64 (13.15) 5.46 (19.44) 4.33 (17.88) 4.65 (14.76) 4.36 (7.88) 7.12 (21.13) 4.14 (33.31)
60 min – 6.30 (28.63) 4.00 (23.02) 4.60 (16.33) 5.43 (20.93) 7.20 (18.86) –

Occipital gyrus 90 min 4.48 (13.40) 5.32 (21.64) 4.20 (16.60) 4.54 (14.24) 4.31 (7.20) 7.00 (21.06) 4.51 (17.31)
60 min – 6.09 (31.92) 3.82 (22.13) 4.47 (14.98) 5.36 (23.16) 7.07 (19.58) –

Parietal lobule 90 min 4.71 (13.84) 5.55 (17.60) 4.39 (16.70) 4.71 (14.68) 4.41 (5.75) 6.38 (17.22) 4.14 (33.53)
60 min – 6.42 (26.68) 3.26 (21.47) 4.66 (15.71) 5.45 (19.05) 7.30 (19.33) –

Temporal cortex 90 min 4.86 (14.82) 5.72 (19.40) 4.56 (18.41) 4.87 (15.55) 4.62 (7.91) 7.58 (22.52) 4.87 (18.80)
60 min – 6.54 (27.67) 4.18 (24.44) 4.81 (16.40) 5.80 (22.31) 7.62 (20.56) –

Insula 90 min 4.83 (14.63) 5.64 (16.05) 4.50 (17.80) 4.78 (14.51) 4.51 (6.98) 7.38 (21.88) 4.41 (27.28)
60 min – 6.46 (23.48) 4.16 (23.82) 4.71 (15.56) 5.66 (18.10) 7.52 (20.43) –

Cerebellum anterior lobe 90 min 3.45 (15.27) 4.03 (18.00) 3.11 (15.66) 3.49 (13.09) 3.34 (4.49) 5.21 (19.92) 3.32 (21.54)
60 min – 4.52 (26.50) 2.83 (20.70) 3.35 (13.90) 4.02 (16.85) 5.29 (15.96) –

Cerebellum posterior lobe 90 min 3.47 (10.87) 4.03 (18.10) 3.11 (13.06) 3.50 (9.40) 3.06 (19.62) 5.18 (17.21) 3.54 (17.68)
60 min – 4.57 (28.65) 2.86 (16.76) 3.37 (10.97) 3.94 (16.15) 4.85 (23.71) –

Amygdala 90 min 4.25 (12.45) 4.95 (22.08) 3.87 (14.82) 4.20 (13.42) 4.11 (8.67) 6.50 (19.43) 3.86 (32.97)
60 min – 5.50 (32.99) 3.42 (18.27) 4.05 (14.68) 5.08 (26.38) 6.57 (18.15) –

Hippocampus 90 min 4.31 (11.95) 4.99 (18.60) 3.93 (13.49) 4.21 (13.10) 4.26 (10.39) 6.69 (17.79) 3.84 (37.13)
60 min – 5.50 (26.85) 3.48 (18.37) 4.02 (14.72) 5.36 (23.74) 6.89 (22.71) –

Caudate 90 min 2.35 (11.81) 2.65 (11.81) 2.03 (20.38) 2.42 (14.15) 2.40 (11.84) 3.42 (21.02) 2.11 (25.73)
60 min – 2.83 (14.28) 1.81 (25.71) 2.25 (17.30) 2.61 (16.02) 3.46 (25.67) –

Globus pallidus 90 min 1.58 (14.38) 1.68 (11.00) 1.26 (18.24) 1.64 (9.46) 1.62 (11.05) 2.07 (15.77) 1.28 (26.57)
60 min – 1.71 (12.27) 1.07 (25.66) 1.46 (11.59) 1.68 (12.08) 2.11 (20.19) –

Putamen 90 min 2.60 (9.05) 2.93 (12.36) 2.21 (11.55) 2.59 (8.99) 2.47 (5.45) 3.53 (11.79) 2.00 (34.87)
60 min – 3.26 (21.59) 2.03 (11.82) 2.42 (11.68) 2.78 (12.46) 3.66 (15.23) –

