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Abstract
We examined midbrain, medial temporal lobe, and basal ganglia serotonin transporter (SERT)
distribution volume ratio (DVR) values in subjects with major depressive disorder versus healthy
volunteers using a selective SERT radioligand and single photon emission computed tomography
(SPECT). We hypothesized that the DVR value for SERT binding would be lower in depressed
versus non-depressed subjects. [123I]-ADAM SPECT scans were acquired from 20 drug free,
depressed subjects and 10 drug free, healthy volunteers. The primary outcome measure was the
DVR value for [123I]-ADAM uptake in the midbrain, medial temporal lobe, and basal ganglia
regions. Depressed subjects demonstrated significantly lower DVR values in the midbrain, right
and left medial temporal lobe, and right and left basal ganglia. There was s significant probability
that lower DVR values could distinguish between depressed and non-depressed subjects in the
midbrain, medial temporal lobe, and the right and left basal ganglia. These findings confirm prior
observations of lower SERT binding in depression, and suggest that low SERT binding may
represent a putative biomarker of depression. Future studies are needed to confirm these
observations.
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1. INTRODUCTION
Studies suggest that serotonin transporter (SERT) activity may reflect the general state of
neuronal serotonin (5-HT) activity throughout the brain. For example, SERT sites in humans
are primarily located in the thalamus, hypothalamus, amygdala, ventral striatum, nucleus
accumbens, cingulate gyrus, and occipital lobes (Kovachich, Aronson, and Brunswick,
1992; Gurevich and Joyce, 1996); therefore, regions involved in the genesis and modulation
of mood, affect, rage, and euphoria. Serotonin may therefore play a role in the
pathophysiology of depression and may also facilitate the therapeutic action of some
antidepressant drugs. For example, several postmortem studies reported lower SERT density
in brain samples of depressed patients compared to non-depressed individuals (Leake et al.,
1991; Arango et al., 1995). Arango et al. (1995) found lower SERT density in 42 of 43 brain
regions in depressed compared to non-depressed individuals, with the lowest SERT density
in the ventrolateral prefrontal cortex – a region involved in mediating behavior and emotions
(Bennett and Hacker, 2005), and a region showing low glucose metabolism in depression
(Ito et al., 1996; Oda et al., 2003). Joensuu et al. (2007) also reported decreased midbrain
SERT binding in 29 depressed patients compared to 19 healthy controls. However,
decreased SERT density in depression has not been universally observed (Conway and
Brunswick, 1985; Lawrence et al., 1997).

Imaging studies of pre- and post-synaptic 5-HT receptors have also shown decreased 5-HT2
(Meyer et al., 1999; Yatham et al., 1999) and 5-HT2A receptor binding (Biver et al., 1997;
Massou et al., 1997) in depressed patients compared to non-depressed ones, although these
findings are not universally observed (D’haenen et al., 1992). While studies of SERT
binding in depression have been attempted using 11C and 18F-labeled fluoxetine, sertraline,
citalopram and paroxetine (Dannals et al., 1990; Suehiro et al., 1991; Das and Mukherjee,
1993), these agents were not suitable for imaging in humans (Scheffel et al., 1994). In
contrast, the selective radioligand, [11C](+)McN5652, has been used successfully to image
SERT sites in humans (Suehiro et al., 1993; Szabo et al., 1995). Although one preliminary
PET study showed significantly greater 11C](+)McN5652 uptake in the left frontal
(p=0.013) and right cingulate (p=0.043) cortex of depressed patients compared to non-
depressed individuals (Reivich et al., 2004), subsequent studies with larger patient samples
found lower SERT binding in depression (Ichimiya et al., 2002; Parsey et al., 2006). Several
non-selective SERT and dopamine transporter agents (e.g., [123I]-β-CIT) have also been
used to study SERT binding in depression. For example, Malison et al. (1998) and Eggers et
al. (2003) reported lower SERT binding in depressed patients, although these findings have
not been universally observed (Staley, Sanacora, and Tamagnan, 2005). However, these
results are difficult to interpret because [123I]-β-CIT is not selective for SERT sites (Malison
et al., 1998; Kugaya et al., 2003).

