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Abstract
Purpose The serotonin receptor subtype 2A antagonist (5-HT2AR) (R)-[18F]MH.MZ has in preclinical studies been
identified as a promising PET imaging agent for quantification of cerebral 5-HT2ARs. It displays a very similar
selectivity profile as [11C]MDL 100907, one of the most selective compounds identified thus far for the 5-HT2AR.
As [11C]MDL 100907, (R)-[18F]MH.MZ also displays slow brain kinetics in various animal models; however, the
half-life of fluorine-18 allows for long scan times and consequently, a more precise determination of 5-HT2AR
binding could still be feasible. In this study, we aimed to evaluate the potential of (R)-[18F]MH.MZ PET to image
and quantify the 5-HT2AR in the human brain in vivo.
Methods Nine healthy volunteers underwent (R)-[18F]MH.MZ PET at baseline and four out of these also received a
second PET scan, after ketanserin pretreatment. Regional time–activity curves of 17 brain regions were analyzed
before and after pretreatment. We also investigated radiometabolism, time-dependent stability of outcomes measures,
specificity of (R)-[18F]MH.MZ 5-HT2AR binding, and performance of different kinetic modeling approaches.
Results Highest uptake was determined in 5-HT2AR rich regions with a BPND of approximately 1.5 in cortex regions.
No radiometabolism was observed. 1TCM and 2TCM resulted in similar outcome measure, whereas reference tissue
models resulted in a small, but predictable bias. (R)-[18F]MH.MZ binding conformed to the known distribution of 5-
HT2AR and could be blocked by pretreatment with ketanserin. Moreover, outcomes measures were stable after 100–
110 min.
Conclusion (R)-[18F]MH.MZ is a suitable PET tracer to image and quantify the 5-HT2AR system in humans. In
comparison with [11C]MDL 100907, faster and more precise outcome measure could be obtained using
(R)-[18F]MH.MZ. We believe that (R)-[18F]MH.MZ has the potential to become the antagonist radiotracer of choice
to investigate the human 5-HT2AR system.
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Introduction

Serotonin (5-hydroxytryptamine, 5-HT) 2A receptors (5-
HT2AR) have been implicated in the pathophysiology of
human diseases such as depression, Alzheimer’s disease,
or schizophrenia [1–3]. 5-HT2ARs mediate the halluci-
nogenic effect of recreational agonist drugs [4], and
atypical antipsychotics are characterized by 5-HT2AR
antagonism [4]. Thus, the 5-HT2AR system is of signif-
icant clinical interest.

Positron emission tomography (PET) is a powerful, non-
invasive, in vivo molecular imaging technique capable of lo-
calizing and quantifying molecular drug targets such as recep-
tors or enzymes. It is a valuable tool to study mechanistic
causes of diseases, carry out diagnosis, and monitor the suc-
cess of treatment approaches [5–8]. PET can also be used to
quantify receptor occupancies of therapeutic drug interven-
tions [9, 10]. Compared with other molecular imaging modal-
ities, the sensitivity and selectivity of PET with respect to
detection and quantification of specific drug targets are un-
matched [11].

Several 5-HT2AR PET-tracers have been developed
over the years [12, 13] and are currently applied in vari-
ous clinical studies [14–16]. The vast majority of clinical
studies have so far been performed with [18F]altanserin
and [11C]MDL 100907 [14, 17–24]. However, both PET-
tracers have limitations. [18F]altanserin gives rise to
blood–brain barrier (BBB) crossing radiometabolites,
which complicate its analysis [25]. [11C]MDL 100907
does not have this problem and is a more specific 5-
HT2AR ligand [26–29]. But scan durations of at least
90 min are necessary in humans to obtain stable PET
outcome measures [26]. Carbon-11 has a half-life of
20.4 min and long scan durations with this nuclide result
in relatively low count rates at 90 min. In this respect, a
potential radiotracer combining the superior selectivity
and in vivo stability of MDL 100907 with the better iso-
topic properties of fluorine-18 would possibly create a
highly valuable PET tracer [26]. Moreover, the half-life
of fluorine-18 (109.7 min) would permit transportation of
the tracer to other PET centers that do not possess a cy-
clotron. Consequently, such a tracer would facilitate wide-
spread application. We have recently reported the devel-
opment of an 18F-labeled analogue of MDL 100907,
(R)-[18F]MH.MZ [30–33]. Evaluation studies in rodents
and pigs showed that this radioligand combines the selec-
tivity of MDL 100907 with the superior isotopic proper-
ties of fluorine-18.

