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aseline Brain Perfusion and the Serotonin
ransporter Promoter Polymorphism

oberto Viviani, Eun-Jin Sim, Hanna Lo, Petra Beschoner, Nadine Osterfeld, Christiane Maier,
ngela Seeringer, Ana Leonor Godoy, Araceli Rosa, David Comas, and Julia Kirchheiner

ackground: The serotonin transporter length repeat polymorphism (5-HTTLPR) in the promoter region of the serotonin transporter gene
SLC6A4) has been associated in healthy subjects with changes in basal perfusion levels in the limbic system and ventral prefrontal areas,
egions involved in the pathophysiology of depression and anxiety, suggesting the existence of a neurobiological trait predisposing to these
isorders. We reassess the findings of an increased baseline perfusion in the amygdala and ventral prefrontal areas in healthy carriers of the

isk genotype in a much larger sample than in previous studies.

ethods: A cohort of 183 healthy European individuals underwent perfusion imaging with continuous arterial spin-labeling (CASL) while
esting quietly in the scanner for 8 minutes. Participants were genotyped to assess the occurrence of the short allele and the Lg and La
ariants of the long repeat.

esults: No association between the 5-HTTLPR polymorphism and baseline brain perfusion was detected in the regions of interest or
lsewhere in the brain. In the amygdala, variability in baseline perfusion was explained in large part by global cerebral flow levels (between
0% and 55%), in minor part by sex (between 4% and 5%), but not by genotype (less than .5%). Power analyses showed that the study was
f sufficient size to be informative.

onclusions: The findings did not confirm the existence of a biological marker of the effect of 5-HTTLPR polymorphism in the amygdala or

n the orbitofrontal cortex.
ey Words: Amygdala, brain perfusion, depression, 5-HTTLPR
olymorphism, orbitofrontal cortex, serotonin transporter

rain perfusion is an index of cerebral activity that may be
assessed in vivo by neuroimaging techniques measuring
cerebral blood flow (CBF). Several neuroimaging studies

ave reported the existence of changes in regional perfusion
uring pathological states such as depression (1,2). Much less is
nown about the existence of differences in individual perfusion
ssociated with a vulnerability to depressive states.

A possible vulnerability marker for anxiety and depression is
functional polymorphism in the promoter region (serotonin

ransporter length repeat polymorphism [5-HTTLPR]) of the
erotonin transporter gene (SLC6A4) (3) unique to humans and
imian primates (4). A 44-base pair insertion/deletion in the
egulatory region of this gene modulates its transcriptional
ctivity. The short variant reduces the transcriptional efficiency of
he gene, resulting in decreased serotonin transporter expression
elative to the long variant. The short variant has been associated
ith a constellation of personality traits, including anxiety and
epression (5,6), and an increased reactivity to traumatic events
[7–9]; see, however, references [10,11]).
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A candidate site for the detection of vulnerability to depres-
sion and 5-HTTLPR genotype effects is the amygdala, a limbic
structure involved in the detection of emotionally salient stimuli
(12) with relatively high density of serotonin transporter (13).
The reactivity of the amygdala of depressed patients in the
presence of emotional stimuli has been shown to be increased
(14–17). Two recent neuroimaging studies have reported an
association between the short variant and baseline perfusion in
the amygdala and the medial temporal lobe region of healthy
adults using perfusion imaging methods (Canli et al. [18]; Rao et
al. [19]). In both studies, perfusion at rest in the amygdala was
found to be higher in carriers of the short risk allele. The
contribution of genotype in the explained variance in amygdalar
perfusion was large (about 30% and 17%, respectively). These
findings add to the current evidence indicating that the reactivity
of the amygdala to emotional stimuli is modulated by 5-HTTLPR
genotype in healthy individuals (20–23) and in depression (24).

Another candidate region for genotype effects with possible
significance for vulnerability to depression is the orbitofrontal
cortex (OFC). The OFC may regulate limbic activity (22,23,25)
and is also affected by changes in perfusion or metabolism
in depression (26,27). In this region, an association between 5-
HTTLPR polymorphism and baseline perfusion was reported by
Rao et al. (19) to explain over 35% of variance. The association
detected in that study was of lower rest perfusion in carriers of
the risk short allele, consistent with the reciprocal relation
between OFC and amygdala implied by the regulatory role of
OFC.

