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AbSTRACT

objective: This [11C]flumazenil (FMZ) study evaluates the performance of various 
parametric analysis methods and their ability to detect statistically significant group 
differences.

Methods: Dynamic 60-min FMZ scans were performed in eight healthy and nine 
individuals with major depressive disorder. Parametric volume of distribution (VT) 
images were generated using a basis function method (BFM) implementation of the 
single tissue compartment model (1TC) and Logan plot analysis, both with a metabolite 
corrected arterial plasma input function. Parametric binding potential (BPND) images 
were generated using multilinear reference tissue methods (MRTM0-4), reference 
Logan (RLogan) and receptor parametric mapping (RPM1-2), with pons as a reference 
region. Standardized uptake value (SUV) and SUV ratio-to-pons (SUVr) images were 
calculated over the time interval 30-40 and 20-60 min postinjection. The resulting VT, 
BPND, SUV and SUVr values were compared with nonlinear regression values, using 
both the 1TC model and the simplified reference tissue model (SRTM). Statistical 
parametric mapping (SPM5) was used to detect group differences, with an emphasis 
on the bilateral parahippocampal gyri.

Results: BFM was more accurate than Logan, but showed more variability. Both 
RPM methods and MRTM2 showed the best average correlation with SRTM. In 
using SPM, SUV and SUVr images provided the best contrast between groups in the 
parahippocampal gyri, but provided large underestimation and overestimation in 
quantitative comparisons. BFM and RPM methods allowed for the determination of 
perfusion effects.

Conclusion: Parametric Logan VT, MRTM2 and RPM1-2 BPND methods allow the best 
quantitative comparison of FMZ binding between groups and show good discriminating 
performance in SPM analysis. 
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INTRODUCTION

[11C]Flumazenil (FMZ) is a well known positron emission tomography (PET) tracer, which 
was developed for imaging the γ-amino butyric acid benzodiazepine (GABA)A-receptor 
in the central nervous system. To date, it is mainly used within the clinical fields of 
neurology and psychiatry (1). Recently, renewed interest has been shown in an altered 
function of the GABAergic system in mood disorders (2,3). FMZ is a high affinity, 
lipophilic ligand with reversible binding characteristics. FMZ exerts a high specific to 
nonspecific binding ratio in the brain (>90%), providing a high signal to noise ratio (4).

It is well accepted that a single tissue (1TC) compartment model with plasma input is 
the method of choice for quantitative analysis of FMZ data (5,6). Recently, however, it 
was shown that comparable results can be obtained using a simplified reference tissue 
model (SRTM) approach with pons as the reference tissue (7,8). As arterial cannulation 
is invasive and measurement of plasma metabolites is a laborious procedure, reference 
tissue methods are preferred for routine clinical studies. 

For clinical purposes, parametric images, providing a voxel-by-voxel representation of 
FMZ binding, are to be preferred, as they do not depend on predefined volumes of 
interest (VOI). In addition, subtle disease specific changes may be better identified, as 
parametric images are limited only by the spatial resolution of the scanner rather than 
by the size of the VOI. This information, however, should be offset against a higher 
noise level (9) and, in group comparisons, an increased susceptibility to Type I errors 
(10,11). Recently, it was reported that spectral analysis, Logan graphical analysis, 
reference Logan (RLogan) and a multi-linear reference tissue method (MRTM2) were 
valid parametric methods for analyzing FMZ studies in a small group (n = 7) of healthy 
controls, whereas basis pursuit denoising (BPD) performed less well, especially in 
cortical dense receptor regions (12). Although standardized uptake value (SUV) images 
are routinely used for clinical tracers, limited evidence exists for its application in FMZ 
(13).

The primary aim of the present study was to investigate accuracy and precision of a 
wider range of parametric methods for quantifying FMZ studies. To this end, regional 
measures of FMZ activity, derived from arterial plasma input, reference tissue and SUV 
based parametric approaches, were compared with corresponding measures obtained 
from nonlinear regression (NLR), with validated plasma input and reference tissue 
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models. Previously, in major depressive disorder (MDD), decreased FMZ binding in the 
bilateral parahippocampal gyri (PHG) has been described (14), and their application in 
a group comparison of healthy controls versus depressed patients. Therefore, using 
voxel-based statistical parametric mapping (SPM), the second aim of this study was to 
assess the ability of the various parametric methods to detect changes in this region 
at a group level.

MATERIALS AND METHODS

participants
Scan data were obtained from previous patient studies (14). Nine drug-free depressed 
patients (mean age ± SD: 37 ± 10 years) with a current major depressive episode were 
compared with 8 healthy control (HC) participants (mean age 32 ± 8 years). At the 
time of PET scanning, MDD patients had to be free of antidepressants (≥3 months) and 
benzodiazepines (≥2 weeks). Exclusion criteria included pregnancy, somatic disorders, 
and current use of drugs known to interfere with the GABAergic system, psychoactive 
drugs and alcohol abuse. Written informed consent was obtained from all participants. 
The study protocol was approved by the Medical Ethics Review Committee of the VU 
University Medical Center, Amsterdam. 

