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Zusammenfassung

Das aulerst umfangreiche serotonerge System mit seinen mindestens 16
Rezeptorsubtypen ist in der Pathophysiologie von vielen neuropsychiatri-
schen Erkrankungen involviert. Unterschiede in den Verhaltnissen zwischen
den verschiedenen pra- und postsynaptischen Rezeptoren gelten als wahr-
scheinliche Ursachen dieser Erkrankungen. Bisher gibt es jedoch kaum um-
fassende in vivo Werte, die mit standardisierten Verfahren erfasst wurden. In
dieser Positronenemissionstomographie (PET) Studie wurden 3 Rezep-
torsubtypen des serotonergen Systems mit den wichtigsten inhibitorischen
(5-HT1a, und 5-HTg) und exzitatorischen Rezeptoren (5-HT,a), sowie des
Serotonintransporter (5-HTT) bei gesunden Menschen quantifiziert. Ziel der
Studie war es 1) eine Datenbank mit standardisierten Werten zu erstellen; 2)
Zusammenhange mit post-mortem Daten zu untersuchen und 3) Wechsel-
wirkungen zwischen den inhibitorischen und exzitatorischen Rezeptoren
festzustellen. Die PET Messungen wurden insgesamt an 95 gesunden Pro-
banden durchgefihrt (Alter=28.0+£6.9 Jahre; 59% maéannlich) wobei die selek-
tiven Radioliganden [carbonyl-'*C]WAY-100635, [*C]P943, [**F]altanserin
und [*'C]DASB verwendet wurden. Eine standardisierte Vorlage im stere-
otaktischen Raum diente zur Bestimmung der Zielregionen. Diese Vorlage
beinhaltete zwei anatomische Parzellierungschemata: 1) 41 Brodmann
Areale und 2) 52 AAL (automated anatomical labeling) Regionen. Die dar-
aus berechneten durchschnittlichen kortikalen und subkortikalen Bindungs-
potentialwerte (BP) ergaben eine gute Ubereinstimmung mit den bisher
publizierten in vivo und post-mortem Daten. Mittels linear Gleichungen wur-
den Zusammenhdnge zu den post-mortem Bindungen hergestellt, welche
5.89 pmol/g (5-HT1a), 23.5 pmol/lg (5-HT1g), 31.44 pmol/g (5-HT2a) und
11.33 pmol/g (5-HTT) als Aquivalent fiir ein BP von 1 ergaben. Dariiber hin-
aus wurden rezeptorspezifische BP Mittelwertsmaps auf Voxelebene erstellt.
Signifikante partielle Korrelationen zwischen den BP Werten zweier Rezep-
toren korrigiert fur den dritten sowie den 5-HTT zeigten systemische Wech-
selwirkungen anstatt unabhangiger Mechanismen einzelner Rezeptoren.
Diese Erkenntnisse kdnnen die Interpretation Uber Verdnderungen im sero-
tonergen System, die wahrend neuropsychiatrischer Erkrankungen stattfin-
den, verbessern.



Abstract

The highly diverse serotonergic system with at least 16 different receptor
subtypes is implicated in the pathophysiology of most neuropsychiatric dis-
orders. Alterations of the interplay between various pre- and postsynaptic
receptor subtypes might be involved in the pathogenesis of these disorders.
However, there is a lack of comprehensive in vivo values using standardized
procedures. In the current PET study 3 receptor subtypes, including the ma-
jor inhibitory (5-HT1a and 5-HT;g) and excitatory (5-HT,a) receptors, and the
transporter (5-HTT) were quantified in the brain of healthy human subjects to
1) provide a database of standard values; 2) establish associations to post-
mortem data; and 3) examine the interaction between inhibitory and excitato-
ry receptors. PET scans were performed on 95 healthy subjects
(age=28.0%£6.9 years; 59% males) using the selective radioligands [carbonyl-
1CIWAY-100635, [M'C]P943, [*®Flaltanserin and [*'C]DASB, respectively.
Data analysis was uniformly carried out using a unique template in stereo-
tactic space. This template follows two anatomical parcellation schemes: 1)
Brodmann Areas including 41 regions and 2) AAL (automated anatomical
labeling) including 52 regions. Mean cortical and subcortical binding poten-
tial (BP) values were in good agreement with previously published human
in vivo and post-mortem data. By means of linear equations, PET binding
potentials were translated to post-mortem binding (provided in pmol/g), yield-
ing 5.89 pmol/g (5-HT1a), 23.5 pmol/g (5-HT1g), 31.44 pmol/g (5-HT2a), and
11.33 pmol/g (5-HTT) being equivalent to the BP of 1, respectively. Further-
more, individual voxel-wise maps with BP values were computed of average
tracer-specific whole-brain binding maps. Significant partial correlations were
found between the binding potentials of receptors pairs controlled for the
third and the transporter, emphasizing a systemically organized interaction
instead of independent receptor mechanisms. This knowledge might im-
prove our interpretation of the alterations taking place in the serotonergic
system during neuropsychiatric disorders.
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Abbreviations

5-HT
5-HT1a
5-HTs
5-HT2a
5-HTT
AAL
BBB
BGO
Bmax
BP

CT
DOl
FBP
FOV
FWHM
GSO
keV

LOR
LSO
LYSO
ML
MNI
MRI
MRTM
Nal(Tl)
OSEM
PET
ROI
SNR
SPECT
TAC
TOF
YSO

5-Hydroxytryptamin, Serotonin
Serotonin-1A receptor
Serotonin-1B receptor
Serotonin-2A receptor

Serotonin transporter

Automated anatomical labeling
Blood-brain barrier

Bismuth Germanate, Bismuth Germanium Oxide
Absolute number of binding sites
Binding potential

Computed tomography

Depth of interaction

Filtered backprojection

Field of view

Full width at half maximum
Gadolinium Oxyorthosilicate

Kilo electron volts

Affinity, dissociation constant

Line of response

Lutetium Oxyorthosilicate
Lutetium Yttrium Oxyorthosilicate
Maximum likelihood

Montreal Neurological Institute
Magnetic resonance imaging
Multilinear reference tissue model
Sodium iodide doped with thallium
Ordered subset expectation maximization
Positron emission tomography
Region of Interest

Signal to noise ratio
Single-photon emission tomography
Time activity curve

Time of flight

Yttrium Oxyorthosilicate
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1 Introduction

1.1 Positron Emission Tomography

Positron emission tomography (PET) is a non-invasive nuclear medicine im-
aging technique to image specific biomolecules in the living brain (Bailey et
al., 2003). Since the introduction of the first human PET tomograph in the
year 1974 (Phelps et al.,, 1975; Ter-Pogossian et al., 1975), PET has
emerged as an important clinical tool in oncology, neurology, and cardiology
(Rohren et al., 2004; Walker et al., 2004). More specifically, PET is used to
examine brain disease, most notably brain tumors, strokes and neurodegen-
erative diseases (dementia/Alzheimer’ disease). Furthermore, it also can
show perfusion, blood flow, oxygen extraction and glucose metabolism of
the working brain (Jones and Rabiner, 2012). The sensitivity of PET in de-
tecting and quantifying small amounts of substances in concentrations down
to the picomolar range is unmatched by any other imaging method currently
available (Heiss and Herholz, 2006). In recent years PET has become a
suitable method for clinical studies on psychiatric disorders, as well as early
stage drug development (Walker et al., 2004) and neurosurgical examina-
tions (Frankle et al., 2005; Wahl and Buchnan, 2002). Figure 1 depicts the

increasing number of articles being published.
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Figure 1: Number of articles using positron emission tomography accessible
within PubMed (www.ncbi.nim.nih.gov/sites/entrez).

1.1.1 Positrons

By its very nature, PET imaging relies on positrons and positron decay. Posi-
trons are the antimatter counterpart of electrons with equivalent mass to an
electron but positively charged. Combining quantum mechanics and special
relativity, Paul A.M. Dirac was the first to propose the existence of these par-
ticles in 1928. A few years later, positrons were detected experimentally by
Carl D. Anderson using a cloud chamber. Both were awarded with the Nobel

Prize in Physics for their achievements. Positrons also became the first an-

timatter particle being demonstrated.

min MeV mean max
2.01 “N(d,n)**0 1.72 1.5 7.3
9.98 ®0(p,a)*N 1.19 1.4 5.1
20.4 “N(p,a)**C 0.96 1.1 4.1
109.8 Bo(p,n)"°F 0.64 1.0 2.4

Table 1: Properties of positron emitting isotopes used in nuclear medicine.



1.1.2 Positron Decay

Positrons are emitted from radionuclides, i.e. radioactive atomic nuclei which
are proton-rich. In an attempt to stabilize, they decay by giving off a positive
charge (Bailey et al., 2003). This is also known as positive beta decay and is
the more prevalent mode of decay for lower atomic weight nuclei (e.g. Oxy-
gen-15 (*°0), Carbon-11 (*'C), Nitrogen-13 (**N), and Fluorine-18 (**F)),
while higher atomic weight nuclei (e.g. *?°l) decay by electron capture. The

general equation for positron decay from an atom is:

decay
2Xn — 2-Vyi +et v (1)

The decay of the positron results in a new nuclide of the same mass number
but with one atomic number less than the parent, hence 1 proton is convert-
ed into 1 neutron. The emission of a neutrino accompanies this conversion
as first postulated by W. Pauli 1930. Neutrinos are very light particles without
mass or charge. Since it interacts very weakly with other particles or the sur-

rounding material, the neutrino escapes without direct relevance to PET im-

aging.

Particle accelerators are necessary to produce positron emitting radionu-
clides. Nuclides suitable for medical use are usually short living isotopes
which are analogues of components found in nature involved in biochemical
processes (Price, 2003). The most commonly used isotopes are *C, N,
150, '8F. However, the synthesis of isotopes requires the in-house produc-
tion of those positron emitters. Nowadays cyclotron units (Ernest O. Law-
rence; Nobel Prize 1939) are installed at hospitals which paved the way for
the on-site production of target molecules applied in nuclear medicine (see
Figure 2). Table 1 summarizes some positron emitting isotopes used in nu-

clear medicine.



Figure 2: Cyclotron unit at the AKH Wien.

1.1.3 Positron Annihilation

After ejection from the nucleus, positrons travel through matter until they col-
lide with an electron. The travelling distance depends on the initial positron
energy and is usually a few millimeters (see Table 1), because the positron
first has to lose kinetic energy and decelerate before it can interact with an
electron. When encountering with a nearby electron, both the positron and
the electron annihilate, and their masses are converted into a pair of photons
of identical energy. Figure 3 illustrates the annihilation process. The final
energy results from the kinetic and mass energy of both particles according
to Einstein’s famously described mass-energy equivalence (mass times the
speed of light squared) (Einstein, 1905). The two annihilation y-ray photons,
each with an energy of 511keV, are emitted simultaneously in opposing di-

rection of approximately 180 degrees.



+ _ annihilation
et+eT —vy+y (2)
Positron Photon

!52? va

Annihilation Electron

E=m-c? (3)

Photon

Figure 3: Emission of 2 y-ray photons with an energy of 511keV in opposing

directions after annihilation of a position and an electron.

1.1.4 Scintillation detectors

Scintillators have luminescence properties that generate light in fluorescent
tubes when excited by ionizing radiation (see Figure 5). In order to count the
photons, scintillators are connected to an electronic light sensor, such as
photomultiplier tubes or semiconductor-based photodiodes (e.g. avalanche
photodiodes) (see Figure 5). Scintillator materials used for detectors in PET
scanners are often inorganic chemical compounds grown in high tempera-
ture furnaces such as BGO (Bismuth Germinate), GSO (Gadolinium Ox-
yorthosilicate), LSO (Lutetium Oxyorthosilicate) or LYSO (Lutetium Yttrium
Oxyorthosilicate). Sodium iodide doped with thallium (Nal(Tl)) and BGO be-
came the first generation (about the 1980s and through the 1990s) of scintil-

lators in a conventional PET scanner (Basu et al., 2011). While Nal(TI) fur-



nished very high light output, and hence good energy resolution, BGO pro-
vided very high sensitivity. Besides their individual strengths and weakness-
es of each scintillator, the long decay time limited the performance of these
scanners, especially at high count rates (Basu et al., 2011). The introduction
of GSO brought slight improvements regarding light output, sensitivity, and
decay time compared to the earlier generation of scintillators. In the latest
generation of scintillators, LSO and LYSO are currently the preferred materi-
als for PET detectors (Kimble et al., 2003). Both have very similar properties
featuring very high light output (close to that of Nal(Tl)), high sensitivity
(close to BGO), and very fast decay times. Their cerium-doped silicate ana-
logues additionally obtain high stopping power and fast bright scintillation
light (Cerium-doped Lutetium Oxyorthosilicate and Cerium-doped Lutetium
Yttrium Orthosilicate) (Humm et al., 2003). Table 2 gives an overview of

commonly used scintillator materials.

Photomultiplier Tube
(1" square)

Array of 64

1" Square Photomultiplier Tube
Array of 64 . : ?‘

Photodiodes
Custom Photodiodes
(3 mm square)

Amplifier IC

- 64 LSO Crystals
3 mm square

64 LSO Crystals

T I. i h"‘(s:snSOmm)
1 Custom Amplifier IC

Figure 4: Components of scintillator and photomultiplier tube. Reproduced
from (Lewellen, 2008).
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1.1.5 Coincidence detection

Simultaneous detection of the two annihilation photons in opposite directions
is the basic principle of PET imaging with substantial higher sensitivity than
conventional single-photon emission tomography (SPECT) imaging. The
opposing detectors register the arrival of the photons. If the photons are de-
tected within a narrow time frame (typically 3-15ns), this coincidence event is
recorded. Such a coincidence window is fundamental as the photons travel
different distances from the annihilation event to the detectors. One can fur-
ther infer that the annihilation occurred somewhere along a line between the
two detectors, because the photons leave the annihilation point in opposite
directions (see Figures 3 and 10). This line between the detectors is called
line of response (LOR). Depending on the radioactivity applied, millions of
coincidence events are registered providing a large number of LOR for PET
image quantification. In order to increase the sensitivity of the scanner a de-
tector ring is used instead of two single detectors, and placed around the
patient. Today, commercial PET scanners typically are multi-ring scanners,
i.e. they have several rings to simultaneously scan multiple planes. That al-
lows imaging of an axial field-of-view (FOV) of 10 to 25cm, which is sufficient
for the human brain. Figure 6 shows the PET facility at the AKH Wien.

