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Abstract
Objectives—The functional neuroanatomic changes associated with selective serotonin reuptake
inhibitor (SSRI) treatment have been the focus of positron emission tomography (PET) studies of
cerebral glucose metabolism in geriatric depression.

Design—To evaluate the underlying neurochemical mechanisms, the present study measured
both cerebral glucose metabolism and serotonin transporter (SERT) availability prior to and
during treatment with the SSRI, citalopram. It was hypothesized that SERT occupancy would be
observed in cortical and limbic brain regions that have shown metabolic effects, as well as striatal
and thalamic regions that have been implicated in prior studies in mid-life patients.

Setting—Psychiatric Outpatient Clinic.

Participants—Seven depressed patients who met DSM-IV criteria for current major depressive
episode were enrolled.

Intervention—Patients underwent a twelve week open-label trial of the SSRI, citalopram.

Measurements—Patients underwent high resolution research tomography (HRRT) PET scans
to measure changes in cerebral glucose metabolism and SERT occupancy by citalopram treatment
(after 8–10 weeks of treatment).

Results—Three different tracer kinetic models were applied to the [11C]-DASB region of
interest data and yielded similar results of an average of greater than 70% SERT occupancy in the
striatum and thalamus during citalopram treatment. Voxel-wise analyses showed significant SERT
occupancy in these regions, as well as cortical (e.g. anterior cingulate, superior and middle frontal,
precuneus, and limbic (parahippocampal gyrus) areas that also showed reductions in glucose
metabolism.

Conclusions—The findings suggest that cortical and limbic SERT occupancy may be an
underlying mechanism for the regional cerebral metabolic effects of citalopram in geriatric
depression.
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OBJECTIVES
Neuroimaging studies to evaluate the neurobiological substrates of treatment response
variability in geriatric depression have employed positron emission tomography (PET) scans
of cerebral glucose metabolism. These studies have measured alterations in functional
circuitry underlying the response to antidepressant interventions, including total sleep
deprivation (TSD) and selective serotonin reuptake inhibitor (SSRI) treatment (e.g. 1–4).
These studies have implicated cortico-cortico and cortico-limbic pathways in the effects of
antidepressant medications and correlations with treatment response in similar regions. The
regions consistently implicated include the anterior cingulate, superior and middle frontal
gyrus, precuneus and inferior parietal lobule. The underlying neurochemical mechanisms of
the metabolic effects have not yet been a focus of study. Several lines of evidence indicate
that the logical first step for such studies is the serotonin transporter (SERT).

SERT is the initial binding site of the SSRI’s. SERT occupancy by SSRIs has been
evaluated in controls and mid-life depressed patients (5,6). Studies in mid-life depressed
patients treated for four weeks with citalopram, fluoxetine, sertraline, paroxetine, or
extended-release venlafaxine have reported significant SERT occupancy in caudate,
putamen and thalamus, in addition to prefrontal and anterior cingulate cortices. For
citalopram, the magnitude SERT occupancy was 81.4% ± 7.2 for the striatum and 72.3% ±
7.6 for thalamus (6). At this time, there do not appear to be any published studies of SERT
occupancy in geriatric depression.

SERT is particularly relevant to the functional neuroanatomy of depression given its
localization in cortical, striatal and limbic areas (7,8). Post-mortem autoradiographic studies
in the human brain show that SERT densities are relatively higher in anterior cingulate, the
subcallosal area, entorhinal and insular cortices, temporal pole, hippocampus (molecular
layer and CA3 and external layers of the subiculum), caudate, putamen, thalamus and in the
raphe nuclei. Based on the regional distribution, SERT has a potentially important
modulatory role with respect to brain regions implicated in geriatric depression (4,9).