Data acquisition
FMZ scans were performed using an ECAT EXACT HR+ scanner (Siemens/CTI, Knoxville, 
Tennessee, USA). Participants were studied at rest, in a supine position, with the ears 
unplugged. Head movement was restricted using Velcro tape. The position of laser 
lights, projected onto reference skin marks, was monitored continuously using a video 
system. Subjects received a mean bolus dose of 373 ± 46 MBq FMZ, with a specific 
activity of 63 ± 19 GBq/µmol. Administered doses and specific activities were not 
significantly different between the two groups (independent-samples t-test, p = 0.378 
and 0.507, respectively). A 10-min two-dimensional (2D) transmission scan using three 
rotating 68Ge/68Ga sources was acquired for attenuation correction, before a 60-min 
dynamic three-dimensional (3D) FMZ scan consisting of 16 frames with progressively 
increasing frame lengths (4 x 0.25, 4 x 1, 2 x 2.5, 2 x 5, 4 x 10 min). Emission scans were 
reconstructed using FORE+2D filtered back projection (10,15) applying a Hanning filter 
with cut-off at 0.5 times the Nyquist frequency. Data were normalized and corrections 
were applied for decay, dead time, scatter and randoms. Images consisted of 63 planes 
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of 256 x 256 voxels, each 1.2 x 1.2 x 2.4 mm3, with a reconstructed image resolution of 
~7 mm full-width at half-maximum (FWHM). Reconstructed FMZ scans were smoothed 
using an isotropic 3D Gaussian filter (FWHM = 5 mm). Usually, this additional smoothing 
is performed at a later stage, that is, during SPM analysis. The main advantage of 
the present strategy is a reduction in noise-induced bias, associated with some of 
the parametric methods (9). Retrospectively, all scans were checked for subject 
movement. One patient scan was discarded due to visually observable displacement. 
During the 60 min emission scan, arterial blood was monitored continuously using 
an on-line detection system (Veenstra Instruments, Joure, The Netherlands) (16). In 
addition, discrete arterial samples were withdrawn manually at 2.5, 5, 10, 20, 30, 
40 and 60 min post-injection (p.i.). Subsequently, the arterial line was flushed with 
heparinized saline to avoid clotting of blood. Fractional concentrations of radiolabelled 
metabolites of FMZ were determined by solid-phase extraction of plasma followed by 
high-performance liquid chromatography (17). Using the manual samples, sampler 
curves were calibrated, and corrected for delay, plasma to whole blood ratios and 
metabolites, providing a metabolite corrected plasma input function. 

T1-weighted MRI scans were acquired using a 1.5T Sonata MR system (Siemens 
Medical Solutions, Erlangen, Germany) to exclude anatomical abnormalities and for 
co-registration purposes. Anatomic imaging included a coronal 3D gradient-echo T1-
weighted sequence, matrix 256 × 160, voxel size 1 × 1 × 1.5 mm, 160 slices.
 
Image processing and volumes of interest analysis
The T1-weighted MRI scans were co-registered with summed FMZ images (10-60 
min p.i.), using the software package VINCI (Max Planck Institute for Neurological 
Research, Cologne, Germany) (6,18-20). Next, 17 VOI were automatically delineated 
onto the individual’s MRI that was coregistered to the dynamic PET study. These VOIs 
were derived from a probability map that is generated by transforming several VOI-
MRI templates onto the participant’s MRI. The final VOIs were then projected onto the 
dynamic PET study to generate time activity curves (TACs). The VOI method has been 
described in detail by Svarer et al. (21). The VOIs included the orbital, medial inferior and 
superior frontal cortex, the anterior and posterior cingulate cortex, superior temporal, 
medial inferior temporal, insular, hippocampal and enthorinal cortex, sensorimotor, 
parietal, occipital and cerebellar cortex, caudate, thalamus and putamen. Pons was 
selected as a reference tissue and a pons VOI was defined manually on the coregistered 
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MRI scan as described previously (7). This VOI was then projected onto the dynamic 
FMZ images, generating a time activity curve for the reference region.

Kinetic analysis
Parametric images were generated using the in-house developed software package 
PPET (22). Parametric volume of distribution (VT) images were generated using a basis 
function method (BFM) implementation of the single-tissue compartment model 
(23,24) and Logan plot analysis (25), both with a metabolite-corrected arterial plasma 
input function. Additionally, for BFM, a parametric K1 image was available, which 
provides a voxel-by-voxel representation of the rate of tracer delivery.

Parametric binding potential (BPND) images were generated using various reference 
tissue-based methods with the pons TAC as a reference tissue input function. The 
parametric methods evaluated were several variations of the multi-linear reference 
tissue method (MRTM0, MRTM1, MRTM2, MRTM3, MRTM4) (26,27), RLogan (28), 
and two implementations of receptor parametric mapping (RPM1, RPM2) (24). For 
RPM1-2, parametric R1 images were available, showing tracer delivery to an area 
relative to delivery to the reference region. RPM1 is a direct BFM implementation 
of the simplified reference tissue model, whilst RPM2 involves two consecutive runs 
where, in the second run, the efflux rate constant (k’2) for the reference tissue is fixed 
to the median value of the first run (29). A similar approach is used in MRTM2-4. 
RLogan provides a distribution volume ratio (DVR) image. In the implementation used 
here, 1 was subtracted from this DVR image to generate a BPND image that could be 
compared with the other methods.
 