The finding of an association between 5-HTTLPR genotype
and baseline perfusion is of great potential importance for
understanding the vulnerability to anxiety and depression. Base-
line brain activity is thought to support the detection of salient
stimuli or events in the environment (28–30). According to this
view of the function of baseline activity, the resulting readiness to
detect specific types of stimuli or events constitutes an implicit

set of expectancies about the environment and reflects the
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riorities of one’s motivation (31). In particular, the increased
onic activation of the amygdala during rest may reflect an
ngoing biological process resulting in increased reactivity to
motional stimuli and enhanced signal detection in states of fear
32), which may underlie an increased vulnerability to stress,
nxiety, and mood disorders (16,33). Changes in baseline perfu-
ion in the OFC may be evidence of an altered regulatory
eedback loop between limbic and control regions, further
nhancing reactivity to emotional stimuli (22,23,34). Therefore,
he size of the reported association with genotype and its
ossible functional significance make baseline perfusion in these
egions an interesting candidate biological marker of the effect of
enetic polymorphism in the serotonergic system in terms of
ulnerability to anxiety and depression (endophenotype [35]).

The purpose of the present study was to assess the potential
ssociation between the functional short/long 5-HTTLPR poly-
orphism and baseline perfusion in a larger sample than in
revious studies (183 healthy adults). We were concerned with
etecting the existence of any such association in the whole
rain and in the two regions of interest, amygdala and OFC,
pecified a priori based on the findings of Canli et al. (18) and
ao et al. (19). The analysis on the whole brain casts the widest
ossible net in detecting an effect of genetic polymorphism
nywhere in the brain, while the analyses in a priori defined
egions of interest have the advantage of increased detection
ower. Because of the use of the same advanced magnetic
esonance technique to estimate perfusion as in our laboratory
continuous arterial spin labeling [CASL]) (36), the study by Rao
t al. (19) will be the primary target of the replication. Our
nalysis will be accompanied by power estimates of the capacity
f a sample of our size to detect signal changes affecting the
mygdala and the OFC.

ethods and Materials

ecruitment
Participants of European origin were recruited from local

chools and university and by local announcements. Exclusion
riteria were neurological or medical conditions, use of medica-
ion, or a history of mental illness, and the presence of subclinical
tructural abnormalities in standard clinical imaging. The study is
ased on 189 right-handed participants who gave informed
onsent. Blind to genotype, six scans were excluded due to
ovement artefacts or problems in the quantification of CBF.
he remaining individuals (n � 183; 97 female subjects) were
ged between 18 and 45 years at the time of the scan (mean
ge � 25.1, SD � 4.5). These subjects were pooled from two
xisting studies: a set of baseline and structural images described
n Viviani et al. (37) (n � 103) and a set of perfusion images
cquired with the purpose of studying vulnerability to depres-
ion (n � 80). For power analyses, a larger sample was used,
hich included the study sample and was composed of 279

ight-handed participants (149 female subjects) aged between 18
nd 46 years (mean age � 24.8, SD � 5.1). The study protocol
as approved by the institutional ethical committee and was
erformed in compliance with national legislation and the Code
f Ethical Principles for Medical Research Involving Human
ubjects of the World Medical Association.

mage Acquisition
All magnetic resonance imaging (MRI) data were obtained

ith a 3-Tesla Magnetom Allegra MRI system (Siemens, Erlangen,

ermany) equipped with a head volume coil. Participants were

ww.sobp.org/journal
asked to lie quietly in the scanner with closed eyes without
falling asleep for 8 minutes. Details of the acquisition protocols
were published previously (37,38) and are reported in Section 1
of Supplement 1.

Genotyping
Genotyping was carried out from DNA isolated from periph-

eral blood samples following the method described in Smeraldi
et al. (39). Details of the genotyping procedure are in Section 1
of Supplement 1.