- - - -—

Figure 6: Human PET facility at the AKH Wien.



1.1.6 True and Random Coincidences

Thus far it is assumed that the coincidence emerges from the same pair of
photons produced from the same annihilation event, within the detector ring,
somewhere along the LOR. This event is called a true coincidence (see Fig-
ure 7). However, other coincident events from unrelated photos, which are
temporally within the given coincidence window too, may occur and being
recorded. These events are called random or false coincidences. Figure 7
shows examples of random coincidences. Random coincidences add back-
ground noise to the acquired PET image and decrease the image contrast if
no correction is applied (Cherry et al., 2003). While true coincidences only
occur from a source within the volume between the detector pairs, random
coincidences can arise from activities of any location between the detectors,
including outside the FOV of the system. Additionally, they are inevitable and
constitute the larger number of counts compared to true coincidence events.
Since the appearance of random coincidences is proportional to the timing
window, narrow windows are desirable to improve the image contrast with-
out reducing its signal-to-noise ratio. However, it requires fast scintillators
with good timing resolution for reducing the number of random coincidences
(Bailey et al., 2003).

1.1.7 Scatter

Scattered coincidences are one category of nonvalid registrations. Scatter
occurs when one of the photon leaves the body from the annihilation event
unscattered and the other photon experiences scatter, i.e. it changes direc-
tion before leaving the body. Consequently, this photon is being detected in
a detector different from the appropriate for a true coincidence event. Thus,
according to the resulting LOR between these detectors, the annihilation
event may falsely appear outside the body (see Figure 7), however not all
photons undergo scatter to this extent. For the detector system it is impossi-

ble to distinguish them from valid events. In brain imaging studies the scatter
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ranges from 30%-60% of all collected events (Turkington, 2001). Scattered
events can be in-plane or out-of-plane. To prevent out-of-plane scatter, lead
shields are placed on either side of the detector ring or flat ring-shaped
tungsten septa between the detector rings. This can effectively reduce the

likelihood of accepting scattered photons down to approximately 10%-20%.

* = Annihilation event

— ®» = Gamma ray
"""" = Assigned LOR

Scattered Random True
coincidence coincidence coincidence

Figure 7: Classification of coincidences. Scattered coincidences (left) occur
when one photon deflects (scatters) and changes its direction. Radom coin-
cidences (center) emerge from two unrelated annihilation photons. Both
scatter and random coincidences lead to incorrect line of response infor-
mation resulting in a loss of contrast. True coincidences (right) are from the
same pair of photons from the same annihilation event. Reproduced from
(Bailey et al., 2003).

1.1.8 Attenuation

When annihilation photons travel in tissue they interact with matter thereby
losing energy. Often photons are deflected (scatter) or even absorbed
(stopped), and finally may not be detected in another detector (see Figure 7).
This loss of true coincidences, due to scatter and absorption, is commonly

known as attenuation, and results in degraded PET images since fewer pho-
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tons are detected. It also increases noise and inaccurate quantification of
radioactivity distributions. The degree of loss depends on the patient’s size
and increases in heavier patients, since the probability that an event will be
attenuated is much higher (Basu et al.,, 2011). Attenuation takes place in

form of a mono-exponential function:
Iy=1p-e™ (4)

where | represents the photon beam intensity, the subscript “0” the unatten-
uated beam intensity, the subscript “x” the intensity measured through a
thickness of a material with thickness x, and [ refers to the attenuation coef-
ficient of the material (unit: cm™). Each material is characterized by a differ-
ent attenuation coefficient, which is a measure of the probability that a pho-
ton will attenuate by a unit length of the material (Bailey et al., 2003). Fortu-
nately, attenuation correction can be relatively easy performed. In a modern
integrated PET/CT system (PET with an CT (computed tomography) scan-
ner), adequate attenuation correction can be obtained from the low dose CT
scan (X-rays) and applied to the emission scan (Lokitz et al., 2006). The
other approach measures the correction by performing an additional trans-
mission scan with an external radioactive source (Humm et al., 2003), which
frequently is ®*Ge (parent of ®*Ga, t1,=273 days). This method is usually ap-
plied in PET scanners without integrated CT. Figure 8 depicts both methods

of attenuation correction.
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Figure 8: Attenuation correction in PET systems. Before the introduction of
PET/CT scanners, a rotating positron-emitting rod source was used to ac-
quire transmission data (a). In dual modality PET/CT systems the X-ray CT
performs these measurements. Reproduced from (Bailey et al., 2003).
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1.1.9 Time-of-Flight PET

Like most other imaging modalities, PET is affected by statistical noise
(Moses, 2007). Accurate measurement of the arriving time of the two annihi-
lation photons between the coincidence detectors can better determine their
location along the LOR. This technique is known as time-of-flight PET and
would theoretically allow the formation of tomographic images without math-
ematical reconstruction algorithms (Cherry et al., 2003). Although the first of
PET cameras incorporating time-of-flight measurement were built in the
1980’s, detection performance was limited by the materials and technologies
available at that time (Moses, 2007). Thanks to the advance in electronics,
the availability of cheaper computer power, the improvement in reconstruc-
tion methods and the discovery of new fast scintillators (Moses and Derenzo,
1999), TOF PET cameras are becoming the new standard technology for all
major PET scanner manufactures (Conti, 2011). A good timing resolution
also helps reducing the number of random coincidences. The TOF differ-
ence is proportional to the path length difference of the two photons, and can
be used to estimate the annihilation point along the straight line connecting
the detectors. Although time resolution uncertainties caused by several in-
strumental factors blur the position of the photons, TOF measurement, how-
ever, can improve the image quality due to increased signal-to-noise ratio
(SNR). The smaller the time resolution (faster scintillator), the smaller the
error on the localization (Conti, 2011). The position of the annihilation event

along the line with respect to the midpoint is given by:
Ax == At (5)

where Ax is the position error, c is the velocity of light (3x10® m/s), and At is
the difference in the arrival times of the photons. In order to achieve a sub-
centimeter resolution, timing resolution of less than 50 picoseconds (1 psec
= 102 sec) would be required, which is impossible to obtain so far. With the

fastest available scintillators and careful design of electronic components,
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the achievable timing resolution constrains the positron position to a line
segment of about 7.5 cm (Moses, 2007). Nonetheless, this level of timing
resolution is already beneficial to acquire images with higher SNR than im-
ages reconstructed without TOF information (Cherry et al., 2003). See Fig-

ure 9 for a schematic illustration of TOF.

Detector B
g%? Patient outline
Q2
t

B

Figure 9: Schematic illustration incorporating time-of-flight (TOF) for PET

data acquisition. Conventional PET cameras (left) localize the position of the
annihilation event with equal probability along the line joining the two detec-
tors (line of response, LOR), whereas in TOF PET cameras (right) the arrival
time difference is used to further restrict the annihilation point to a limited

range. Reproduced from (Townsend, 2008).
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1.1.10 Spatial Resolution

Spatial resolution is an important factor in PET imaging and is influenced by
several degrading factors:

1. Positron physics. Before positrons undergo annihilation they travel
some distance from the decay to the point of annihilation, depending
on their initial energy. The initial energy is specific for each nuclide
and determines the range of travel for a positron (see Table 1), which
is known as positron range (Humm et al., 2003). The maximum dis-
tance that a positron would travel lies within a few millimetres, alt-
hough its pathway is significantly obstructed with multiple large-angle
deflections. However, the distance of interest is the effective positron
range, which is the average distance from the emitting nucleus meas-
ured perpendicularly to the line defined by the direction of the annihi-
lation photons (see Figure 10). Although this distance is always
smaller than the maximum range, it is not precisely indicating the lo-
cation from which the decaying radioactive nucleus emitted the posi-
tron resulting in a LOR adjacent to the true annihilation point (Cherry
et al., 2003).

2. Noncollinearity. A second factor also pertaining to the physics of
positrons is that the annihilation photons are almost never emitted
strictly at 180 degree directions from each other due to some residual
momentum of the positron just before annihilation (Cherry et al.,
2003). This contributes a further uncertainty to the localisation of the
nuclear decay event of about 0.5° FWHM, and is approximately
Gaussian distributed (Bailey et al., 2003; Humm et al., 2003). The ef-
fect on spatial resolution is linearly dependent on the separation of
the two coincidence detectors. In a typical whole-body PET scanner
(~80-90cm diameter), noncollinearity can degrade resolution by a fur-

ther 1.5-2mm (see Figure 10). This effect and the abovementioned
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positron range constitute a fundamental lower limit of the spatial reso-
lution achievable in PET. (Bailey et al., 2003).

Detector

Positron
range
@ Annihilation
photon
(511 keV)
Aco-linearity
180°+0.25°

Annihilation
photon

(511 keV)

Detector

Figure 10: Blurring due to positron physics. The effective positron
range is defined as the perpendicular distance from the decaying at-
om to the line of the two 511keV annihilation photons. The effect that
the annihilation photons are almost never emitted at exactly 180° di-
rection is known as noncollinearity and leads to further positioning er-

rors. Reproduced from (Lecomte, 2009).

. Detectors. The spatial resolution of the multidetector PET system
with discrete elements is determined mainly by the size of the individ-
ual detector elements or by the intrinsic resolution of the camera de-
tector (Cherry et al., 2003). Although it should ideally be approximate-
ly half the width of an individual crystal, there are several interfering
factors that limit the resolution feasible in a real detector module

(Lewellen, 2008). These are scatter within the detector and depth-of-
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interaction (DOI) effect. Both effects are related to the density of the
scintillator material used in the scanner. In very short crystals the
gamma ray Compton scatters in the detector, and will often exit with-
out a second photoelectric interaction (total absorption) (Lewellen,
2008). In order to improve overall sensitivity, an appropriate thickness
of scintillator material is required to give good detection efficiency for
511keV annihilation photons (Cherry et al., 2003). Typically, PET sys-
tems employ 2- to 3cm thick scintillators. On the other hand, the short
distance that a photon travels after it enters a detector leads to so-
called DOI uncertainties (see Figure 11), since the measured position
of energy deposition is projected to the entrance surface of the detec-
tor (Bailey et al., 2003). One solution would be to measure the DOI of
the photon in the detector (Turkington, 2001) or, alternatively, the im-
plementation of statistical estimation techniques to determine the
point of interaction in the crystal array instead of linear algorithms
(Lewellen, 2008).

Figure 11: Schematic illustration of parallax error due to unknown depth-of-

interaction (DOI) of the photons within a ring detector system. The solid line

represents the flight path of the photons, the dashed line the assigned line of

response. Reproduced from (Bailey et al., 2003).
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1.1.11 Tomographic Reconstruction

Thanks to the discovery of X-rays or Réntgen rays at the end of the 19™ cen-
tury by C. Rontgen (awarded with first Nobel Prize in Physics in 1901), the
view into the human body became possible without opening it. These
2-dimensional projections, however, only provided limited insights of the
3-dimensional anatomy in the body. Superior insight has been realized by
tomographic images, which constitute 2D-representations of 3D objects
showing structures within a specific plane. The term tomography is the com-
posite of the two Greek words roun (section, cut) and ypageiv (to write). The
underlying mathematical basis for tomographic imaging was first published
by the Viennese mathematician Johann Radon in 1917 (Radon, 1986), how-
ever it was not until the 1960s that his work found practical application. In
the early 1970s the development of the first X-ray computed tomograph (CT)
by A.M. Cormack and G. Hounsfield (Nobel Prize 1979) brought Radon’s
theory into the field of medical imaging (Cormack, 1973; Hounsfield, 1973,
1977, 1980). Later it also came to PET imaging since its basic principles ap-

ply to all kinds of tomography.

1.1.11.1 Projections

In a modern PET scanner ring detectors are placed around the object of ob-
servation. Theoretically, coincidences between all pairs of detectors are
possible. More precisely, for a ring of n detectors these are:

n(n—1)

j (6)

trajectories (Kalman, 2002; Turkington, 2001). During a PET scan hosts of
events are recorded (>10°. These numerous trajectories can be arranged
as sets of parallel LOR, thus one set represents one view of the radioactive
distribution of a particular angle at the respective slice. A full set of such line

integrals (measured counts) is also called projection or projection profile
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(Cherry et al., 2003), and would be similar from the one by one collection

with a collimated gamma camera.

Imm Ring n
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Figure 12: lllustration of Sinogram. Reproduced from (Bailey, 2005)

1.1.11.2 The Sinogram

As abovementioned the projection of an object f(x,y) is recorded at a given
angle 6. This is repeated for the other angles between 6 and 6 + 180 de-
grees at discrete steps of equal space resulting in N projections (see Figure
12). In conventional computer tomography, the collected profiles between
180 and 360 degrees would be redundant, however for practical reasons
they are recorded too (Cherry et al., 2003). The calculation of line integrals
for a specific point requires the introduction of new a coordinate system. As-

suming a stationary coordinate system relative to the camera detector sys-
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tem (i.e. in plane), the transformation for a point p(x,y) projected at angle 6

can be performed by the rotation matrix:
Py _[cosB —sinB) (X
(S) B (sin &  cos 9) (Y) (7)

Subsequently, all projections of each angle can be displayed in form of a
matrix p(o,6). The graphical representation of this matrix is also known as
sinogram (see Figure 13), and provides a convenient way to collect the ac-
quired data. In the sinogram of each row represents the number of counts of
a single angle position. Its name stems from the fact that a point object p(x,y)

follows a sinusoidal path down the matrix (Cherry et al., 2003).

Unfiltered Backprojection
(256 projections)

Original Sinogram

o &0 40 L1 uo 1o 120 140 160
a

Figure 13: Sinogram from a set of 256 projection profiles of the left image.
Each column represents one projection profile in sequential order from 0 to
180 degrees. Simple (unfiltered) backprojection provides blurred images re-

gardless the number of projection profiles.

1.1.11.3 The Radon Transformation
In mathematics the radon transformation is applied for the calculation of line
integrals and subsequent conversion into a transversal image representing

the object. The projection of a two-dimensional function f(x,y) at a given an-
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gle @ is a set of line integrals of parallel beams in a certain direction. In gen-
eral, the Radon transform of f(x,y) is the line integral of f parallel to the s axis.
The Radon transformation is given by

R:(p,0) = ffooo f(pcosB —ssinB,psinb + cos B)ds (8)
Applying the Dirac delta function, the formula can be rewritten as
Re(p,0) = [, [ £(x,y)8(p — xcos® — y cos 6) dx dy 9)

The advantage of the transformation with the Dirac delta function is based
on the fact that all values outside the considered domain are multiplied by
zero, i.e. are eliminated, whereas all remaining values are multiplied by one,

hence all relevant values can be filtered for further processing.