SUV images were generated using the dynamic FMZ scan. Parametric SUV images were 
calculated for the frame intervals 30-40 and 20-60 min p.i., using 
SUV =  FMZ activity concentration in VOI (MBq/g) /
 FMZ injected activity (MBq) / body weight (kg) 
 x 1000
providing SUV3040 and SUV2060. SUVratio-to-pons (SUVr) was additionally calculated, 
providing a measure of uptake in the region of interest relative to tracer uptake in 
the pontine reference region (r) for aforementioned intervals (SUVr3040 and SUVr2060). 
Assuming equilibrium, 1 was subtracted from the SUVr image in order to compare 
SUVr images with BPND.
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A detailed overview of these parametric methods can be found elsewhere (27,30,31). 
The settings are listed in Table 1.

Table 1: Settings for various parametric methods for analysing [11C]flumazenil scans

Method t* start
(min)

t* end
(min)

t start basis
(min-1)

t end basis
(min-1)

Number basis
functions

VT

 BFM - - 0.00083333 0.0166667 30

 Logan 10 60 - - -

BPND - - - - -

 MRTM 0 5 - - - -

 MRTM 1 5 - - - -

 MRTM 2 5,10a - - - -

 MRTM 3 5 - - - -

 MRTM 4 5,10a - - - -

 RLogan 5 60 - - -

 RPM 1 - - 0.001 1.0 50

 RPM 2b - - 0.001 1.0 50

SUV - - - - -

 SUVr30-40 30 40 - - -

 SUVr20-60 20 60 - - -

BFM, basis function method; BPND, binding potential; MRTM, multilinear reference tissue method; RLogan, 
reference Logan; RPM, receptor parametric mapping; SUV, standardized uptake value; SUVr, SUV ratio-to-pons; 
VT, volume of distribution. 
a = 10 min is the optimal setting for one patient with major depressive disorder
b = BP threshold for getting k’2 = 1.000 

evaluation of parametric methods
The 17 tissue VOI were projected onto all parametric images, providing regionally 
averaged VT, BPND and SUV values. The same VOI were also projected onto the dynamic 
FMZ images, generating regional tissue TAC. The corresponding VT and BPND values 
were obtained by NLR of these TAC, using both a 1TC model and SRTM, which have 
previously been shown to be the optimal plasma input and reference tissue models, 
respectively (7). Regional VT, BPND and SUV values derived from parametric images 
were then compared with the corresponding NLR results using both correlation 
analysis and Bland-Altman plots (32).
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Figure 1          

Parametric [11C]flumazenil VT and standardized uptake value (SUV) images. On the left, two 
parametric VT images are shown. For comparison, on the right two parametric SUV images 
are shown for the time interval 30-40 and 20-60 min postinjection, values corrected for 
injected [11C]flumazenil dose and body weight. Scale is unitless. BFM, basis function method; 
VT, volume of distribution.

Figure 2

Parametric [11C]flumazenil BPND and standardized uptake value ratio-to-pons (SUVr) images. 
BPND images (MRTM, RLogan and RPM) are compared with SUVr. SUVr = SUV ratio of volume 
of interest (VOI) to reference tissue (pons). In equilibrium BPND = SUVr - 1. Scale is unitless, 
applying to all images. BPND, binding potential; MRTM, multilinear reference tissue method; 
RLogan, reference Logan; RPM, receptor parametric mapping.
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Figure 3 

Parametric perfusion images. On the left, the parametric VT basis function method (BFM) K1 
perfusion image is shown, units for K1 = mL/min per mL tissue. On the right, parametric BPND 
receptor parametric mapping (RPM) R1 and RPM2 R1 perfusion images are shown, R1 = relative 
flow, unitless. BPND, binding potential; VT, volume of distribution.

statistical parametric mapping
Parametric images were analysed using statistical parametric mapping (version SPM5; 
Wellcome Department of Cognitive Neurology, London, UK) to assess the sensitivity 
of various parametric methods for detecting group differences in MDD versus healthy 
controls. After spatial preprocessing of the coregistered PET-MRI scan, involving 
reorientation and normalization to the Montreal Neurological Institute (MNI) space, 
the resulting parametric images were analysed on a voxel-by-voxel basis. As mentioned 
above, no additional smoothing was applied at this stage. As FMZ generates a high 
specific signal in both HCs and MDD, proportional scaling was applied. Explicit masking 
was used, including all values greater than 0. SPM maps were generated by performing 
a two-sample t-test, using the mean voxel value and implicit grand mean scaling. 
Proportional scaling as in global normalization was set to 50. For the purpose of the 
present study, that is, comparing various methods of obtaining parametric images, we 
set a lenient threshold of p uncorrected 0.01 or less with an extent threshold of five 
voxels. 
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RESULTS

Clinical results are beyond the scope of the present study and have been reported 
elsewhere (14). 