Thus, to evaluate the neurochemical mechanisms underlying the cerebral metabolic effects
of SSRIs, the present study measured cerebral glucose metabolism and SERT availability
before and during treatment with the SSRI, citalopram in geriatric depressed patients. The
association between the magnitude of SERT occupancy, as well as alterations in cerebral
glucose metabolism, and the clinical response to citalopram treatment was also evaluated.
Please note that SERT availability refers to the measurement of SERT binding sites not
occupied by drug and SERT occupancy refers to the change in available SERT binding sites
between the treated and untreated states. The hypotheses were tested that 1) significant
SERT occupancy would be observed in striatal and thalamic regions during citalopram
treatment and 2) regional SERT occupancy in cortical and limbic areas would be similar to
the regional pattern of cerebral metabolic alterations observed (anterior cingulate gyrus,
precuneus, parahippocampal gyrus) and 3) that SERT occupancy and decreases in glucose
metabolism in cortical and limbic regions would be associated with antidepressant response.
These results have been presented in preliminary form (10).
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METHODS
Study Design

Prior to starting citalopram treatment, patients underwent medical and psychiatric screening,
a magnetic resonance (MR) imaging scan and two PET scans to measure cerebral glucose
metabolism and SERT availability. Then, the patients began a twelve week treatment trial
with citalopram. Eight to ten weeks after starting treatment (after achieving a stable clinical
response for 2 weeks based on the Hamilton Depression Rating Scale score), the patients
underwent the same PET protocol. The patients were re-scanned at this time based upon the
observation from prior studies that this is the time by which patients should have
demonstrated clinical improvement if they respond to antidepressant treatment (11).

Subject Screening and Selection
Patients underwent psychiatric evaluation (including a structured clinical interview, [SCID;
12]), laboratory testing (including CBC and blood chemistry, including glucose levels and
thyroid function tests), toxicology screening and MR imaging scans (Siemens 3T Trio
scanner) prior to the PET scans. Depressed patients were recruited from advertisements in
the community.

Seven depressed patients (4 M/ 3 F, mean age 65 ± 5 years; modified mini mental status
score (MMSE; 13) 29.1 ± 1.1 (range 27–30) who met DSM-IV criteria for current major
depressive episode (non-bipolar, non-psychotic) were enrolled. Subjects who had a history
of or current neurological or other Axis I psychiatric disorders including substance abuse,
who were not medically stable (including a current diagnosis of insulin dependent diabetes
and/or poorly controlled hypertension) or who had used prescription or over the counter
medications (e.g. antihistamines, cold medications) with central nervous system effects
within the past two weeks were excluded from the study. Five patients had never been
treated with psychotropic drugs. The two patients previously treated had both taken
amitriptyline in the past (two months and three years prior to study enrollment). After a
complete description of the study to the subjects, written informed consent was obtained
according to procedures established by the Research Ethics Boards of the Centre for
Addiction and Mental Health, Baycrest Centre for Geriatric Care and the University Health
Network.

Citalopram Treatment
After the baseline PET scans were completed, the patients began treatment with a 10 mg per
day dose of citalopram for one week. Then, the dose was increased to 20mg. If significant
clinical improvement was not observed at the 20mg dose after four weeks of treatment based
on an improvement rating of 3 or greater on the Clinical Global Impression Scale (CGI, 14),
the dose was increased to 30mg and then if necessary, to 40mg. Patients were followed
clinically on a weekly basis at which time clinical ratings for depression and anxiety
symptoms were performed (Hamilton Depression Rating Scale-24 item [HDRS; 15] and
Hamilton Anxiety Rating Scale [HARS; 16], as well as the CGI. Plasma citalopram
concentrations were determined every four weeks (17), including a sample obtained just
prior to injection of the radiotracer for the second SERT PET scan.

