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Abstract

Serotonin transporter (5-HTT) binding deficits are reported in major depressive disorder (MDD). 

However, most studies have not considered serotonin system anatomy when parcellating brain 

regions of interest (ROIs). We now investigate 5-HTT binding in MDD in two novel ways: (1) use 

of a 5-HTT tract-based analysis examining binding along serotonergic axons; and (2) using the 

Copenhagen University Hospital Neurobiology Research Unit (NRU) 5-HT Atlas, based on brain-

wide binding patterns of multiple serotonin receptor types. [11C]DASB 5-HTT PET scans were 

obtained in 60 unmedicated participants with MDD in a current depressive episode and 31 healthy 

volunteers (HVs). Binding potential (BPP) was quantified with empirical Bayesian estimation in 

graphical analysis (EBEGA). Within the [11C]DASB tract, the MDD group showed significantly 

lower BPP compared with HVs (p=0.02). This BPP diagnosis difference also significantly varied 

by tract location (p=0.02), with the strongest MDD binding deficit most proximal to brainstem 
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raphe nuclei. NRU 5-HT Atlas ROIs showed a BPP diagnosis difference that varied by region 

(p<0.001). BPP was lower in MDD in 3/10 regions (p-values<0.05). Neither [11C]DASB tract 

or NRU 5-HT Atlas BPP correlated with depression severity, suicidal ideation, suicide attempt 

history, or antidepressant medication exposure. Future studies are needed to determine the causes 

of this deficit in 5-HTT binding being more pronounced in proximal axon segments and in only a 

subset of ROIs for the pathogenesis of MDD. Such regional specificity may have implications for 

targeting antidepressant treatment, and may extend to other serotonin-related disorders.
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INTRODUCTION

Altered serotonin (5-HT) transmission has been implicated in major depressive disorder 

(MDD). Factors that determine serotonin signaling include serotonin neuron firing and 

release, receptor subtype density and affinity, and removal of serotonin from the synaptic 

cleft by serotonin transporters (5-HTT). Our knowledge concerning serotonin transporter 

density and affinity in the brain in MDD is primarily derived from postmortem work and 

in vivo imaging1. Most postmortem studies of 5-HTT binding in the brain report fewer 

transporters in MDD, but some studies find no difference in 5-HTT binding, in MDD 

relative to healthy volunteers (HVs)2, 3. Similarly, most human in vivo imaging studies 

find lower4–13 or similar14–17 5-HTT binding in MDD compared with HVs. However, 

imaging studies typically do not consider serotonergic system anatomy in choosing regions 

of interest (ROIs), meaning that ROIs may have heterogenous levels of binding that degrade 

the binding signal obtained.

Two main anatomic circuits involved in mood regulation have been proposed, the limbic-

thalamic-cortical and limbic-striatal-pallidal-thalamic-cortical circuits18. Our group has 

previously reported lower 5-HTT binding potential in MDD (BPP; the ratio of specifically 

bound radiotracer in tissue to parent radiotracer in plasma19) in six magnetic resonance 

imaging (MRI)-defined ROIs (midbrain, putamen, amygdala, thalamus, hippocampus, and 

anterior cingulate)20, but most recently our group has found no deficit in 5-HTT in MDD 

(for all binding potential outcome measures) in these same regions16. PET studies of the 

serotonin system have generally selected ROIs because they have been implicated in the 

pathophysiology of MDD and because they had sufficient 5-HTT binding for reliable PET 

quantification20,13. Moreover, traditional region definitions, e.g., Brodmann Areas, do not 

conform to serotonin system anatomy. Therefore, these ROIs can contain heterogeneous 

distributions of serotonin receptors and the transporter, potentially adding noise to data from 

regions with mixtures of binding levels, thereby creating the potential to miss serotonin-

specific pathogenesis.