Parametric images
Typical examples of parametric VT, BPND and corresponding SUV or SUVr images are 
shown in Figures 1 and 2. Logan showed on average somewhat lower VT values than 
BFM. Using an adapted colour scale to compensate for the injected FMZ dose and 
body weight, SUV3040 showed a slightly higher regional cortical FMZ tracer uptake 
compared to SUV2060. For BPND, different MRTM, RLogan and RPM methods provided 
similar visual image quality. In contrast, both SUVr3040 and SUVr2060 images showed 
high cortical FMZ uptake compared with the reference region. Perfusion K1 images 
were available for BFM and R1 for RPM1 and 2 (Figure 3). R1 images obtained with 
RPM2 showed the highest contrast and the lowest noise level.

parametric volume of distribution 
The VT values obtained with both BFM and Logan were highly correlated with 
corresponding 1TC values. At a group level, BFM was more accurate than Logan, 
but showed more intersubject variability. Logan VT had some negative bias, which 
increased for higher VT values. Although Logan plots showed a small bias (<10%), the 
bias and SD of the correlation slopes were comparable for both groups, thereby not 
affecting between-group comparisons (Table 2).

parametric binding potential
In general, the BPND values obtained with all parametric reference tissue-based 
methods were highly correlated with those obtained with SRTM. When the intercept 
of the regression lines was set to zero, slopes varied between 0.88 and 1.00, with an 
intersubject variability between 8 and 13%, and R2 between 0.970 and 0.993 (Table 
2). Although the differences between methods were small, RPM1, RPM2, and MRTM2 
showed the best average correlation with SRTM BPND

 (slope 0.99, 0.99 and 0.98, R2 = 
0.979, 0.982 and 0.986). MRTM4 and RLogan provided the highest average R2 (0.992 
and 0.990). Bland-Altman plots (not shown here) showed a small underestimation for 
all parametric BPND methods compared with SRTM BPND, resulting in a negative trend 
line slope. Underestimation increased at higher BPND values and was strongest for 
MRTM3 and RLogan methods. Overall best correspondence, as electively expressed 
by an optimal regression slope (i.e. average slope close to 1, with small SD), high R2 
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and constant bias between subject groups, was found in decreasing order for RPM2, 
RPM1, MRTM2, MRTM1, MRTM4, RLogan, MRTM0 and MRTM3. 

standardized uptake value and standardized uptake value ratio-to-pons
Whereas both SUV3040 and SUV2060 largely underestimated VT and BPND values (slope 
with fixed intercept 0.62 and 0.58; 0.74 and 0.69 respectively), SUVr3040 and SUVr2060 
largely overestimated VT and BPND values (slope with fixed intercept 1.44 and 1.34; 
1.65 and 1.54 respectively), accompanied by a large intersubject variation. Correlation 
coefficients were consequently lower, with small differences between the HC and 
MDD group (Table 2).

statistical parametric mapping group analysis of parametric methods
SPM group analyses were performed for all parametric methods, with a specific focus 
on the bilateral PHG (Table 3). Using proportional scaling, for all parametric methods, 
the decrease in FMZ binding in the MDD group was statistically more significant in the 
left PHG. SPM analysis without proportional scaling did not indicate any statistically 
significant area.

For VT methods, BFM derived K1 images indicated statistically decreased tracer delivery 
in the MDD group compared with HC in the left PHG. Both plasma input methods 
showed high contrast between the groups, with nearly identical local maxima. 
Compared with Logan analysis, BFM showed a slightly higher T-value and Z-score, and 
a larger number of voxels with a difference in FMZ binding, main effect in the left, but 
also in the right PHG (Table 3, Figure 4). 

For BPND methods, R1 images were available for RPM1 and RPM2, indicating a small 
decrease in the rate of tracer delivery in the MDD group in the left PHG and right 
fusiform gyrus (FG), bordering the occipital lobe (OCC). In the left PHG, RLogan showed 
the largest number of voxels with a significant difference in binding, closely followed 
by MRTM2, MRTM4 and MRTM0. RLogan was also the most sensitive method to 
detect changes in binding in left PHG, as expressed by the T-value, closely followed by 
MRTM4, MRTM2 and RPM1. For right PHG, for various methods, numerical changes 
were small, with MRTM1 providing the most sensitive outcome (Figure 4). 

SUV and SUVr outcomes showed identical local maxima (KE and T values), which is 
a result of proportional scaling to the individual brain. Both SUV and SUVr methods 
proved to be highly sensitive to detect statistic changes in left greater than right 
PHG binding between the groups, mainly for the time interval 20-60 min, thereby 
outperforming all other parametric methods.
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Table 2: Comparison of various parametric and standardized uptake value methods with 
nonlinear methods

Slopea Intercept R2 Slopea with 
fixed intercept

R2

Parametric VT
 BFM 0.96 ± 0.22 0.13 ± 0.51 0.991 ± 0.014 0.99 ± 0.16 0.982 ± 0.029

 HC 1.04 ± 0.28 -0.12 ± 0.50 0.990 ± 0.018 1.02 ± 0.20 0.986 ± 0.024
 MDD 0.89 ± 0.12 0.37 ± 0.41 0.992 ± 0.009 0.95 ± 0.12 0.977 ± 0.033