More recently, we used the selective SERT radioligand, 123I-labeled ((2-
((dimethylamino)methy) phenyl)thio)-5-iodophenylamine) ([123I]-ADAM; Oya et al., 2000;
Newberg et al., 2004; Erlandsson et al., 2005) to image brain SERT binding in depression.
In a preliminary study of 7 depressed and 6 non-depressed subjects, we observed decreased
midbrain SERT binding in the depressed subjects (p=0.01; Newberg et al., 2005). However,
other studies did not confirm these observations (Catafu et al., 2006; Herold et al., 2006).
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In the current study, we prospectively examined a new cohort of drug free, depressed
subjects in an effort to replicate our earlier finding of lower SERT binding in depressed
versus non-depressed subjects using [123I]-ADAM, and to test the hypothesis that low SERT
binding may represent a putative biomarker to distinguish depressed from non-depressed
subjects.

2. METHODS
2.1. Subjects

Depressed subjects ≥18 years old with a DSM IV-TR Axis I diagnosis of major depressive
disorder were enrolled. The clinical diagnosis was verified by a highly trained psychiatrist
using the Structured Clinical Interview for DSM-IV-TR format (First et al., 2001). Subjects
were off prior psychotropic medication ≥6 months, and had a 17-item Hamilton Depression
Rating (HAM-D; Williams, 1988) score ≥16. Subjects had a physical examination by a
board certified internist and laboratory evaluation (including electrolyte, hepatic, renal,
thyroid panels, urinalysis, illicit drug screen, and electrocardiogram). Subjects were in good
health and had no meaningful laboratory abnormalities. Women of child-bearing potential
had a negative pregnancy test. Subjects were excluded from the study if they had any of the
following: primary Axis I diagnosis other than major depressive disorder; history of mania
or psychosis; actively suicidal; substance abuse or dependence within the preceding 3
months; positive screen for illicit drugs; use of psychotropic medication within the
preceding 12 months; unstable medical condition; pregnant or nursing; known history of
transient ischemic attack, cerebral infarction, hypertensive encephalopathy, intracranial
hemorrhage, head trauma with loss of consciousness, encephalitis, exposure to neurotoxin,
dementia, normal pressure hydrocephalus, brain tumor, basal ganglia disease,
polyneuropathy, or unable to provide informed consent. It should be noted that there were
three control subjects with a family history of depression. However, this should result in
SERT binding that is more similar to the patients with major depression strengthening any
findings that demonstrate a differentiation between the control and depressed subjects.

2.2. Informed Consent
Subjects provided written informed consent in accordance with the ethical standards of the
Institutional Review Board of the University of Pennsylvania. The study was conducted
under IND #65,542 for [123I]-ADAM using Good Clinical Practice guidelines with oversight
by the local Office of Human Research and an independent Data & Safety Monitoring
Board.

2.3. Scan Procedures
Subjects were administered 18 drops of concentrated Lugol’s solution in order to block 123I
uptake by the thyroid. [123I]-ADAM 185 MBq (5 mCi) was injected through an indwelling
venous catheter. Four hours after [123I]-ADAM administration, SPECT images were
acquired over a 60 minutes on a on a triple-head gamma camera equipped with ultra-high
resolution fan-beam collimators (Picker 3000; Picker International, Cleveland, OH). Prior
kinetic modeling with [123I]-ADAM indicated that the 4-hour delay in image acquisition
allowed for the use of the reference region method for estimating SERT binding, without the
need for arterial sampling (Acton et al., 2001).

2.4. Image Processing & Analysis
SPECT images were analyzed using previously used methods for our studies of depression
(Newberg et al., 2005). Images were reconstructed using a low pass filter and Chang’s first
order attenuation correction (coefficient of 0.11 cm-1). All scans were resliced along the
canthomeatal line. Regions of interest (ROIs) were placed on each scan utilizing a
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standardized template containing ROIs that were fit directly on each SPECT scan based
upon a previously validated magnetic resonance imaging template that uses well defined
brain structures (Resnick et al., 1993). Within the x-y plane, ROIs in the template were
smaller than the actual structures they represent in order to minimize resolution induced
problems with ill defined edges. To reduce the effects of volume averaging in the axial
direction, the small ROIs were not placed on the slices that contained the upper most and
lower most portions of the structures they represent. This limits the small ROIs to the central
aspect of structures they represented. This results in a high degree of quantitative accuracy
with test-retest reliability typically less than 6%. Whole brain boundaries were drawn by
hand on slices located 12 mm above the highest slice that included the basal ganglia. The
primary imaging outcome measure was the distribution volume ratio (DVR) at 3 to 4 hours
post injection, when the distribution of [123I]-ADAM approached a near equilibrium state
that reflected the ratio of k3/k4, which was related to [123I]-ADAM binding potential. The
DVR value was calculated as the ROI ÷ reference region where the reference region was the
cerebellum which consists of non-specific binding, as described previously (Acton et al.,
2001).

