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j Abstract The in vivo assessment of brain seroto-
nergic function might be of clinical relevance in
neuropsychiatry. The loudness dependence of audi-
tory evoked potentials (LD) has been proposed as an
indirect indicator of cortical serotonergic activity,
whereas single photon emission computed tomogra-
phy (SPECT) and [123I]ADAM allow the selective
assessment of brain serotonin transporters (SERT).
The aim of this study was to investigate LD and SERT
availability as independent variables of the brain
serotonergic system in healthy volunteers. Fifteen (six
male, nine female) subjects received both neuro-
physiological and imaging investigations. Evoked
potentials were recorded following the application of
acoustic stimuli with increasing intensities; the LD
was analyzed using dipole source analysis. SPECT was

performed four hours after injection of 137 ± 11.4
MBq [123I]ADAM. As a measure of SERT availability
specific ADAM brainstem binding was used. LD cor-
related significantly with SERT availability (Pearson’s
correlations: rho = )0.57, p < 0.05). The correlations
remained significant after controlling for the effects of
age or gender (partial correlations: rho = )0.60,
p < 0.05) but were pronounced in the female group
(rho = )0.83, p < 0.01). Associations between LD and
SERT availability contribute to the understanding of
the central serotonergic system and further validate
the use of neurophysiological approaches as indirect
measures of neurochemical brain activity.

j Key words serotonin transporter Æ SERT Æ single
photon emission computed tomography Æ SPECT Æ
[123I] ADAM Æ auditory evoked potentials Æ loudness
dependence

Introduction

There is evidence from both human studies and ani-
mal experiments that central serotonergic neuro-
transmission plays a major role in the pathogenesis of
various neuropsychiatric disorders and behavioral
abnormalities [8, 14, 39, 55]. Brain serotonin activity is
believed important for affect regulation, emotional
stability, or impulse control and alterations of sero-
tonin function have been associated with the devel-
opment of a wide range of neuropsychiatric conditions
[3, 4, 42, 53, 55, 57, 61]. The in vivo assessment of
serotonergic neurotransmission is an important field
of research, since valid indicators of brain neuro-
chemical function could be useful for diagnostics and
treatment decisions. Peripheral measures such as
serum levels of monoamines or their metabolites only
partially reflect central neurochemical activity [46]
and have not been established in clinical practice.E
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The assessment of the loudness dependence of
auditory evoked potentials (LD) might serve as an
indirect neurophysiological approach to investigate
central neurochemistry. The LD describes changes in
amplitudes of the event related auditory N1/P2 com-
ponent elicited by different stimulus intensities,
which in animal experiments have been shown to be
modulated by central serotonergic activity [27, 28].
Consequently, LD was proposed as a non-invasive
indicator of cortical serotonergic function in humans
[18]. High loudness dependence has been associated
with a low function of serotonergic neurotransmis-
sion and vice versa. In clinical studies an increased
LD has been shown in ecstasy (MDMA) users [9, 78]
or patients with borderline personality disorder [53],
indicative of a serotonergic dysfunction in these
subjects. In depressed patients a high LD before drug
treatment was associated with a favorable response to
serotonergic medication [12, 18, 45]. Recently, Nathan
et al. demonstrated that the LD is influenced by the
enhancement of central serotonergic function with
citalopram [49]. The observation that allelic variants
of the serotonin transporter gene differ with respect
to the magnitude of the LD further supports the
hypothesis of an association with the serotonergic
system [13, 72]. On the other hand there are also re-
ports favoring dopaminergic aspects of the LD. Even
though dopamine receptor modulation has not shown
to modify LD in humans [54], some earlier studies
revealed that a high intensity dependence of auditory
and visual evoked potentials was related to low levels
of dopamine metabolites in cerebrospinal fluid or
urine [7, 81].

