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a b s t r a c t
Serotonin is synthesized from its precursor, tryptophan, by brainstem raphé neurons and their synaptic
terminals in limbic regions. The omission of tryptophan from an Acute Tryptophan Depletion (ATD) diet
transiently diminishes serotonin synthesis, alters raphé activity, and mimics symptoms of depression. Raphé
functional magnetic resonance imaging (fMRI) poses challenges using signal-averaging analyses. Time-series
properties of fMRI blood oxygenation level dependent (BOLD) signals may hold promise, so we analyzed raphé
signals for changes with the ATD diet. Eleven remitted (previously depressed) patients were awake with eyesclosed during seven-minute resting scans with 0.5 s−1 sampling. BOLD signal time-series data were frequencyﬁltered using wavelet transforms, yielding three octave-width frequency bands from 0.25 to 0.03 s−1 and an
unbounded band below 0.03 s−1. Spectral power, reﬂecting signal information, increased in pontine raphé at
high frequencies (0.25 to 0.125 s−1) during ATD (compared to control, balanced, diet, P b 0.004) but was
unchanged at other frequencies. Functional connectivity, the correlation between time-series data from pairs
of regions, weakened between pontine raphé and anterior thalamus at low frequencies during ATD (P b 0.05).
This preliminarily supports using fMRI time-series features to assess pontine raphé function. Whether, and
how, high frequency activity oscillations interfere with low frequency signaling requires further study.
© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
The serotonin system is involved in depression, sleep, and
cognition (Maes and Meltzer, 1995; Blier, 2001; Meyer, 2007).
Serotonin neurons are found in brainstem raphé nuclei. Our
understanding of serotonin pathophysiology in depression and
related conditions would beneﬁt from a replicable, non-invasive
raphé imaging method with rapid temporal resolution. Imaging
serotonin function in the brainstem raphé nuclei with functional
magnetic resonance imaging (fMRI) is challenging because of noise
and artifacts. Such obstacles to fMRI measurements may be more
manageable using time-series data analyses to measure raphé
oscillatory properties.
Over a wide range of frequencies from milliseconds to annual
cycles, neural networks oscillate in reliable patterns that modulate
inputs, synaptic plasticity, and the consolidation of information
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(Buzsáki and Draguhn, 2004). Intrinsic oscillatory features are seen
in “resting” fMRI signals – collected while the brain is not engaged in
discrete tasks (Biswal et al., 1997; Marx et al., 2004; Fukunaga et al.,
2006; McAvoy et al., 2008; Bianciardi et al., 2009; Garrett et al., 2010).
Serotonin neuron ﬁring rates and raphé activity intensities ﬂuctuate
spontaneously during sleep and other ultradian phases (Aghajanian
et al., 1970; Mosko and Jacobs, 1976; Carlsson et al., 1980;
Vandermaelen and Aghajanian, 1983; Lydic et al., 1984; Marazziti
et al., 1990; Jacobs and Fornal, 1991; Roy et al., 1991; Jacobs and
Azmitia, 1992; Lowry, 2002; Zeitzer et al., 2002; Salomon et al., 2005,
2006). Oscillations in raphé activity are known to critically inﬂuence
target regional activities, viz., preclinical evidence of intrahippocampal
synchronizations (Hobson et al., 1974; Sheu et al., 1974; Vertes, 1981),
and phasic licking and grooming behaviors linked to raphé neuron
activity (reviewed by Jacobs and Fornal, 1995). In humans, serotonergic effects on the binocular switch rate (Carter et al., 2005) also suggest
that oscillations in raphé activity inﬂuence distant regions. Time series
analyses of ﬂuctuations in raphé function may provide reliable
information regarding serotonin neuron activity, especially from a
within-subjects design measuring acute changes in serotonin function.
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Acute Tryptophan Depletion (ATD) is known to rapidly alter states
of serotonin function. Abrupt reductions in central serotonin
availability occur following amino acid diets that omit tryptophan
(TRP), the serotonin precursor. ATD leads to a marked, stable and
global reduction in brain serotonin synthesis, with a central TRP nadir
reaching 2% of baseline after about 5 h that lasts for 1 to 2 h (Salomon
et al., 2003), and produces clinically measurable changes in mood
(Young et al., 1985). About half of all subjects tested, among remitted
patients taking serotonin reuptake inhibitors for a previous depressive episode, show a brief relapse of depressive symptoms during ATD
(Delgado et al., 1990, 1991; Neumeister et al., 2004; reviews by
Salomon et al., 1993; Moore et al., 2000; van der Does, 2001; Bell et al.,
2005). Factors explaining ATD response, including the degree of
depletion, remain unsatisfactory (Booij et al., 2002; Salomon et al.,
2003; Moreno et al., 2010).
We hypothesized that low serotonin availability elicited by ATD
would alter oscillatory activities in pontine raphé, would affect
oscillations in other regions modulated by serotonin and related to
mood regulation, and would also alter time-series correlations among
these regions. Regions in which changes in metabolism or blood ﬂow
are associated with depression or mood relapse during ATD include
the raphé, anterior cingulate, habenula, anterior thalamus, orbitofrontal cortex, and caudate nuclei (Baxter et al., 1985; Bremner et al.,
1997; Mayberg et al., 1999; Morris et al., 1999; Mayberg, 2009). We
assessed functional changes in these regions using resting fMRI timeseries data. Scans were acquired after ATD diets and control diets
(balanced, including tryptophan) in patients treated with serotonin
reuptake inhibitor (SRI) antidepressants and remitted from depression. Spectral power and raphé functional connectivity for each region
in four frequency bands was measured for each diet condition.
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pathy, pregnancy, metal implants or current (6 months) substance
abuse or lifelong history of dependence.
SRI-type medications (ﬂuoxetine (1 patient), sertraline (3),
paroxetine (1), citalopram (1) or escitalopram (5), see TABLE in the
online supplement for patient demographics and individual medications) were continued throughout the study without other medications, extending the pre-study treatment and remission that had
lasted at least 2 months. Prior to each diet test, participants fasted
after midnight (except water and daily medication), and arrived at
8 am to acclimate to the General Clinical Research Center (GCRC)
where they completed mood ratings, blood sampling, and intravenous
line placement prior to diet administration. Fasting continued except
for the test diets, and small amounts of water and non-caffeinated
carbonated beverages. Intravenous 5% dextrose was given at 125 ml/
hr. Participants were instructed to report changes in mood in either
direction, understanding that the diets might or might not transiently
improve or worsen mood. A normal diet was given at the conclusion
of the scans and ratings. Participation and completion of all study
procedures was compensated by a payment of $250, which was
prorated for incomplete studies.
2.3. Tryptophan depletion diet testing