Thalamus 90 min 3.13 (16.25) 3.53 (20.08) 2.67 (19.20) 3.06 (16.50) 2.84 (11.00) 4.21 (23.38) 2.42 (36.30)
60 min – 4.06 (27.99) 2.53 (20.68) 2.92 (18.64) 3.31 (21.43) 4.37 (24.82) –

Pons VT 90 min 0.66 (27.30) 0.49 (29.01) – 0.24 (23.06) 0.69 (22.78) 0.38 (39.31) –

60 min – 0.42 (32.59) – 0.13 (41.13) 0.59 (34.97) 0.40 (34.77) –
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Fig. 9). High correlation values were also observed for both
protocols between the invasive and noninvasive DVR
within the LGA and BPD (only LGA: r2=0.956; data not
shown).

The greatest percentage bias was found for the invasive
methods, whereas lower biases were observed for the
noninvasive method. The invasive LGA showed a positive
bias, whereas the noninvasive protocol showed a negative bias
(bias 30.55±7.03% and −18.92±5.64%). The lowest bias was
found for MRTM2 and SA (MRTM2: bias −2.91±2.62%; SA:
bias 14.89±5.23%). Of all the methods examined, the 60-min
invasive BPD showed the greatest positive bias (52.86±
9.58%; data not shown).

Figures 10 and 11 show DVR maps of a representative
volunteer using the investigated methods for the 90-min
and 60-min protocol. The images confirm the results found
through correlations with the 1T90 model where the DVR
values were overestimated by the invasive methods, except
SA, and underestimated by the noninvasive methods.

Discussion

This study investigated data-driven modelling methods for
the quantification of benzodiazepine receptor binding to
GABA-A sites using [11C]FMZ PET under a bolus
injection protocol. Two methodological aspects were

Fig. 2 Correlations between the full invasive and noninvasive LGA
(LGA_Inv90, LGA_NonInv90) and the full 1T (1T90) model. The
solid lines correspond to linear regression from which the equations
and correlation coefficients, r2, were generated. The dashed line
represents the unity line

Fig. 3 Correlation between the full MRTM (MRTM290) and the full
1T (1T90) model. The solid line corresponds to linear regression from
which the equation and correlation coefficient, r2, were generated. The
dashed line represents the unity line

Fig. 4 Correlations between the full SA (SA90) and the full 1T
(1T90) model. The solid line corresponds to linear regression from
which the equation and correlation coefficient, r2, were generated. The
dashed line represents the unity line
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investigated: (1) replacing arterial input analyses with
reference tissue-based input function analyses from the
pons for LGA, MRTM2 and BPD methods, and (2)
shortening the scan protocol from 90 min to 60 min. As
SA has been used most often in [11C]FMZ studies, it was
also investigated. The standard 1T90 model served as a
benchmark measure, based on previous data showing that
the reversible binding ligand [11C]FMZ reaches equilibrium
rapidly and therefore enables the application of a 1T
compartmental model [1]. The index of binding for the
1T90 model as well as for the investigated invasive
methods is the total volume of distribution. To facilitate
direct comparison of the invasive and noninvasive methods,
the DVR was selected as a common outcome measure.

LGA, MRTM2 and BPD have been suggested as
reference tissue models using an input function from a
region devoid of specific binding instead of plasma input
[10, 11]. The determination of a plasma input function is
often complicated and labour-intensive. Additionally, errors
in the measured input function can lead to an increased
uncertainty in the estimated parameters. Hence, modelling
strategies that can replace plasma input with input from a
reference region are recommended. A requirement for the
use of such models is that the tissue concentration of free
and nonspecifically bound radioligand relative to the
radioligand in plasma is the same in the target region and
in the reference region. For benzodiazepine studies with

Fig. 5 Correlations of the full invasive and non-invasive BPD
(BPD_Inv90, BPD_NonInv90) and the full 1T (1T90) model. The
solid lines correspond to linear regression from which the equations
and correlation coefficients, r2, were generated. The dashed line
represents the unity line

Fig. 6 Correlations between the shortened invasive and noninvasive
LGA (LGA_Inv60, LGA_NonInv60) and the full 1T (1T90) model.
The solid lines correspond to linear regression from which the
equations and correlation coefficients, r2, were generated. The dashed
line represents the unity line