We here presen t the f i r s t charac te r iza t ion of
(R)-[18F]MH.MZ as a PET tracer in healthy adult human vol-
unteers. Metabolism, regional brain uptake, derivation of out-
come measures, and the optimum kinetic modeling strategy
are reported.

Materials and methods

Human subjects

Nine male healthy controls (HC) (mean ± SD age 28.0 ±
9.3 years; median = 23 years; range 20–47 years, all male)
were included in total and participated in a dynamic baseline
brain PET scan. For 5/9 HCs, arterial blood samples were
obtained and the other 4/9 HCs (mean age 30 ± 8 years, 4
males) participated in a second PET study after ketanserin
pretreatment. Study participants were recruited through news-
paper advertisements. None of the subjects were active
smokers, took psychoactive medication, nor did they have
prior or current substance or alcohol abuse as evaluated by
the interview. All studies were approved by the regional ethic
committee (Comité Ético Cientifico, Servicio de Salud
Metropolitano Oriente, permits 20150407 and 20170307)
and all subjects provided written informed consent after re-
ceiving an explanation of the relevant study.

Radiochemistry

All reagents and solvents were purchased from Merck
Millipore or Sigma Aldrich in pharmaceutical grade and pre-
cursors 1,2-ethane-di-tosylate; MDL-105725 and reference
standard (R)-MH.MZ were purchased in chemical grade from
Advanced Biochemical Compounds (ABX). Experimental
conditions for the radiosynthesis of (R)-[18F]MH.MZ were
previously reported [34] and adapted for GMP-compliant pro-
duction using the IBA Synthera™ platform. Briefly,
(R)-[18F]MH.MZ was produced via two-step labeling (pro-
duction of [18F]-2-fluoroethyl tosylate and fluoro-alkylation
of MDL-105725 in 8 ± 2% RCY (n.d.c.) (SI Scheme 1), >
98% radiochemical purity and specific activities of 160 ±
110 GBq/μmol.

Magnetic resonance imaging acquisition

All subjects were scanned in a 1.5T magnetic resonance im-
aging (MRI) scanner from Gyroscan Intera, Phillips Medical
System, Best, the Netherlands. 3D T1-weighted MR images
(isotropic 1 × 1 × 1 mm resolution) were acquired using the
following parameters: T1 protocol; repetition time = 7.3 ms;
echo delay time 3.3 ms. inversion time = 815 ms, and flip
angle = 8°. Images were used for co-registration and normal-
ization of corresponding PET images.

Positron emission tomography scanning

PET protocol

All devices that were used to quantify radioactivity amounts
were cross-calibrated with an internal standard. The mean ±
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SD of the administered mass of (R)-[18F/19F]MH.MZ was
1.63 ± 1.52 μg (range, 0.34–5.17 μg) and the mean adminis-
tered activity was 196.0 ± 16.0 MBq (range, 172.5–
223.4 MBq). There were no adverse or clinically detectable
pharmacologic effects in any of the nine HCs and no signifi-
cant changes in vital signs were observed. For all nine HCs, a
low-dose CT scan was performed for attenuation correction
and a PET scan was acquired for 180 min in LIST mode
(Biograph mCT Flow, Siemens Healthineers, Erlangen,
Germany), started simultaneously with the intravenous bolus
injection of (R)-[18F]MH.MZ. The injection took approxi-
mately 6–10 s. Head movement was minimized with a poly-
urethane head fixation system during the scan duration.

For 5/9 HCs, arterial blood samples were obtained from a
catheter placed in the radial artery of the arm opposite to the
injection site. This catheter was used for input function mea-
surement and metabolite analysis. One scan of the aforemen-
tioned had to be excluded due to early abort (at t = 110 min
post-injection (p.i.)). Another scan was excluded from further
data analysis since no arterial samples could be obtained after
30 min since blot clotting occurred within the blood line.

Input function measurement

Radioactivity in whole blood (WB) was continuously mea-
sured for up to 120 min p.i. using an automated blood sam-
pling system (Twilite 2, Swisstrace, Menzingen, Switzerland)
as shown in supplemental information (SI). The flowrate was
changed stepwise from 5 mL/min (0–6 min p.i.), to 2.5 mL/
min (6–11 min p.i.) to 0.33 mL/min (11–120 min p.i.).
Measuring intervals changed from initially 1 s steps (0–
2 min p.i.) to 20 s-steps (2–120 min p.i.). In addition, arterial
blood samples (9 mL) were drawn manually at 5, 10, 20, 30,
40, 50, 60, 90, 120, 150, and 180 min p.i. The samples at 150
and 180min were additionally used to complete the dataset for
the WB radioactivity. Plasma was obtained by centrifugation
(4000 rpm, 5 min at room temperature) of 8 mL arterial WB
samples. Radioactivity in 0.75 mLWB and 0.75 mL plasma
was measured using a well counter (CRC®-55tW Dose
Calibrator/well counter, Capintec, Florham Park, USA) to cal-
culate plasma/WB ratios. All radioactive samples were decay
corrected to the time of radioligand injection.