Participants from the University community were in remission
from prior episodes of depression while taking only SRI medications.
Acute tryptophan-depleting (ATD) and control (inclusive of tryptophan) diets were given in random, double blind sequences one week
apart. fMRI resting scans followed, 6 h after the diet. Pontine raphé
regional spectral power was hypothesized a priori to change during
ATD. Changes in functional connectivity were also hypothesized
between pontine raphé and the anterior cingulate (left or right) or
anterior thalamus (also left or right). Functional connectivity
involving caudate head and habenula regions, and spectral power
for the set of eight target regions were added as post-hoc analyses.
Results from the ﬁrst two measures prompted post-hoc correlations of
raphé spectral power and functional connectivity for the raphé and
thalamic regions across subjects.

Control or active (tryptophan-free) amino acid mixtures were
administered at 9:30 a.m. in a random, double-blind crossover
sequence on testing days one week apart. Diets were prepared by
the Vanderbilt Investigational Drug Service using pharmaceutical
grade amino acids from commercial suppliers. Active ATD amino acid
(100 g, ‘full-strength’) mixtures contained 15 amino acids in the
balance found in human milk, but without tryptophan (L-alanine
5.5 g, glycine 3.2 g, L-histidine 3.2 g, L-isoleucine 8 g, L-leucine, 13.5 g,
L-lysine 11 g, L-phenylalanine 5.7 g, L-proline 12.2 g, L-serine 6.9 g,
L-threonine 6.9 g, L-valine 8.9 g, L-tyrosine 6.9 g). Control diets were
identical, but included L -tryptophan 2.3 g. Diets were administered as
powder suspended in chocolate-ﬂavored water. The foul-smelling
amino acids (L-arginine 4.9 g, L-cysteine 2.7 g, and L-methionine 3 g)
were given in about ten gelatin capsules, as described previously
(Delgado et al., 1990), ﬁfteen minutes prior to the drink. Nutritionally
balanced snacks (cheese, tuna, or turkey sandwich; chips; fruit) were
given after the conclusion of the scans and ratings. Supplemental TRP
was not given with supper, consistent with the earliest ATD studies of
depressed patients (Delgado et al., 1990, 1994).
Reading of magazines or books and stretching or ambulating for
brief periods within the room were encouraged during the 6 h
between diet ingestion and fMRI scan. Serum TRP levels were
determined at morning baseline and immediately prior to scanning.
Morning and afternoon (post-scan) mood ratings used all items from
the HRSD-17, with carry-forward of sleep and appetite items through
the day, and were repeated at day-after monitoring visits at noon.

2.2. Participants (see online supplement for participant characteristics)

2.4. MRI scans, region selection and analysis

An institution-wide email solicited SRI-remitted, previously
depressed adults. Inclusion required age 18 to 50, 17-item Hamilton
rating scale for depression (Hamilton, 1960, HRSD) score below
8 points, and signed consent as approved by the Vanderbilt University
Medical Center Institutional Review Board. A clinical diagnostic
interview (RMS) and structured diagnostic interview (Mini International Neuropsychiatric Interview, MINI; Sheehan et al., 1998)
conﬁrmed a retrospective depression diagnosis and current remitted
status. Participants were excluded for current or prior suicidality, or
abnormalities on medical history, safety labs (blood cell counts and
electrolytes, hepatic proﬁle, urinalysis with toxicology) or physical
examination. To minimize risk to patients, assure normal metabolic
responses to the diet tests, and minimize artifacts for fMRI, patients
were also excluded for histories of migraine, hepatitis, endocrino-

A 3T Philips Integra scanner with a SENSE coil provided blood
oxygenation level-determined (BOLD, Ogawa et al., 1990) and 3D
anatomical data for co-registered region selection. Brief scout (32 s),
3D anatomical (6.5 min), T1-weighted anatomical (112 s), and two 7minute functional T2* scans were acquired; totaling about 30 minutes. Resting, standard T2*-weighted BOLD functional data were
acquired with eyes closed while remaining awake (repeat time (TR)
2000 ms, echo time (TE) 25 ms, ﬂip angle 79°, 30 slices,
3.75 × 3.75 mm in-plane resolution). Slices were 4.5 mm thick with
0.5 mm gap. 200 volumes, obtained at 80 × 80, and were interpolated
to 128 × 128 without additional spatial smoothing. Scans were
acquired in the transverse plane deﬁned by anterior and posterior
commissures and corrected to that plane during pre-processing if
necessary. Functional data were temporally shifted to adjust for slice-