Statistical Analysis
The 5-HTTLPR is a triallelic polymorphism, in which the long

repeat occurs in two functional variants, designated La and Lg
(40). Since the Lg and short variants have similar transcriptional
activity (40), they were pooled together in the analysis. Although
evidence favors dominance of low-expressing variants (5), the
literature is discordant in coding the heterozygous state in
association studies (41). Furthermore, recent data are consistent
with the existence of an additive effect (42). In the primary
analysis of the present study, expression activity of alleles was
coded additively. Homozygous carriers of both low-transcription
variants (short or Lg) were coded as �1 (referred to here as the
low transcriptional activity alleles); heterozygous carriers of at
least one La allele were coded as 0 (intermediate transcriptional
activity); and homozygous carriers of the La variant were coded
as �1 (high transcriptional activity). To capture the presence of
deviations of linearity due to partial dominance, the quadratic
term of the genotype activity code variable was added to the
model as a nuisance covariate (for rationale, see [43], p. 198–
210). In a first supplementary analysis, the low transcriptional
activity alleles (short or Lg) were coded as dominant, following
Lesch et al. (5), giving codes of �1 for carriers of at least one of
the short or Lg alleles and �1 for all other participants. Further-
more, to replicate the results of Rao et al. (19) exactly, a second
supplementary analysis was conducted in which all long variants
were considered as having high transcriptional activity (irrespec-
tive of the functional variant Lg or La).

Images were preprocessed using standard methods as previ-
ously described (37). Estimates of regional CBF were regressed in
each voxel on the transcriptional activity code (linear and
quadratic), with sex, age, study, and global CBF levels as
covariates. Significance levels with correction for multiple com-
parisons were obtained with a permutation method (44). Region
of interest analysis was based on amygdala masks as in Rao et al.
(19). The OFC mask was obtained by adding together Brodmann
areas 11 and 25, which comprised the voxel where the maximal
effect of 5-HTTLPR genotype was observed in the OFC by Rao et
al. (19). These regions of interest together with complete details
of neuroimaging preprocessing and testing procedures are in
Section 1 of Supplement 1.

Univariate analyses were carried out in the averaged signal in
each amygdala region, as in Rao et al. (19). The average signal in
the amygdala region of interest was modeled as an effect of
left/right side (within-subjects), global CBF, age, sex, study, and
5-HTTLPR genotype; linear and quadratic (between-subjects);
and subjects as a random factor (mixed effects model for
repeated measurements). In the separate analyses for right and
left amygdala, a fixed effects model was used with the same
covariates as in the between-subjects effects of the previous
analysis. Univariate statistical analyses on global and amygdala
CBF signal were carried out with the public domain software

package R (The R Foundation for Statistical Computing, Vienna,
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ustria, http://www.r-project.org/), using the “nlme” package for
he mixed effects model (45).

ower Estimation of Voxel-Based Tests
To estimate power of voxel-based tests, we used a larger pool

f 279 perfusion images acquired in the same conditions (37,46),
hich allowed us to repeatedly select random samples of the

ame size as the original sample (n � 183) and compute rejection
requencies of the null hypothesis. These estimates were based
n 400 repeated tests. To estimate power for a hypothetical
enotype effect of different size, a signal difference was added to
he resampled images in about 30% of the region of interest of
he amygdala (148 out of 468 voxels in the amygdala mask). The
ame procedure was repeated for estimates of power in the OFC
egion of interest, adding artificial signal in about 2.6% of the
egion of interest (252 out of 9608 voxels), centered in the region
here the maximum signal was reported by Rao et al. (19).
ower estimates for the effect of sex were based on the real sex
ovariate and were conducted without adding artificial signal.
urther details on the procedures followed to obtain power
stimates are in Section 1 of Supplement 1.

esults

enotyping
The allelic frequencies in the sample were 54.8% (La), 3.6%

Lg), and 41.5% (short). The 5-HTTLPR genotype distribution of
he whole sample is given in Table 1 and did not deviate from
ardy-Weinberg equilibrium (�2 � 1.65, df � 5, p � .89). When
onsidering the transcriptional activity alleles grouped by activity
ode, there were no significant differences in genotype between
he sexes (�2 � .91, df � 2, p � .64) or in association with age
F (1,181) � 2.03, p � .16].

nalysis for the Whole Brain Volume
In all the following analyses, 5-HTTLPR genotype is coded so

hat a positive association means increased signal for increased
xpression of the transporter. First, the existence of association
etween 5-HTTLPR genotype and global CBF was tested (global
BF is the average perfusion value over the whole brain). This test
evealed no association between genotype and global perfusion
alues [t (178) � .67, p � .5]. In the following, all tests were
omputed after adjusting for global CBF, as in Rao et al. (19).