Radiometabolite measurement

Method 1 (Plasma water injection into a HPLC system) The
parent fraction of (R)-[18F]MH.MZ in plasma was determined
as described previously [35]. Briefly, to 1.5 mL of the obtain-
ed plasma fraction, 3.0 mL acetonitrile was added and the
resulting suspension centrifuged (4000 rpm, 5 min) to remove
soluble proteins. Two milliliters of the plasma water sample
were injected directly into an analytical HPLC system from
Agilent (1260 Isoc. Pump G1310B, Agilent 1260 UV detector

Infinity VWD VL G1314B, Gabi Star radioactivity detector,
Gina Star Software, both Raytest) equipped with a 2 mL sam-
ple loop and a Phenomenex Luna C18(2), 5 u, 150 × 4,6 mm
column. The area under the peaks corresponding to
radiometabolites and parent compound was quantified and
expressed as a percentage of the sum of all detected areas.

Method 2 (Direct injection of plasma into a HPLC system) The
parent fraction of (R)-[18F]MH.MZ in plasma was determined
by direct injection of plasma into a HPLC system, as previ-
ously described [36]. In order to adapt the procedure to our
local system, we used an analytical HPLC system (described
above) equipped with a 2 mL sample loop and an analytical
column (Shimadzu Shim-pack MAYI-ODS(G) 30 × 4,6 mm).
The plasma fraction was passed through a syringe filter
(Whatman GD/X 13 mm, PVDF, 0.45 mm) and 2 mL filtered
plasma was injected at a flow of 5 mL/min of solvent A
(0.25 M ammonium acetate buffer pH = 4.5). After 5 min (ex-
traction phase) the flow was stopped, a second column
(Phenomenex Luna C18(2), 5 μ, 150 × 4,6 mm) inserted after
the Shim-pack column. After 8 min the lipophilic compounds
were eluted at 2 mL/min with solvent B (45% acetonitrile,
55% solvent A). Radiometabolite/parent compound analysis
was carried out as described in method 1.

Image reconstruction and post-processing

PET images were corrected for scatter, attenuation, and TOF
and reconstructed by an iterative ordered-subsets expecta-
tion maximization algorithm (2 iterations and 21 subsets)
followed by post-construction smoothing Gaussian filer
(4 mm full-width at one-half maximum). The whole study
was reframed into 46 dynamic frames (6 × 10 s, 6 × 20 s, 6 ×
60 s, 5 × 120 s, 14 × 300 s, and 9 × 600 s frames). Images
consisted of 110 planes of 256 × 256 voxels of 1.59 ×
1.59 × 1.5 mm3. PET Images were reviewed and corrected
for motion by matching individual frames to an averaged
image from 0 to 3 min post-injection using an automated
algorithm (PFuse, PMod Technologies LLC, Zürich,
Switzerland). Volumes of interest were generated from
three-dimensional maximum probability atlas [37] after
co-registration and normalization using (PNeuro, PMod
Technologies LLC, Zürich, Switzerland). For quantifica-
tion, time–activity curves were generated for relevant brain
VOIs (13 high-density binding regions such as temporal
cortex, frontal cortex, or parietal cortex, hippocampus as a
medium-density binding region, and thalamus, striatum,
and cerebellum as low-density binding regions). For the
respective time–activity curves, standardized uptake values
(SUVs) were obtained by normalizing radioactive concen-
trations in VOIs (extracted as kBq/mL) to the injected dose
per body weight (in kBq/g) yielding the unit g/mL.
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Quantification of (R)-[18F]MH.MZ binding