2. Methods
2.1. Overview
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to-slice differences in acquisition time using sinc interpolation. The
ﬁle acquisition protocol discarded the ﬁrst four volumes to minimize
T1 incursion effects on the T2* data sequence. Motion artifacts in the
functional scans were assessed with trilinear sinc interpolation, but
were used only for exclusion. Grossly visible artifact on visual
inspection was cause for exclusion, as were movements greater
than 1 mm translation or 1° rotation in any direction. Residual motion
parameters were not included as covariates or other adjustments in
analyses. No high pass ﬁlter was used. The ultralow (b0.03 s−1)
output was detrended to remove drift artifact, which effectively
functioned as a high pass ﬁlter with a cutoff of 0.0026 s−1. The other
wavelet-ﬁltered outputs are essentially detrended by the transform.
Coregistration with 3D anatomical scans allowed manual selection
of regions-of-interest and used deﬁned anatomical landmarks (see
below) within single transverse slices (BrainVoyager QX [BV], Brain
Innovation, Maastricht, The Netherlands). To avoid altering amplitudes of individual voxel signals that could occur during transformation or extrapolation to achieve standardized space, manual region
selection was used. Voxel-wise tables of time-series data for each
selected region were imported into MATLAB (Mathworks, Natick, MA)
for custom-programmed high resolution wavelet ﬁltering, automated
intra-regional index voxel identiﬁcation, regional determination of a
dominant coherent signal, and spectral power and functional
connectivity calculations.
Wavelet transform ﬁltering was used because it isolates energies
within narrow frequency bands without abrupt cutoffs and with
minimal ﬁlter distortion error. Wavelet methods have previously
been used for fMRI in denoising (thresholding) methods (Fadili and
Bullmore, 2002, 2004) and in mixed Fourier-wavelet procedures
(Wink et al., 2008). We chose Daubechies 2 (orthogonal, 4 moments,
2 vanishing moments) wavelets (Daubechies, 1992) to preserve
independence. Iterative wavelet transforms to level 3 concentrated
signal power in frequency bands from approximately 0.25 (Nyquist
for TR of 2 s) to 0.125 s−1 (high), from 0.125 to 0.06 s−1 (medium),
from 0.06 to 0.03 s−1 (low), and below 0.03 s−1 (ultralow).
Spectral power, representing energy or information, was approximated as the sum of squares of each of the four output wavelet
coefﬁcient sets after removal of linear drift, analogous to expressions
of EEG power but using BOLD intensity in place of voltage, and a band
of frequencies in place of a single frequency on the spectrum. For
these within-subjects comparisons, BOLD intensities were not
normalized or standardized. Therefore, the spectral power is given
here as a unitless measurement. Differences between control and
active study conditions were tested using Wilcoxon rank-sum tests
using a maximum alpha of 0.05 for determining statistical signiﬁcance. A more rigorous, corrected alpha of 0.01 was applied to P values
from independent tests of the four frequency bands between diet
conditions for the raphé spectral power, since it was our primary
hypothesis.
Functional connectivity was calculated as the correlation between
time-series data from the raphé and other regions because raphé
activity alters function in projection targets throughout the neuraxis
(Dahlstrom and Fuxe, 1964; Aghajanian et al., 1970; Moore et al.,
1978). Individual regional signals were calculated as described for
spectral power. Bootstrapped 95% conﬁdence intervals (corrected for
sample bias) were generated around each of the observed functional
connectivity coefﬁcients to provide best estimates of the range of
generalizable coefﬁcients. Statistical signiﬁcance of differences between functional connectivity correlations was then determined via
the use of those conﬁdence intervals (i.e., P b 0.05 for 95% conﬁdence
intervals). For this reason, exact null probability values are not
presented for conclusions reached using conﬁdence intervals. Within
the context of conﬁdence intervals, this means that bidirectional
separation was required for an interpretation of statistical signiﬁcance. That is, correlation values for a region-pair-condition had to be
outside the CI for the other condition, and this had to be true in both

directions, to consider the control-active difference in functional
connectivity statistically signiﬁcant.
Multiple comparisons were minimized in the a priori study design
by limiting hypotheses and spare selections of regions-of-interest.
Two-tailed tests of differences were used throughout. As stated above,
tests of statistically signiﬁcant differences for spectral power in the
raphé were corrected for the four frequency bandwidths tested, with
alpha of 0.0125. Tests of statistically signiﬁcant differences in spectral
power for between ATD diet and control diet comparisons within
regions other than raphé, and also for between-regions differences in
functional connectivity for all pairings, used an uncorrected alpha of
0.05 in this pilot study.

2.5. Anatomical region deﬁnitions
The pontomesencephalic pontine raphé region (approximating
dorsal portions) was deﬁned on the ﬁrst transverse slice where both
cerebral peduncles were well-deﬁned immediately superior to the
pons, one transverse anatomical slice (1 mm) superior to the isthmus
and immediately anterior to the fourth ventricle (Fig. 1, also Online
Supplementary Fig. 3.a.). This slice was parallel and between 16 and
30 mm inferior to the transverse plane deﬁned by the anterior and
posterior commissures. Due to the lack of clear anatomical boundaries
for this region from the surrounding regions, the dorsal raphé nucleus
was deﬁned as having a width of one third the total width of the
midbrain at that level and a height of 3 (mm) pixels. The inferior
border was deﬁned 2 mm anterior to the fourth ventricle (see Baker
et al., 1990).
The anterior cingulate regions were all pregenual, since they were
deﬁned in the transverse slice where the lateral ventricles and the
corpus callosum both showed greatest anterior extent. The right and left
anterior cingulate cortices were deﬁned separately within one slice,
carefully avoiding any paracingulate tissues as visualized entering the
frontal lobe in the sagittal view. (Supplementary Fig. 3.b., online).
The anterior thalamus region was localized in a mid-sagittal view
and deﬁned in the transverse slice in which the thalamus was largest
in anterior to posterior dimension. The anterior half of the thalamus
within that slice was sampled (about 50 voxels), with the posterior
boundary deﬁned by a horizontal line from the most posterior-medial
to anterior-lateral thalamic point within that slice. A comparison of
thalami deﬁned by two different research assistants is shown from the
same scan, showing strong similarity between regions selected.
(Supplementary Fig. 3.c, 3.d, online).
The caudate head region was selected in the same plane as the
cingulate region, deﬁned again by the most anterior aspect of the
lateral ventricle. The postero-lateral extent was easily identiﬁable