At the first glance his discovery did not seem of great importance. Indeed, it
took more than 55 years until his contribution found practical application. In
his inauguration speech as rector of the University of Vienna 1954 he even

mentioned:

“Oft liegen Dinge so, dal3 mathematische Theorien in abstrak-
ter Form bereits vorliegen, vielleicht als unfruchtbare Spielerei
betrachtet, die sich plotzlich als wertvolles Werkzeug fur phy-
sikalische Erkenntnisse entpuppen und ihre latent Kraft in un-

geahnter Weise offenbaren”.
Unfortunately he never witnessed himself the manifold potential slumbering

in his discoveries and died just a few years before the beginning of the era of

modern medical imaging.
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1.1.11.4 Image reconstruction

Given the projections of the object as Radon transforms, the most obvious
method for reconstruction would be the invers Radon transformation. There
are two options to perform the inversion: Fourier slice theorem and (filtered)

backprojection (FBP).

1.1.11.5 Fourier slice theorem

According to the projection-slice theorem, an infinite number of one-
dimensional projections of an object, at infinite number of angles, can recon-
struct the original object. This inversion is carried out by means of the 2D

Fourier transformation.
(FOWxVy) = Fvevy) = [0 [0 f(xy) - e 2% dxdy  (10)

In this context, the projection-slice theorem connects the Fourier transfor-
mation to the Radon transform. To get the image back from the projections
means finding the inverse Radon transform from the abovementioned equa-
tion 10. J. Radon already provided an explicit formula as a solution. His ap-
proach, however, turned out to be unstable regarding noisy data, which usu-
ally is the case in a PET scanner. Soon, it has been replaced by a more sta-

ble approach for reconstruction, the filtered backprojection (FBP).

1.1.12 Backprojection

The simple backprojection became the first but not accurate reconstruction
algorithm used in PET. From a given set of projection profiles p(p,6) at dis-
crete angles 6;, assuming each profile sampled at discrete intervals, the im-
age will be reconstructed on a 2D image, i.e. a discrete matrix of pixels. For
mathematical simplification, matrix sizes are often a power of 2 (e.g. 256 x
256, 512 x 512). The amount of a particular element from the projection pro-

file is divided uniformly by the number of matrix elements and projected
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along the path of the matrix. That's why it is called backprojection. When this
operation is repeated for all profiles, an approximation of the original image
can be created. The basic concept is demonstrated in Figure 13. One major
drawback is that counts are inevitably projected outside the true location of
an object, yielding blurred images (Cherry et al., 2003). Obviously, a greater
number of angles around the object and samples within the projections
(number of detectors) improve the image quality (see Figure 13). Although
this can diminish the influence of blurring, yet blurring remains at an unsatis-
factory degree in the final image. Furthermore, blurring radially increases
towards the peripheral space. Thus, the relationship between the original

and the reconstructed image can mathematically be described by:
(6 y) = f(x, )@ (12)

where @ denotes the process of convolution, and p the distance from the
centre. Despite numerous attempts to eliminate or at least supress blurring,
simple backprojection is only useful for high contrast objects relative to sur-
rounding tissues. In practice, this is seldom the case, hence more powerful

reconstruction algorithms are required.
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Figure 14: The principle of a rebinning algorithm. Reproduced from (Defrise
et al., 1997)
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Figure 15: Demonstration of filtered backprojection for a single brain slice of
the author at various projection profiles.
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1.1.13 Other reconstruction methods

A more sophisticated approach that successfully eliminates blurring is called
filtered backprojection (FBP) (see Figure 15). Similarly to another advanced
method called the Fourier transform reconstruction method (Lewitt, 1983),
FBP employs the projection slice theorem in combination with the backpro-
jection technique. The application of reconstruction filters in the frequency
domain ought to eliminate 1/r blurring. This produces “sharpened” images,
however accompanied with the disadvantage of lower signal-to-noise ratio.
Therefore, FBP images are usually noisier compared to images produced by
simple backprojection. Improved reconstruction filters (e.g. Shepp-Logan,
Hann, Hamming, etc.) were designed to reduce the influence of noise and
artefacts with varying degree of success. In the recent years, they have
again been superseded by an even more powerful class of methods, known
as iterative algorithms (Cherry et al., 2003). Among these computational
more intensive techniques, the maximum-likelihood (ML) (Shepp and Vardi,
1982) and ordered subset expectation maximization (OSEM) (Hudson and
Larkin, 1994) emerged as the most popular iterative algorithms (Basu et al.,
2011). They provide more precise reconstruction images compared to FBP
featuring several advantages e.g. better signal-to-noise ratio, and less streak

artefacts (see Figure 16).

3 e
> e -

Figure 16: Whole-body 2D PET study. Comparison between different re-
construction algorithms of transmission and emission scan. Filtered backpro-
jection (FBP) — FBP (left), OSEM-FBP (centre), OSEM-OSEM (right). Re-
produced from (Defrise et al., 2005)
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1.1.14 2D and 3D PET

Early PET scanners were constructed with only one ring of detectors in order
to restrict data acquisition and reconstruction to a single axial slice. Later,
more rings were added which allowed simultaneous scanning of larger ob-
ject spans. Thereby, collimators or septa were often placed between the in-
dividual rings to reduce the interplane scatter. These were thin lead or tung-
sten rings of ~1mm size to efficiently reject annihilation photons coming from
oblique lines. The separate collection of coincidences from a single traverse
plane is also known as 2D PET (Cherry et al., 2003). Applying this technique,
3D PET images were reconstructed from a stack of independent 2D planes
since the lack of suitable algorithms prevented fully 3D imaging at that time
(Basu et al., 2011). In 3D PET the interplane septa are retracted from the
PET scanner allowing coincidences for all possible LOR, as shown in Figure
17. This modification leads on the one hand to a substantial improvement in
sensitivity (typically between 4-8 fold), however at the same time it increases
the number of scattered photons as well as random coincidences (Fahey,
2002). Although reconstruction of 3D data typically is more complex and
time consuming, 3D acquisition became the standard mode on all commer-
cial PET systems through the advances in computer technology (Basu et al.,
2011), the availability of convenient algorithms (Cherry et al., 1991; Colsher,
1980; Daube-Witherspoon and Muehllehner, 1987; Defrise et al., 1997;
Kinahan et al., 1997; Kinahan and Rogers, 1989) and above all the dramatic
improvement in sensitivity (Cherry et al., 2003). Among several algorithms
the OSEM method emerged as the most popular mainly due to its easy im-
plementation (Defrise, 2001; Hudson and Larkin, 1994; Johnson et al., 1997).
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2-D direct planes only A = 0 Sensitivity

2-D direct and cross planes A < +/-1

Figure 17: 2D and 3D acquisition schemes. Left side shows axial cross sec-
tions through a multiring scanner, right side the corresponding sensitivity
profiles. In 2D PET axial collimators of septa between each ring of detector
prevented the coincidence detection from other rings (A) was limited to adja-
cent rings (B) or more rings (C). In 3D acquisition mode, all septa were re-

moved resulting in a 4-8 fold higher sensitivity (D). In C and D only selected
LOR are shown. Reproduced from (Cherry et al., 2003).



1.2 The serotonergic system

Serotonin was isolated and characterized for the first time in 1948 (Rapport,
1997; Rapport et al., 1948) and later determined to be named 5-
hydroxytryptamine (5-HT). In addition to its involvement in platelet aggrega-
tion and mobility of the gastrointestinal tract, 5-HT is a neurotransmitter and
plays a central role in the regulation of various cerebral functions. In the cen-
tral nervous system the highest concentration of 5-HT is detectable in the
raphe nuclei located in the brain stem (Lundberg et al., 2005; Palkovits et al.,
1974; Varnas et al., 2004). The amino acid tryptophan is the substrate for
the 2-step reaction of serotonin synthesis. In the brain it is synthesized in the
raphe nuclei of the midbrain. From the raphe nuclei, projections run to the
areas in the basal ganglia, neocortex, limbic and paralimbic cortex (Hornung,

2003), reaching almost the entire brain.
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Figure 18: Projection pathways of neurotransmitter systems. Red, dopamin-

ergic system; purple, noradrinalergic system; blue, serotonergic system.
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Figure 19: Biosynthetic pathway of serotonin (5-hydroxytryptamine, 5-HT)
from L-tryptophan. Reproduced from (Azmitia, 2010)

The serotonergic system is involved in the regulation of a variety of neuro-
physiological and psychological functions including neuronal development
(Lauder et al., 1983) and neuroplasticity (Benninghoff et al., 2012), ther-
moregulation (Feldberg and Myers, 1964), pain (Tenen, 1967), motor regula-
tion (Jacobs, 1991), different stages of the sleep cycle (Jouvet, 1967), appe-
tite (Haleem, 1993), sexual behavior (Gorzalka et al., 1990; Olivier et al.,
1998), aggression (Manuck et al., 1998; Sheard, 1969; Soubrie, 1986; Witte
et al., 2009), reward processing (Kranz et al., 2010), impulsivity (Miyazaki et
al., 2012; Winstanley et al., 2005), anxiety (Briley et al., 1990) as well as
mood and temperament (Mann, 1999). This system works in concert with
various environmental and endogenous signals such as day light intensity
and length (Spindelegger et al., 2011) and several hormones as cortisol
(Lanzenberger et al., 2010), progesterone (Lanzenberger et al., 2011) and
dehydroepiandrosterone sulfate (Moser et al., 2010). Furthermore, it has
shown an integral role in the pathophysiology of common neuropsychiatric
disorders including major depression (Mann, 1999; Staley et al., 1998), bipo-

lar disorder (Chee et al., 2001), obsessive compulsive disorder (Adams et al.,
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2005), anxiety disorders (Akimova et al., 2009; Lanzenberger et al., 2007;
van der Wee et al., 2008), post-traumatic stress disorder (Davis et al., 1997;
Murrough et al., 2011a; Murrough et al., 2011b), eating disorders (Bailer et
al., 2005; Mayer and Walsh, 1998), sleep disturbance (Portas et al., 1998),
attention deficit hyperactivity disorder (Quist et al., 2003), drug addiction
(Carey et al.,, 2005; Muller et al., 2007), suicidal behavior (Mann, 1999),
schizophrenia (Abi-Dargham, 2007; Aghajanian and Marek, 2000;
Hurlemann et al., 2005; Hurlemann et al., 2008), Alzheimer (Ouchi et al.,

2009), migraine (Panconesi, 2008) and epilepsy (Assem-Hilger et al., 2010).
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Figure 20: Structural formula of 5-hydroxytryptamine (5-HT, serotonin). Re-
produced from (Nichols and Nichols, 2008).

Serotonin mediates its numerous effects by binding to a large family of re-
ceptors categorized according to their structural diversity, mode of action
and pharmacologic specifications. So far seven major families of serotonin
receptors (5-HT1 to 5-HT7) and at least 16 subtypes of 5-HT receptors and
a serotonin transporter (5-HTT) have been identified (Hoyer et al., 2002;
Melke et al., 2003). Different receptor subtypes do not show homogenous
functions and distribution in the brain (Saulin et al., 2012). Therefore, map-
ping of 5-HT receptor subtypes is a substantial step to understand the path-
ophysiology of psychiatric disorders. Currently, the serotonergic system is
one of the main targets of pharmacologic treatment interventions and is also
under focus for the purpose of developing new psychoactive drugs. Interest-
ingly, many established serotonin-related compounds such as tricyclic and

31



tetracyclic antidepressants, and atypical neuroleptics have been discovered
by serendipity. Nonetheless, continuous investigation of treatment strategies

relies on fundamental and refined knowledge about this system.

1.2.1 5-HT4 receptor

The 5-HT1 receptor family consists of five subtypes (1A, 1B, 1D, 1E and 1F)
that inhibits the formation of cyclic adenosine monophosphate (CAMP) and
plays an inhibitory function. The 5-HTa receptor is a G-protein-coupled re-
ceptor. Among the 5-HT1 receptors, 5-HT14 is of special interest because it
is the most widespread receptor type in the mammalian brain (Herold et al.,
2012). It appears as somatodendritic autoreceptor on serotonin neurons in
the raphe nuclei controlling serotonergic cell firing (Evans et al., 2008; Hajos
et al., 2001) and as heteroreceptors in projection areas inhibiting postsynap-
tic cell firing (Fink and Gothert, 2007). Quantitative determination of 5-HT1a
receptors in the human brain has been become possible using PET and se-
lective radioligands such as [carbonyl-**C]WAY-100635 (Pike et al., 1995),
[*®FJFCWAY (Carson et al., 2000), [**FIMPPF (Shiue et al., 1997), and
[*'C]CUMI-101 (Milak et al., 2008).
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Figure 21: Average distribution of the serotonin 1A (5-HT;a) receptor in

the human brain measured with PET and the radioligand [carbonyl-
HCIWAY-100635. The color table indicates receptor binding potentials. Re-
produced from (Saulin et al., 2012); created by Savli.
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1.2.2 5-HT.g receptor

5-HTi5 receptors are located presynaptically on both serotonergic neurons
as autoreceptors and on non-serotonergic neurons as heteroreceptors
(Boschert et al., 1994; Clark and Neumaier, 2001; Sari et al., 1999), where
they are involved in the release of a range of neurotransmitters such as ser-
otonin (Martin et al.,, 1992), dopamine (Sarhan et al., 1999), acetylcholine
(Maura and Raiteri, 1986), glutamate (Muramatsu et al., 1998), noradrena-
line (Hoyer et al., 1990) and GABA (Bramley et al., 2005; Tanaka and North,
1993). So far two 5-HTyg radioligands, [*'C]JP943 (Gallezot et al., 2010;
Nabulsi et al., 2010) and [*'C]AZ10419369 (Varnas et al., 2011), suitable for
human PET imaging have been developed to study the function of these
receptors in vivo and to investigate their role in the pathophysiology of neu-

ropsychiatric disorders.
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Serotonin-1B Receptor Binding Potential

Figure 22: Average distribution of the serotonin 1B (5-HTg) receptor in
the human brain measured with PET and the radioligand [*'C]P943. The
color table indicates receptor binding potentials. Reproduced from (Saulin et
al., 2012); created by Sauvli.
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1.2.3 5-HT,5 receptor

The 5-HT2 receptor group includes excitatory receptors. The most exten-
sively studied and characterized among them is 5-HT,a which is the main
excitatory receptor subtype in the serotonergic system. Located postsynapti-

cally, the 5-HT,a receptor is a G-protein-coupled receptor. [®FJaltanserin is

the most frequently used radioligand for evaluating 5-HT,a receptors in vivo
(Lemaire et al., 1991), while [**C]MDL100907 studies are rare (Talbot et al.,
2012).