Nuclear medicine imaging techniques with specific
radioligands expanded the investigation of central
neurotransmitter systems. The monoamine trans-
porter ligand b-CIT and single photon emission
computed tomography (SPECT) have been used to
visualize both central serotonin and dopamine
transporters (SERT, DAT) of the human brain [5, 6,
25, 26, 34, 60]. Recently, the combination of SPECT
with b-CIT and neurophysiological assessments in
patients with obsessive-compulsive disorder (OCD)
revealed a significant correlation of LD with both
SERT and DAT availabilities [63]. This study pro-
vided preliminary evidence in vivo that LD is related
to monoaminergic variables; however, due to the lack
of specificity of b-CIT [25, 37, 50] definite conclusions
in terms of serotonergic or dopaminergic associations
could not be drawn. With [123I] ADAM (2-([2-
([dimethylamino] methyl) phenyl]thio)-5-I-123-iod-
ophenylamine) a new and highly selective SERT
ligand has been presented for use in SPECT imaging
[35, 52, 56]. Previous clinical studies with this tracer
have proven its ability to visualize, detect and quan-
tify serotonergic dysfunction [21, 31, 51].

The aim of the present study was to investigate
whether the LD of auditory evoked potentials is
associated with serotonergic variables as assessed by

SPECT and the serotonin specific radioligand [123I]
ADAM in a group of healthy subjects. According to
previous studies it was hypothesized that there is a
significant correlation between SERT availability
within the brainstem region, the place of origin of
most of the central serotonergic neurons, and the LD
as an indirect functional measure of brain seroto-
nergic activity of the primary auditory cortex.

Methods

The study was approved by the local ethics committee (University
of Munich) and by federal regulatory authorities in terms of the use
of radioactive agents. All subjects gave written informed consent
for participation in this study, after the neurophysiological and
imaging procedures had been fully explained by the research
physicians of both the departments of psychiatry and nuclear
medicine.

j Subjects

The study population consists of 15 healthy volunteers (9 females)
ranging in age from 22 to 39 years (mean ± standard deviation
(SD): 27.1 ± 4.80 years).

The subjects were recruited at the Department of Psychiatry,
University of Munich, mainly from medical students and hospital
personnel. They were free of any previous or current neuropsy-
chiatric disorders, exposure to psychotropic medication or other
substances known to affect the brain serotonin system, or a family
history of neurological or psychiatric diseases, as assessed by
medical history, structured interviews and checklists, adopted from
the structured clinical interview for the Diagnostic and Statistical
Manual of Mental Disorders (SCID for DSM IV, German version)
[2, 83]. Exclusion criteria were an age below 20 or above 60 years,
any psychiatric disorders (DSM IV axis I or II), or any other
medical or neurological illnesses. After study enrolment, the sub-
jects underwent both the SPECT and neurophysiological inves-
tigations subsequently within two days. Female subjects were
required to have a negative urine pregnancy test, performed
immediately before the application of the radiotracer.

j SPECT Imaging

Subjects received a bolus injection of a mean 137 ± 11.4 (range: 121
to 162) MBq [123I] ADAM (Map Medical, Tikkakoski, Finland).
Data were acquired with a triple-headed gamma camera (Philips
Prism 3000, Philips Medical Systems, Bothell, Washington, USA)
using low-energy, high-resolution fan beam collimators. Stringent
quality control of the camera system was assured.

Scans of the healthy volunteers were acquired at a standardized
time point four hours after intravenous injection of the radio-
pharmaceutical. A 128 · 128 matrix was used for all acquisitions.
The rotational radius was minimized and less than 13 cm in all
cases. A total of 120 projections were acquired at 60 sec/view with
the camera heads following a circular orbit, resulting in a total scan
time of 43 min. The projection data was checked visually for patient
motion using the cine display and sinograms provided by the
software of the camera manufacturer (Odyssey-FX software, Philips
Medical Systems). SPECT data was reconstructed by filtered
backprojection (ramp filter), filtered with a Butterworth 3-D post-
filter (0.6 cycles/cm, 5th order) and corrected for attenuation
according to Chang’s method (l = 0.11/cm, value confirmed from
previous phantom measurements, elliptic fitting with separate
contours for each slice) as outlined in the EANM neuroimaging
guidelines [75].
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j Quantitative Evaluation

Images were evaluated using a semi-automated quantification
software based on a modified version of the Brain Analysis Software
(BRASS, version 3.4.4) running on a Hermes workstation (Nuclear
Diagnostics, Stockholm, Sweden). It is based on a multi-step reg-
istration of individual patient studies to a template of healthy
controls. For this software approach, a template and a 3-D volume
of interest map was specifically created for [123I] ADAM scans as
follows.