Fig. 1. Manually drawn pontine raphé region (shaded rectangle, white arrow), deﬁned
in plane 1 mm rostral to the isthmus. (see also color version in online supplement).
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visually by the tissue density boundary, and deﬁned by a chord drawn
rostral to the anterior limb. The remaining border was taken as the
caudate-lateral ventricular surface. (Supplementary Fig. 3.b., online).
The habenula regions were drawn in transverse slices deﬁned as
3 mm above the superior aspect of the posterior commissure, which
also usually showed the maximal extent of the origin of the pineal
stalk. The center anatomical voxel of a 3 mm by 3 mm region was
deﬁned 1 mm medial and 1 mm anterior to the postero-lateral corner
of the thalamic body. (Supplementary Fig. 3.e., online).

tests: 80.26 ± 18.5 ng/dL). Mean 4 p.m. control test levels were
91.95 ± 18.6 ng/dL, and 4 p.m. ATD test levels were 20.48 ± 4.6 ng/
dL. The inclusion of all available data (with the incomplete sets) in
these averages had negligible effects on the above means. The mean of
all available 4 p.m. levels, including incomplete sets, was 19.01 ±
4.6 ng/dL (n = 9).

3. Results

Intranet institutional email advertising and phone screening
provided a uniform group of high-functioning, employed and socially
active participants (n = 11), 21 to 49 years of age (35.9 ± 10.4; means
throughout ± S.D.), and balanced by gender (6 females, 55%, see
TABLE in the online supplement for patient demographics). Retrospective estimates of prior episode (pretreatment) symptom severity
ranged from mild to moderate. None had histories of suicidal plans or
behavior; all had recurrent illness. Screening (study intake) HRSD-17
scores averaged 2.67 ± 2.42 (n = 11). Two subjects of the 13 entered
were excluded from analysis, one for non-compliance with SRI
maintenance (less than 50% compliance during the study period),
and the other because he did not complete the second diet test.
No participant relapsed (increase in HRSD by 10 points or more)
during depletion. Mood was unchanged during control testing (HRSD
baseline: 2.67 ± 3.26, end: 2.92 ± 2.84, noon next day: 1.58 ± 2.35)
and ATD testing (baseline: 2.50 ± 2.84, end: 3.42 ± 2.39, noon next
day: 3.17 ± 5.59). Following previously published criteria (Delgado
et al., 1994) for additional sub-analyses of mood changes, worsening
of mood (increase by at least ﬁve but less than 10 points) was noted in
two of eleven participants with ATD between morning and afternoon
ratings. Three other participants showed a worsening of mood at noon
on the follow-up day compared to morning test baseline scores.
Control tests were not associated with changes of 5 or more points at
any time point. All subjects tolerated study procedures well. There
was no effect of sequence for the control vs. active conditions for
mood ratings or for any other measure.

For the pontine region inclusive of raphé, a statistically signiﬁcant,
1.5-fold increase in spectral power in the high frequency band (0.25 to
0.125 s-1) was observed in the ATD condition (ATD: 19.8 ± 15.0,
control: 7.9 ± 5.5, P = s 0.004, effect size 0.79, Table 1, Fig. 2, Online
Supplementary Fig. 1).
No statistically signiﬁcant differences between ATD and control
conditions were seen for spectral power at ultralow frequencies
(b0.03 s−1) in any of the other eight (non-raphé) regions (PN 0.05). At
low frequency (0.06 to 0.03 s−1), there was a statistically signiﬁcant
increase with ATD relative to the control diet for spectral power in the
right anterior thalamus (ATD: 5.7±2.6; control: 4.1±2.0, P=0.03); and
in the left habenula (ATD: 11.5±3.7; control: 7.3±3.7, P=0.03). Spectral
power at medium frequencies (0.125 to 0.06 s−1) was increased in
the ATD condition in the right anterior cingulate (ATD: 2.3±1.2; control:
1.6±0.7), the right anterior thalamus (ATD: 4.9±2.8; control: 3.1±1.8,
P=0.04), and the right habenula (ATD: 10.9±6.8; control: 7.0±5.9,
P=0.02). The ATD effect at medium frequencies for the left habenula
spectral power change was not statistically signiﬁcant (ATD: 14.4±7.8;
control: 7.9±3.4, P=0.06). Other than the change in high frequency
(0.25 to 0.125 s−1) raphé spectral power described above, the only other
statistically signiﬁcant difference with ATD was in the right anterior
cingulate (ATD: 2.5±1.1; control: 1.7±0.9, P=0.008).
To summarize, there was a signiﬁcant increase in high frequency
spectral power in the ATD condition in the region inclusive of pontine
raphé and the right anterior cingulate. Other observed changes
included increased spectral power at: Low frequency for right anterior
thalamus and left habenula; and Medium frequency for right anterior
cingulate, right anterior thalamus, and right habenula. Every region
uniformly showed spectral power increases with ATD compared to
control diets.