2.5. Statistical Procedures
Analyses were implemented with the realization that the limited sample size may only allow
for the detection of large differences between groups. All analyses were conducted in Stata
11.0 (College Station, TX) with two-sided tests. Initial analyses were descriptive and
stratified according to ROI. Analyses included means, medians, ranges, and standard
deviation (SD) of continuous covariates (e.g. age) and DVR values. The ‘sktest’ procedure
in Stata was used to assess the normality of DVR values at each ROI. The intra-subject
association of DVR values was estimated using Spearman rank correlation coefficients for
each ROI. Pearson and Spearman rank correlation coefficients were also used to examine
the relationship between baseline HAM-D score and DVR values for each ROI. Student t-
tests and linear regression were used to compare DVR values for each ROI in depressed
versus non-depressed subjects, and in depressed subjects with or without prior psychotropic
medication exposure.

Logistic regression was used to examine the predictive association between DVR values and
the odds of having a diagnosis of depression (versus non-depression) with the DVR for each
ROI as the covariate. The significance level associated with each DVR value was calculated
in both sets of logistic regression models. Receiver operator characteristic (ROC) curves
were constructed and the area under the curve (AUC) was obtained for each model. The
Hosmer-Lemeshow goodness of fit test was applied to each model to test the hypothesis of
adequate fit. A p value >0.05 indicated that the hypothesis of good fit was not rejected.

Bonferroni adjustment for multiple comparisons was not applied to the criterion for
statistical significance. While this adjustment assumes that the various tests are statistically
independent; it is more likely that the various SERT measures are correlated with each other.
However, to obtain a more concise result that combines two DVR values, we also performed
a stepwise logistic model. The initial model included age, gender, temporal lobes (sum of
left and right), and basal ganglia. A backward stepwise approach was employed that
removed variables associated with a p-value >= 0.05 one at a time, in a successive fashion.
The final model included the temporal lobe, which as mentioned above was created as the
sum of the left and right temporal lobe.
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3. RESULTS
3.1 Enrollment

20 depressed subjects (5 women) with a mean (SD) age of 41.0 (12.75) years (range 25–63
years) and 10 non-depressed subjects (3 women) with a mean (SD) age of 44.8 (10.93) years
(range 26–62 years) were enrolled (see Table 1). This study did not include subjects who
were previously included in our prior studies (Newberg et al., 2004, 2005) and, thus,
represents a completed new subject cohort. There were no screen failures. The mean age at
1st depressive episode was 21 (7.34) (range 13–40) years, and the mean number of prior
depressive episodes was 3.5 (3.3) (range 0–10). The mean current episode duration was 23.7
(32.63) (range 2–120) months. Ten depressed subjects (2 women) never received
psychotropic medication, while 10 (5 women) previously received a mean of 3.0 (2.0)
(range 0 – 10) antidepressant treatments over the course of their illness. The last
psychotropic medication received was either an SSRI, bupropion, or venlafaxine; however,
none of the depressed subjects received treatment within a year prior to evaluation.

3.2. DVR Values
DVR values were highly correlated across all ROIs within depressed and non-depressed
subjects (n=30) (Table 2) and among depressed subjects (n=20) (Table 3). This
demonstrates that the SERT binding between the different structures is highly correlated
regardless of whether all subjects or just depressed subjects are analyzed.

Depressed subjects had significantly lower mean (SD) DVR values for the midbrain
(p<0.005), right temporal (p<0.0005) and left temporal (p<0.004) lobes, and the right basal
ganglia (p<0.03) and left basal ganglia (p=0.016) regions (Table 4; Figure 1).