Creation of the Template of Healthy Controls and the Corresponding
Volume of Interest Map

The SPECT template was created using the images of the 15
healthy controls. In 4 subjects, additional MRI images (sagittal
MPRAGE sequence, 1 · 1 · 1 mm voxel size) were obtained with
fiducial MRI/SPECT markers (nitro-glycerine pills injected with
approximately 10 kBq I-123) attached, which served as basis for
the co registration and were used to align images according to the
Talairach space. Based on these MRI scans, a standardized 3-
dimensional volume of interest map was created including regions
for the brainstem (456 voxels), and an occipital reference region
(9008 voxels). The method follows the previously developed
quantification approach for dopamine transporter SPECT images
[30].

Registration Process

Individual scans of subjects were then registered to the [123I]
ADAM-template by applying an automated fitting algorithm. The
software registers individual studies to the mean template adjusting
9 parameters (3 each for rotation, translation and anisotropic
scaling) of an alignment transformation matrix, using principal
axes technique and an iterative, simplex algorithm to maximize
normalized mutual information, a measure of similarity between
the transformed individual study and the template [24, 64, 73].
After successful registration, the standardized 3-D VOI map is
applied to the study, consisting of an occipital reference region and
a specific region for the brainstem. Due to variation in anatomy, the
specific region was adjusted manually to match the corresponding
structures where necessary. Based on the mean counts per voxel
within each volume of interest in the region map, the specific
radiotracer binding for the brainstem was calculated by applying
the formula: specific binding = [brainstem – occipital]/occipital
(Figure 1).

j Neurophysiological assessments

Subjects were seated in a comfortable armchair in an electrically
shielded and sound-attenuated room. They were instructed to avoid
movements and blinking during the recording. Sinus tones 1000-Hz,
40-ms duration with 10-ms rise and fall time, and an interstimulus
interval randomized between 1800 and 2200 ms of five intensities 60,
70, 80, 90 and 100 dB sound pressure level (SPL) were presented in a
pseudo randomized order through earphones. Electroencephalo-
graphic (EEG) activity was recorded with 32 tin electrodes placed via
electro caps according to the international 10/20 system, with Cz as
reference and Fpz as ground electrode. Additional electrodes (above
the left eye and at the left ocular canthis) were used to monitor
ocular artifacts. Impedances were kept at 5 kX or below. EEG was
filtered using a band-pass of 0.16 to 70 Hz and digitized at a sample
rate of 250 Hz with an epoch length of 800 ms (200 ms pre-stimulus
baseline). A total of 500 sweeps (100 per intensity) were evaluated.
Epochs with excessive eye or body movements (± 50 mV) in any of
the 32 channels were automatically rejected, as well as the first five
responses to each intensity to reduce short-term habituation effects.
At least 30 artifact-free sweeps in any of the intensities were
required. For each subject, the remaining sweeps were averaged
separately for the five intensity levels.

j Dipole source analysis (DSA)