Kine t i c mode l ing was pe r fo rmed (PKin , PMod
Technologies Ltd., Zürich, Switzerland) using radioactive
concentrations in WB, plasma, and parent compound frac-
tion as an input to fit tissue time–activity curves. All blood
measurements were referenced to the time of injection. The
arterial input function was derived as described above.
(R)-[18F]MH.MZ distribution volumes (VT) were derived
from the one- and two-tissue compartment models (1TCM
and 2TCM) fitting three (K1, k2, VB) or five parameters (K1,
k2, k3, k4, VB), respectively. In all subjects, the PET camera
was synchronized with the blood sampler for acquisition of
the arterial input function previous to tracer injection.
(R)-[18F]MH.MZ VTs were also calculated from lineariza-
tion with Logan plot graphical analyses. The non-
displaceable binding potentials BPND for the 2TCM were
derived from VT in high and low target areas as follows:
(VT

target − VT
cerebellum)/VT

cerebellum. BPNDs were calculated
with the Logan plot non-invasive GA (NIGA), multi-
linear reference tissue model (MRTM0) and the simplified
reference tissue model (SRTM). The cerebellum was used
as reference tissue for all BPND determinations. All applied
kinetic models are described in detail in (38, 39). Goodness-
of-fit was evaluated using the Akaike Information Criterion
(AIC).

Stability of outcome measures

Experimental data were collected for 180 min. VT as outcome
measure (2TCM) was evaluated depending on the duration of
the scan by truncating the tissue time–activity curves (TAC) in
10-min increments (from 180 to 60 min) to simulate shorter
scans and comparing the results with the reference value ob-
tainedwith the 180-min dataset. For each region and each scan
duration the mean ± SD (n = 3) of the results expressed as a
percentage of the reference value was calculated to provide an
estimate of the bias that is induced using shorter scan times. VT
was considered stable relative to scan duration after time t if all
results derived from time t to 180 min had a mean within 5%
of the reference value.

5-HT2AR specificity

The 5-HT2AR specificity of (R)-[18F]MH.MZ was inves-
tigated by comparison of the baseline PET with a second
(R)-[18F]MH.MZ PET scan after ketanserin pretreatment
(scan duration 180 min) about 2 weeks apart. The cere-
bellum was used as a reference region devoid of 5-
HT2ARs [11, 25, 27, 28, 40]. Four HCs received an oral
blocking dose of 10 mg (n = 1) or 20 mg (n = 3)
ketanserin (ketanserin, Janssen-Cilag, the Netherlands)
45 ± 1 min before a second (R)-[18F]MH.MZ PET scan

with the same PET protocol was performed. No adverse
reactions that could be related to ketanserin administration
were observed. One-fourth of the subjects who received
10 mg ketanserin was not able to complete the whole
imaging protocol. Data from this scan was excluded from
further analysis.

Statistical analysis

To analyze the specificity of (R)-[18F]MH.MZ, we used un-
equal variance two-tailed unpaired Student’s t test to compare
baseline PET BPNDs with BPND values from a second
(R)-[18F]MH.MZ PET scan after ketanserin pretreatment.
Both events were considered independent and all cortex tis-
sues were included in the analysis. For comparison between
models regarding Vt and BPND, we use the Kruskal–Wallis
and the Dunn multiple comparison as a post hoc non-
parametric test. To analyze differences between models re-
garding AIC criteria, we used two-tailed unpaired Student’s t
test. To assess the equality of variances between groups,
Levene’s test was used. In all the comparisons the results were
considered significant when P values were less than 0.05. All
comparison analyses were performed using STATA, version
14.

Results

Plasma analysis and metabolism

The estimated parent plasma input function (mean ± SD, n =
3) is shown in Fig. 1a. After i.v. bolus injection of
(R)-[18F]MH.MZ, WB and plasma total activity peaked rap-
idly after approximately 1 min at 25 ± 4 and 20 ± 3 kBq/cc,
respectively, and decreased quickly to a minimum at 5.2 min
of 2.3 ± 0.6 and 1.9 ± 0.5 kBq/cc, respectively (Fig. 1a).
Afterwards, (R)-[18F]MH.MZ activity in WB and plasma de-
creased very slowly and remained almost stable until the end
of the scan. Plasma-to-WB activity ratio was stable within 0–
180 min p.i. at a ratio of 0.814 ± 0.046 (mean ± SD, n = 3, SI
Table 3). We detected only parent compound of
(R)-[18F]MH.MZ throughout the entire duration of the PET
study (see Fig. 1c). This result was verified using two different
analysis methods (see methods and SI) and the unmetabolized
parent fraction in plasma is constant at 100% during the sam-
pling duration (see Fig. 1b). Consequently, the plasma input
function could be used without further metabolite correction
for modeling purposes.

(R)-[18F]MH.MZ brain distribution

(R)-[18F]MH.MZ readily entered the human brain and accu-
mulated over time in brain regions with the expected human
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cerebral 5-HT2AR distribution pattern (Fig. 2a). Highest
(R)-[18F]MH.MZ binding was found in cortical regions.
Intermediate binding was found in the hippocampus, whereas
in other subcortical regions (for example, the thalamus or stri-
atum) and in the cerebellum, gray matter binding was compa-
rably low.