To identify serotonin-specific dysfunction in MDD, we analyzed [11C]DASB PET 5-HTT 

binding potential21 in two ways in 60 unmedicated patients with MDD in a current 

depressive episode and 31 HVs. We examined: 1. [11C]DASB binding potential along the 
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general serotonin axonal tract originating in raphe nuclei serotonin neuron cell bodies, 

projecting upward to the base of the brain, forward to the frontal pole, and then sweeping 

back to the occipital pole; and 2. Using the Copenhagen University Hospital Neurobiology 

Research Unit (NRU) 5-HT Atlas, a set of brain-wide regions based on binding patterns 

of multiple serotonin targets in the human brain22, 23. Our hypothesis was that the lower 

[11C]DASB binding potential in unmedicated MDD compared with HVs would show a 

pattern of difference related to serotonin system anatomy that would not be detectable 

using general Brodmann Area-related ROIs24, 25. In the MDD group, we also examined 

relationships of 5-HTT binding potential with depression severity, suicide attempt history 

and suicidal ideation2, 26, 27.

METHODS

Participants

The data from all currently depressed participants with MDD (n=60) and HVs (n=31) 

in this analysis were compiled from subsets of these subjects in previously published 

studies16, 28–30. As described16, 28–30, written informed consent was obtained and the 

Institutional Review Board of the New York State Psychiatric Institute and Columbia 

University Medical Center approved the study.

MDD participant inclusion criteria included: 1) current major depressive episode; 2) 17-item 

Hamilton Depression Rating Scale (HDRS) score ≥16 at screening; 3) 18–65 years; 4) off all 

psychotropic and other types of drugs likely to interact with 5-HTT for ≥14 days at time of 

scan. HV inclusion criteria included: 1) absence of current or past DSM-IV Axis I diagnosis, 

with the exception of specific phobia, 2) absence of cluster B personality diagnosis as 

assessed using the SCID-II 31, 3) 18–65 years. MDD and HV inclusion/exclusion criteria 

details are listed in Supplemental Information.

The Beck Depression Inventory (BDI)32 and HDRS-1733 were used to assess depression 

severity. The Columbia Suicide History Form34 and the Scale of Suicidal Ideation35 were 

used to assess suicide attempt history suicidal ideation, respectively.

PET Acquisition, Processing and Quantification

Details are provided in Supplemental Information and summarized here. [11C]DASB was 

synthesized and scans were conducted as previously described on an ECAT HR+ scanner 

(Siemens/CTI, Knoxville, TN, USA))36,28. A polyurethane head holder system (Soule 

Medical, Tampa, FL, USA) was molded around each participant’s head for immobilization 

purposes. Each subject received a bolus of radiotracer over 30 seconds (16.16 ± 2.31 

mCi) and underwent a 10-minute transmission scan, followed by 100-minute emission scan 

binned into 19 frames of increasing duration. Images were reconstructed via filtered back 

projection with a 128 × 128 matrix28. For arterial input function determination, arterial 

sampling was performed (automated every 10 seconds for the first 2 minutes and manually 

at increasing durations thereafter) to obtain arterial plasma radioactivity measurements 

throughout the scan and unmetabolized parent fractions at six discrete points (2, 12, 20, 

50, 80, and 100 minutes via high-performance liquid chromatography)28.
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Validated pre-processing was performed, including motion-correction (via registration to 

the eighth frame using the FMRIB linear image registration tool (FLIRT), version 5.0 

(FMRIB Image Analysis Group, Oxford, UK)) and coregistration to subject T1-weighted 

MRIs with FLIRT28,37. A metabolite-corrected arterial plasma input function was created 

as described28, and was inputted into empirical Bayesian estimation in graphical analysis 

(EBEGA)38, a quantification approach designed to handle noise found in PET time activity 

curves at the voxel level38, to obtain whole-brain, voxel-wise tracer volume of distribution 

(VT) maps. Binding potential BPP maps were then created by subtracting brain-wide 

estimates of the radiotracer non-displaceable distribution volume (VND), obtained in each 

participant using the hybrid deconvolution approach (HYDECA)39, without having to 

assume any reference region.