Fig. 7 Correlation between the shortened MRTM (MRTM260) and
the full 1T (1T90) model. The solid line corresponds to linear
regression from which the equation and correlation coefficient, r2,
were generated. The dashed line represents the unity line
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[11C]FMZ the pons is usually used as the reference region,
although it has been stated that some specific binding is
present [14]. To correct for specific binding effects, an
additional tissue compartment model for the reference
region could be useful. However, it has been shown by
Endres et al. that a simplified reference tissue model [22]
using a two-tissue compartment model for the reference
region shows little improvement compared to the simplified
reference tissue model (using a 1T compartment model).
Thus, it was assumed that 1T compartment is sufficient to
describe the kinetic behaviour of the reference region as
well for LGA, MRTM2 and BPD [13]. Furthermore, some
part of the signal measured in the pons may also result from
partial volume effects. Thus, measurable binding in the
pons has to be considered as a source of error when a
reference tissue-based input function from the pons is used
as the model’s input function. Nonspecific binding is
assumed to occur at low levels for FMZ [23], and therefore
it was neglected.

These results were, however, obtained in healthy
subjects. As stated before [13], in studies with patients,
whether the pons is also valid as the reference region in
neurological or psychiatric disease must be proven. Espe-
cially when noninvasive methods are used, the possibility
that a pontine pathology (lesion or degeneration) might
affect the comparisons between patients and healthy
controls must be considered. Furthermore, artificial differ-

ences between patients and healthy controls from effects
influencing the data, for instance spill-over, must be
excluded.

All the investigated methods (LGA, MRTM2, SA and
BPD) are classified as data-driven, meaning that no a-priori
decision about the most appropriate model structure needs
to be made. Although compartmental models often provide
the most physiological description of the data, data-driven
methods are useful when no assumption about the under-
lying model configuration can be made. Nevertheless, these
methods are based on compartmental theory and therefore
parameter estimates can be interpreted in a traditional
compartmental framework. However, they are valid for an
arbitrary number of compartments, i.e. concerning the
interpretation of the data, differences in DVR values
between the methods may be due to differences in the
model order of fit. Comparison of the particular model
order was not possible as LGA and MRTM2 are non-
transparent techniques, i.e. they do not return information
on the number of tissue compartments evident in the data.

All methods were applied to each voxel TAC from the
four-dimensional dataset to obtain parametric images.
Parametric imaging methods are important to facilitate
voxel-based statistical analyses. However, sometimes there
may be additional numerically identifiable compartments
which are not supported by the low statistical quality of the
data. Both parametric methods used in this study were

Fig. 8 Correlation between the shortened SA (SA60) and the full 1T
(1T90) model. The solid line corresponds to linear regression from
which the equation and correlation coefficient, r2, were generated. The
dashed line represents the unity line

Fig. 9 Correlation between the shortened invasive BPD (BPD_Inv60)
and the full 1T (1T90) model. The solid line corresponds to linear
regression from which the equation and correlation coefficient, r2,
were generated. The dashed line represents the unity line
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evaluated against a compartmental approach to determine
reliability and comparability of the analyses.

Full protocol

The DVR results of the invasive and noninvasive simplified
methods showed different levels of agreement with the
1T90 model as assessed by CV, correlation r2 values and
bias. The DVR values of the invasive methods were mostly
overestimated compared to the results of the noninvasive
methods, which were mostly underestimated. For the
invasive models, the overestimation was likely influenced
by the lower VT estimates of the pons, which was probably
a result of a higher noise level in the pontine TAC which
were obtained on a pixel-by-pixel level. As a potential
source of noise the relatively low dose of injected FMZ
(about 200 MBq) has be considered. An exception was SA
were DVR values were slightly underestimated, probably as
a result of comparatively high VT estimates of the pons.

Overestimated values were particularly acquired by BPD,
and to a lesser extent with LGA, in cortical high receptor
regions. For the reference tissue methods, underestimation
of DVR values can be explained by a possible overestima-
tion of the reference input function. Underestimation of
BPND values, which are closely related to DVR values,
using the simplified reference tissue model with the pons as
reference region has been shown by Millet et al. [13].
Furthermore, differences in DVR values compared to the
1T compartmental model may be because of a contribution
from blood volume that is not taken into account in the
noninvasive methods.