In the voxel-based test for the whole brain volume, no effect
f 5-HTTLPR genotype was detected at voxel or at cluster level
Figure 1, Table 2). The supplementary analyses in which the low
ranscriptional activity alleles were coded as dominant and the
ong variant was coded as having high transcriptional activity
irrespective of the Lg and La variants) also gave null results
Section 2 of Supplement 1.).

able 1. Demographic Characteristics of Participants

enotype Activity Code Number Female Age

a/La �1 57 31 25.4 � 4.8
a/Lg 0 3 1 27.3 � 8.1
a/short 0 84 40 25.2 � 4.5
g/Lg �1 2 2 21 � 5.7
g/short �1 6 2 24.2 � 4.5

hort/short �1 31 17 24.2 � 3.4
Analysis Regions of Interest
Two-tailed tests on the average perfusion in the region of

interest amygdala revealed no effect of 5-HTTLPR genotype
[t (176) � .47, p � .6], while there was a significant effect of sex,
with reduced perfusion in female subjects [t (176) � �3.4,
p � .001] and a nonsignificant trend for age [t (176) � 1.59, p �
.11]. The direction of the effect of age depended on the inclusion
of global CBF values as a covariate, since global CBF itself was
strongly and negatively associated with age [t (182) � �3.3,
p � .001] (37).

Separate regressions in the left and right amygdala established
significant associations of perfusion levels with sex (Figure 2). In
the left amygdala, sex explained about 4.9% of the variance
[t (176) � �3.0, p � .003, two-tailed], and in the right amygdala,
the proportion of variance explained was 4.1% [t (176) � �2.7,
p � .007]. Consistently with the previous analysis, there was little
explained variance for the genotype variable in the amygdala
(less than .5% on either side, p � .47 and .99). Global CBF, in
contrast, explained as much as 51.0% and 55.0% of the variance
on the left and the right, respectively (both significant �.001). In
total, the full model with all covariates explained 70.8% of the
variance in the left and 76.9% of the variance in the right
amygdala.

In the voxel-based test in the predefined region of interest of
the bilateral amygdala, no effect of 5-HTTLPR genotype on
regional perfusion was detected at voxel or at cluster level (Table
2). There was, however, a robust effect of sex (x, y, z: �22, �8,
�14; t � �4.63; p � .001), which confirmed the result of the
univariate analysis.

To allow a more accurate evaluation of this null result, power
analyses for the voxel-based test of the genotype effect were
carried out by randomly resampling a set of n � 183 volumes, as
in our study, from a larger sample of 279 individuals (the analysis
was based on 400 repeated tests; see Section 1 of Supplement 1
for details). First, we estimated the power of a sample of the size
of the genotyped participants for the addition of an artificial
signal in one third of the volume of the amygdala, at the different
relative signal intensities of 5%, 7.5%, and 10% of the local signal.
These simulations showed that, for a linear signal affecting about
one third of the amygdala, a 7.5% change from low to high
transcriptional activity was required to achieve a power of about
80% in our data (Figure 3, left). The amount of explained
variance in the voxel reaching the maximal t statistic is an upper
bound on the amount of explained variance anywhere in the
region of interest. Over the 400 trials and for a 7.5% signal
change, this amount was on average 7.5% of explained

Figure 1. Maps of the t statistics testing in each voxel the effect of 5-HTTLPR
genotype on perfusion levels, overlayed on a template brain (z MNI coordi-
nates in mm). In yellow are voxels in which the coded transcriptional activity
of the genotype was associated with increased perfusion levels, whereas in
blue are the voxels where the association was with less perfusion levels. For
illustration purposes, images of t values were thresholded at the signifi-
cance level p � .05, uncorrected; after correction for multiple comparisons,
none of these t values remained significant. 5-HTTLPR, serotonin transporter
length repeat polymorphism; MNI, Montreal Neurological Institute.
variance.

www.sobp.org/journal
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Second, a power analysis for the voxel-based test in the
mygdala was conducted for the effect of sex. In contrast to the
revious power analysis, where an artificial signal was added,
hese estimates were based on the real effect of sex. This analysis
ave a power estimate of 99%.