 Logan 0.88 ± 0.07 0.19 ± 0.25 0.996 ± 0.003 0.91 ± 0.06 0.991 ± 0.013
 HC 0.88 ± 0.06 0.13 ± 0.22 0.995 ± 0.004 0.90 ± 0.07 0.993 ± 0.009
 MDD 0.87 ± 0.08 0.26 ± 0.28 0.996 ± 0.002 0.92 ± 0.07 0.988 ± 0.016

 SUV
 SUV3040 0.74 ± 0.17 -0.64 ± 0.27 0.979 ± 0.011 0.62 ± 0.15 0.951 ± 0.028

 HC 0.74 ± 0.10 -0.58 ± 0.30 0.980 ± 0.011 0.63 ± 0.12 0.953 ± 0.030
 MDD 0.74 ± 0.22 -0.70 ± 0.23 0.978 ± 0.012 0.61 ± 0.19 0.948 ± 0.027

 SUV2060 0.68 ± 0.15 -0.54 ± 0.20 0.980 ± 0.012 0.58 ± 0.14 0.956 ± 0.023
 HC 0.68 ± 0.10 -0.49 ± 0.22 0.980 ± 0.012 0.59 ± 0.11 0.957 ± 0.025
 MDD 0.67 ± 0.20 -0.59 ± 0.18 0.981 ± 0.012 0.57 ± 0.18 0.955 ± 0.023

 SUVr3040-1 1.94 ± 0.57 -2.78 ± 1.11 0.979 ± 0.011 1.44 ± 0.43 0.909 ± 0.034
 HC 2.07 ± 0.63 -2.81 ± 1.47 0.980 ± 0.011 1.56 ± 0.47 0.915 ± 0.034
 MDD 1.80 ± 0.50 -2.75 ± 0.68 0.978 ± 0.012 1.32 ± 0.38 0.904 ± 0.035

 SUVr2060-1 1.80 ± 0.59 -2.59 ± 1.02 0.980 ± 0.012 1.34 ± 0.44 0.912 ± 0.025
 HC 1.84 ± 0.60  -2.56 ± 1.30 0.980 ± 0.012 1.37 ± 0.44 0.914 ± 0.023
 MDD 1.77 ± 0.62 -2.61 ± 0.75 0.981 ± 0.012 1.32 ± 0.48 0.911 ± 0.027

Parametric BPND
 MRTM0 0.93 ± 0.10 0.09 ± 0.33 0.997 ± 0.004 0.94 ± 0.10 0.988 ± 0.017

 HC 0.92 ± 0.10 0.01 ± 0.23 0.996 ± 0.005 0.92 ± 0.11 0.989 ± 0.015
 MDD 0.94 ± 0.10 0.17 ± 0.41 0.998 ± 0.003 0.97 ± 0.09 0.987 ± 0.021

 MRTM1 0.94 ± 0.09 0.13 ± 0.42 0.992 ± 0.010 0.97 ± 0.09 0.982 ± 0.023
 HC 0.94 ± 0.10 0.03 ± 0.35 0.990 ± 0.014 0.95 ± 0.10 0.982 ± 0.020
 MDD 0.95 ± 0.10 0.22 ± 0.48 0.995 ± 0.005 0.99 ± 0.08 0.983 ± 0.027

 MRTM2 0.97 ± 0.10 0.07 ± 0.39 0.991 ± 0.016 0.98 ± 0.10 0.986 ± 0.028
 HC 0.97 ± 0.10 0.01 ± 0.29 0.988 ± 0.022 0.98 ± 0.12 0.985 ± 0.024
 MDD 0.97 ± 0.10 0.14 ± 0.47 0.995 ± 0.009 0.99 ± 0.08 0.987 ± 0.032

 MRTM3 0.89 ± 0.13 0.17 ± 0.38 0.991 ± 0.013 0.92 ± 0.10 0.980 ± 0.031
 HC 0.84 ± 0.13 0.16 ± 0.32 0.987 ± 0.017 0.88 ± 0.11 0.975 ± 0.037
 MDD 0.94 ± 0.11 0.18 ± 0.45 0.995 ± 0.008 0.97 ± 0.09 0.984 ± 0.027
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Table 2: Comparison of various parametric and standardized uptake value methods with 
nonlinear methods (continued)

Slopea Intercept R2 Slopea with 
fixed intercept

R2

Parametric BPND
 MRTM4 0.96 ± 0.11 0.03 ± 0.37 0.995 ± 0.007 0.96 ± 0.10 0.992 ± 0.016

 HC 0.97 ± 0.11 -0.10 ± 0.19 0.995 ± 0.005 0.95 ± 0.12 0.993 ± 0.007
 MDD 0.95 ± 0.12 0.16 ± 0.47 0.994 ± 0.008 0.97 ± 0.10 0.990 ± 0.022