Figure 23: Average distribution of the serotonin 2A (5-HT2a) receptor in
the human brain measured with PET and the radioligand [**F]altanserin. The
color table indicates receptor binding potentials. Reproduced from (Saulin et
al., 2012); created by Sauvli.
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1.2.4 The serotonin transporter

The serotonin transporter (SERT or 5-HTT) is a monoamine integral mem-
brane transporter protein. Because of its role in the regulation of sero-
tonergic concentration and signal activation it has received considerable at-
tention. The concentration of synaptic serotonin is directly controlled by its
reuptake, thus it became a molecular target for drugs (e.g. selective seroto-
nin reuptake inhibitors) that alter 5-HTT function. The most promising PET
ligands applied in the studies involving 5-HTT are [*!C]JDASB (Houle et al.,
2000a) and [**C]JMADAM (Lundberg et al., 2005).

Serotonin Transporter Binding Potential

Figure 24: Average distribution of the serotonin transporter (5-HTT, SERT)
in the human brain measured with PET and the radioligand [**C]DASB. The
color table indicates receptor binding potentials. Reproduced from (Saulin et
al., 2012); created by Sauvli.
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1.3 Brain receptor imaging

Receptors are specific structures (usually proteins) on membranes that play
a pivotal role in brain function exerting regulatory roles on neurotransmission
(Heiss and Herholz, 2006). On the presynaptic site they control transmitter
release and reuptake. Postsynaptically, monoamine induced signals lead to
defined response cascades either by G-protein coupled receptors (second
messenger) or ligand-gated ion channels. The large number of receptors
and transporters tremendously varies in their distribution throughout the
brain. PET is a molecular imaging tool for the in vivo measurement and
characterization of these biomolecules (Weissleder and Mahmood, 2001).
Therefore radiotracers are required, which are radioactive labelled mole-
cules that follow or trace the desired target (Price, 2003). Most essential for
the quantification are appropriate radiotracers to visualize targets such as
receptors, transporters and enzymes (Laruelle et al., 2003). Ideally they are
analogues of systemic substances and profess identical behaviour similarly
to the biological organism (Cherry et al., 2003). The development of ade-
guate candidates is a challenging undertaking since they need to meet a
number of pharmacological criteria until becoming suitable radioligands. First,
when the tracer is applied to the organism, it ought not to perturb the biologi-
cal system, hence a small amount of substance with sufficient sensitivity is
required (Price, 2003). Second, it should not be toxic and cross the blood-
brain barrier (BBB). The latter limits its lipophilicity (logP value) to approxi-
mately 1.5-4, and its molecular weight below 450. Third, the tracer should
selectively bind with a high affinity to the respective binding site (high selec-
tivity and affinity), while the affinity on the one hand needs to be high enough
resulting in an acceptable signal-to-noise ratio, on the other hand not too
high in order to reach the binding equilibrium within the given scan time.
Fourth, during metabolism its radiolabelled metabolites should not enter the
brain (Laruelle et al., 2003). Additionally, some requirements are further
complicating the success of the potential tracer, since they are in opposing

direction, e.g. a higher lipophilicity facilities easier brain penetration, which is
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desirable, but at the same time promotes nonspecific binding, a less favour-
able property. Furthermore, the translation of chemical compounds from ro-
dents to non-human primates and finally to humans remains another com-
plex task, since the successful parameters in one species often cannot be

linearly translated to another.

serotonin
receptor

Figure 25: The serotonin neuron. Serotonin is released presynaptically from
vesicles into the synaptic cleft and bind to receptors located on both pre- and

postsynaptic target sites. Reproduced from unibe.ch.
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1.3.1 Receptor Quantification

The fundamental concept of the quantification of molecular targets such as
receptors, has been preceded by decades of research and originates from
in vitro radioligand binding assays (Ichise et al., 2001). In vitro, the absolute
number of binding sites (Bmax) and the affinity (Kp) is determined using a ra-
diotracer together with the unlabelled radioligand at different concentrations.
In humans, the same in vivo experiments cannot be performed due the high
amount of unlabelled drugs required (Frankle et al., 2005). Therefore the
‘Binding Potential’ (BP) has been introduced for PET imaging which consti-
tutes the main outcome measure in neuroreceptor quantification (Mintun et
al., 1984). The BP (ml/g) equals to the ratio of receptor density (Bmax NM or
fmol per gram of tissue) and radioligand equilibrium dissociation constant
(Kp), which is the inverse of the ligand affinity (1/Kp, nM, or fmol per mL of

brain water).

Bp=lmx_p .1 =B affinity (13)
Kp Kp

In a reversible receptor model (see Figure 26), where the ligand [L] and the
receptor [R] are freely mixed, the biomolecular association and unimolecular
dissociation are assumed to from a complex [RL] (Laruelle et al., 2003). This
interaction has been described by (Michaelis and Menten, 1913):

Kon/Koft
[L] + [R] &= [R][L] (14)

where [L] is the concentration of the radioligand, [R] is the unbound receptor,
[RL] is the concentration of the receptor-ligand complex, and ko, (ligand-
receptor association rate) and K (ligand-receptor complex dissociation rate)

are the kinetic rate constants (Ichise et al., 2001).
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Figure 26: Receptor-Ligand model

The concentration of the receptor-ligand complex [LR] will change over time
proportionally to the free concentration of the ligand [L]. In contrast, the free
concentration of the receptor [R] is decreasing proportionally to [LR] (Frankle
et al., 2005):

d([RL])
dt

= Kon[L][R] — Kot[RL] (15)

where @ is the change in the concentration of the receptor-ligand com-

plex over time. When the system reaches equilibrium, i.e. @ = 0, then

kon [L] [R] = koﬁ[RL] (16)
and
[LIR] _ kon _
TR ko D a7

where Kp is the equilibrium dissociation constant. Equilibrium is the condition
in which association and dissociation of the ligand-receptor complex equal
per unit time (Laruelle et al., 2003). Since the unit of ke is time™ and the
units of kon (concentration - time) ™, the equilibrium dissociation constant has

the units of concentration (Slifstein and Laruelle, 2001).
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1.4 Neuroanatomy

The cerebral cortex has been subdivided into numerous distinct areas char-
acterized by structural, functional and cytoarchitectonic features (Zilles et al.,
2002). Among several segregations of the human cortex, the “Brodmann
areas” (BA) introduced in 1909 became the most popular ones (Zilles and
Amunts, 2010). It describes the cytoarchitectonic segregation of the cortex.
Even current neuroimaging study results are frequently reported based on
the Brodmann areas. Another more recent somatotopically ordered repre-
sentational map is the anatomical parcellation by Tzourio-Mazoyer (Tzourio-
Mazoyer et al., 2002). In this method the spatially normalized single-subject
high-resolution T1-weighted volume provided by the Montreal Neurological
Institute (MNI) has been categorized into 3D definitions of various volumes
of interest in each hemisphere.

Brodmann, 1909 3

Figure 27: Brodmann Areas. Reproduced from (Zilles and Amunts, 2010)
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Figure 28: Macroscopic anatomic parcellation of the MNI MRI single subject
brain (AAL Regions) according to (Tzourio-Mazoyer et al., 2002)
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1.5 Databases

Databases from post-mortem and also in vivo human studies that quantified
the abovementioned receptors are readily available. These databases, how-
ever, have provided the data of selected regions of interest only, thus the
availability of a comprehensive dataset with a thorough coverage of the en-
tire brain is desirable. Besides, existing datasets of serotonergic protein
binding potentials are quantified on the basis of individually delineated ROIs
which make the measurements dependent on the investigator's abilities.
Furthermore, multiple receptor subsystems are usually not quantified within
one specific study and methodologies of data collection and analysis vary
often considerably in different studies. In other words, the manner of treating
data of various serotonergic proteins is not identical and correspondingly the
data of various subsystems obtained by different studies impedes direct
comparisons. Data sharing in neuroimaging research is seemingly of great
value. Making neuroimaging data suitable for sharing and comparable
across multiple centers is challenging, but it would encourage data pooling
and meta-analysis and researchers without an access to neuroimaging mo-
dalities would benefit from the opportunity of conducting studies using exist-

ing data.
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2 Experimental Setup and Methods

2.1 Participants

A total of 95 healthy subjects (mean age = 28.0+6.9 years, range= 18-54, 59%
males) were included in this multicenter PET study. For demographic details
see Table 3. All subjects were recruited via advertisement and had partici-
pated in previous studies as healthy control subjects (Gallezot et al., 2010;
Hurlemann et al., 2008; Lanzenberger et al., 2007; Stein et al., 2008). Prior
to inclusion, all subjects underwent a medical examination including general
physical, neurological and mental health status, and were excluded if they
had any previous substance or alcohol abuse. All subjects were physically
healthy and life-time naive for psychotropic drugs. Furthermore, female par-
ticipants were tested for pregnancy prior to PET-measurement. All partici-
pants gave written informed consent according to the procedures approved
by the local Ethics Committees at the Medical University of Vienna, the Med-
ical Faculty of the University of Disseldorf and the Yale School of Medicine

Human Investigation Committee.
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2.2 Radiosynthesis and data acquisition

2.2.1 [carbonyl-"'C]WAY-100635

[carbonyl-""C]WAY-100635 (N-(2-(1-(4-(2-Methoxyphenyl)-piperazinyl)ethyl)-
N-pyridinyl)cyclohexane-[carbonyl-**C]carboxamide) binds with high affinity
and selectivity to the 5-HT;4 receptor (Farde et al., 1997; Pike et al., 1996). It
is furthermore a 5-HT;a receptor antagonist (Pike et al., 1996). [carbonyl-
1CI]WAY-100635 was synthesized according to an optimized procedure
(Wadsak et al., 2007) at the Radiochemistry Unit of the PET center at the
Department of Nuclear Medicine at the Medical University of Vienna. PET
scans were conducted with a GE Advance PET scanner (General Electric
Medical Systems, Milwaukee, Wisconsin) at the Department of Nuclear Med-
icine, Medical University of Vienna as described previously (Fink et al., 2009;
Lanzenberger et al., 2007; Spindelegger et al., 2009)). Briefly, the head of
each subject was placed in the scanner parallel to the orbitomeatal line us-
ing a laser beam system. Correct positioning was carried out with a scout
scan in order to cover the cerebellum in the field of view (FOV). A polyure-
thane cushion and straps covering forehead and chin were used to ensure a
stable head position during scan time. Subjects were also instructed not to
speak or move during the measurement. Tissue attenuation was measured
in a five-minute transmission scan in 2D mode with a retractable °®Ge ring
source. The 3D dynamic acquisition started simultaneously with intravenous
bolus injection of [carbonyl-'*C]WAY-100635 solved in phosphate buffered
saline (pH 7.4). The mean injected activity of the radioligand was 5.65+0.8
(mean = SD) MBg/kg body weight, with a mean specific radioactivity at the
time of injection of 153+117 GBg/pmol, and a radiochemical purity of
97.5+1.3%. Thirty time frames covering the total acquisition time of 90 min
were acquired, 15 frames of 1 min and 15 frames of 5 min duration. Scatter
and attenuation correction were applied and PET data were reconstructed
by means of an iterative filtered back-projection algorithm (FORE-ITER) re-
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sulting in 35 contiguous slices (matrix 128x128) with a spatial resolution of

4.36 mm full-width at half maximum (FWHM) at the center of the FOV.

Figure 29: Structural formula of [carbonyl-"*C]WAY-100635. Reproduced
from (Farde et al., 1997).

Figure 30: Dynamic PET scan of the 5-HT14 antagonist [carbonyl-"*C]WAY-
100635. Each image represents one time frame of the same slice through
the course of 90min and demonstrates accumulation of the radiotracer as
well as wash out phase and tracer decay. Colour codes indicate radiotracer
concentration given in Bg/cc.
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Figure 31: Average time activity curves (TACs) for [carbonyl-''C]WAY-
100635 binding of 12 representative regions of interest (ROIs) through the
course of 90 min. High peaks in the beginning indicate a rapid influx of the
ligand, however it soon reaches binding equilibrium.
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2.2.2 ["'C]P943