3.2. TRP blood levels

3.4. Functional connectivity of pontine raphé (Table 2, Fig. 3)

Technical problems limited availability of a complete set of TRP
levels. Only serum levels (approximating free) TRP were determined.
Among the ﬁve complete sets, mean pre-diet morning levels were
65.12 ± 17.0 ng/dL (pre-control tests: 70.53 ± 20.9 ng/dL, pre-ATD

During control (balanced) diet testing, the mean functional
connectivity of pontine raphé with target regions was strongest at
low frequencies (0.06 to 0.03 s−1), ranging from r = 0.61 to r = 0.79 for
the four regions. At ultralow frequencies (r = 0.37 to 0.50), at medium

3.3. Spectral power changes with ATD (Table 1, Fig. 2, Online
Supplementary Fig. 1)

3.1. Participants and behavioral outcome

Table 1
Spectral power in 4 frequency bands.
Mean ± S.D.

UltraLow (N 32 s)
ATD

Anterior
cingulate
Anterior
thalamus
Habenula
Caudate head
Pontine raphé

R
L
R
L
R
L
R
L

Control

92.5 ± 46.5
74.9 ± 33.0
106.1 ± 58.4
84.5 ± 39.7
184.2 ± 43.8 170.9 ± 73.3
186.0 ± 69.6 163.8 ± 68.9
254.9 ± 89.6 232.3 ± 148.7
263.9 ± 82.2 229.0 ± 125.7
142.2 ± 53.2 118.2 ± 70.6
139.0 ± 55.7 124.3 ± 73.8
212.2 ± 64.5 198.0 ± 99.8

Low (16 to 32 s)
P*

ES

ATD

Control

0.21
0.21
0.48
0.42
0.38
0.25
0.08
0.48
0.53

0.38
3.0 ± 1.7 2.3 ± 1.5
0.37
3.8 ± 3.0 2.4 ± 1.6
0.18
5.7 ± 2.6 4.1 ± 2.0
0.31
5.2 ± 3.0 3.8 ± 1.5
0.15
9.5 ± 6.7 7.6 ± 4.1
0.29 11.5 ± 3.7 7.3 ± 3.7
0.34
4.4 ± 2.1 3.3 ± 1.6
0.20
5.4 ± 6.2 3.3 ± 2.2
0.14
9.0 ± 5.8 6.2 ± 3.1

Medium (8 to 16 s)
P*

ES

ATD

Control

0.25
0.29
0.03
0.11
0.25
0.03
0.08
0.33
0.13

0.42
2.3 ± 1.2 1.6 ± 0.7
0.47
2.7 ± 2.3 1.7 ± 0.8
0.58
4.9 ± 2.8 3.1 ± 1.8
0.46
4.8 ± 2.7 2.8 ± 1.5
0.27 10.9 ± 6.8 7.0 ± 5.9
1.15 14.4 ± 7.8 7.9 ± 3.4
0.50
3.5 ± 2.3 2.8 ± 1.7
0.34
4.7 ± 4.7 2.5 ± 1.0
0.49 12.1 ± 5.9 9.0 ± 10.4

High (4 to 8 s)
P*

ES

ATD

Control

P*

0.04
0.42
0.04
0.11
0.02
0.06
0.25
0.18
0.21

0.63
2.5** ± 1.1
1.7 ± 0.9 0.008
0.47
2.7 ± 2.3
2.1 ± 1.0 0.86
0.67
4.5 ± 3.1
4.9 ± 4.3 0.59
0.78
4.9 ± 3.6
3.3 ± 1.3 0.18
0.59
16.8 ± 10.9
8.7 ± 7.1 0.09
0.83
21.3 ± 18.0 11.3 ± 5.0 0.08
0.34
4.1 ± 3.8
3.8 ± 3.4 0.66
0.47
4.3 ± 5.0
2.8 ± 1.5 0.59
0.53 19.8** ± 15.0
7.9 ± 5.5 0.004

ES
0.77
0.31
0.15
0.45
0.74
0.55
0.08
0.30
0.79

Spectral power (× 103) from wavelet ﬁltered average signals using anatomically determined left (L) and right (R) regions drawn with coregistered T1 and T2* BOLD images acquired
at 3Tesla. * Bold font indicates comparisons signiﬁcant by Wilcoxon Rank Sum (P b 0.05, not corrected for multiple comparisons.) ** Signiﬁcant after correction for multiple
comparisons, with ‘two-tailed’ alpha = 0.0125 (a priori hypothesized analysis of spectral power in pontine raphé in four frequency bands). ATD: acute tryptophan depletion diet; ES:
effect size; mean ± standard deviation of n = 11 SRI-remitted patients, within-subjects comparisons.
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pairs bilaterally (right thalamus: control r = 0.79, ATD r = 0.57; left
thalamus: control r = 0.78, ATD r = 0.58; both P b .05). Diminished
low-frequency connectivity within the ATD condition was also seen
between the pontine raphé and the habenula bilaterally (right
habenula: control r = 0.72, ATD r = 0.53; left habenula: control
r = 0.64 , ATD r = 0.54; both P b 0.05, 95% CI), and the left caudate
head (control r = 0.69 , ATD r = 0.56; both P b 0.05).
At medium (0.125 to 0.06 s−1) frequencies, lowered functional
connectivity within the ATD condition compared to the control
condition differed only for the raphé – right anterior cingulate pair
(P b 0.05). There were no other signiﬁcant differences between ATD
and control condition in pontine raphé functional connectivity
measures at medium frequencies, and none of the pairs showed
signiﬁcant differences at high frequencies.