As mentioned, also in the OFC no effect of 5-HTTLPR was
etected (Table 2). The power analysis for the OFC region was
onducted by adding an artificial signal extending over about
.6% of the region of interest amounting to 10%, 20%, and 30% of
he local signal intensity. This analysis showed that 80% power
as reached for a signal change between 10% and 20% in our
ata (Figure 3, right). In the voxel where the maximal t statistic

igure 2. Top row: box plots of average CBF in the left and right amygdala
ivided by 5-HTTLPR genotype (on the x axis, the code of transcriptional
ctivity). The boxes are drawn at the lower and upper quartile values, with a

ine at the median value. The whiskers extend from each end of the box,
overing the extent of the rest of the data. Bottom row: explained variance

n blood flow in the amygdala due to genotype, sex, gCBF, and the full
odel. The amount of variance in the full model that is in excess of the

ariance explained by the individual variables is due to the variance ex-
lained by age, study, the quadratic term of genotype (included in the
odel), and the partial collinearity between explanatory variables such as

ge and gCBF. Explanation of symbols: 44 bp: 44 base pair promoter geno-
ype; gCBF: global cerebral blood flow; all: full model. 5-HTTLPR, serotonin

Table 2. Effect of 5-HTTLPR Genotype on Perfusion, Vo

ROI Location (mm)a Area

Whole Brain Volume 8, �74, 58 BA 7
38, �80, �2 BA 19

Amygdala R 22, 6, �18 BA 34
22, �4, �12 BA 34

Amygdala L �28, 2, �22 BA 34
�20, 0, �12 BA 34

OFC 8, 18, 6 BA 25
�18, 54, 2 BA 11

All regions of interest are subsets of the whole brain
BA, approximate Brodmann area; L, left; OFC, orbito
aCoordinates of peak signal in the Montreal Neurolo
bSignificance level, voxel-level correction.
cCluster size, in voxels of 2 � 2 � 2 mm.
dSignificance level, cluster-level correction.
ransporter length repeat polymorphism; CBF, cerebral blood flow.

ww.sobp.org/journal
was reached, these signal changes corresponded on average to
8.9% and 22.6% of explained variance by the genotype variable.

Discussion

In this study, we found no effect of 5-HTTLPR genotype on
baseline perfusion levels assessed in the amygdala, orbitofrontal
cortex, or globally in the brain of 183 healthy adults. In the
amygdala, variability in baseline perfusion was accounted for in
large part by global cerebral flow levels, in minor part by sex, but
not by 5-HTTLPR genotype. This finding therefore fails to
replicate existing reports of an effect of 5-HTTLPR genotype in
the amygdala and in the orbitofrontal cortex in a larger cohort.

There are several possible explanations of this result. First,
our power analyses established that our sample could detect an

se Analysis

aximum/
inimum t

p (Voxel
Correction)b kc

p (Cluster
Correction)d

3.93 .41 65 .94
�3.30 .94 43 .99

1.29 .76 — 1
�1.44 .67 — 1

1.67 .55 1 .6
�.23 .99 — 1
3.00 .43 418 .2

�2.61 .73 31 .9

e.
l cortex; R, right; ROI, region of interest.
Institute standard space, in millimetres.
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Figure 3. Plot of the outcome of permutation tests on volumes in which an
artificial signal was added in the amygdala (left) and in the orbitofrontal
cortex (OFC; right), giving power estimates for analyses for these two re-
gions of interest for samples of size n � 183 individuals. On the x axis,
different intensities of added signal; on the y axis, proportion of rejection of
the null hypothesis, in percent, for test at the nominal significance level p �
.05. Red circles: percentage of true rejections of the null hypotheses for
overthreshold maxima within the region where the signal was added. Blue
circles: percentage of rejections of the null hypotheses in the same region
but in the wrong direction. The frequency of this type of error was zero. The
asterisks and dashed lines in blue and red refer to rejections of the null
hypothesis in either direction in the region where the null hypothesis was
true (no artificial signal added). The frequency of these rejections is, as
xelwi
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ffect of the promoter polymorphism on the amygdala of 7.5%
agnitude with a probability of about 80%. This means that it is

till possible that our study failed to detect an existing effect,
specially if the real effect of 5-HTTLPR genotype is smaller than
.5%. Caution is required in assessing this estimate: there is no
nformation about the possible real spatial extension and mag-
itude of blood flow differences associated with this genetic
olymorphism. Nevertheless, this estimate provides an objective
ardstick against which our study and future studies may be
ompared.