[*'C]P943 (R-1-[4-(2-methoxy-isopropyl)-phenyl]-3-[2-(4-methyl-piperazin-1-
yl)benzyl]-pyrrolidin-2-one) is a potent 5-HT;g antagonist, which binds with
high affinity to the 5-HT,g receptors (Gallezot et al., 2010; Nabulsi et al.,
2010). It is a highly selective ligand, since the in vitro affinity of P943 is at
least 100-fold lower for other 5-HT and non-5-HT receptors. Behaving as an
in vitro antagonist, P943 blocks the reduction in adenylate cyclase activity
elicited in isolated guinea pig substantia nigra by a 5-HTg agonist (Gallezot
et al., 2010). [*'C]P943 was prepared at the Department of Diagnostic Radi-
ology, Yale University, New Haven. PET image acquisition and image re-
construction were performed as described previously (Gallezot et al., 2010;
Nabulsi et al., 2010). Briefly, reagents and solvents were purchased from
Sigma-Aldrich, Fisher Scientific, Merck or J. T. Baker. Both the P943 stand-
ard and the N-desmethyl-precursor were provided by Pfizer, Inc. Synthesis
of [*'C]P943 was carried out primarily with the GE's TRACERLab™ FXC
automated synthesizer. Radioisotope C-11 carbon dioxide ([*'C]CO,) was
produced by the **N(p,o)*'C nuclear reaction with the PETtrace cyclotron
(GE Medical Systems) using 16.5£0.1 MeV proton irradiation (40 min, 55 pA)
of nitrogen gas (6.0) mixed with 0.5% oxygen (6.0). C-11 methyl iodide
([*'C]CH3sl) was synthesized from [*'C]CO, using the GE’s Mel Microlab®
module. Briefly, [*'C]CO. was catalytically reduced with H, to C-11 methane
([*'C]CH,) followed by solid phase reaction with iodine to form [“'C]CHsl
(Larsen et al., 1997). Then [*'C]CHsl was delivered to the FXC module,
where it was swept through the silver triflate column ((Jewett, 1992)) at 190°
C, and the resulting [*'C]methyl triflate was bubbled into a solution of
desmethyl P943 (1 mg) in 400 pL of anhydrous dimethylformamide (DMF)
cooled at -30° C until activity peaked. The resulting solution was then heated
at 100 C for 4 minutes. The reaction mixture was cooled down to 80" C, then
diluted with 1 mL of de-ionized water and purified by preparative RP-HPLC.
A Phenomenex’s Luna 10u C18(2) 250 x 10 mm semi preparative reverse-

phase column was used, and eluted under isocratic conditions with a mobile
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phase composed of 40:60 (v/v) acetonitrile/0.1 M ammonium acetate buffer
of pH 5.5 (adjusted with glacial acetic acid) and a flow rate of 5 mL/min. The
radio-fraction eluting between 11-13 min was collected in the round-bottom
flask containing 50 mL of de-ionized water, and loaded onto a Waters Clas-
sic C18 Sep-Pak cartridge. The Sep-Pak was washed with 10 mL of 1 mM
HCI, and then eluted with 1 mL ethanol into the FXC’s product vessel, which
contained a mixture of 7 mL saline and 40 pL of 4.2% sodium bicarbonate
(sterile, preservative and pyrogen free). The Sep-Pak was further eluted with
saline (3 mL), and the combined product mixture was passed through a ster-
ile 0.2 um membrane filter (13 mm, Millipores MILLEX GV) into a sterile as-
sembly comprising of a QC vial connected to a vented dose vial. Identity of
the tracer was confirmed by a co-injection with the standard. On the average,
the total synthesis time (n=100) was about 38 min from end of beam (EOB),
with a radiochemical yield of 10% (decay uncorrected) at end of synthesis
(EOS). The average radiochemical activity (non-decay corrected and based
on trapped [*'C]methyl triflate) has been 2405 + 962 MBq, with an average
specific activity of 351.5 + 133.2 GBg/umol calculated at EOS. The average

chemical and radiochemical purities were 295%.

11(?H3

»

Figure 32: Structural formula of [*'C]P943. Reproduced from (Nabulsi et al.,
2010).
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Figure 33: Average time activity curves (TACs) for [**FJaltanserin binding of
12 representative regions of interest (ROIs) through the course of 120 min.

52



2.2.3 [*®FJaltanserin

[*®F]altanserin (3-[2-[4-(4-[*®F]Fluorobenzoyl)-1-piperidyl]ethyl]-2-sulfanyl-3H-
quinazolin-4-one) is a highly selective radioligand for the 5-HT,a receptor.
Radiosynthesis was performed at the Institute of Nuclear Chemistry, Re-
search Center Jilich as published previously (Hurlemann et al.,, 2005;
Hurlemann et al., 2008). Briefly, ['®F]altanserin was synthetized according to
(Lemaire et al., 1991) followed by high performance liquid chromatography
(HPLC) (Hamacher, 1995). The radiochemical yield was ~30% and the radi-
ochemical purity >99%. Mean specific radioactivity was 177+104GBg/pumol
at the time of injection. PET scans were performed with a Siemens ECAT
EXACT HR+ scanner (Siemens-CTI, Knoxville, TN, USA) in 3 dimensional
mode. A lead ring was inserted into the scanner gantry to reduce scatter
from outside the FOV. Attenuation correction was obtained by a 10min

transmission scan (with three ®®Ge/®*Ga line sources).

H
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Figure 34: Structural formula of [*®FJaltanserin. Reproduced from (Biver et
al., 1997).

[*®F]altanserin was injected as a slow bolus over 2min followed by continu-
ous infusion with a bolus/infusion ratio of Kgs=2.1h. Mean injected radioac-
tivity was 230+11MBq solved in 10ml saline. Dynamic PET data were rec-
orded in six time frames of 10min length starting from 120min after the intra-
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venous application of [*®F]altanserin. Venous blood samples were drawn at 2,
5, 10, 20, 30, 45, 60, 120, 130, 140, 150, 160, 170, and 180 min post-
injection. Selective liquid extraction with quantitation of the recovery of total
radioactivity was applied to determine the fraction of radioactive parent com-
pound in plasma, followed by thin-layer chromatography (Matusch et al.,
2007). Decay, scatter and attenuation correction, and correction for randoms
were applied before rebinning into 2D sinograms (FORE). PET data were
reconstructed by filtered backprojection (Shepp filter, filter width = 2.5mm)
resulting in a voxel size of 2x2x2.43mm3 (63 slices; FWHM 5.8x5.8x6.6mm3

at 10cm from the central axis).
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2.2.4 ["'C]DASB

[*'CIDASB  ([*'C]N,N-Dimethyl-2-(2-amino-4-cyanophenylthio)benzylamine)
is a highly selective radioligand for the in vivo quantification of the serotonin
transporter (Ginovart et al.,, 2001; Houle et al., 2000b; Wilson et al., 2002;
Wilson et al., 2000). ["'C]DASB was synthesized in the Department of Nu-
clear Medicine of the Medical University of Vienna (for details see (Haeusler
et al., 2009)). Briefly, ["'C]DASB was prepared in a fully-automated
Cll-methylation synthesizer (GE Medical Systems, Uppsala, Sweden).
Freshly prepared [*'C]methyl iodide was trapped online in the reaction mix-
ture containing 1 mg of precursor (MASB; desmethyl-DASB; obtained from
ABX, Radeberg, Germany) in 500 pL of DMSO (dimethylsulfoxide). The re-
action mixture was heated at 100°C for 2 min, diluted with 1 mL of mobile
phase and subsequently transferred to the semi-preparative HPLC system
(column: Supelco ABZ+ 5 um, 250 x 10 mm). Purification was achieved us-
ing RP-HPLC with a mobile phase consisting of 40% acetonitrile and 60%
0.1 mol/L ammonium acetate at a flow rate of 8mL/min. The product fraction
was then diluted and subjected to solid phase extraction (Waters, C18 Sep-
Pak) to reduce contents of residual solvents. After washing with water the
purified product was eluted with ethanol. Finally, the ethanolic product solu-
tion was formulated with saline and phosphate buffer and sterile filtrated un-
der aseptic conditions (laminar air flow hot cell). Typically, 2-9 GBq of
[*'C]DASB were prepared within 35+3 min (n=66). Subsequently, quality
control was assessed measuring radiochemical and chemical purity (using
analytical HPLC), pH, isotonicity, radionuclidic purity and residual solvents
(using gas chromatography). Sterility and endotoxines were controlled after
the release of the product, in accordance with the regulations for radiophar-
maceutical preparations laid down in the European Pharmacopoiea (2005).
The injected radioactivity (mean = 344.5 MBq, SD = 57) was of high radio-
chemical purity (>95%, mean 98.5%, SD=1.3) and of high specific activity
(mean = 40.4 GBg/umol, SD = 20.8) at the time of injection.
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Figure 35: Average time activity curves (TACs) for ['!C]DASB binding of 12
representative regions of interest (ROIs) through the course of 90 min. Trac-
er shows slow kinetics and reaches binding equilibrium at late time points.
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PET scans were conducted with a GE Advance PET scanner (General Elec-
tric Medical Systems, Milwaukee, Wisconsin) at the Department of Nuclear
Medicine, Medical University of Vienna. The 3D dynamic acquisition started

simultaneously with intravenous bolus injection of [*'C]DASB.

NH,
q CN
N(CHz)2

Figure 36: Structural formula of [*'*C]DASB. Reproduced from (Houle et al.,
2000b).
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Figure 37: Hot cell for radioligand production.
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Figure 38: Schematic illustration of an exemplary brain receptor PET study

from synthesis to receptor distribution.
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2.3 Image preprocessing

Raw PET scans were inspected visually and motion correction using SPM8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) was carried out by co-
registration of each frame to the mean of the subjects’ motion-free frames.
Dynamic PET scans were normalized onto tracer-specific templates in MNI
stereotactic space by computing the transformation matrices of individual
PETapp (sum over all time frames) and subsequent application to dynamic
scans. Preprocessing of 5-HT,5 scans were performed at the Research Cen-
tre Julich using SPM2 (Hurlemann et al., 2008). Ligand-specific templates
were created following the approach introduced by Meyer and colleagues
(Meyer et al., 1999) and provided mean values for each voxel. Furthermore,
an isotropic 8mm Gaussian kernel was chosen for smoothing the original
PET images. Finally, the quality of each spatial normalization was visually
inspected again and adapted if necessary.

2.4 Region of interest definition

In order to avoid the bias induced by manual region of interest (ROI) delinea-
tion a standardized ROI template was generated comprising numerous brain
areas. The ROI template (see Figures 39 and 40) follows two popular parcel-
lation schemes: 1) Brodmann Areas comprising 41 ROIs and 2) the auto-
mated anatomical labeling (AAL) brain atlas (Tzourio-Mazoyer et al., 2002)
based on the MNI T1-weighted brain covering cortical as well as subcortical
regions (Fink et al., 2009; Stein et al., 2008). Furthermore, the template was
completed by midbrain and raphe ROIs, thus constituting a total of 52 ROIs.
A detailed list of ROl names can be found in Tables 4 and 5.
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Figure 39 depicts the regions of interest (ROI) template according to the
automated anatomic labeling (AAL) parcellation scheme (Tzourio-
Mazoyer et al., 2002) superimposed on a mean [carbonyl-"*C]WAY-100635
PET image. This template comprises 52 ROIs on both hemispheres. A
detailed list of ROl names can be found in Table 4. The PET image reflects
the distribution of 5-HT;an receptors. Selected transaxial views at
z =-46, -34, -14, -4, 44, and 66 mm are parallel to the anterior commissure
and posterior commisure (AC-PC) plane. Reproduced from (Savli et al.,
2012).
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Figure 40 depicts the regions of interest (ROI) template according to the
Brodmann Areas organizational scheme superimposed on mean [carbonyl-
HCIJWAY-100635 PET image. This template comprises 41 ROIs on both
hemispheres. A detailed list of ROl names can be found in Table 4. The PET
image reflects the distribution of 5-HT;4 receptors. Selected transaxial views
at z=-46, -34, -14, -4, 44, and 66 mm are parallel to the anterior
commissure and posterior commisure (AC-PC) plane. Reproduced from
(Savli et al., 2012).

61



2.5 Data quantification

An in-house MATLAB program computed time activity curves from normal-
ized PET scans applying the ROI template to each scan. The outcome pa-
rameter from the PET studies, the binding potential (BP, (Innis et al., 2007)),
which serves as an index for receptor density, was calculated using the ki-
netic modeling tool PKIN as implemented in PMOD (PMOD Technologies
Ltd, Zirich, Switzerland). For quantification of [carbonyl-'*C]WAY-100635,
['C]P943 and [*'C]DASB binding the “multilinear reference tissue model”
(MRTM/MRTMZ2) was used as described previously by Ichise et al. (Ichise et
al., 2003). The clearance rate k' was calculated individually for insula
(5-HT1a), calcarine fissure (5-HT1g) and thalamus (5-HTT) ROIs, respectively,
using MRTM and subsequently inserted into MRTM2. Since the cerebellum
has been reported either devoid of or containing negligible receptor densities,
it is a suitable reference region (Ginovart et al., 2001; Kish et al., 2005;
Parsey et al., 2005). Cerebellar ROIs were drawn symmetrically on three
contiguous slices representing grey matter excluding vermis and venous si-
nus (Parsey et al., 2006). BP\p was calculated using the cerebellum as ref-
erence region. [*®FJaltanserin scans were parameterized on the basis of the
cerebellum as a reference region (Creference) @nd the plasma activity concen-
tration attributable to parent compound (Cpiasma) according to the following
equation: BPp = (Croi — Creference) / Cppc With radioactivity concentrations
averaged from 120 to 180 min p.i. (Pinborg et al., 2003). [*®F]altanserin bind-
ing potentials were read out from parameterized maps. Additionally to the
ROI analysis mean tracer-specific whole-brain voxel-wise maps were com-
puted. This was accomplished by first calculating binding potential values for

each voxel and subsequently averaging individual maps (see Figure 41).
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2.6 Statistical analysis

Quantitative data analysis consisted of descriptive statistics (arithmetic mean,
standard deviation, and range) and of correlation analysis. All calculations
were computed using the software package R 2.14.2. To assess the quality
of the ROI template regarding outcome parameters, binding potentials with
results from 10 representative invivo PET databases were compared
(Adams et al., 2004; Bose et al., 2011; Cannon et al., 2006; Gallezot et al.,
2010; Hurlemann et al., 2008; Ito et al., 1999; Meltzer et al., 2001; Rabiner
et al., 2002; Takano et al., 2010; Tauscher et al., 2001) compiled from man-
ual delineation procedures. To this end, data from corresponding ROIs was
collected and correlation coefficients were calculated for each subset. Both,
Pearson and Spearman coefficients were computed since some studies in-

volved only few ROIs.

Moreover, in vivo binding potentials were compared with post-mortem bind-
ing as given in the autoradiography study of Varnas et al. (Varnas et al.,
2004). Here, the 17 matching ROIs were anterior cingulate cortex, posterior
cingulate cortex, insular cortex, frontal cortex, temporal polar cortex, tem-
poral cortex, occipital cortex, hippocampus, parahippocampal gyrus, amyg-
dala, globus pallidus, caudate nucleus, putamen, striatum, thalamus, brain-
stem, and dorsal raphe nucleus. For comparison with in vivo PET data, the
post-mortem values were averaged for different cortical layers for each re-
gion. Finally, linear equations were computed to establish direct associations
from binding potentials to tissue binding but excluding extreme outliers

caused by e.g. partial volume effects.