We also performed a stepwise logistic regression in a model that initially included age,
gender, temporal lobes, and ganglia in order to eliminate any laterality effects. Beginning
with the full model we get a p = 0.29 >= 0.05 by removing gender; p = 0.23 >= 0.05 by
removing; and p = 0.32 >= 0.05 by removing the basal ganglia. The final model included
only the temporal lobe variable, with an estimated regression coefficient of −3.91 and a p
value of 0.011 (95% confidence interval from −7.13 to −0.92). The increase in odds ratio
that corresponds to a 0.10 decrease in the temporal lobe DVR value is 0.68 (calculated as the
exponent of the product of −3.91 and 0.10). This result indicated a lower SERT DVR value
in depressed versus non-depressed subjects. The AUC value for the ROC curve for this
regression model is 0.83, indicating a good predictive ability for this model (Figure 2).

There were no significant difference in any mean DVR value for depressed subjects with, or
without, prior psychotropic medication exposure (p>0.20 for all ROIs) (Table 5). We
explored all possible effects of gender, age, prior medication, type and treatment duration,
and identified no statistically significant relationship with ADAM DVR values that would
explain the difference observed between depressed versus non-depressed subjects.

There were no statistically significant Pearson or Spearman correlations between baseline
HAM-D scores and DVR values in depressed subjects (estimated correlations ranged from
−0.21 to 0.03 with all p-values >0.05).

The ROC curve plots the sensitivity versus 1 minus the specificity of DVR values for tests
based on all possible predicted probability values from the logistic regression models (where
each probability value is used as a cutoff point for distinguishing depressed from non-
depressed subjects). The AUC for the logistic regression models and the Hosmer-Lemeshow
goodness of fit test for each ROI are displayed in Table 6 and Figure 2. Adjustment for age
and gender did not change the findings with respect to significance of the results, or result in
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any reductions in the odds ratio associated with each DVR value. Values of the AUC closer
to one indicate better predictive value of the final model than do values of the AUC that are
farther from one. We calculated the distance between each (sensitivity, specificity) value
and (1.1), as a means of ordering the probability and associated (sensitivity, specificity)
values with respect to being simultaneously closer to a value of 1. The predictive ability of
each ROI to distinguish depressed from non-depressed subjects is high because the AUC
values are close to 1.0.

4. DISCUSSION
In a separate cohort of 7 drug free depressed and 6 non-depressed subjects studied with
[123I]-ADAM, we previously reported significantly lower midbrain SERT binding in
depressed versus non-depressed subjects (p=0.01) (Newberg et al., 2005). In that
preliminary study, however, we found no difference in SERT binding in the basal ganglia or
medial temporal lobes. In contrast, the current cohort of depressed subjects showed lower
SERT binding in the right and left basal ganglia regions (p=0.03 and p=0.016, respectively)
and in the right and left median temporal lobes (p=0.0005 and p=0.004, respectively) (versus
non-depressed subjects). The ability to detect the reduced SERT binding in the basal ganglia
and temporal lobes in the current study is likely related to the inclusion of a larger sample
size. The previous study did show a trend toward lower SERT binding in all ROIs in
depressed subjects; however, it did not achieve statistical significance. Moreover, while our
previous study showed a significant correlation between symptom severity (i.e., baseline
HAM-D score) and 123I ADAM uptake in the midbrain (r=0.82, p=0.02) (Newberg et al.,
2005), we found no relationship between baseline HAM-D scores and SERT binding in a
larger subject cohort. It is possible that the current study provides a more variable
relationship between symptom severity and SERT binding in depression. Despite this
discrepancy, the overall results from the current study generally corroborate the finding of
decreased SERT binding in depression observed in our prior, pre;iminary study (Newberg et
al., 2005).