In neocortical regions and the insula, (R)-[18F]MH.MZ
peak uptake was observed after 78 ± 21 min (mean ± SD,
n = 8). Within the 180 min scanning time frame, tracer wash-
out (as defined as percentage activity decrease from peak to
the end of the scan in a specific region) was determined to be
in the range of 1–18%. Peak uptake in the striatum, thalamus,
and cerebellum was reached earlier (9–22 min). Tracer wash-
out was relatively higher (37–54%). Peak uptake in the hip-
pocampus was observed after 25–42 min and tracer washout
has been determined to between 12 and 32% (Fig. 2b).

Kinetic modeling of (R)-[18F]MH.MZ binding

Time–activity curves were analyzed for goodness-of-fit by
visual inspection and model performance by comparison of
AIC values. Kinetic modeling using 2TCM resulted in slightly
higher distribution volumes (VTs) for (R)-[

18F]MH.MZ bind-
ing when compared with 1TCM and Logan. Nevertheless, all
models gave similar results and the difference was not statis-
tically significant. The results for AIC criteria driven from
1TCM and 2TCM were similar and no significant difference
could be observed (Table 1 and Fig. 3). All non-invasive ref-
erence tissue models (SRTM, MRTM0, and NIGA) generated
significantly higher non-displaceable binding potentials
(BPNDs) than those derived from invasive 2TCM (P < 0.05)
(see Fig. 3c–e). Within the non-invasive models, MRTM0
resulted in slightly higher BPND values than SRTM followed
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Fig. 2 a Representative (R)-[18F]MH.MZ PET brain images from a
HC (subject 2). Transversal, sagittal and coronal images (from left to
right) are displayed from averaged frames between 150 and 180 min
post-injection. Images are scaled to 0-14 kBq/cc (equivalent to SUV-
ratio 0-4). Upper row: baseline PET scan; middle row: PET scan

after oral administration of 20 mg ketanserin 45 min prior to injec-
tion of (R)-[18F]MH.MZ; lower row: T1-weighted MRI images. b
Representative (R)-[18F]MH.MZ tissue time–activity curves from a
HC (subject 2)

a b

c

Fig. 1 aWB total activity, mean of 3 measurements derived from 3 subjects. b Fraction of unmetabolized (R)-[18F]MH.MZ in arterial plasma (n = 3). c
Representative analytical RadioHPLC chromatogram, only parent compound was detected
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by NIGA, although the difference was not significant.
Nevertheless, SRTM resulted in a better fit, indicated by lower
AIC criteria values in themedial inferior temporal lobe, orbital
frontal cortex, temporal cortex, superior temporal gyrus, neo-
cortex, parietal cortex, occipital cortex, hippocampus, and
thalamus (P < 0.05).

Stability of outcome measures

To investigate which minimal scanning time is needed to de-
rive stable outcome measures for each region, tissue time–
activity curves were truncated in 10-min increments (from
180 to 60min). Afterwards, each time–activity curve was used
to derive VT values applying 2TCM. These values were com-
pared. Cortical VT values calculated for high binding region
were stable within shorter scan durations up to 60 to 70 min,
whereas VT values for low binding regions like the thalamus,
striatum, and cerebellum were overestimated at shorter scan
durations. Higher deviations as 5%were found with decreased
scan times of 140, 110, and 100 min, respectively. The VT

values in the hippocampus were stable after scan times of
80 min. Scan time reduction from 180 to 60 min did not lead
to a bias of more than 10% deviation of VT values in any of the
cortical regions. Figure 4 summarizes the obtained results.

Specificity of (R)-[18F]MH.MZ binding

The 5-HT2AR specificity of (R)-[18F]MH.MZ binding was
determined by comparing BPND values derived from SRTM
for individual brain regions from baseline PET scans with
BPND values after selective ketanserin pretreatment. BPND
after pretreatment was significantly reduced in 5-HT2AR
high-density, cortical regions and the medium-density region
hippocampus (P < 0.001), but unaltered in low binding re-
gions such as the striatum or thalamus (Fig. 5). It should be
mentioned that non-specific binding within the reference re-
gions, such as the cerebellum, increased after blockade of 5-
HT2ARs by ketanserin. This increased uptake in cerebellum
can be explained by displacement or blockage of peripheral 5-
HT2AR binding sites.