Applying average ROI BPs, partial correlation coefficients between receptor
pairs were calculated to scrutinize associations within serotonergic binding
proteins. The arrangement of these pairs was 5-HT;a versus 5-HT,a con-
trolled for 5-HT1g and 5-HTT, 5-HTp versus 5-HT,a controlled for 5-HT;g and
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5-HTT, 5-HTa versus 5-HT; g controlled for 5-HT,5 and 5-HTT. Both atlases
(BA and AAL ROIs) were examined separately.
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3 Results

The distribution patterns of the four proteins measured with the radioligands
[carbonyl-""C]WAY-100635, [**C]P943, [**F]altanserin, and [**C]DASB were
diverse from each other. Average voxel-wise maps are illustrated in Figure
41. Regional binding potential values are reported as mean, SD values and
range in Tables 4 and 5. ROI volumes ranged from 0.05cm3 in dorsal and
median raphe nucleus to 58.3cm? in middle frontal gyrus and 0.7cm? in BA26
to 101.46cm?3 in BA48. Moreover, mean binding potential values displayed
as polar coordinate plots resulted in distinct topological patterns for each

protein (see Figures 42 and 43).
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Figure 41: Distribution of the serotonin 1A receptor (5-HT1a) (a), the seroto-
nin 2A receptor (5-HT2a) (b), serotonin 1B (5-HT;g) receptor (c) and the ser-
otonin transporter (5-HTT) (d) in the human brain measured with PET using
the selective radioligands [carbonyl-'*C]WAY-100635, [*®F]altanserin,
[*'C]P943 and [*'C]DASB, respectively. Color tables indicate receptor bind-
ing potentials. Maps are mean PET images based on healthy controls super-
imposed on a T1-weighted MRI in MNI space. Sagittal view at x=-1mm. Re-
produced from (Savli et al., 2012).
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3.1 PET Binding Potential

Binding potential values were quantified for both cortical parcellation
schemes (AAL and Brodmann Areas; see Tables 4 and 5). Briefly, the ROI
analysis yielded high 5-HT1a binding in frontal and temporal regions as well
as in the insula and the amygdala. Highest values were found in the tem-
poral pole and parahippocampal gyrus. Parietal areas, regions around cen-
tral gyrus and subcortical ROI except the dorsal raphe nucleus showed only
low specific tracer binding. Contrary to 5-HT1a, 5-HT1g mostly displayed bal-
anced BP\p with the exception of calcarine fissure, pallidum and nucleus
accumbens, where the highest values were obtained. Lowest BPyp were
found in the hippocampus, parahippocampal gyrus, but also in the thalamus,
midbrain, and amygdala. Similarly, 5-HT,a binding was relatively homoge-
nous throughout the cortex. Highest binding potentials were observed in
middle frontal gyrus, middle temporal gyrus, angular gyrus and calcarine fis-
sure, lowest in all subcortical ROIs, including the hippocampus and parahip-
pocampal gyrus. Inversely to receptor binding, 5-HTT was predominantly
high in subcortical regions with peak values in dorsal raphe nucleus, mid-
brain, and thalamus, whereas cortical binding was generally low. Moderate

binding was observed in the limbic lobe.
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Binding Potential (mean + SD) Range
Brain Area and Region of Interest Volume
(cm?) 5-HTua 5-HTza 5-HTie 5-HTT 5-HTua 5-HT2a 5-HTis 5-HTT
Central region
1  Precentral gyrus 37.01 245+043 115+029 0.74+0.15 0.21+0.10 174-340 044-154 0.39-0.98 0.02-0.42
2 Postcentral gyrus 40.73 2.68+0.47 1.33+036 0.70+0.16 0.25+0.10 1.76-3.76 0.50-1.93 0.37-1.00 0.07-0.42
3 Rolandic operculum 13.70 418+0.69 1.86+045 0.87+0.18 0.40+0.10 276-569 090-259 056-1.33 0.23-0.54
Frontal lobe, Lateral surface
4 Superior frontal gyrus, dorsolateral 54.88 3.25+056 1.46+042 0.81+0.17 0.20+0.09 215-466 037-212 051-1.25 0.06-0.36
5  Middle frontal gyrus 58.30 341+061 176+046 1.00+0.17 0.22+0.08 240-520 067-249 062-1.29 0.09-0.36
6 Inferior frontal gyrus, opercular part 15.49 350+058 1.68+0.44 0.93+0.18 0.23+0.09 2.34-508 065-238 055-1.33 0.10-0.40
7 Inferior frontal gyrus, triangular part 15.28 3.12+051 1.62+044 097+0.19 0.24+0.08 2.09-4.33 0.64-2.36 0.51-1.36 0.12-0.38
Frontal lobe, Medial surface
8  Superior frontal gyrus, medial 42.06 354+062 158+047 0.84+0.20 0.22+0.09 232-517 042-222 063-151 0.05-0.40
9  Supplementary motor area 36.68 3.04+052 1.32+043 0.75+0.17 0.29+0.11 2.06-423 019-193 050-112 0.12-0.50
10 ventromedial prefrontal cortex 32.11 4.04+0.70 156+0.40 0.73+0.13 0.43+0.08 255-6.10 066-230 0.56-1.17 0.30-0.56
11  Paracentral lobule 12.87 281+049 1.26+041 0.63+0.17 0.34+0.12 191-384 0.12-1.77 0.29-0.96 0.15-0.57
Frontal lobe, Orbital surface
12 Superior frontal gyrus, orbital part 14.28 415+0.72 1.70+0.47 0.81+0.19 0.39+0.08 271-6.05 061-252 062-151 0.24-0.51
13 Superior frontal gyrus, medial orbital 15.38 370062 153+0.38 0.80+0.15 0.30+0.07 240-536 0.75-222 057-130 0.18-0.41
14  Middle frontal gyrus, orbital part 13.38 3.54+064 180+044 0.93+0.14 0.27+0.07 239-517 083-246 072-131 0.14-0.40
15  Inferior frontal gyrus, orbital part 19.58 355+061 1.67+044 0.81+0.16 0.37+0.10 239-528 059-230 059-133 0.22-0.59
16  Gyrus rectus 8.85 469+088 1.77+050 0.78+0.18 0.44+0.08 286-731 069-267 051-139 0.34-0.60
17  Olfactory cortex 3.58 432+084 135+042 0.65+0.10 1.08+0.21 246-680 045-191 053-0.92 0.79-1.59
Temporal lobe, Lateral surface
18  Superior temporal gyrus 31.20 4.02+0.67 1.82+042 0.73+0.17 0.36+0.10 250-553 085-244 042-114 0.21-0.49
19  Heschl gyrus 3.23 4.02+062 171+042 0.83+0.15 0.55+0.14 271-536 089-240 058-1.05 0.31-0.74
20 Middle temporal gyrus 47.92 443+078 1.99+046 0.78+0.16 0.28+0.07 272-6.34 107-272 047-122 0.12-0.39
21  Inferior temporal gyrus 39.13 5.02+090 1.97+0.47 0.63+0.14 0.25+0.06 278-690 096-275 0.34-1.05 0.13-0.35
Parietal lobe, Lateral surface
22 Superior parietal gyrus 33.27 295+055 1.53+0.38 0.76+0.19 0.16 +0.09 1.81-4.25 0.72-223 0.48-1.15 -0.02-0.29
23 Inferior parietal, but supramarginal and angular gyri 26.42 341+060 1.69+045 0.79+0.17 0.17+0.07 2.29-488 062-238 043-1.08 0.04-0.27
24 Angular gyrus 19.78 3.53+0.60 1.93+047 0.84+0.16 0.17+0.06 225-499 087-263 057-112 0.04-0.26
25 Supramarginal gyrus 13.50 3.76+0.63 1.82+047 0.87+0.18 0.27+0.09 254-503 088-264 048-1.22 0.12-0.41
Parietal lobe, Medial surface
26  Precuneus 48.86 311+051 1.70+042 0.73+0.16 0.28+0.10 213-433 0.78-240 041-1.06 0.07-0.44
Occipital lobe, Lateral surface
27  Superior occipital gyrus 13.06 2.65+048 153+0.34 0.92+0.20 0.26+0.10 151-3.64 0.75-214 0.48-132 0.01-041
28 Middle occipital gyrus 22.45 3.38+059 1.78+0.40 0.86+0.19 0.20+0.07 2.04-469 101-248 057-133 0.01-0.27
29 Inferior occipital gyrus 9.47 340+057 1.77+041 0.66+0.20 0.23+0.08 214-456 099-244 025-1.24 0.04-0.34
Occipital lobe, Medial and inferior surfaces
30 Cuneus 14.73 252+042 177+040 0.87+023 0.35+0.13 141-3.28 1.03-242 0.53-1.41 0.02-0.60
31 Calcarine fissure and surrounding cortex 13.66 2.05+035 1.97+039 132+0.26 0.37+0.13 1.30-2.76 1.13-262 0.95-2.16 0.00-0.54
32 Lingual gyrus 25.55 280+043 146+036 0.72+0.16 0.37+0.12 1.71-373 0.61-205 0.48-1.07 0.08-0.64
33 Fusiform gyrus 35.94 499+083 167+040 0.49+0.11 0.40+0.08 3.29-6.66 0.74-227 029-0.75 0.22-0.53
Limbic lobe
Temporal pole: superior temporal gyrus 18.78 522+103 149+041 0.38+0.17 0.56+0.10 290-7.69 043-2.00 0.17-0.87 0.40-0.73
Temporal pole: middle temporal gyrus 10.05 564+118 174+043 0.45+0.13 0.51+0.10 2.86-833 075-241 0.13-0.67 0.33-0.72
Anterior cingulate and paracingulate gyri 13.51 3.90+0.71 1.64+046 0.89+0.18 0.48+0.09 257-570 059-236 062-143 0.31-0.61
Subgenual cingulate cortex 1.42 3.78+0.67 1.39+047 0.54+0.18 0.84+0.19 2.63-524 049-231 028-115 0.58-1.41
Median cingulate and paracingulate gyri 15.91 3.28+058 1.43+0.46 0.79+0.12 0.47+0.10 219-481 044-2.08 059-0.98 0.34-0.64
Posterior cingulate gyrus 2.75 252+049 115+045 0.49+0.18 0.37+0.11 1.29-348 0.32-198 0.16-0.80 0.20-0.57
Hippocampus 5.30 376069 050+024 0.25+0.08 0.48+0.11 243-513 -0.07-0.94 0.09-0.45 0.29-0.64
Parahippocampal gyrus 12.99 598+1.19 0.74+0.28 0.17+0.07 0.66+0.10 3.69-863 0.09-1.14 0.04-0.32 0.50-0.81
Insula
- Insula 32.77 486+078 1.67+041 0.79+0.16 0.68+0.10 332-7.10 067-222 049-1.20 0.51-0.82
Subcortical
Amygdala 3.56 412+0.87 049+028 0.32+0.11 154+0.25 262-6.19 -0.19-0.92 0.12-050 1.03-2.17
Pallidum 1.46 0.20+0.10 0.19+0.16 1.30+049 1.69+0.22 0.01-042 -0.19-042 0.79-3.22 1.35-219
Putamen 5.90 051+0.11 043+0.16 0.89+0.16 1.85+0.19 035-0.76 0.14-0.79 060-136 1.58-2.23
Caudate nucleus 1.76 030+0.11 0.40+0.17 0.88+0.15 1.85+0.22 0.09-050 0.04-0.75 064-129 1.45-237
Nuclues accumbens 0.33 1.15+024 035+026 147+032 231+0.35 0.68-1.76 -0.18-0.79 1.11-236 1.77-3.08
Striatum 9.86 0.58+0.12 045+0.16 0.93+0.16 1.89+0.19 0.42-086 0.09-0.76 0.66-139 1.61-2.25
Dorsal raphe nucleus 0.05 211+050 0.05+0.27 0.86+0.20 5.03+1.06 1.08-336 -0.40-059 050-1.40 3.70-7.81
Median raphe nucleus 0.05 206+051 <0 0.34+0.16 4.26+1.22 111-324 -0.74-046 0.03-0.74 291-6.77
Midbrain 0.70 122+029 <0* 0.56+0.10 3.28+0.50 0.63-1.87 -0.76-0.30 0.35-0.73 2.59-4.20
Thalamus 4.60 054+015 0.23+0.22 0.42+0.07 218+0.27 0.25-0.87 -0.30-0.62 0.33-0.63 1.79-2.75

# Regions devoid of protein binding resulted in values below zero.
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Table 4: Average binding potential, standard deviation and range according
to the AAL (automated anatomic labeling) organizational scheme including
52 regions of interest for the serotonin 1A (5-HTia), the serotonin 2A
(5-HT,a), and serotonin 1B (5-HT3g) receptors, and the serotonin transporter
(5-HTT) in the human brain measured with PET. Values are averaged for left
and right hemisphere. ROIs are aggregated by lobes and related areas. The

sequence and grey-scale correspond to Figure 42.
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. o Volume Binding Potential (mean + SD) Range
Functional attribution Brodmann Area 2
(em?) 5-HTu 5-HTax 5-HTie 5-HTT 5-HTin 5-HTon 5-HTie 5HTT