3.5. Effects of ATD on functional connectivity for pairs other than raphé

Fig. 2. Pontine raphé enhancement of normalized spectral power during ATD at ultralow
(ULow; b 0.033 s−1; *P b 0.05), low (0.063–0.033 s−1), medium (Med; 0.125–0.063 s−1),
and high ( 0.25–0.125 s−1; **P b 0.004). n = 11, mean± standard deviation. Dark bars:
control diet; white bars: ATD.

frequencies (r = 0.21 to 0.41), and at high frequencies (r = 0.01 to
0.15), control diets showed weaker connectivity (Table 2, Fig. 3).
Correlations at ultra-low frequencies (b0.03 s−1) during the ATD
conditions were signiﬁcantly weaker than those during control diet
testing bilaterally for raphé – anterior cingulate pairs; and for raphé –
habenula pairs (all four pairs P b 0.05 by 95% CI). The greatest decrease
in apparent connectivity with ATD compared to control was seen in
low-frequency correlations for pontine raphé – anterior thalamic

Table 2
Pontine raphé functional connectivity (low frequency).
Pontine
raphé with:

Mean r
N = 11

95% CI
Lower Limit

Upper Limit

Anterior cingulate
Left
Control
ATD
Right
Control
ATD

0.61
0.57
0.63
0.53

0.48
0.51
0.52
0.48

0.72
0.63
0.72
0.58

Anterior thalamus
Left*
Control
ATD
Right*
Control
ATD

0.78
0.58
0.79
0.57

0.68
0.49
0.69
0.48

0.83
0.68
0.85
0.66

Control
ATD
Control
ATD

0.69
0.56
0.63
0.57

0.61
0.47
0.56
0.51

0.76
0.63
0.71
0.64

Control
ATD
Control
ATD

0.64
0.54
0.72
0.53

0.54
0.44
0.67
0.44

0.72
0.64
0.78
0.62

Caudate head
Left*
Right

Habenula
Left*
Right*

Cortico-cortical functional connectivity coefﬁcients between left
and right anterior cingulate regions were strong, and no statistically
signiﬁcant differences in those coefﬁcients were seen between the
ATD and control conditions in any of the four frequency bands
(ultralow and low frequencies: ATD: respective mean r = 0.87 and
0.90; control: respective mean r = 0.875 and 0.879; medium and high
frequencies: ATD: respective mean r = 0.79 and 0.63; control:
respectively mean r = 0.72 and 0.61, P N 0.05).
Contrary to the observations from raphé connectivity coefﬁcients,
statistically signiﬁcant robust ipsilateral increases in functional
connectivity between the striatal and thalamic regions were demonstrated in the ATD condition compared to the control diet (at ultralow
frequencies (b0.03 s−1) left anterior thalamic connectivity with left
caudate head: ATD: r = 0.66, control: r = 0.56 (P b 0.05); right anterior
thalamic connectivity with right caudate head: ATD: r = 0.70, control:
r = 0.41 (P b 0.05). No statistically signiﬁcant differences between the
ATD and control diet conditions for contralateral striatal and thalamic
region functional connectivity pairs were demonstrated. Their
coefﬁcients were sufﬁciently strong to suggest that the lack of a
strong difference between diet conditions was not due to a ﬂoor effect
(left caudate with right thalamus: ATD r = 0.62, control r = 0.53; right
caudate with left thalamus: ATD r = 0.66, control r = 0.51).

3.6. Relationship between spectral power and functional connectivity

Correlations of pontine raphé time-series data with four other regions. Changes from
control with acute tryptophan depletion, *Bold font for P b 0.05; means outside
conﬁdence intervals bidirectionally.

Mean high frequency spectral power rose while mean low frequency
thalamo-raphé functional connectivity declined, suggesting a possible
inverse relationship between the two variables across subjects. At low
frequency, the left and right thalamo-raphé functional connectivities
with the raphé were highly correlated across subjects (control diet
condition: r = 0.96, ATD condition r = 0.98). The raphé high frequency
spectral power during the ATD diet correlated inversely across subjects
with left thalamo-raphé connectivity (r = −0.67, see Supplementary
Fig. 3 in the online supplement), suggesting a strong association
between the spectral power and functional connectivity changes across
individuals.

3.7. Summary
High frequency spectral power in the region inclusive of pontine
raphé increased signiﬁcantly during ATD, and coincided with an
observation of diminished low frequency functional connectivity
between the pontine raphé region and the anterior thalamus. Across
subjects, high frequency raphé spectral power was inversely correlated with low frequency functional connectivity for the left and right
thalamic regions with the raphé.
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Fig. 3. ATD effects on functional connectivity (r) between pontine raphé and four rostral regions; ﬂame scale for r correlation values. AC = anterior cingulate; CH = caudate head;
AT = anterior thalamus; Hb = habenula.

4. Discussion
Using time series metrics, resting fMRI scans detected statistically
signiﬁcant changes in serotonin function in a pontine raphé region
during dietary acute tryptophan depletion (ATD). Compared to
control (balanced) diet, high-frequency spectral power from raphé
signals increased signiﬁcantly during ATD, while low-frequency
functional connectivity for the raphé – anterior thalamus region pair
decreased signiﬁcantly. High-frequency spectral power in the raphé
correlated inversely with low-frequency connectivity between the
raphé and anterior thalamus in the ATD data set.
The increase in spectral power is consistent with ﬁndings from
other modalities. Increased electroencephalographic delta power, at
higher frequency (0.75 to 3.75 s−1) than that measured here, has been
reported with ATD (reviewed by Fusar-Poli et al., 2006). Highfrequency ﬂuctuations observed here are close to serotonin neuronal
discharge rates (about 2 s−1) observed in preclinical electrophysiology recordings (Jacobs and Fornal, 1995), suggesting that the
increased spectral power may be based at least partially on intrinsic
neuronally-related events.