 RLoganDVR-1 0.91 ± 0.08 0.12 ± 0.31 0.996 ± 0.005 0.93 ± 0.09 0.990 ± 0.015
 HC 0.90 ± 0.09 0.04 ± 0.22 0.995 ± 0.006 0.91 ± 0.10 0.991 ± 0.012
 MDD 0.91 ± 0.08 0.20 ± 0.37 0.996 ± 0.004 0.95 ± 0.08 0.989 ± 0.018

 RPM1 0.95 ± 0.11 0.19 ± 0.40 0.991 ± 0.016 0.99 ± 0.11 0.982 ± 0.028
 HC 0.95 ± 0.14 0.11 ± 0.23 0.986 ± 0.021 0.98 ± 0.13 0.981 ± 0.026
 MDD 0.94 ± 0.08 0.27 ± 0.52 0.996 ± 0.005 0.99 ± 0.08 0.982 ± 0.032

 RPM2 0.94 ± 0.09 0.19 ± 0.51 0.995 ± 0.009 0.99 ± 0.10 0.979 ± 0.041
 HC 0.95 ± 0.09 0.05 ± 0.34 0.996 ± 0.007 0.98 ± 0.12 0.987 ± 0.025
 MDD 0.94 ± 0.09 0.33 ± 0.63 0.993 ± 0.011 1.00 ± 0.08 0.970 ± 0.053

 SUV
 SUV3040 0.73 ± 0.16 0.03 ± 0.24 0.989 ± 0.005 0.74 ± 0.19 0.983 ± 0.011

 HC 0.70 ± 0.16 0.07 ± 0.30 0.988 ± 0.004 0.72 ± 0.21 0.979 ± 0.013
 MDD 0.76 ± 0.16 -0.01 ± 0.17 0.989 ± 0.006 0.76 ± 0.18 0.986 ± 0.007

 SUV2060 0.67 ± 0.15 0.07 ± 0.19 0.990 ± 0.004 0.69 ± 0.18 0.985 ± 0.010
 HC 0.64 ± 0.16 0.10 ± 0.24 0.988 ± 0.005 0.67 ± 0.20 0.981 ± 0.012
 MDD 0.70 ± 0.15 0.03 ± 0.14 0.992 ± 0.004 0.71 ± 0.17 0.990 ± 0.004

 SUVr3040-1 1.86 ± 0.26 -1.04 ± 0.70 0.989 ± 0.005 1.65 ± 0.24 0.973 ± 0.015
 HC 1.86 ± 0.33 -0.99 ± 0.88 0.988 ± 0.004 1.68 ± 0.30 0.973 ± 0.012
 MDD 1.85 ± 0.18 -1.09 ± 0.51 0.989 ± 0.006 1.63 ± 0.17 0.972 ± 0.017

 SUVr2060-1 1.74 ± 0.34 -0.97 ± 0.53 0.990 ± 0.004 1.54 ± 0.27 0.977 ± 0.009
 HC 1.66 ± 0.38 -0.94 ± 0.61 0.988 ± 0.005 1.49 ± 0.31 0.976 ± 0.008
 MDD 1.81 ± 0.29 -1.00 ± 0.48 0.992 ± 0.004 1.60 ± 0.25 0.978 ± 0.011

BFM, basis function method; BPND, binding potential; DVR, distribution volume ratio; HC, healthy controls; 
MDD, major depressive disorder; MRTM, multilinear reference tissue method; RLogan, reference Logan; RPM, 
receptor parametric mapping; SRTM, simplified reference tissue model; SUV, standardized uptake value; SUVr, 
SUV ratio-to-pons; VOI, volume of interest; VT, volume of distribution.
a = slope of the nonlinear method 1T VT to parametric VT, SUV and SUVr; or SRTM BPND to parametric BPND, SUV 
and SUVr. The header equation signifies performance on the group level (n = 16), followed by the subgroups 
HCs (n = 8) and patients with MDD (n = 8). For any participant, all segmented VOIs are included. R2 indicates the 
mean group performance, which is the average of the linear fits through the individual VOIs of each participant. 
Values ± SD.
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Table 3: Results of statistical parametric mapping in the bilateral parahippocampal gyrus

Method Parameter Parametric Method KE Z-score P uncorr x y z L/R Structure
1T K1 BFM 27 4.17 0.000 -24 -36 -12 L PHG

VT BFM 366 4.90 0.000 -24 -36 -10 L PHG
Logan 357 4.44 0.000 -22 -36 -10 L PHG

SRTM R1 RPM1 17 3.00 0.001 -26 -44 -10 L PHG
RPM2 8 3.31 0.000 -24 -34 -12 L PHG

BPND MRTM0 239 3.88 0.000 -22 -36 -10 L PHG
MRTM1 79 4.06 0.000 -22 -34 -10 L PHG
MRTM2 256 4.38 0.000 -22 -36 -10 L PHG
MRTM3 118 3.75 0.000 -22 -36 -10 L PHG
MRTM4 241 4.39 0.000 -22 -36 -10 L PHG
RLogan 354 4.51 0.000 -22 -36 -10 L PHG
RPM1 69 4.29 0.000 -22 -36 -10 L PHG
RPM2 123 3.96 0.000 -22 -36 -10 L PHG