Since the auditory evoked N1/P2 potential is generated by over-
lapping subcomponents, dipole source analysis (DSA) has been
used to differentiate a dipole, mainly representing the activity of the
primary auditory cortex, which shows a high rate of serotonergic
innervation [16, 38, 48, 65–67]. DSA was performed with Brain
Electrical Source Analysis (BESA; Scherg and Picton, 1991),
assuming that the cortical activity in the time range of the N1/P2
component would be adequately represented by the activity of two
dipoles per hemisphere: a tangential and a radial dipole. The tan-
gential dipole explains most of the variance of cortical activity at this
latency range, shows the strongest loudness dependence and mainly
represents the activity of the primary auditory cortex, whereas the
radial dipole represents the secondary auditory cortex activity [16].
For analysis the averaged curves of each subject were entered into
BESA. A grand mean of the five averaged curves was calculated and
used to individually adjust the dipole model. The individual curves
were entered separately for the five intensities. The N1/P2 epoch
amplitude or dipole moment, i.e. the root-mean-squared effective
amplitude over the epoch of the N1/P2 component (lVeff), was
determined for the 66.7–233 ms epoch and obtained for each dipole
(mean of right and left sides) and intensity. The loudness depen-
dence (LD) was operationalized as an amplitude/intensity function
slope on the basis of N1/P2 epoch amplitudes and calculated for the

Fig. 1 [123I] ADAM SPECT template used for the
automated semi-quantification. Image fusion (A)
with the MRI and the 3-D region map (B) derived
from the MRI scan. Delineation of the region of
interest (brainstem) and the nonspecific occipital
reference region
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tangential and radial dipoles. A median slope in lVeff/10 dB was
calculated from the slopes of all possible connections (n = 10) be-
tween the five amplitude values to the five intensities (for details of
the procedure see [16]).

j Statistical analysis

Statistical analyses were performed using the Statistical Package for
the Social Sciences (SPSS version 13.0 for Microsoft Windows).
Descriptive analyses of clinical, neurophysiological, and SPECT
variables are given as means and standard deviations. To explore the
possible relationships between LD and the specific to nonspecific
[123I] ADAM binding ratios (brainstem SERT availability), Pearson’s
correlation coefficients (rho) between ADAM ratios and the LD of the
dipoles of right and left hemispheres were calculated. To control the
data for the effects of age and gender, two sided partial correlations
were calculated with age and gender as control variables. Male and
female subgroups were analysed separately using nonparametric
(Spearman’s) correlations. The p < 0.05 level was considered sta-
tistically significant. Due to the exploratory character of the study
and the small sample size no alpha correction was performed.

Results

The mean (± SD) specific to nonspecific ADAM
binding ratio for the brainstem was 0.41 ± 0.12. The
mean LD of the tangential dipole was 0.15 ±
0.15 lVeff/10dB (0.17 ± 0.18 lVeff/10dB for the left
and 0.14 ± 0.14 lVeff/10dB for the right hemisphere).

There was a significant correlation of mean LD
(tangential dipole) with brainstem ADAM binding
(Pearson’s correlation, rho = )0.57, p = 0.03). Sepa-
rate analyses regarding the LD (tangential dipole) of
each hemisphere revealed that the significant associ-

ations with ADAM binding were pronounced for the
right hemisphere (right hemisphere: rho = )0.57;
p = 0.03; left hemisphere, rho = )0.50, p = 0.06). To
control for the effects of age and gender, which are
known to influence either variable, partial correla-
tions were calculated. The correlations between mean
LD and brainstem binding remained significant after
controlling the data for these variables (rho = )0.60,
p = 0.03). Again the significant correlation was
attributed primarily to the LD of the right hemisphere
(right hemisphere: rho = )0.58; p = 0.04; left hemi-
sphere, rho = )0.52, p = 0.07).

However, when male (n = 6) and female (n = 9)
subjects were analysed separately, it turned out that
the correlations were especially pronounced in the
female group (Spearman’s rho = )0.83, p = 0.005)
but not in the male group alone (n = 6), suggestive of
a marked effect of gender.

Regarding the radial dipoles of the dipole source
model, the mean LD was 0.05 ± 0.07 lVeff/10dB
(0.09 ± 0.09, and 0.03 ± 0.08 lVeff/10dB for left and
right hemispheres, respectively).