Neuroimaging Procedures
MR scans were performed on a Siemens 3T Trio scanner at the Baycrest Centre for Geriatric
Care. The PET scans were performed on the CPS/Siemens high resolution research
tomography (HRRT) scanner at the Centre for Addiction and Mental Health. The PET
radiotracer [11C]-3-amino-4-(2-dimethylaminomethyl-phenylsulfanyl)-enzonitrile, ([11C]-
DASB) was used to measure SERT. [11C]-DASB was synthesized as described (18). For the
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[11C]-DASB scan, dynamic scanning began immediately upon a 10mCi ±10% radiotracer
injection and lasted for 90 minutes. The cerebellum was used for the input function. Glucose
metabolism was measured with [18F]-2-deoxy-2-fluoro-D-glucose ([18F]-FDG). [18F]-FDG
was synthesized as described (19,20). A similar scan protocol was used as in previous
geriatric depression treatment studies (4,9). During the radiotracer uptake period and during
scanning, subjects were maintained in a quiet, dimly lit room, with eyes open and ears
unoccluded. 30 minutes after a 5mCi ± 10% radiotracer injection, patients were positioned
in the scanner and a twenty minute emission scan was obtained, followed by a transmission
scan. The last ten minutes of the emission scan were used for quantitative analysis. At the
end of the PET scans sessions, the subjects were debriefed as to her/his perception of the
study. The glucose metabolism and SERT PET scans were repeated 8–10 weeks after the
patients started citalopram treatment. The follow-up PET scans were scheduled after a
minimum of six weeks of treatment at a time when the patients demonstrated a stable
clinical response (consistent HDRS scores) for two consecutive weeks.

Data and Image Analysis
For [11C]-DASB, tracer kinetic modeling was performed on regions of interest (ROI) and
parametric images of the distribution volume ratio (DVR) were calculated to be used in
voxel-wise analyses. ROI analysis was performed using an automated analysis method that
superimposed an ROI template on an MR scan and refined the ROI placement based on a
probabilistic grey matter image extracted from the subjects’ MR scan. The rigid body
transformation for MR to PET co-registration was estimated and applied to the ROIs. The
ROIs were then superimposed on the co-registered frames from the PET scans and a time
activity curve was generated (Region of Mental Interest [ROMI]: 21). The regional time
activity curves were analyzed with three different tracer kinetic modeling methods to
determine whether the methods implemented in prior studies in younger subjects would be
appropriate to use in older subjects. Three methods were used to calculate the binding
potential (BPND) including the Logan graphical analysis method, the simplified reference
tissue model (SRTM) and the multilinear reference tissue model [MRTM2] (as described in
22–24). The cerebellar ROI was used for the input function. The cerebellar ROI was
carefully delineated to include the cerebellar grey matter and exclude the white matter and
vermis as described in prior [11C]-DASB studies (as reviewed by 25). Parametric [11C]-
DASB maps were calculated applying the Logan model in wavelet space in the following
manner: (1) a wavelet transform was applied to each 3D spatial volume of the dynamic PET
scans, (2) the linear regression for Logan model was estimated in the transformed-image to
calculate the distribution volume ratio (DVR), (3) the DVR was transformed from the
wavelet space to the real space (26,27).

Glucose metabolic rates were calculated (in ml/100g/min) on a pixel by pixel basis by using
a single venous blood sample (obtained 20 minutes after radiotracer injection) that is fit to a
population curve (4,9, 28). This quantification method has been validated against arterial
blood sampling (28).

For both the [11C]-DASB DVR parametric images and [18F]-FDG quantitative images, PET
to PET and MR to PET co-registration was performed with statistical parametric mapping,
version 5 (SPM5, Institute of Neurology, London) using the normalized mutual information
algorithm. Voxel-wise, statistical analyses were performed with SPM5. For the voxel-wise
analyses, the glucose metabolism and parametric [11C]-DASB DVR images were smoothed
with an isotropic Gaussian kernel (FWHM 4mm). The glucose metabolic rates were
normalized by scaling to a common mean value across all scans, after establishing that the
global means did not differ significantly across conditions (p > 0.1). For the [11C]-DASB
and [18F]-FDG data, a within-subject comparison of the baseline pretreatment to the chronic
treatment condition was performed using the flexible factorial option (paired t-test) in SPM5
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to evaluate the effects of citalopram on cerebral glucose metabolism and to measure SERT
occupancy by citalopram. Then, the change in depressive symptoms (HDRS) score was
correlated with the change in metabolism and also with SERT availability. The comparisons/
correlations were considered significant at z ≥ 2.98, p ≤ 0.00288; two-tailed, uncorrected for
multiple independent comparisons) and was reported if the cluster size (KE) was greater than
50 voxels.