Definition of the Serotonin Axonal Tract

At the group level, we observed that [11C]DASB binding maps showed an arc of high 

binding that tracked closely with the medial serotonergic axon pathway projecting from 

the cell bodies in the brainstem raphe nuclei into the base of the brain, forwards to the 

frontal pole via the medial forebrain bundle40, and sweeping back over the cingulate to 

occipital cortex41 (Figure 1, top). Therefore, given this observed pattern of high binding 

overlapped with known serotonergic system anatomy42, and the fact that depression-related 

pathophysiologic changes of depression tend to occur in anterior brain structures18, we 

sought to generate a PET-derived ROI to analyze the pattern of 5-HTT binding along this 

axon tract.

To generate the tract, participant MRI-derived transforms were applied to warp the VT 

maps to Montreal Neurological Institute (MNI) space. The warped images were averaged 

across participants (Figure 1, top) and thresholded at VT=11.5, a value chosen empirically 

to include the observed high binding areas overlapping with the core medial serotonergic 

pathway. To examine the core trajectory of serotonin axons projecting from the raphe nuclei 

to the occipital cortex, the medial 20 voxels were selected. Projections to regions adjacent to 

the axon tract like thalamus, basal ganglia, cerebellum and the cortical mantel were excluded 

because our focus was on the core medial axon tract41. Although axons fan out from this 

tract to subcortical areas and the entire cortical mantel, we sought to sample from origin to 

terminus, such that each axon tract segment is more distal than its previous adjacent segment 

(Figure 1).The resulting serotonin axonal tract was then binarized to create a single ROI 

(Figure 1, middle).

To analyze the pattern of 5-HTT binding potential along the tract, the binary tract was 

parcellated as follows (see flowchart in Supplemental Figure 1). The center sagittal slice 

was isolated and voxels on the border of the tract were retained. Starting at the origin in 

the raphe nuclei, a line was drawn through the first voxel to connect it with the voxels on 

the border directly surrounding it. Then, a line normal to that line was projected through the 

center of the tract to the opposite border, which created the dividing line between the first 

and second parcel. To ensure adequate estimation of binding potential in each parcel along 

the tract, we set the minimum volume to 100 voxels. If there were ≥100 voxels when the 

parcel was extended from the center sagittal slice to all slices in the tract, the parcel was 
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finalized. If there were <100 voxels, the next voxel on the tract border was considered and 

the line-drawing procedure (steps 4a & 4b, Supplemental Figure 1) was repeated for the 

parcel at hand. This was iterated until all parcels were finalized through the occipital cortex 

terminus. This resulted in 56 parcels, 100–400 voxels in size (Figure 1, bottom).

Serotonin Axonal Tract Statistics

To test our a priori hypothesis of lower 5-HTT BPP in MDD that varies as a function of 

axonal tract location, we first analyzed the entire tract as a single ROI (i.e., participant-wise 

average BPP across all voxels in the tract) and compared diagnoses with two-tailed t-tests 

and linear regression (also considering age and sex).

Next, we computed BPP within each parcel along the tract, considering the observations 

along the tract as (nearly) continuous and applying principles of functional data analysis43. 

The estimated 5-HTT BPP pattern for each participant was represented as a function of 

distance along the tract. Using these participant-level estimates, the mean difference between 

MDD and HV groups was estimated at each point along the tract. To test for a main effect 

(consistent along the tract) of diagnostic group, the test statistic was the absolute value of 

the integrated difference of group mean functions. The significance of this measure was 

assessed based on 1,000 random permutations of group labels. To determine whether effect 

of diagnostic group was constant along the tract (a “pure” main effect) or if it varied as a 

function of location along the tract, equivalent to a test for interaction between diagnosis and 

tract location, the test statistic was the integrated squared difference between the two mean 

functions, after adjusting for the estimated main effect. Significance was based on 1,000 

random permutations of group labels. The above analyses were then repeated controlling for 

both age and sex, and repeated only within the MDD group to explore relationships with 

depression severity (HDRS-17 and BDI), suicide attempt history, and history of suicidal 

ideation.