Several post-mortem studies have suggested that SERT density may be decreased in the
brains of depressed patients compared to non-depressed individuals (Leake et al., 1991;
Arango et al., 1995). While Malison et al. (1998), Eggers et al. (2003), and Joensuu et al.
(2007, 2010) reported decreased SERT density in depressed subjects, these findings have
not been universally observed (Conway & Brunswick, 1985; Lawrence et al., 1997; Staley et
al., 2005). Interestingly, Lehto et al. (2006) used [123I nor-β-CIT SPECT to distinguish
those depressed patients with atypical, melancholic, and “undifferentiated” depression and
found that all subgroups except those with undifferentiated depression had lower SERT
densities compared to controls. However, differences in methodology make it difficult to
compare studies. For example, some studies have used [3H]imipramine or [123I]-β-CIT to
assess SERT binding (Lawrence et al., 1997; Malison et al., 1998), and these agents also
bind to other transporters – making it difficult to interpret results. Other methodological
issues include the use of postmortem specimens, various degrees of prior drug exposure, and
the use of different imaging modalities.

Several limitations should be considered in the interpretation of the current findings. For
example, SERT binding may be influenced by gender and age. In the current study, women
were included without regard to menopausal status or phase of the menstrual cycle.
Similarly, several studies have shown an influence of age on SERT binding (Malison et al.,
1998; Newberg et al., 2005) – although the current age and gender adjusted analyses found
no effect on SERT binding values that would explain the differences between the depressed
patients and controls.
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It is possible that illness heterogeneity influenced DVR values in the current study. For
example, the presence of anxiety may contribute to changes in SERT binding (Reimold,
2008). It is also possible that prior antidepressant exposure influenced DVR values and may
have increased SERT binding with prior exposure. In our prior [123I]-ADAM study, the drug
naïve depressed subjects demonstrated the lowest SERT binding. In the present study,
however, we found no influence of prior psychotropic medication exposure on DVR values

It is also possible that differences in illness length, episode duration, symptom severity, or
psychosocial stress may have influenced DVR values. Differences in stamina, daily activity
level, sleep, seasonal effects, and circadian rhythms may influence DVR values (Willeit et
al., 2000; Uusitalo et al., 2004; Ruhé et al., 2009; Tsai et al., 2009; Erritzoe et al., 2010;
Kalbitzer et al., 2010). Furthermore, the extent of tobacco and social alcohol consumption
was not specifically controlled in the current study. It is possible that smoking and social
alcohol use may have influenced DVR values (Heinz et al., 1998; Heinz et al., 2003).

5. CONCLUSION
The finding of lower SERT binding in depressed subjects replicated our prior observations
using [123I]-ADAM, and suggests that depression may be associated with low SERT
binding. Moreover, low SERT binding may represent a state-dependent possible biomarker
of depression with good predictive ability to distinguish between depressed versus non-
depressed individuals. Future studies will be needed to confirm these observations.
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Figure 1.
Transaxial 123I ADAM SPECT images are shown of a control (A) and depression (B)
subject. The long arrows point to uptake in the midbrain which is markedly decreased in the
subject with depression compared to the control subject. Non-specific binding in the
cerebellum is observed below the midbrain uptake on the images (posteriorly). The short
arrows point to 123I ADAM binding in the medial temporal lobe.
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Figure 2.
ROC curve based on the stepwise logistic regression model that includes the predictor
temporal lobe.
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Table 4

Mean (SD) DVR values in depressed versus non-depressed subjects shows

Non-depressed (n=10) Depressed (n=20) p-value†

Midbrain 2.07 (0.18) 1.89 (0.13) 0.005

Right Basal Ganglia 1.47 (0.19) 1.29 (0.20) 0.03

Left Basal Ganglia 1.45 (0.18) 1.27 (0.17) 0.016

Right Temporal 1.56 (0.19) 1.33 (0.13) 0.0005

Left Temporal 1.56 (0.24) 1.33 (0.16) 0.004

†
Age and gender were not significant in the regression models, so the unadjusted p-value is provided.
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Table 5

Mean (SD) DVR values in depressed subjects with versus without prior treatment

No prior Rx (n=13) Prior Rx (n=7) p-value*†

Midbrain 1.88 (0.14) 1.92 (0.12) 0.62

Right Basal Ganglia 1.21 (0.22) 1.27 (0.16) 0.68

Left Basal Ganglia 1.32 (0.19) 1.21 (0.22) 0.20

Right Temporal 1.37 (0.14) 1.26 (0.08) 0.07

Left Temporal 1.34 (0.19) 1.30 (0.10) 0.55

†
Age and gender were not significant in most of the regression models, so the unadjusted p-value is provided.
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