SUVr SUVr30-40 281 3.82 0.000 -22 -32 -12 L PHG
SUVr20-60 338 5.11 0.000 -22 -34 -10 L PHG

1T K1 BFM 7 2.68 0.004 20 -62 -8 R OCC/FG
VT BFM 22 3.27 0.001 26 -42 -8 R PHG

Logan 38 3.52 0.000 22 -44 -10 R PHG

SRTM R1 RPM1 10 3.18 0.001 28 -52 -8 R OCC/FG
RPM2 5 2.40 0.008 28 -54 -8 R OCC/FG

BPND MRTM0 17 3.20 0.001 24 -44 -8 R PHG
MRTM1 32 3.37 0.000 22 -42 -10 R PHG
MRTM2 42 3.24 0.001 26 -44 -6 R PHG
MRTM3 8 2.84 0.002 24 -44 -8 R PHG
MRTM4 22 3.30 0.000 24 -44 -8 R PHG
RLogan 8 2.49 0.006 30 -36 -8 R PHG
RPM1 10 2.67 0.004 42 -24 -22 R MTL/FG
RPM2 24 2.92 0.002 26 -44 -6 R PHG

SUVr SUVr30-40 34 3.69 0.000 22 -44 -10 R PHG
SUVr20-60 37 3.79 0.000 24 -44 -8 R PHG

Contrast: HC > MDD for bilateral PHG. Height threshold p = 0.01; extent threshold five voxels. Local maxima 
(KE) in, or nearest maximum to PHG. 1T, SRTM, SUV and SUVr images are with proportional scaling. SUV 
images are corrected for injected dose and body weight. SUV20-60 provides info on the summed time frame 
20-60 minutes postinjection. SUVr is the SUV image, corrected for SUV pons. SPM results SUVr = SUV, and are 
therefore not additionally listed. BFM, basis function method; BPND, binding potential; FG, fusiform gyrus; HC, 
healthy controls; L, left; MDD, major depressive disorder; MRTM, multilinear reference tissue method; MTL, 
medial temporal lobe; PHG, parahippocampal gyrus; OCC, occipital lobe; R, right; RLogan, reference Logan; 
RPM, receptor parametric mapping; SRTM, simplified reference tissue model; SUV, standardized uptake value; 
SUVr, SUV ratio-to-pons; VT, volume of distribution.
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Figure 4

T-values for contrast healthy controls greater than major depressive disorder for PHG.
BFM, basis function method; BPND, binding potential; LPHG, left PHG; MRTM, multilinear 
reference tissue method; PHG, parahippocampal gyrus; RLogan, reference Logan; RPM, 
receptor parametric mapping; RPHG, right PHG; SPM, statistical parametric mapping; SUVr, 
standardized uptake value ratio-to-pons.

DISCUSSION

In this study, the performance of various parametric methods was evaluated both at 
the regional level, by comparing with full compartmental analyses, and at the voxel 
level by assessing their capacity to discriminate differences in FMZ tracer binding 
between a group of depressed patients and healthy controls.

Clinical assessment of parametric methods
Both BFM and Logan VT were highly correlated with corresponding 1TC VT. For 
BFM, this is to be expected, as BFM is mathematically equivalent to NLR of the 1TC 
model. At a group level, BFM was more accurate than Logan, and yet also showed 
more intersubject variability. In the SPM group comparison, both methods showed 
similar performance to detect bilateral decreased FMZ binding in PHG (left > right). 
Interestingly, BFM based K1 showed decreased delivery in this area in the MDD group. 
Because of smaller intersubject variability within the group, Logan analysis was slightly 
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preferred. In the present study, smoothing of the dynamic scans was performed before 
generating parametric images. In this way, noise-induced bias in Logan plot analysis 
or other parametric methods can be avoided. As smoothing is a linear operation, the 
order of processing may be interchanged. Moreover, by smoothing the distribution of 
variance in the image, the assumptions of random field theory, underpinning SPM, are 
better fulfilled (33).

For the various parametric BPND methods, differences in quantitative performance 
were small, with RPM methods performing best, closely followed by MRTM2. 
Underestimation to SRTM increased with higher BPND values. For linear methods, 
this stems from PET-related noise, which has been shown previously for MRTM (26) 
and Logan (9) For MRTM2 and MRTM4 for one patient with MDD, optimal settings 
for real-time ‘t* start’ were increased to 10 min, due to slow bolus administration 
and hence increased time to reach equilibrium (Table 1). In SPM group comparisons, 
all parametric BPND methods except RPM1 were able to detect statistical decreased 
FMZ binding in the bilateral PHG in MDD patients (left > right), although with lower 
sensitivity and smaller numbers of identified voxels than VT methods. For left PHG, 
RLogan showed the best discrimination between groups, closely followed by MRTM 
methods and RPM1. The relative good performance of MRTM2 and MRTM4 methods 
may be explained by a further reduction of statistical noise by setting k’2 to a common 
value, that is, to the median value of all brain voxels during the first MRTM run (27), 
although this was not seen for RPM2 which also fixes k’2 to a median value. As for K1 in 
BFM methods, R1 perfusion images resulting from RPM1 and RPM2 methods, showed 
decreased relative delivery in the left PHG and right adjacent occipital lobe, providing 
additional information not available in using MRTM methods. Taking all aspects into 
account, RPM1 and 2, and MRTM2 methods best compared with the SRTM BPND values. 
RLogan combined a slight underestimation of BPND with high sensitivity to detect 
statistical differences in group comparisons. As the sensitivity of MRTM2, MRTM4 and 
RPM1 is almost equally high, these parametric BPND methods are preferred, with RPM 
methods having the additional advantage of providing relative perfusion images.