Discussion

We present here the first evaluation of (R)-[18F]MH.MZ as a
PET imaging agent of the 5-HT2AR in the human brain.
Regarding the inclusion criteria, it has been shown that the mean
rate of serotonin synthesis in males is about 52% higher than in
females, whichmay be a factor relevant to the lower incidence of
major unipolar depression in males [41]. Those results are in line

Table 1 Total (R)-[18F]MH.MZ VT estimated using 2TCM, 1TCM, Logan graphical analysis with arterial input function, and BPND estimated using
2TCM, NIGA, MRTM0, and SRTM, mean ± SD, n = 3

Total distribution volumes (VT) Non-displaceable binding potential (BPnd)

2TCM 1TCM Logan 2TMC NIGA MRTM0 SRTM

VT (mL/cm3) VT (mL/cm
3) VT (mL/cm

3) BPND (unitless) BPND (unitless) BPND (unitless) BPND (unitless)

Medial_inferior_temporal_gyrus 5.09 ± 1.72 4.99 ± 1.81 4.76 ± 1.58 0.94 ± 0.13 1.37 ± 0.20 1.58 ± 0.23 1.46 ± 0.19

Orbito_frontal_cortex 4.97 ± 1.81 4.98 ± 1.96 4.72 ± 1.70 0.88 ± 0.13 1.29 ± 0.23 1.41 ± 0.26 1.36 ± 0.23

Temporal_cortex 4.58 ± 1.60 4.52 ± 1.64 4.32 ± 1.45 0.74 ± 0.10 1.12 ± 0.16 1.29 ± 0.18 1.21 ± 0.15

Anterior_cingulate 4.64 ± 1.31 4.53 ± 1.35 4.33 ± 1.17 0.79 ± 0.20 1.24 ± 0.31 1.42 ± 0.45 1.34 ± 0.37

Superior_temporal_gyrus 4.89 ± 1.92 4.82 ± 1.95 4.61 ± 1.73 0.84 ± 0.16 1.22 ± 0.19 1.39 ± 0.21 1.32 ± 0.19

Insula 4.30 ± 1.71 4.25 ± 1.66 4.07 ± 1.48 0.62 ± 0.11 1.03 ± 0.21 1.18 ± 0.25 1.13 ± 0.22

Medial_inferior_frontal_gyrus 5.18 ± 1.62 5.36 ± 2.02 5.09 ± 1.78 0.99 ± 0.20 1.50 ± 0.30 1.68 ± 0.44 1.60 ± 0.36

Frontal_cortex 5.14 ± 1.88 5.10 ± 1.90 4.84 ± 1.66 0.95 ± 0.17 1.36 ± 0.27 1.52 ± 0.35 1.45 ± 0.30

Superior_frontal_gyrus 5.14 ± 1.86 5.09 ± 1.91 4.83 ± 1.68 0.95 ± 0.20 1.37 ± 0.32 1.56 ± 0.47 1.47 ± 0.40

Neocortex 4.92 ± 1.76 4.87 ± 1.77 4.63 ± 1.55 0.87 ± 0.14 1.26 ± 0.21 1.41 ± 0.26 1.34 ± 0.22

Posterior_cingulate 5.37 ± 1.70 5.33 ± 1.73 5.07 ± 1.52 1.06 ± 0.23 1.55 ± 0.34 1.71 ± 0.44 1.65 ± 0.39

Parietal_cortex 4.86 ± 1.72 4.85 ± 1.73 4.61 ± 1.51 0.85 ± 0.18 1.27 ± 0.22 1.41 ± 0.28 1.34 ± 0.24

Occipital_cortex 5.03 ± 1.82 4.96 ± 1.76 4.73 ± 1.55 0.90 ± 0.09 1.26 ± 0.16 1.40 ± 0.18 1.33 ± 0.16

Hippocampus 2.98 ± 1.00 2.96 ± 0.99 2.77 ± 0.90 0.13 ± 0.04 0.28 ± 0.09 0.30 ± 0.10 0.30 ± 0.10

Thalamus 2.79 ± 0.84 2.76 ± 0.84 2.44 ± 0.75 0.07 ± 0.07 0.08 ± 0.05 0.08 ± 0.08 0.09 ± 0.05

Striatum 2.69 ± 0.99 2.65 ± 0.96 2.38 ± 0.93 0.01 ± 0.02 0.02 ± 0.03 0.02 ± 0.03 0.16 ± 0.40

Cerebellum 2.66 ± 0.98 2.63 ± 0.95 2.38 ± 0.91

Mean ± standard deviation of 3 subjects are shown for each model. 2TCM, two-tissue compartment model; 1TCM, one-tissue compartment model;
BPND,: non-displaceable binding potential; MRT0, multi-linear reference tissue model; NIGA, non-invasive graphical analyses; SRTM, simplified
reference tissue model. All BPNDs are measured uses cerebellum as reference region.
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with previous PET studies which reported higher Vts in female
subjects when compared with male subjects [42]. We, therefore,
decided to include only male subjects in our study.