The raphé spectral power ﬁndings can be ﬁtted to a tentative model in
which raphé serotonin availability is diminished during ATD. ATD
diminishes serotonin availability, which could diminish auto-inhibitory
feedback to serotonin neurons, or could diminish inhibition of activity in
GABA and glutamate interneurons (Ciranna, 2006). Alternatively,
intracellular homeostatic pathways restoring serotonin availability could
result in an increase in cell activity. Any of these might explain increased
local blood ﬂow observed in the raphé during ATD (Morris et al., 1999).
ATD did not alter occipital GABA in a magnetic resonance spectroscopy
study (Selvaraj et al., 2006). Speciﬁcity of the increased activity as high
frequency oscillations is not clearly explained by this model.
The diminished functional connectivity ﬁndings for the raphé with
ATD are expected, since diminished serotonin availability during ATD
would be expected to weaken raphé inﬂuences on target regions. That
spectral power and functional connectivity are inversely correlated
may imply that low frequency connectivity of a region is compromised when high frequency ﬂuctuations in the BOLD activation signal
are present in the region. Increased high-frequency spectral power
was also observed in the right anterior cingulate with ATD, compared
to the control diet.
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4.1. Signal vs. noise in time series analyses
The neuroimaging of brainstem regions is fraught with vulnerability to physiologic artifacts, impeding block- or event-related
visualizations of brainstem activity (Napadow et al., 2009). However,
it has been possible to demonstrate changes in low frequency fMRI
ﬂuctuations in brainstem region activity during physiologically
relevant, steady-state (non-pulsatile) behaviors such as meditation
or acupuncture (Lazar et al., 2000; Napadow et al., 2005, 2006, 2009).
The placement of acupuncture needles or the training of individuals to
meditate in order to produce a contrast presents methodological
challenges and limits widespread applicability. The method reported
here, using time series analyses to improve noise and artifact
management and with ATD providing a pharmacologic contrast,
manages artifacts well, and could be easily and widely implemented.
A reliable resting state fMRI measure of raphé function that manages
noise well would be valuable for understanding depression pathophysiology, explaining antidepressant action mechanisms, and selecting treatments for refractory cases.
Spectral power and functional connectivity signals could result
from intrinsic raphé tissue activity or artifacts. Near-infrared
spectroscopy (NIRS) suggests that sources of signal oscillations
include vascular autoregulation and intrinsic neuronal activity
(Obrig et al., 2000). Artifacts may include movement, scanner noise
and also respiration and cardiac effects speciﬁc to the brainstem.
Scanner noise and head-movement artifacts can be dismissed as a
source of the present ﬁndings since ATD is unlikely to affect either in a
random sequence, within-subject comparison with control diet scans,
and since movement during scans was cause for data exclusion.
Outside inﬂuences are unlikely to explain the increased high
frequency spectral power because functional connectivity of the raphé
to other regions diminished with ATD. Also, the connectivity is
strongest at low frequencies (b0.08 s−1; Biswal et al., 1997), which is
unlikely to drive only high frequency activity.
The BOLD contrast indirectly assays regional neurophysiology by
responding to changes in capillary blood ﬂow and magnetic ﬁelds
when oxy-hemoglobin is reduced. Cardiovascular and other physiologic artifacts could affect raphé BOLD time-series data and must be
considered because they could also be affected by ATD. ATD increases
raphé blood ﬂow with 15O-positron emission tomography (PET,
Morris et al., 1999), possibly due to diminished efﬁcacy of the
serotonergic plexus that controls vascular capillary beds (for review,
Cohen et al., 1996). However, evidence suggests that our measurements of time-series ﬂuctuations in raphé BOLD during ATD are likely
to reﬂect serotonergic effects on the variability of ﬁring rates of
serotonin neurons. First, effects of ATD on vascular regulation by
serotonin would be expected to affect the entire brain (Fusar-Poli et
al., 2006), while our data suggest increased spectral power in only ﬁve
(raphé, right anterior cingulate, right anterior thalamus, and both
habenulae) of the nine regions studied. ATD did not signiﬁcantly affect
spectral power in the left cingulate, left thalamic, or bilateral caudate
regions. Also, time-series ﬂuctuations of BOLD signals should not be as
susceptible as averaging analyses to the effects of changes in serotonin
regulation of capillary blood ﬂow. Changes in vascular tone could
affect BOLD time-series amplitudes, but would not be expected to
affect the frequency of the signal. Since time-series features do not
quantify mean regional activity or blood ﬂow, they may indeed reﬂect
ﬂuctuating properties of intrinsic regional neuronal activity.
Slight brainstem movements and pulsatile blood ﬂow in local
vasculature, driven by cardiac output (about 1 s-1), could affect BOLD
signals at or in multiples of the heart rate. Booij et al. (2006) reported
that ATD raises heart rate by 15% from baseline in subjects with prior
suicidal ideation, but only 4% in the non-suicidal group. While the
hemodynamic effects of heart rate (1.2 to 1.4 s−1 in the previously
suicidal population) could slightly affect BOLD spectral power in
brainstem regions, even the observed 15% increase in heart rate is