As expected, the coefficients of variation of the DVR
values for all models were lower than those found in the
literature for VT values [21]. For all methods examined,
except the SA90 protocol, CV values were higher than for
the 1T90 model, which was probably a result of increased
noise in each pixel, whereby LGA and MRTM2 showed
lower variability than BPD in the parametric analysis. CV

Fig. 10 Parametric pet images of DVR values using the 90-min
protocol. The images confirm the results obtained through correlations
with the 1T90 model where DVR values were overestimated by the
invasive methods and underestimated by the noninvasive methods. An
exception was SAwere DVR values were slightly underestimated. The

90-min protocol performed better than the 60-min protocol, but the
60-min protocol still delivered useful data, as assessed by the
coefficient of variation, the correlation and bias analyses (a invasive
LGA, b non-invasive LGA, c MRTM2, d SA, e invasive BPD, f
noninvasive BPD)
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values were nearly equal between the invasive and
noninvasive LGA and lower for the MRTM2 method. For
BPD, CV values were lower for the invasive compared to
the noninvasive methods. This might be attributed to the
fact that nonlinear fitting procedures were used for
parameter estimation with BPD, in contrast to LGA and
MRTM2, in which linear fitting procedures were used for
parameter estimation . Even though SA also used nonlinear
fitting procedures, this method seemed to be less
susceptible.

However, regression analysis showed strong correlations
between the DVRs from the simplified methods and those
from the 1T90 model. BPD exhibited the most variability in
DVR values compared to the 1T90 method and thus
resulted in lower r2 values than the other methods. The
methodological bias was high for the invasive BPD
method, reflecting a high CV and slope of the regression
fit. Concerning the noninvasive LGA, it is assumed that this
bias was unrelated to the tissue efflux constant k2, which is
based on a population average k2 value. As suggested by
Logan et al. [10], the k2 constraint may be omitted from the

noninvasive analysis without resulting in a significant bias
in the DVR when the target tissue to reference tissue
radioactivity concentration ratio [CPET(t)/CREF(t)] remains
constant for a prolonged period. For [11C]FMZ this
condition is assumed to be satisfied after 45 min in high-
DRV regions as proved by the insula-to-pons ratio (data not
shown). A tendency towards increased bias in low receptor
regions as described by Millet et al. [13] was not observed.

Shortened protocol

The applicability of a shortened protocol to adequately
describe the kinetic behaviour of [11C]FMZ has been
shown previously for a 1T90 model with a 20–30 min
protocol by Koeppe et al. [1]. The LGA, MRTM2, SA and
BPD methods, as used in this study, performed better when
based on the full protocol of 90-min emission data than
when based on the 60-min protocol, but both protocols still
delivered useful DVR values, as assessed by the CV, and
the correlation and bias analysis. The SA and MRTM2
methods provided more useful DVR values than the other

Fig. 11 Parametric pet images of DVR values using the 60-min
protocol. The images confirm the results obtained through correlations
with the 1T90 model where DVR values were overestimated by the

invasive methods and underestimated by the noninvasive methods (a
invasive LGA, b non-invasive LGA, c MRTM2, d SA, e invasive
BPD)
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methods. No model solution could be obtained for the
noninvasive BPD, which was probably due to a reduction
in model order when data points were lost, as it becomes
more and more difficult to adequately identify the param-
eter estimates.

Conclusion

This study showed that LGA, MRTM2 and SA are valid
methods for the quantification of benzodiazepine receptor
binding with [11C]FMZ. Using a full invasive protocol,
LGA and SA provided a consistent distribution of stable
and robust DVR values, suggesting their use in future
studies. This is also valid for LGA and MRTM2 using a
noninvasive protocol. The noninvasive approaches pre-
sented here are simple, requiring only a bolus injection of
radioligand with no arterial blood sampling, and can be
used to generate parametric images. When a short scan
interval is preferable, SA and MRTM2 would provide
comparable results to the 1T90 model. However, it must be
considered that the results were obtained in healthy
volunteers. Thus, the validity of the pons as a reference
region will have to be further examined in future studies in
neurological or psychiatric patients.
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