There were no significant correlations of radial
dipoles with brainstem ADAM binding (mean
radial dipole LD: Pearson’s rho = )0.07, p = 0.8; left
radial dipole LD: rho = 0.08, p = 0.8; right radial di-
pole LD: rho = )0.22, p = 0.42) (Fig. 2).

Discussion

A significant correlation was found between measures
of two different tools for the assessment of brain
serotonergic function. SPECT imaging with the radio-
ligand ADAM allows the selective assessment of SERT
availabilities in brain regions with dense serotonergic
innervation [35, 56]. Here we focused on ADAM
binding to the brainstem region as the place of origin of
central serotonergic innervation [77]. The loudness
dependence of the auditory evoked N1/P2 component
has been suggested to mainly reflect the serotonergic
activity of the auditory cortex. The implementation of
dipole source analysis with a separation of two dipoles
per hemisphere allows in part to focus on the brain
activity of the primary auditory cortex, a region with a
dense serotonergic innervation [16, 17, 38, 65]. How-
ever, up to date there is only limited direct validation
from human studies with independent measures that
LD is modulated by brain serotonergic activity [13, 63].

In a recent study with SPECT and b-CIT it has
been shown in a small cohort of subjects with
obsessive-compulsive disorder (OCD) that LD is
correlated with monoamine transporter availabilities
[63]. b-CIT is a monoamine transporter ligand that
allows investigating both SERT and DAT status by
using a region of interest technique. However, due to
the lack of specificity of b-CIT definite conclusions
regarding differential monoaminergic properties of
LD cannot be drawn. Furthermore the subjects en-
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Fig. 2 Mean loudness dependence of auditory evoked potentials (LD) as
assessed by dipole source analysis (tangential dipole of N1/P2 component) and
specific brainstem ADAM binding (specific brainstem to nonspecific occipital
cortex binding ratio: [brainstem-occipital] occipital) in 15 healthy subjects.
Pearson’s correlation: rho = )0.57, p < 0.05, partial correlation (controlled for
age, gender): rho = )0.60, p < 0.05
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rolled suffered from OCD, a clinical condition with
increasing evidence of both serotonergic and dopa-
minergic pathophysiology [1, 11, 29, 61, 74, 79],
which might have confounded the results. Also
central interconnections of monoamine systems have
to be taken into account [22, 44, 58]; functional
interactions between SERT and DAT have recently
been reported in healthy subjects, patients with
depression, or OCD [33, 62].

Thus, the further validation of LD as a clinical
serotonergic parameter [9, 15] in imaging studies
requires highly selective markers. To counteract the
above limitations we used the recently established
serotonin selective radioligand ADAM in a group of
drug naı̈ve healthy volunteers. There was a statisti-
cally significant negative correlation of ADAM
brainstem binding as a measure of SERT availability
and the LD of the tangential dipole, which is sug-
gested to reflect the serotonergic activity of the pri-
mary auditory cortex. Conversely, the LD of the radial
dipoles, which are associated with the activity of
secondary auditory cortices without substantial
serotonergic activity, did not show similar associa-
tions. This is in line with the concept of different
generators contributing differentially to the loudness
dependence of auditory evoked potentials, supports
the monoaminergic hypothesis of LD and favors the
serotonergic aspects of LD modulation.

Both SERT availability and LD are reported to be
influenced by age and gender [16, 19, 23, 36, 60, 68, 70,
80] but the correlations remained stable upon control
for both these variables using partial correlations.
However, separate analyses of male and female sub-
jects revealed that the correlation between LD and
SERT availability was pronounced in the female group
but not significant within the limited number (n = 6)
of male subjects alone. This finding is suggestive of a
marked influence of gender on serotonergic parame-
ters as reported in earlier investigations [69, 70].

The associations were more pronounced for the LD
of the right hemispheres, which is in line with earlier
reports in OCD, where only the right LD, representing
the right primary auditory cortex revealed significant
correlations with the imaging data [63].

The correlations between neurophysiological and
nuclear medicine measures suggest that LD is related
to brainstem SERT availability as assessed by SPECT
imaging.