Parametric SUV and SUVr provided either a large underestimation or overestimation 
to the 1TC VT and SRTM BPND model, respectively (Table 3). Although FMZ is a lipophilic 
tracer, body weight could not account for the differences between the groups (HC 
72.1 ± 9.2 kg vs. MDD 75.8 ± 17.0 kg; independent t-test p = 0.607, t = 0.530, d.f. 14). 
FMZ PET images in the early phase are regarded to be strongly influenced by blood 
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perfusion, whereas those in the late phase are considered to be affected by reversible 
receptor binding (5). Variability in SUVr was large, with better performance at later 
time intervals (20-60 min), suggesting individual differences in approaching, but not 
reaching, an equilibrium state (Table 3). Therefore, SUVr could not be compared with 
BPND (Figure 3). Nonetheless, during SPM analysis, the use of SUV and SUVr showed 
decreased binding in the bilateral PHG at a comparative localization, providing 
qualitative – not quantitative – information about the distribution of FMZ.

Comparison with previous studies
The present findings confirm a recent study by Miederer et al. (12), showing that both 
parametric plasma input as well as reference tissue input methods can provide accurate 
parametric VT and BPND images in HCs (n = 7). In our study, we further investigated 
the use of various parametric methods in a group comparison between HCs and 
patients with depressive disorder, extending the results to include RPM methods. 
Our results confirm that various parametric methods have comparable performance 
and can be used to generate quantitatively accurate parametric images. In line with 
Miederer et al. (12), we conclude that plasma input Logan, RLogan and MRTM2 
methods are adequate methods for SPM analysis to assess differences in flumazenil 
binding between participant groups. Moreover, RPM1 and RPM2 have been shown to 
be valuable additional methods, allowing to include R1 (relative perfusion) data with 
parametric group comparisons. In accordance with Tsukamoto et al. (13), we found 
SUV images acquired between 30 and 35 min after FMZ tracer administration to be 
a suitable alternative to VT images for assessing the regional distribution of binding, 
although not for absolute quantification. We obtained even better SPM results using a 
longer, summed time interval of 20-60 min.

Methodological limitations 
BPND images were obtained using pons as a reference region. ‘Contamination’ with 
some degree of specific FMZ binding in the pontine region cannot be excluded 
(7,34,35). However, distribution volume VT for the pons did not differ significantly 
between HCs and MDD patients (0.81 ± 0.12 vs. 0.85 ± 0.13; independent t-test 
p = 0.503, t = 0.688, d.f. 14). Despite being validated previously, pons was outlined 
by hand in all subjects and could therefore suffer from bias, partial volume and spill 
over effects (7). Although these effects may affect the accuracy of BPND estimates, it 
does not hamper the comparison of parametric methods, as for each participant the 
individual reference tissue input curve was used for all methods. 
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NLR of 1TC and SRTM is less suitable for calculations at the voxel level. Therefore, 
comparisons with parametric methods were performed at a VOI level. Results for large 
VOI may, in theory, be compromised by heterogeneity within the VOI. Therefore, in 
the present study, only standardized grey matter VOI were used in order to minimize 
these potential effects. It is unlikely that the results were significantly affected by intra-
VOI heterogeneity, as correlations for the various parametric methods were excellent 
(Table 2). 

The scan time was limited at 60 min, in which SUVr FMZ images did not reach 
equilibrium. Previously, Lassen et al. (6) found a 60-min FMZ scan duration acceptable.

Finally, proportional scaling was applied to account for global intersubject differences 
in VT, BPND and SUVr values across subjects. As changes (i.e. decreases) in specific 
FMZ binding in MDD subjects compared with HCs were much smaller in space and 
signal than global intersubject variability, proportional scaling was required to account 
for these non-pathology related differences in global binding. The latter would have 
otherwise obscured the detection of statistically smaller regional changes in binding 
between subject groups. In addition, for SUV images, the use of proportional scaling 
corrected for changes in individual input function and/or tracer delivery.

CONCLUSION

In this study, various plasma input, reference tissue and SUV-based parametric methods 
were evaluated. SUV and SUVr images may be used for qualitative SPM analysis, but 
not for quantitative comparisons, showing both underestimation and overestimation 
of FMZ binding. Absolute VT or BPND values may be important in evaluating treatment 
interventions, requiring full kinetic modelling and analysis. In using parametric 
methods and SPM analysis, Logan VT, MRTM2 and RPM allow best for the quantitative 
comparison of FMZ binding between groups. Plasma input BFM and reference input 
RPM methods allow for an additional assessment of group differences in regional flow 
and binding and could be applied to determine perfusion effects.
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