Our data show that (R)-[18F]MH.MZ can be used to image
and quantify the 5-HT2AR system in high, but also in low
receptor density areas. The affinity and selectivity of

ba

Fig. 4 Minimal scanning time (minutes) needed to derive stable estimates
of VTs determined by the 2TC model. a Correlation between the relative
distribution volume and scan duration. b Minimal time needed to derive

at stable outcome measure for respective brain regions with a permitted
deviation of 5%

a

c d e

b

Fig. 3 Linear regression analyses displays the correlation between
outcome measures VT a, b and BPND c, d, e determined by linear b, d
and non-linear models a, c, e. Outcome measures were obtained using
2TCM fitting five parameters (K1, k2, k3, k4, Vb). In VT estimations, 17
regions (see Table 1) were analyzed from 3 subjects. The cerebellum was

used as a reference region for all BPND estimations. BPND for the 2TCM
was calculated as (VT

target−VT
cerebellum)/VT

cerebellum. Black-dotted lines
show linear regression. The regression equation for each correlation is
displayed in each plot. Gray-dotted lines represent line of identity
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(R)-[18F]MH.MZ is comparable with that of MDL 100907,
one of the most 5-HT2AR selective ligands identified so far
[12]. Brain activity uptake of (R)-[18F]MH.MZwas highest in
cortical regions and low in the striatum, hippocampus, thala-
mus, and cerebellum. This distribution is in line with the re-
ported human 5-HT2AR brain distribution [26–28, 40].

[18F]altanserin, the most widely used PET tracer for 5-
HT2ARs, gives rise to lipophilic metabolites which are able
to cross the BBB and complicate quantitative analysis. To
solve this problem, a bolus infusion approach has been devel-
oped and validated and can be used for quantification [25].
Nevertheless, the need for infusion of the tracer over time is
impractical and inconvenient as compared with standard bolus
injection. For quantitative analysis of [11C]MDL 100907
binding to 5-HT2ARs, invasive 2TCM is the method of choice
and stable Vts can be obtained after 90 min p.i. in most brain
regions [26]. Nevertheless, due to the short half-life of 11C
(20.4 min), count rates in the late stages of the scan are very
low and represent a disadvantage [26, 27].

In contrast to [11C]MDL 100907 and [18F]altanserin,
(R)-[18F]MH.MZ displays no detectable metabolism in human
plasma over a timeframe of 180 min. This was unexpected
since (R)-[18F]MH.MZ is rapidly metabolized in rodents and
pigs [30, 31], at a rate similar to that of [11C]MDL 100907
which has a plasma half-live of approximately 5 min. Tracers
with no metabolites can facilitate kinetic modeling approaches.
Firstly, no compensatory methods are needed to take into ac-
count blood brain-barrier penetrant radiometabolites [25–27].
Secondly, invasive blood sampling to determine the arterial
input function can be done without labor intensive plasma me-
tabolite analyses that also is prone to induce noise [26–28].
Thirdly, image-derived (from heart cavities or other reference
tissues) input functions can be used to assess the arterial input
[43]. The flip side of the metabolically stable [18F]MH.MZ is
that it results in slow TACs. This is because (R)-[18F]MH.MZ

continuously accumulates from blood into the brain over the
whole scan time (Fig. 2b).

We found that 1TCM as well as 2TCM based on arterial
input measurements are optimal for quantification of
(R)-[18F]MH.MZ. Both models resulted in very similar out-
come measures (Fig. 3), provided good fits for all TACs and
showed the lowest AIC values. Logan graphical analysis re-
sulted in similar outcome measures; however, values were
slightly underestimated. Quantitative analysis using reference
tissue models such as SRTM, NIGA, and MRTM showed
excellent correlation (R2 > 0.959, 0.961, and 0.940, respec-
tively), but induced a positive bias (27%, 19%, and 29%,
respectively) as compared with BPND derived from the
2TCM. In contrast, the use of reference tissue models for
quantification of [11C]MDL 100907 resulted in good correla-
tion but significant underestimation of 5-HT2AR availability
as compared with 2TCM [27]. The authors therefore encour-
age the use of 2TCM for precise quantification, but conclude
that reference models such as SRTM or NIGA provide good
estimates for between-group or between-condition compari-
son [26, 27]. Similarly, the induced positive bias for
(R)-[18F]MH.MZ is constant and predictable across all brain
regions, and reference models can therefore be applied in
studies comparing HCs and patients. This would be beneficial
in clinical studies where arterial cannulation is often imprac-
tical. Furthermore, reference tissue models typically result in
higher test–retest reproducibility and lower variability [11].