Nevertheless the associations between these
parameters might be rather complex and several as-
pects have to be taken into account.

Serotonin brainstem availability and loudness
dependence (cortical brain electrical activity) reflect
two different limbs of the serotonergic system: the
origin or the neuronal part within the brainstem and
the terminal serotonergic activity within the primary
auditory cortices.

Regarding clinical aspects Meyer et al. (2004)
showed a strong positive correlation of SERT avail-

ability and negativistic dysfunctional attitudes in pa-
tients with major depression in various cortical and
subcortical brain regions, except for the midbrain
using PET and [11C] DASB [43]. In a study with [123I]
ADAM and SPECT in patients with borderline per-
sonality disorder Koch et al. (2007) could recently
demonstrate a positive correlation of brainstem SERT
binding and impulsiveness [31]. These data provide
evidence for a significant role of the serotonergic
system for the pathophysiology of these symptoms,
since an elevated SERT availability could reflect an
increased capacity of presynaptic serotonin reuptake
or be the consequence of an elevated number of
available binding sites due to decreased competition
by lower endogenous serotonin levels [20, 37, 43].
Both possible mechanisms would be associated with a
serotonergic deficit and explain the efficacy of sero-
tonin reuptake inhibiting drugs in these disorders,
which have been shown to lower SERT availability in
neuroimaging studies [10, 32, 33, 71].

On the other hand, low serotonin transporter
availability could reflect a low serotonergic tone
which could lead to a down regulation of the pre-
synaptic reuptake sites of endogenous serotonin, i.e.
serotonin transporters. This mechanism has first been
discussed by Malison et al (1998), who demonstrated
reduced serotonin transporter availability within the
brainstem in patients with major depression [41].
Serotonin transporters are located presynaptically,
mediate the removal of synaptic serotonin, and are
involved in the regulation of the serotonergic tone
[47, 59]. Consequently a lower expression of serotonin
transporters (i.e. low SERT availability), could reflect
a lower activity of the serotonergic system in general.

In our study low SERT availability was associated
with high LD and vice versa. Given the above con-
siderations and reports in psychiatric disorders with a
suggested serotonergic deficit using SPECT and b-CIT
[40, 76, 82] or ADAM [51], a reduction in SERT
availability is indicative of a serotonergic dysfunction.
Conversely, an increase in LD has been associated
with a low serotonergic activity of the primary audi-
tory cortex according to theoretical considerations,
animal experiments and human clinical data [9, 18,
27, 28, 49, 53, 78]. Therefore negative correlations as
reported here are in line with the clinical significance
of either measure.

In a previous study in subjects with OCD, however,
there was a positive correlation of LD and SERT
availability as assessed by b-CIT and SPECT, which
seems to be contradictory at the first glance. However,
OCD is a clinical condition associated with a complex
central monoaminergic dysfunction, and compared to
healthy subjects there was evidence of an increase in
SERT availability in these subjects [61]. Consequently,
a positive correlation between LD and SERT avail-
ability seems plausible in this particular condition
[63], and therefore does not necessarily contradict the
associations found in healthy subjects without any
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evidence of serotonergic dysfunction. In summary the
different studies suggest that loudness dependence
and nuclear medicine techniques can be used to as-
sess the serotonin system in groups of patients or
healthy control subjects and that there is a correlation
between these variables reflecting different aspects of
the serotonergic system.

Conclusion

We have combined neurophysiological and specific
SPECT imaging measures of brain serotonergic func-
tion and could demonstrate an association between
these variables in a group of healthy subjects. The data
provide evidence that central neurotransmission can
complementarily be assessed by combining different
techniques and contribute to the understanding of the
complex relationships between SERT and functional
aspects of the serotonergic system. Furthermore the
study suggests that neurophysiological parameters
such as LD might be valid screening tools and clini-
cally useful indicators of brain neurochemical func-
tion, and in particular of central serotonin activity.
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