Somatosensory BA 1 237 2.37+0.46 1.19+0.39 0.65 +0.22 0.24+0.12 1.50 - 3.36 0.30-1.62 0.23-1.07 0.01-0.41
Somatosensory BA 2 11.47 2.86+0.51 1.42 +0.40 0.67 +£0.16 0.23+0.09 1.77 - 3.90 0.55-1.99 0.36 - 0.89 0.05-0.36
Somatosensory BA3 17.11 2.38£0.42 1.21+0.32 0.72+0.16 0.26£0.11 153-341 0.46 - 1.79 0.39-1.03 0.06 - 0.44
Motor BA 4 30.31 2.29+0.41 1.03+0.31 0.69+0.16 0.25+0.11 1.53-3.16 0.26 - 1.57 0.35-0.94 0.03-0.50
Somatosensory BA S5 18.84 2.72£0.49 1.19 £ 0.40 0.54 +0.17 0.25+0.11 1.91-3.94 0.11-1.79 0.20-0.86 0.08 - 0.44
Motor BA 6 76.66 2.86 £ 0.51 1.29+0.37 0.76 £0.15 0.18 £0.09 1.94 - 4.09 0.31-1.75 0.44-1.03 0.03-0.36
Visual - Parietal BA7 51.33 2.88+0.51 1.52 +0.39 0.72+0.17 0.16 £ 0.09 1.87-4.13 0.65-2.14 0.47-1.07 -0.02-0.29
Motor - Frontal Eye Fields BA8 25.80 3.16 £ 0.56 1.53+0.44 0.85+0.17 0.15+0.09 2.09-4.53 0.28-2.12 0.60-1.16 0.00-0.34
Cognition BA9 35.93 3.51+0.63 1.66 + 0.48 0.89+0.17 0.19+0.09 2.34-517 0.46 - 2.45 0.60-1.31 0.03-0.34
Cognition BA 10 39.82 3.88+0.68 1.70 £ 0.48 0.92+0.22 0.31+0.09 258-5.71 0.61-2.43 0.67-1.71 0.15-0.46
Cogpnition BA 11 40.90 3.86 + 0.66 1.60 + 0.40 0.76 £0.14 0.36 £0.07 2.52-5.68 0.71-2.29 0.58-1.23 0.23-0.47
Visual BA 17 21.55 2.28+0.37 1.93 +0.40 1.22+0.26 0.39+0.14 1.37-2.97 1.06 - 2.63 0.83-1.98 0.03-0.63
Visual BA 18 52.74 255041 1.57+0.34 0.82+0.18 0.30+0.11 1.52-3.27 0.82-2.09 0.54-1.30 0.03-0.48
Visual BA 19 49.54 3.09+0.51 1.59 £ 0.36 0.71+0.16 0.22+0.08 1.92-4.19 0.86-2.14 0.41-1.06 0.01-0.31
Visual - Temporal BA 20 59.91 5.29+0.98 1.78£0.44 0.52+0.11 0.30+0.07 297-741 0.85-2.47 0.33-0.80 0.14-0.42
Visual - Temporal BA 21 28.41 4.53 +0.86 1.98 £ 0.47 0.74 £ 0.16 0.31+0.07 2.64-6.72 1.02-2.78 0.46-1.13 0.17-0.44
Audition - Wernicke's BA 22 14.25 3.98+0.72 1.97 £ 0.46 0.77+0.17 0.29+0.08 2.32-5.68 0.96 - 2.81 0.45-1.19 0.15-0.42
Cognition BA 23 11.07 3.15+0.54 1.65+0.42 0.74+0.14 0.45+0.10 2.06-4.48 0.81-234 0.47-0.96 0.25-0.62
Cogpnition BA 24 9.46 3.40 £ 0.67 1.28 £ 0.47 0.81+0.15 0.60 +0.10 211-5.01 0.23-1.83 0.52-1.16 0.40-0.77
Cognition BA 25 5.53 3.87+0.74 1.26 £ 0.42 0.60 +0.10 0.93+0.19 2.18-591 0.40-1.79 0.43-0.83 0.67-1.48
Cogpnition BA 26 0.70 2.05+0.58 0.81 +0.56 0.52+£0.22 0.37+0.13 0.54 - 3.09 0.01-1.94 0.00-0.81 0.13-0.56
Visual - Temporal BA 27 1.89 2.58 +0.55 0.45+0.37 0.03 +£0.08 0.32+0.10 1.50 - 4.03 -0.47-1.10 -0.17-0.19 0.10-0.46
Cognition BA 28 3.66 5.41+1.32 0.51+0.29 0.21+0.12 1.09 £0.19 3.06 - 9.08 -0.26 - 0.86 0.03-0.48 0.74 - 1.53
Visual - Temporal BA 30 11.57 3.44+0.53 0.96 +£0.37 0.23+0.10 0.43+0.08 2.29-4.47 0.17-1.48 0.06 - 0.42 0.26 - 0.59
Somatosensory BA 31 18.08 3.58 +0.58 1.87 £0.46 0.80+0.15 0.38+0.10 2.40-5.10 0.88 - 2.62 0.52-1.05 0.18 - 0.54
Motor BA 32 28.60 3.35+0.57 1.49+0.43 0.82+0.16 0.34+0.09 2.20-4.69 0.50 - 2.05 0.60-1.37 0.19-0.47
Olfaction BA 34 3.42 3.19+0.55 0.47 +£0.27 0.37+0.12 1.58 £0.26 2.21-455 -0.21-0.87 0.14 - 0.56 1.09-2.22
Cognition BA 35 4.10 5.36 +1.09 0.38+0.25 0.22 +0.09 0.81+0.14 3.39-7.73 -0.18-0.75 0.04-0.45 0.58-1.03
Cogpnition BA 36 12.02 6.34 £ 1.30 1.23+0.37 0.28 £0.10 0.65+0.09 3.62-9.97 0.26-1.73 0.12-0.47 0.47-0.81
Visual - Temporal BA 37 47.74 4.20 +0.68 1.76 £ 0.41 0.60 +£0.14 0.28 +0.07 2.76 - 5.55 0.91 - 2.40 0.29-0.97 0.09-0.37
Emotion BA 38 20.47 4.92+1.03 1.51+0.42 0.37+0.15 0.50+0.10 2.59-7.58 0.45-1.99 0.12-0.82 0.36 - 0.69
Visual - Parietal BA 39 25.18 3.62+0.63 1.92 £ 0.46 0.81+0.16 0.16 £ 0.06 2.27-5.13 0.96 - 2.55 0.51-1.06 0.02-0.25
Somatosensory BA 40 28.95 3.31+0.58 1.67 £0.47 0.78+0.17 0.16 £ 0.08 2.12-4.68 0.60 - 2.36 0.41-1.05 0.02-0.26
Audition BA 41 2.88 3.05+0.52 1.44+0.41 0.67+0.13 0.32+0.10 2.06-4.35 0.59 - 2.06 0.48-1.03 0.19-0.50
Audition BA 42 6.10 4.28 +0.76 1.92 £0.47 0.89+0.20 0.32+0.08 2.81-6.05 0.76 - 2.63 0.53-1.32 0.18 - 0.44
Gustatory BA 43 4.55 3.06 +0.58 1.52+0.37 0.97+0.17 0.25+0.09 1.99 - 4.46 0.67 - 2.03 0.64-1.30 0.07-0.42
Language - Broca's BA 44 14.90 3.36 £ 0.60 1.74+£0.48 0.96 +£0.18 0.20 £ 0.09 2.25-5.00 0.68 - 2.42 0.60 - 1.27 0.06-0.38
Language - Broca's BA 45 19.29 3.34+0.57 1.76 £ 0.47 1.01+0.18 0.25+0.08 2.28-4.85 0.71-257 0.63-1.34 0.14-0.38
Cognition BA 46 24.18 3.47 +0.64 1.82+0.48 0.99+0.17 0.25+0.08 2.41-550 0.74 - 2.62 0.62-1.39 0.15-0.39
Cogpnition BA 47 23.03 3.54 +£0.60 1.72£0.45 0.88+0.18 0.36 £ 0.09 2.43-5.20 0.66 - 2.36 0.65-1.45 0.22-0.57
no distinct function BA 48 101.46 3.95+0.61 1.57 £0.39 0.75+0.15 0.49 +0.09 2.72-5.47 0.70 - 2.15 0.43-1.11 0.34-0.64

Table 5: Average binding potential, standard deviation and range according

to the Brodmann Area (BA) organizational scheme including 41 regions of

interest for the serotonin 1A (5-HT1a), the serotonin 2A (5-HT2.a), seroto-

nin 1B (5-HT4g) receptors, and the serotonin transporter (5-HTT) in the hu-

man brain measured with PET. Values are averaged for left and right hemi-

sphere. Brodmann Areas of similar functional attributions are illustrated in

Figure 43.
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Figure 42 shows the distinct topological pattern of the serotonin 1A (5-HT1a,

blue), serotonin 2A (5-HT,a, green), and serotonin 1B (5-HTig, yellow) re-

ceptors, and the serotonin transporter (5-HTT, red) across the human brain

listed according to the AAL (automated anatomic labeling) organizational

scheme including 52 regions of interest (ROI). The radial axis indicates bind-
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ing potential (BP) values measured by PET. BP values are averaged for left
and right hemisphere regions. ROIs are aggregated by lobes and related
areas. The sequence and grey-scale arcs correspond to Table 4. Repro-
duced from (Savli et al., 2012).
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Figure 43 shows the distinct topological pattern of the serotonin 1A (5-HTa,
blue), serotonin 2A (5-HT2a, green), and serotonin 1B (5-HTig, yellow) re-
ceptors, and the serotonin transporter (5-HTT, red) across the human brain
listed according to the Brodmann Area (BA) organizational scheme includ-
ing 41 regions of interest (ROI). The radial axis indicates binding potential
(BP) values measured by PET. BP values are averaged for left and right
hemisphere regions. Brodmann Areas are aggregated by areas of similar
functional attributions as indicated by arcs. See Table 5 for ordinal sequence.
Reproduced from (Savli et al., 2012).
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3.2 Comparison with in vivo data

Averaged BP values quantified by the automated template method present-
ed in this article were in good agreement with outcomes from manual delin-
eation procedures (R-values 0.73-0.99). Table 6 summarizes the correlation
coefficients between BP estimates obtained from the present study and cor-

responding findings from previously published in vivo databases.
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Table 6 summarizes the correlation coefficients between average binding

potential (BP) estimates obtained from the present PET study and corre-



sponding findings from other database results. For this comparison selected
regions of interest were included according to the data availability of the re-
spective study. Overall, BP values from the presented automated delineation
method significantly correlated with 10 comparable PET studies. HC col-
umns (healthy controls) indicate the number of subjects (male/female) in-
cluded.
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3.3 Comparison with post-mortem data

As illustrated in Figure 44 high concordance with post-mortem data obtained
from the autoradiography study of Varnas et al (Varnas et al., 2004) was ob-
served. Correlation coefficients for 5-HT14 were: r=0.44, p=0.076 (Pearson),
and p=0.76, p<0.001 (Spearman). Excluding the two outliers hippocampus
and dorsal raphe nucleus, with their remarkably high concentration, the cor-
relation coefficient increased to r=0.89, p<0.001 (Pearson). The translation
from in vivo BP\p to post-mortem receptor density (given in pmol/g) was es-

tablished by means of the linear equation:

[BH]WAY-100635 binding =
9.04 x [carbonyl- "'C|WAY-100635 BPyp — 3.15 (18)

Thus, a BPyp of 1 is equivalent to 5.89 pmol/g 5-HT density in tissue.

The 5-HTig correlation coefficients were r=0.63, p=0.006 (Pearson) and

p=0.64, p=0.006 (Spearman). The linear equation
[*H]GR 125743 binding = 18.46 x [''C]P943 BPyp, + 5.04 (19)

resulted in 23.5 pmol/g 5-HT1g receptor density in tissue corresponding to a
BPnp of 1.

The best accordance was observed in the 5-HT,a pair, with exceptionally
high correlation coefficients of r=0.93, p<0.001 (Pearson) and p=0.94,
p<0.001 (Spearman). Derived from the linear equation

[3BH]MDL100907 binding = 25.28 x [*®F]altanserin BP, + 6.16 20
g

the BPp of 1 equals 31.44 pmol/g 5-HT>a receptor density in tissue.
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Finally, for 5-HTT correlation coefficients were r=0.87, p<0.001 (Pearson)
and p=0.72, p=0.001 (Spearman). Excluding dorsal raphe ROI, the correla-
tion was r=0.71, p=0.002. Furthermore, the linear equation

italopram binding = 9.92 X np + 1.
[3H]Cital bindi 9.92 x [**C|DASB BP 1.41 21

yielded 11.33 pmol/g 5-HTT tissue density for a BPyp of 1.
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Figure 44 Iillustrates the linear relationship

Caudate nucleus

between receptor/transporter

in vivo binding potentials (BP) measured by PET and post-mortem binding

from autoradiography (Varnas et al., 2004). 17 matching regions of interest

were included to compare with PET data. Linear equations established the

translation between invivo BP to post-mortem receptor density (given in
pmol/g): [*H]WAY-100635 binding = 9.04 x [carbonyl-**C]WAY-100635 BPyp
- 3.15 (5-HT14), [*H]JGR125743 binding = 18.46 x ['C]P943 BPy\p + 5.04
(5-HT1g), [*HJMDL100907 binding = 25.28 x [“*FJaltanserin BPp + 6.16
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(5-HT24), [*H]Citalopram binding = 9.92 x [**C]DASB BPnp + 1.41 (5-HTT),
respectively. Dashed lines and R?-values (Pearson) in brackets denote as-
sociations excluding outliers (see results section). Error bars indicate stand-
ard deviations of the mean value. Reproduced from (Savli et al., 2012).
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Figure 45 shows the distinct topological pattern of the serotonin 1A (5-HT1a,

blue), serotonin 2A (5-HT2a, green), and serotonin 1B (5-HTig, yellow) re-

ceptors, and the serotonin transporter (5-HTT, red) across the human brain

listed according to the AAL (automated anatomic labeling) organizational

scheme including 52 regions of interest (ROI). The radial axis indicates re-

ceptor densities given in pmol/mg. BP values are averaged for left and right
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hemisphere regions. ROIs are aggregated by lobes and related areas. The

sequence and grey-scale arcs correspond to Table 4.
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Figure 46 shows the distinct topological pattern of the serotonin 1A (5-HTa,
blue), serotonin 2A (5-HT2a, green), and serotonin 1B (5-HTig, yellow) re-
ceptors, and the serotonin transporter (5-HTT, red) across the human brain
listed according to the Brodmann Area (BA) organizational scheme including
41 regions of interest (ROI). The radial axis indicates receptor densities giv-
en in pmol/mg. BP values are averaged for left and right hemisphere regions.
Brodmann Areas are aggregated by areas of similar functional attributions
as indicated by arcs. See Table 5 for ordinal sequence.
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3.4 Interaction between binding proteins

Examining BA, significant partial correlations were found between 5-HTia
and 5-HT,x binding potentials controlled for 5-HT,;5 and 5-HTT (r=0.68,
p<0.001), 5-HT1a and 5-HTig controlled for 5-HT,a and 5-HTT (r=-0.66,
p<0.001), and 5-HT.5 and 5-HT,a controlled for 5-HT;4 and 5-HTT (r=0.83,
p<0.001), respectively (see Figures 47-49). Considering AAL ROlIs, the par-
tial correlation coefficient between 5-HT;4 and 5-HT2a binding potentials con-
trolled for 5-HT,g and 5-HTT was r=0.67, between 5-HT;4 and 5-HT;g con-
trolled for 5-HT,a and 5-HTT was r=-0.72, and between 5-HTig and 5-HTa
controlled for 5-HTia and 5-HTT was r=0.60, respectively (see Figures

50-52). Again, all p-values were p<0.001.
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3.4.1 Brodmann Areas

5-HT 4, Binding Potential

L ]
[ ] @
r= 0.68
-2 p <0.001
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5-HT,, Binding Potential