unlikely to explain the greater than doubling of spectral power observed
at the much slower frequencies of .25 to .125 s−1 measured here,
although aliasing may contribute. Furthermore, detection of neuronal
oscillations with our time-series measures should not be greatly
inﬂuenced by heart rate or respiration, since cortical and subcortical
regions oscillate slower than peripherally-driven cardiac (1 s−1) or
respiratory (0.3 s−1) rhythms, as shown by paired simultaneous
recordings using fMRI and NIRS, or fMRI and electroencephalography
(EEG) (Moosman et al., 2003; Ritter et al., 2008). Simultaneously
recorded EEG and NIRS signals show a strong correlation between
neuronal activity and local blood ﬂow (Roche-Labarbe et al., 2007)
suggesting local neuronal activity origins of blood ﬂow oscillations.
Simultaneous BOLD fMRI and NIRS recordings also reveal consistent low
frequency signals (Strangman et al., 2002; Steinbrink et al., 2006).
Cardiac-gating techniques for brainstem studies can be helpful
(Napadow et al., 2009), but remain difﬁcult to implement compared
to resting scans with ﬁxed sampling intervals.
Other physiological processes that may inﬂuence brainstem BOLD
signals include cardiac and respiratory rate regulation. These
processes could produce artifact frequencies close to those accessible
in conventional fMRI time-series data (about 0.03 to 0.25 s−1), almost
overlapping with frequencies of ATD changes. Booij et al. (2006)
reported that HRV diminished by about 26% with ATD in their
previously suicidal population. Brainstem heart-controlling nuclei
showed fMRI signal changes more closely related to HRV than to the
pulse rate itself (Napadow et al., 2005). Changes in heart rate and
arterial blood pressure account for less than half of the variance in
brainstem NIRS, implying that most metabolic variability is locally
regulated (Katura et al., 2006).
Respiratory movements (about 0.3 s−1) also affect brainstem fMRI.
Local noise from respiratory artifacts should be separable from fMRI
signal (Frank et al., 2001) although this remains more controversial
for the brainstem. Variability in BOLD time-series data may be
inﬂuenced by respiratory controls in the brainstem (Biswal et al.,
1997; Obrig et al., 2000; Windischberger et al., 2002; Shmueli et al.,
2007), but these are not known to be systematically altered in
association with ATD.
Taken together, these observations suggest that measures of
neural network oscillations are inﬂuenced more by intrinsic regional
activity than by extrinsic activity, artifact or noise.
4.2. Study limitations
Study limitations include small sample size, retrospective diagnoses, relatively weak changes in blood TRP levels, and mild mood
responses to the ATD. Therefore, we emphasize the need for
replication before carrying the ﬁndings forward. Timing of the scans
may have missed the TRP nadir, or the increase in pontine raphé
spectral power might reﬂect an ascent in TRP availability in the
moments following the nadir, but these seem unlikely based on prior
data from plasma and cerebrospinal ﬂuid (CSF) sampling studies
during ATD (Salomon et al., 2003). The relatively severe ATD state
itself might be non-physiologic, perhaps provoking unnaturally
reactive activities, and conceivably might not be relevant to mood
regulation in depression. Changes related to low serotonin function in
untreated depression will need additional study.
Participant diagnoses were deemed reliable, but with limited
assurance of index illness severity. The mild mood responses to ATD
are also of concern, may be related to a relatively modest lowering of
TRP levels (Salomon et al., 2003; Moreno et al., 2010). The relatively
weak depletion may have been related to allowing normal pre-study
diets instead of the pre-study tryptophan-restricted diets given in
earlier studies (Delgado et al., 1990, 1994). Nonetheless, the mild
mood responses do not negate the assertion that regional function was
affected by the ATD diet. Without altering mood in healthy subjects,
ATD affected cerebral regional activation following emotional stimuli
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(Cools et al., 2005; Fusar-Poli et al., 2007; van der Veen et al., 2007;
Williams et al., 2007). Again without mood changes in healthy
subjects, ATD altered cognition and rostral regional activity (Burgund
et al., 2003; Evers et al., 2005, 2006a,b; Talbot et al., 2006). To our
knowledge, only one prior report has described ATD fMRI in SRItreated, previously depressed patients. Altered cortical responses to
cognitive stimuli were observed without signiﬁcant mood changes
(Roiser et al., 2009). Therefore, the absence of mood changes does not
diminish the validity of the scan measurements.
Region identiﬁcation remains a substantial concern. Manually
drawn pontine raphé regions certainly include non-serotonin neurons. However, changes observed here and elsewhere with ATD, the
PET evidence (Morris et al., 1999), and mRNA labeling post-suicide
(Bach-Mizrachi et al., 2006, 2008) offer considerable evidence
supporting an association between low serotonin availability and
pontine raphé serotonin function, and supporting an assertion that
ATD-associated changes in serotonin function did alter spectral
activity in the deﬁned anatomical region. Therefore, the effects of
ATD in this study are consistent with an assertion that the
anatomically selected pontine raphé regions contain serotonin
neurons, and that the ﬁndings are related to the change in serotonin
function.
Findings regarding the habenula region may need to be considered
even more tentative due to the very small size of this nucleus, and to
the presence of distinct cell clusters forming sub-nuclei that were too
small for our voxel size to detect or differentiate. However, the
anatomical marker (the habenular stalk) is quite readily identiﬁable,
and the within-subjects comparisons allowed selection of identical
voxels for each scan pair.
The large expanse of the anterior thalamic region poses another
caution, as it is inclusive of multiple discrete nuclei. The single slice
traversing the greatest extent of the structure may not provide either
the most important nuclei, or the most representative sampling of
nuclei. This strategy was accepted as a ﬁrst approximation in this
study since our focus was primarily on raphé markers. Further, each
region was limited by the use of manually drawn, anatomically
deﬁned regions within one plane of view.

5. Conclusions
We found an increase in high frequency spectral power in the
raphé BOLD signal during ATD. Also, we observed that functional
connectivity at lower frequencies between the pontine raphé and
other rostral regions, especially the anterior thalamus, was quite
speciﬁcally decreased with ATD. The two effects were inversely
correlated. Intrinsic increases in metabolic cell cycling during ATD
could produce high-frequency regional activity ﬂuctuations. It
appears, then, that high frequency activity may interfere with
network connectivity at lower frequencies. Brainstem monoaminergic outputs may inﬂuence cerebral activity with low-frequency
synchronizing guidance, disruptions of which by higher frequency
noise may be associated with psychopathology. Further study is
needed to conﬁrm such a relationship between these two timeseries ﬁndings. Prior to clinical application of this analytic method
with or without ATD, comparisons of treated depressed patients
with healthy controls and untreated depressed patients will be
needed. Associations between time-series measures of raphé
activity, mood state, and antidepressant activity will also require
further study.
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