RESULTS
The HDRS scores were: baseline 20.6 ± 2.7 (range 17–25), second PET scan 7.7 ± 7.4
(range 0–21) and week 12 of treatment 7.6 ± 6.1 (range 0–15). 5/7 patients met criteria for
treatment response (50% reduction from baseline) at the second PET scan session and 4/7 at
12 weeks of treatment. 4/7 met criteria for remission (HDRS below 8) at the second PET
scan session and at 12 weeks of treatment. The HARS scores were: baseline 15.9 ±6.0,
second PET scan 6.9 ± 6.7 and week 12 of treatment 7.7 ± 8.0 At the time of the second
PET scan session, the mean citalopram dose was 27.1 ± 9.5 (range 20–40mg) and 12 weeks
of treatment it was 25.7 ± 7.9 (range 20–40mg). The mean plasma citalopram concentrations
were: week 4 110 ± 54nmol/L (range 61–222 nmol/L) and second PET scan (week 8–10)
148 ± 86nmol/L (range 72–294 nmol/L).

For the [11C]-DASB data, the means and standard deviations for the baseline and the
treatment scan and the percent SERT occupancy for the striatum and thalamus (100 X
(SERTbaseline – SERTcitalopram treatment)/SERTbaseline; right and left hemispheres combined)
determined by three tracer kinetic models is shown in Table 1. The results are similar for the
three tracer kinetic models, as well as for the striatum and thalamus. Greater than 70%
occupancy is observed for the striatum and thalamus. The magnitude of striatal or thalamic
SERT occupancy was not significantly correlated with the degree of improvement in the
HDRS or HARS score or with the plasma citalopram concentration, as shown in previous
studies (p>0.1). These associations were comparable for results derived by all three tracer
kinetic models.

The results of the voxel-wise analysis of changes in SERT availability with citalopram
treatment are shown in Table 2. A parametric image from a representative subject is shown
in Figure 1. The regions of significant SERT occupancy include anterior cingulate, superior
middle and inferior frontal gyri (bilaterally), superior temporal gyrus (bilaterally), right
middle temporal gyrus, left parahippocampal gyrus, precuneus (bilaterally), post-central
gyrus (bilaterally), right cuneus, left brainstem and striatum (bilaterally). The results of the
correlation between change in HDRS and SERT occupancy are shown in Table 3. Positive
correlations were observed in many of the same regions including the anterior cingulate
gyrus (bilaterally), left middle and inferior frontal gyrus, right superior and middle temporal
gyrus, right precuneus, left inferior parietal lobule, parahippocampal gyrus (bilaterally) and
left cuneus. Significant negative correlations were not observed (p > 0.1).

The results of the voxel-wise analysis of the glucose metabolism data for the comparison of
baseline to treatment are shown in Table 4. Decreases in cerebral glucose metabolism with
citalopram treatment were observed in anterior cingulate gyrus (bilaterally), medial and
inferior frontal gyrus (bilaterally), insula (bilaterally), right superior temporal gyrus, middle
and inferior temporal gyrus (bilaterally), parahippocampal gyrus (bilaterally), precuneus
(bilaterally), posterior cingulate gyrus (bilaterally). Increases in cerebral glucose metabolism
with citalopram treatment were observed in pre-central gyrus (bilaterally), caudate and
putamen (bilaterally), left inferior parietal lobule, right middle occipital gyrus. The results of
the correlation between change in HDRS and glucose metabolism are shown in Table 5.
Positive correlations were observed in the left cingulate gyrus (BA 24), right pre-central,
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right medial frontal, right superior, middle and inferior temporal gyri, left fusiform gyrus
and precuneus (bilaterally). Negative correlations are observed in the superior parietal lobule
(left), inferior parietal lobule (bilaterally) and right cuneus.