A second important factor to consider is the heterogeneity of
he sample. It is very difficult to avoid an increase in heteroge-
eity when moving from small to large samples for several
easons. One is that it becomes more difficult to recruit a
omogeneous, carefully screened sample. In the study of Rao et
l. (19), participants had been selected from a homogeneous
ool of similar age, adjusted for personality factors such as
euroticism and depressiveness. This may explain the large
ffect size due to 5-HTTLPR genotype reported in that study
about 12%) and similarly high effect sizes for sex. Another
eason is that the longer time required to sample the data may
ntroduce variance due to changes in the equipment. All scanners
o through a cycle of replacement of parts and helium as part of
ormal maintenance. As a result of increased heterogeneity in
he data, a real effect may fail to be replicated in a larger sample,
nly to reappear in samples larger yet.

There are two reasons, however, to believe that the present
tudy should have detected an effect of 5-HTTLPR polymor-
hism, notwithstanding the possible larger heterogeneity in our
ata. First, our analysis indicated that a power of 80% in detecting
n effect of 5-HTTLPR genotype in our study was reached for a
ignal change of about 7.5% in one third of the amygdala, which
s considerably less than the signal change due to genotype
eported by Rao et al. (19) and Canli et al. (18). The same
onclusion may be drawn from the analysis of the power to
etect a signal in the orbitofrontal cortex. Second, in the study by
ao et al. (19), the magnitude of the effect of 5-HTTLPR genotype
as similar or larger than the magnitude of the effect of sex.
ence, the power of our sample to detect an effect of sex in the
mygdala provides an approximate indication of the power to
etect an effect of 5-HTTLPR genotype that does not rely on a
ypothetical effect but is based on a real difference in amygdalar
erfusion. For a sample of our size, this power was estimated at
9%, suggesting more than adequate detection capacity.

A cause of concern is uncertainty about the exact models of
enotype, for example concerning the degree of dominance of
lleles. However, the present study included a quadratic effect
or deviations from linearity to achieve invariance of the results
ith respect of this issue.
Another possible cause of concern is the existence of an

ncontrolled source of variation in baseline perfusion due to
hanges in the subjective experience of the participants while the
canning session unfolds or in relation to the conditions in which
he scan takes place. This source of variation may be of interest
n its own right, if understood and adequately controlled for.

Another possible source of discrepancies between the results
f this and previous studies is the occurrence of epistatic effects
hat may affect the observed apparent association between the
-HTTLPR polymorphism and the phenotype. Besides increased
erfusion in carriers of the short allele, Canli et al. (18) also
eported a significant interaction between genotype, stress in life
istory, and self-reported rumination. Rao et al. (19) reported

hat the differences in amygdala baseline perfusion remained
significant after controlling for relevant personality scores but did
not address the issue of the interaction directly.

Finally, the association found in previous studies may have
been real but population differences may exist that explain the
failed replication in the present study. Related to this concern is
the presence of several known functional polymorphisms on the
serotonin transporter gene (47,48). Linkage disequilibrium pat-
terns may differ across populations (49). Given the interest that
this polymorphism has attracted in the neuroimaging community
and its importance more generally (50), this is an issue that might
be worthy of more attention than it has received to date.

Taken together, these results suggest that the effect of this
genetic polymorphism on basal perfusion, if there is any, must be
small and much less than the effect of sex in the amygdala. The
null results of this study could also be due to the original findings
having been a chance finding, as is sometimes found in genetic
association studies, even if well conducted. Alternatively, the
effect may be conditional on other variables. We conclude that
our data do not support the unqualified use of basal perfusion
imaging in the amygdala as a biological marker of a vulnerability
to emotional disorder mediated by the 5-HTTLPR genetic poly-
morphism.
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