We also evaluated the optimal scan duration and the neces-
sity for 180 min scans by shortening time–activity curves in
10 min increments and repeated kinetic modeling with
2TCM. In general, VT outcome values were very stable even
at shorter scan durations. VTs in cortical regions were stable
after approximately 60 min, whereas VTs in lower binding re-
gions such as the striatum or cerebellum were stable after 100–
110 min, accepting a 5% deviation. Increasing the deviation to

ba

Fig. 5 a (R)-[18F]MH.MZ BPNDs derived from SRTM at baseline (n = 3)
and after oral ketanserin pretreatment (20 mg, n = 3). BPNDs are
significantly lower in cortical regions and the hippocampus (P < 0.05).

bRepresentative (R)-[18F]MH.MZ tissue time–activity curves from a HC
(subject 2) at baseline and intervention with 20 mg ketanserin pretreat-
ment 45 min prior to scanning
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10%, stable VTs were observed in all regions after 80–90 min.
Given the half-life of fluorine-18 (110 min), necessary scan
times are easily conductible using (R)-[18F]MH.MZ. This is
an advantage of this tracer compared with its carbon-11 ana-
logue, [11C]MDL 100907, where scan times of 90 min are
necessary to derive at stable outcomesmeasure with a permitted
deviation < 15% [26]. Lower deviation below 5% would not
result in stable outcome measure before approximately
110 min. At this time, only low count rates can be observed
with carbon-11 and results may as such be prone to error.

In contrast, when looking at the impact of scan duration on
BPND values derived from reference models, we found that no
stable BPND values could be obtained within the 180 min scan
duration (see Figs. 7, 8, and 9 in SI). We attribute this to the
metabolically stable derivative (R)-[18F]MH.MZ, resulting in
slower kinetics and slower washout from high density and
reference regions as compared to [11C]MDL 100907. This
causes increasing BPND values over time and a variable bias
depending on the imaging protocol, which may represent a
limitation for the applicability of reference models for precise
quantification. Nevertheless, as other studies emphasized, ref-
erence models may still provide good estimates for between-
group comparisons [26, 27].

Selective binding of (R)-[18F]MH.MZ was tested by pre-
treatment with 20 mg ketanserin and resulted in a profound
block of all 5-HT2AR high- and medium-density brain regions
(80–97%). A lower blocking effect was observed in high bind-
ing regions and is most likely due to the fact that the amount of
ketanserin was not sufficient enough to saturate all binding
sites in these regions. We decided to use 20 mg of ketanserin
because for the two 5-HT2AR radiotracers [11C]Cimbi-36 and
[18F]altanserin, binding is successfully blocked with a similar
dose [11, 25, 44]. In the case of [11C]MDL 100907, similar
blocking effects have been observed using a slightly higher
ketanserin dose [45]. We believe that a higher ketanserin dose
would lead to a complete block of all 5-HT2ARs also in high-
density regions. Further studies are needed to verify this hy-
pothesis. However, our results strongly indicate that
(R)-[18F]MH.MZ binds selectively to 5-HT2ARs in the human
brain. An approximate signal-to-noise ratio of 2.1–2.6 was
detected in cortical regions. This signal-to-background is sim-
ilar to the ratios of [11C]MDL 100907 [26].

Conclusion

(R)-[18F]MH.MZ is a highly selective 5-HT2AR PET ligand
that is able to detect and quantify 5-HT2ARs in the human brain.
High brain uptake, good contrast, and absence of radiolabeled
metabolites are beneficial characteristics of (R)-[18F]MH.MZ
for clinical applications. Stable outcome measures were ob-
served after 100–110 min. Scan duration of such timeframes
are easily achievable with a fluorine-18 tracer. 1TCM or 2TCM

kinetic model are suitable for (R)-[18F]MH.MZ quantification.
Both models result in similar outcomes. Reference models ap-
pear to slightly overestimate outcome measures. Future studies
are warranted to investigate if this bias is predictable and can be
accounted. The absence of radiolabeled metabolites omits me-
tabolite analysis and has the potential to substitute arterial input
functions with image-derived inputs, from heart cavities or oth-
er reference tissue. In summary, we believe that
(R)-[18F]MH.MZ has favorable properties to image the 5-
HT2AR system in humans and could be used in the future to
study the 5-HT2AR system in HCs and patients.
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