CONCLUSIONS
In the present study, 71% of patients met criteria for response (50% or greater reduction in
HDRS score) and 57% for remission (HDRS score below 8) at the time of the second PET
scan session during citalopram treatment. These rates of non-response are consistent with
the results of randomized clinical trials of antidepressants in geriatric depression (29) as well
as previous neuroimaging studies that involve “open label” treatment (1,2). During
citalopram treatment, greater than 70% SERT occupancy in striatum and thalamus was
observed. The results were consistent over the three tracer kinetic models evaluated.
Significant SERT occupancy in striatum and thalamus was observed in the voxel-wise
analysis, as well. The average percentage SERT occupancy for the group of patients is
slightly lower for the striatum and comparable for the thalamus compared to SERT
occupancy observed in mid-life depressed patients treated with SSRIs including citalopram
(5,6). The lack of a significant correlation between SERT occupancy by SSRIs in striatum
and thalamus and with either antidepressant response or plasma concentrations in the present
study was also observed in a previous SSRI treatment study (including citalopram) in
midlife depressed patients (6). These observations suggest, as reported in other studies, that
SERT occupancy reaches a plateau at relatively low citalopram plasma levels (6) and that
SERT occupancy in cortical and limbic brain regions are better associated with the
antidepressant response.

Voxel-wise analyses of the parametric [11C]-DASB images confirmed the ROI findings of
significant SERT occupancy in striatum and thalamus, in addition to other cortical and
limbic brain regions including the midbrain, anterior cingulate (BA24), middle frontal and
middle temporal gyri and parahippocampal gyrus. Voxel-wise analyses revealed significant
correlations between the change in HDRS score and SERT occupancy in cortical and limbic
regions. The cerebral metabolic effects of citalopram observed in the present study are
consistent with other studies in geriatric depressed patients using TSD, citalopram and
paroxetine (1,3). While the results involving striatal and thalamic occupancy and the
relationship to plasma citalopram concentrations is similar to data in mid-life depressed
patients, the observations of the relationship between cortical and limbic occupancy and
clinical response have not been reported in mid-life depressed patients. There is converging
evidence from diffusion tensor imaging (DTI) and functional MR studies (as reviewed
previously by 4,9), of alterations in the same regions that are associated with antidepressant
responses that showed metabolic effects and SERT occupancy in the present study. For
example, a recent DTI study revealed decreased white matter connectivity associated with
poorer antidepressant response in many of the same regions shown in the present study to be
affected by citalopram including the anterior and posterior cingulate, precuneus and
hippocampus/parahippocampal gyrus (30). The cortical regions that show metabolic effects
of chronic citalopram treatment, as well as SERT occupancy, are regions that have also
shown consistent activation responses in a variety of conditions including mood induction,
attention and memory tasks, and during conditions of hunger and satiety (31–33).

In the present study, SERT occupancy in cortical and limbic regions was correlated with
antidepressant response. The present study differs from previous SERT occupancy studies in
that SERT occupancy was measured after a longer duration of treatment to allow an
antidepressant effect to be observed (more than 8 weeks of treatment as compared to 4
weeks in other studies), a voxel-wise analysis was used to evaluate SERT occupancy and
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correlations with improvement in depressive symptoms in regions outside of the striatum
and thalamus and the sample focusd on geriatric depressed patients.