Figure 47: Partial regression plot between 5-HT;4 and 5-HTa binding poten-
tials controlled for 5-HT;g and 5-HTT (r=0.68, p<0.001). Partial regression
plots adjust simple scatter plots for variables of noninterest. Notably, this
adjustment implies that plotted values may vyield positive as well as negative

values (mean centered). Data points are Brodmann Areas binding poten-

tials, averaged for both hemispheres.
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Figure 48: Partial regression plot between 5-HT;4 and 5-HT g binding poten-
tials controlled for 5-HT,5 and 5-HTT (r=-0.66, p<0.001). Partial regression
plots adjust simple scatter plots for variables of noninterest. Notably, this
adjustment implies that plotted values may vyield positive as well as negative

values (mean centered). Data points are Brodmann Areas binding poten-

tials, averaged for both hemispheres.
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Figure 49: Partial regression plot between 5-HT;g and 5-HT,a binding poten-
tials controlled for 5-HT;4 and 5-HTT (r=0.83, p<0.001). Partial regression
plots adjust simple scatter plots for variables of noninterest. Notably, this
adjustment implies that plotted values may yield positive as well as negative
values (mean centered). Data points are Brodmann Areas binding poten-

tials, averaged for both hemispheres.
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3.4.2 AAL Regions

5-HT 4, Binding Potential
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-2 p <0.001
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5-HT,, Binding Potential

Figure 50: Partial regression plot between 5-HT;4 and 5-HTa binding poten-
tials controlled for 5-HT;g and 5-HTT (r=0.67, p<0.001). Partial regression
plots adjust simple scatter plots for variables of noninterest. Notably, this
adjustment implies that plotted values may vyield positive as well as negative

values (mean centered). Data points are AAL binding potentials, averaged

for both hemispheres.
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Figure 51: Partial regression plot between 5-HT;4 and 5-HT g binding poten-
tials controlled for 5-HT,4 and 5-HTT (r=-0.72, p<0.001). Partial regression
plots adjust simple scatter plots for variables of noninterest. Notably, this
adjustment implies that plotted values may yield positive as well as negative

values (mean centered). Data points are AAL binding potentials, averaged

for both hemispheres.
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Figure 52: Partial regression plot between 5-HT;g and 5-HTa binding poten-
tials controlled for 5-HT;a and 5-HTT (r=0.61, p<0.001). Partial regression
plots adjust simple scatter plots for variables of noninterest. Notably, this
adjustment implies that plotted values may yield positive as well as negative

values (mean centered). Data points are AAL binding potentials, averaged

for both hemispheres.
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4 Discussion

The main serotonergic neuroreceptors — the major inhibitory receptors
(5-HT1a, 5-HT3g), the major excitatory receptor (5-HT,a) and the serotonin
transporter (5-HTT or SERT) — were quantified in healthy subjects using
PET and the selective radioligands [carbonyl-**C]WAY-100635, [*'C]P943,
[*®F]altanserin, and [*'C]DASB, respectively. A comprehensive database of
the average receptor distribution in different ROIs was prepared. In contrast
to the previously published results so far, a database comparing 4 major tar-
get proteins of the entire brain including a total of 93 ROIs was provided.
The binding potentials of cortical and subcortical regions as the mean,
standard deviation and range using automated anatomical labeling (AAL, 52
regions) (Tzourio-Mazoyer et al., 2002) and the parcellation according to the
cytoarchitectural organization of the human cortex of Brodmann (41 regions)
are included in the presented PET dataset (see Table 4 and 5). Parametric
images illustrate the distinct local distributions of each binding protein (see
Figure 41). Furthermore, by means of linear equations, in vivo BP values
were translated to post-mortem tissue densities. Finally, partial correlations
provided evidence of local interaction among the major serotonergic neuro-

receptors.

4.1 Database of standard values

Yielding comparable PET data from different centers is often challenging as
a result of the differences between scanners, imaging equipment and ana-
lyzing methods. To generate representative datasets to be used as a stand-
ard, a uniform pipeline of operations as data processing pathway was ap-
plied for all subjects. Data sets were normalized to a tracer-specific template
into a standard space. Then binding potential values were quantified from
each map applying the ROI template which was equal for all maps. Blood-
brain barrier passing metabolites (e.g. [*®FJaltanserinol) impeded the quanti-

fication with established reference models (such as MRTM/MRTM2), hence
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[*®F]altanserin scans were parameterized according to Pinborg et al.
(Pinborg et al., 2003). Nevertheless, 5-HT,5 binding potential values were
obtained applying the same ROI template. Using the ROI template the bias
of the manual delineation procedures could be bypassed which is a burden-
some undertaking and the precision of the delineation is largely dependent
on the individual’'s knowledge and abilities. Besides, the standard ROI tem-
plate permits a rater independent and volume unbiased comparison of equal
ROI size and location between the tracers (see Figures 39 and 40).

Moreover, the quality of the automated outcome was examined with regard
to several previously published in vivo datasets and a strong agreement with
these results was found. One methodological issue which should be taken
into account is that the presented standard ROIs were not delineated manu-
ally, which was the case in previous studies. Nonetheless, highly significant
correlations (R-values 0.73-0.99) demonstrate the accordance with the cur-
rent results (see Table 6).

This database can contribute to standard definitions of reference ranges,
thus it provides the opportunity to be used as a template. It provides a refer-
ence source to aid the design and interpretation of clinical studies and mul-
timodal imaging studies. Through these datasets a broader and more pre-
cise understanding of the serotonergic neurotransmission and therefore the
neuropsychiatric disorders related to this system would be possible. Also, it
can be applied for group comparisons between healthy control subjects and
patients. The distribution of receptors may vary dramatically from subject to
subject under both, physiological and pathological conditions. In spite of the
existence of such widely variant topologies, functions and interactions of the
binding proteins, the presented data provide a template which can be used
for interpretation of the alterations taking place in the serotonergic system

during neuropsychiatric disorders.
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One obvious modality that might benefit from this dataset is PET itself, par-
ticularly studies including small sample sizes. Interpretation of the data ob-
tained from such PET studies would be facilitated using the presented data
for comparison and to examine if the subjects are in the standard range or
not. Moreover, neuroimaging centers without access to a PET scanner may
apply the database to analyze the findings of other neuroimaging modalities
in association to the PET derived data. In case of treatment studies of both
healthy subjects and patients, this database may serve for comparison pur-

poses as well.

In the same way, functional MRI studies (fMRI) can benefit from the PET
data set. Neuronal activation found in fMRI studies can be investigated and
interpreted using serotonergic receptor distributions. Close connection be-
tween distribution patterns of neurotransmitter receptors and functional or-
ganization in the cerebral cortex is already suggested by numerous studies
(Eickhoff et al., 2007; Scheperjans et al., 2005; Wohlschlager et al., 2005;
Zilles et al., 2002). Further examples include a link between 5-HT ;5 receptor
distribution and functional fields of the human cortex as examined by Gerstl
et al. (Gerstl et al., 2008) and the default mode network (Hahn et al., 2012).
Similarly, the database may enable more sophisticated interpretations in
structural (Kraus et al., 2012) and pharmacological fMRI studies (Anderson
et al., 2011; McKie et al., 2005; Windischberger et al., 2010).

The voxel-wise parametric maps of the receptors’ densities provided in
standard space can be downloaded from a website
(www.meduniwien.ac.at/neuroimaging/downloads.html) and may assist as a
template for co-registration/normalization purposes. Using the widespread
analyze data format, it comfortably can be integrated into popular neuroim-
aging software tools (SPM, PMOD, FSL, etc.), thus facilitates other laborato-
ries’ first-level analyses of their raw data or similar preprocessing manipula-

tions.
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4.2 Comparison with post-mortem data

Similar to a recent 5-HT;5 study (Gallezot et al., 2010), the correlation of the
current data was examined with a post-mortem dataset (Varnas et al., 2004).
This study is one of the most comprehensive works regarding binding of ma-
jor serotonergic receptors across the entire brain. Assuming a linear corre-
spondence, conversion equations were computed in order to directly trans-
late invivo PET binding potentials to post-mortem receptor densities
(pmol/g), which promotes the interpretation of different receptor distributions.
Interestingly, a few outliers were noticed (see Figure 44), which were regions
of extremely high in vitro binding. Excluding these regions, the correlations
became even more pronounced. These outlying data might be caused by
differing ROI quantification methodologies. Results of the present in vivo
study underlie the partial volume effect, which particularly influences small
structures with high densities such as dorsal raphe nucleus yielding under-

estimated BP values.

4.3 Interaction between inhibitory and excitatory re-
ceptors

Significant partial correlations were observed in the intra-regional densities
of 5-HT;a and 5-HT,a and also 5-HT;g and 5-HT,a, adjusted for the other
receptor and serotonin transporter. A strong negative correlation was found
between the binding potentials of 5-HT14 and 5-HTg controlled for 5-HTa
and SERT. Both parcellation schemes, BA and AAL, yielded similar results
(see Figures 47-52).

This findings support the hypothesis of the existence of a functional balance
between the different receptors of the serotonergic system. A functional in-
teraction between 5-HT14, 5-HT15 and 5-HT,a receptors (Chojnacka-Woijcik,
1992) and 5-HTia and 5-HT,a receptors (Fox et al., 2010; Salmi and
Ahlenius, 1998) in rodents have been previously reported. The behavioral

and biochemical effects of 5-HT,a receptor activation are modulated by activ-
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ity of the 5-HTa receptor subtype (Eison and Mullins, 1996). Positive corre-
lations were observed between the two pairs of inhibitory and excitatory sub-
types (1A and 2A, 1B and 2A) and a negative relationship between the two
inhibitory subtypes (1A and 1B). These correlations were observed only
when controlling for the 5-HTT and the other receptor. That means standard
correlation coefficients between the mean BP values of any two receptor
sub-type did not show significance except for 5-HT,a and 5-HT;g which
were observed to be linearly correlated. Examining the data for partial corre-
lation controlling just for the third receptor sub type resulted weak but signifi-
cant correlations and finally partial correlations controlling for both the third
receptor and the transporter led to the quite high R values. This emphasizes
a systemically organized mechanisms regarding local receptor expression.

The correlations observed between mean BP values of each subsystem in
Brodmann area based ROIs, were equally strong as correlations between
the BP values of the same subtypes but in ROIs delineated according to
AAL scheme. The consistency in the results in spite of serving two different
delineation templates highlights the fact that the serotonergic system inter-
connection is an actual property of this system and the present results are
not dependent on the served processing methods. This fact was proved
even more clearly after obtaining as strong partial correlations between the

mean voxel-wised BP values of the same receptor sub types.

The inhibitory receptors are negatively correlated, which means the inhibito-
ry activity of the serotonergic system is balanced; i.e. when the density of
one major inhibitory component is high, the other major inhibitory component

would show lower densities.

The serotonergic system responds appropriately to relevant biological sig-
nals, but at the same time it functions to maintain the homeostasis in the
system; i.e. modification of biological alterations in inputs, expression and
firing rates. This is attained through the interaction of several homeostatic
mechanisms which includes the inherent properties of the serotonin subsys-
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tems (Best et al., 2010). Various neurotransmitter systems including the ser-
otonergic system show adaptive characteristics. Multiple feed-back and
feed-forward mechanisms have been explained inside this system and be-

tween serotonergic and other neurotransmitter systems.

Figure 53: Triplanar sections of a computed RGB map of superimposed re-

ceptor and transporter quantities. Red indicates serotonin transporter domi-

nance, blue 5-HT;4 dominance and green 5-HT,5 dominance, respectively.

This global cortical interrelationship between serotonergic functional subsys-
tems might be a result of the modulation of the genetic expression of neuro-
receptors during different stages of brain development (Beste et al., 2010).
Furthermore, a variety of mechanisms regulating the expression of receptor
and transporter proteins on the surface of serotonergic cell membranes
might modulate this balanced relationship too (Chang et al., 2012; Zimmer et
al., 2004). However, the variety of biological processes which underlie brain
plasticity of the serotonergic neurons are not restricted to the early stages of
neurodevelopment and the change continues through life (Azmitia et al.,
1990; Azmitia and Whitaker-Azmitia, 1991).

To the best of my knowledge it is the first time that the integrated function
which was hypothesized on the basis of ex vivo studies, could be observed
in vivo. The higher order correlations of the serotonergic system throughout
the entire brain provide direct in vivo evidence for a balanced serotonergic

interconnectivity on a local level.
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4.4 Limitations and outlook

Binding potentials acquired by PET, to a large extent depend on the specific-
ity and sensitivity of the applied radioligands. Hence, the obtained quantities
are an approximation to the actual receptor density values and are valid for
the respective radioligand only and may vary when using another tracer for
the same receptor subtype. Nonetheless, the relationship formulated here

allows novel conclusions of PET data.

Another limitation of this study was the fact that it was impossible to deter-
mine the binding potentials of all the different receptor subtypes in the same
subjects to avert the radiation exposure according to the permitted radiation
dose limits in each of the subjects. In spite of this unavoidable constraint the
subject groups (matched for sex and age) were carefully selected. The data-
base, nonetheless, reflects the average receptor/transporter distribution of

the healthy human brain.

Beyond further serotonergic receptor subtypes (Saulin et al., 2012), the ap-
proaches presented here are applicable to examine the distribution of other
neurotransmitter systems, e.g. the dopaminergic and norepinephrenergic
system including receptors, transporters and enzymes (e.g., MAOA, COMT)

in case of suitable radioligands.

In conclusion, the database provides quantitative information considering the
major inhibitory (5-HT1a, 5-HT1g) and excitatory (5-HT»a) serotonin receptor
subtypes and the 5-HT transporter in healthy subjects. This knowledge might
improve our understanding of the alterations taking place in the serotonergic
system during neuropsychiatric disorders. Moreover, the translation from
in vivo to postmortem data computed in this study permits novel interpreta-

tions of PET binding potentials.

As the serotonergic system is a substantial target of various neuro-

psychoactive drugs, the findings of interconnections within the system may
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have relevance for a better understanding of the mechanisms associated
with antidepressant, antianxiety, antipsychotic, etc. of the developed sero-
tonergic pharmaceuticals and might contribute to the introduction of more
optimized drugs and treatment regimens. Future investigations about the
impact of SSRIs, as the commonly used antidepressants and anxiolytics

may shed light on some other aspects of this efficacious drug category.
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