There are several possible explanations for the mechanism underlying the correlation
between the magnitude of SERT occupancy and clinical response. One possibility is that the
concentration of SERT in these areas is reduced and there are fewer SERT binding sites to
be occupied by citalopram. While there do not appear to be published PET studies of SERT
in geriatric depression, the available post-mortem data has not shown a difference between
geriatric depressed patients and age matched controls in SERT binding sites (34). PET
studies are in progress to evaluate changes in SERT in geriatric depressed patients relative to
age matched controls. A second possibility might that the lower occupancy reflects altered
functional integrity of serotonergic projections to the cortex. Future studies will address this
hypothesis by using a recently developed serotonin (5-HT1A) receptor agonist (e.g. [11C]-
CUMI 101) that binds to high affinity 5-HT1A sites and has been shown to be sensitive to
changes in endogenous serotonin (35). Given the widespread localization and functional role
of the 5-HT1A receptor, the effects of citalopram displacement of the 5-HT1A agonist
binding site would provide important information regarding the functional integrity of the
cortical and limbic serotonin projections.

Several issues should be considered in the interpretation of the findings from this study. The
sample size is relatively small (n=7) as it was extremely challenging to recruit a mostly
never medicated, medically stable group of geriatric depressed patients. It is important to
note that the results obtained for the two subjects who had been treated previously with
antidepressants did not differ significantly from the rest of the group. The second issue is the
lack of a placebo control group, as changes in cerebral glucose metabolism similar to those
observed with antidepressant treatment have been observed in placebo treated patients in
pharmacologic treatment studies (36). While we cannot rule out the effects of placebo
response, it is important to note the rate of treatment non-response observed in the study was
similar to that observed in placebo controlled antidepressant clinical trials in geriatric
depression (28). The present findings should be replicated in a larger sample size of patients.

A third consideration is that the regional SERT occupancy measurements may be affected
by changes in cerebral blood flow secondary to citalopram treatment that would result in
decreased radiotracer delivery to specific brain regions. It is important to note that SERT
occupancy and correlations with HDRS were observed in regions that show decreases as
well as increases in glucose metabolism. While cerebral blood flow was not measured
directly in this study, metabolism and blood flow have been shown to be coupled during
citalopram administration (37). Finally, the cerebellum was used for the input function
rather than obtaining an arterial input function. It has been suggested that since there is some
degree of specific binding to SERT in the cerebellum, the use of the cerebellum as the input
function may underestimate the results (38,39). In fact, the comparison of SERT occupancy
using arterial versus cerebellar input functions demonstrates that the magnitude of SERT
occupancy with [11C]-DASB is similar for both input function methods (25).

In summary, changes in cerebral glucose metabolism and SERT occupancy by citalopram in
cortico-cortico and cortico-limbic pathways are associated with improvement in depressive
symptoms. Future studies will apply this multi-tracer methodology to a larger patient sample
to determine the relationship of these metabolic and neurochemical mechanisms relative to
improvement of mood, anxiety and cognitive symptoms in geriatric depressed patients.
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Figure 1.
Changes in Serotonin Transporter Availability by Chronic Citalopram Treatment:
Parametric [11C]-DASB DVR images at the level of the striatum, prior to (left) and during
(right) citalopram treatment for a representative subject 68 year old elderly depressed male
patient.
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Table 1

SERT Occupancy in Striatum and Thalamus: Comparison of Three Tracer Kinetic Models for [11 C]-DASB
(BPND)

Striatum

PRE POST % OCC

Logan 1.46 ±.34 0.38±.06 73 ± 5

(range) 1.14–1.98 0.28–0.45 67–80

SRTM 1.43 ± 0.25 0.34± 0.6 73 ±5

(range) 1.17–1.82 0.29–0.45 65–79

MRTM2 1.42 ± 0.22 0.40 ± 0.04 71 ± 5

(range) 1.20–1.78 0.32–0.44 66–77

Thalamus

PRE POST % OCC

Logan 1.77±0.45 0.43±0.11 75 ± 7

(range) 0.99– 2.57 0.25–0.58 66–85

SRTM 1.93 ± 0.62 0.44 ± 0.12 76 ± 5

(range) 1.07–2.86 0.22–0.62 68–84

MRTM2 1.71 ± 0.44 0.46 ± 0.09 72 ± 6

(range) 0.99–2.26 .33 – .66 65–81
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