NRU 5-HT Atlas Processing

To obtain ROIs with uniform 5-HTT BPP, we used the NRU 5-HT Atlas (https://xtra.nru.dk/

FS5ht-atlas/)22, 23. This atlas, created by clustering maps of PET binding to 5-HTT 

and 5-HT 1A, 1B, 2A, and 4 receptors, offers 10 brain regions with homogeneous 

distributions of serotonin system components23. The NRU 5-HT Atlas is provided as 

FreeSurfer fsaverage overlays22, 23. Each participant’s BPP map in individual MR-space was 

resampled onto the fsaverage surface using FreeSurfer 7.1.1 reconstruction stream (http://

surfer.nmr.mgh.harvard.edu/) run for their T1-weighted MRIs. Average BPP was extracted 

for the 10 serotonin regions (excluding negative values).

NRU 5-HT Atlas Statistics

To borrow strength across NRU 5-HT Atlas ROIs and account for correlation among ROIs, 

we fit linear mixed-effects (LME) models to the ROI-level BPP estimates after logarithmic 

transformation, with participant as a random effect. The statistics for the NRU 5-HT Atlas 

paralleled that of the serotonin axonal tract. We first tested for a main effect of diagnosis i.e., 

a group effect that is consistent across regions. Secondly, we tested for a region-by-diagnosis 

interaction effect. The above modeling strategy was repeated while controlling for sex and 
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age and repeated to explore effects with depression severity, suicide attempt history, and 

suicidal ideation in the MDD group. Relevant code could be made available by request to the 

corresponding author and all statistics were performed in R v4.0.344, 45.

RESULTS

Participants

Table 1 displays demographics and imaging characteristics. At enrollment, 23.3% of 

participants with MDD were antidepressant (AD) naïve, 6.7% had unknown AD exposure, 

28.3% had AD exposure within 12 weeks, and 41.7% had AD exposure more than 12 weeks 

prior to the scan. Of those reporting lifetime history of AD types, 97.8% had exposure 

to serotonin reuptake inhibitors. Participants with MDD were older than HVs and were 

moderately depressed at enrollment. [11C]DASB injected dose did not differ by diagnosis.

5-HTT Binding Potential in the Serotonin Axon Tract

Average 5-HTT [11C]DASB BPP across the entire non-parcellated serotonin axonal tract 

(Figure 1, middle) was 27.0% lower in MDD compared with HVs (p<0.001). When 

considering the pattern of BPP along the parcellated tract (Figure 1, bottom), a main 

effect of diagnosis was found (p=0.023). As shown in Figures 2 and 3, for most locations 

along the tract, depressed individuals had lower 5-HTT BPP compared to HVs. Figure 3 

displays permutation testing results, where 95% pointwise confidence intervals show that 

the diagnostic group difference in 5-HTT BPP excluded a zero estimate from the origin in 

the raphe nuclei through the first ~25% of the tract, approximately at the anterior cingulate 

cortex. The tract closest to the origin of serotonergic axons had the largest deficit of 5-HTT 

BPP in MDD. The location with the largest diagnosis difference (Figure 3) was within 

the ventral tegmental area (VTA) of the midbrain, where MDD 5-HTT BPP was 20.5% 

lower than HVs (estimate = −5.52). Near the occipital lobe terminus, the 5-HTT BPP group 

difference reached zero. A robust diagnosis difference persisted until the genu of the anterior 

cingulate, and then abruptly declined to a small to absent group difference thereafter until 

the occipital lobe terminus (Figure 3).

The pattern of 5-HTT BPP group difference significantly differed from a constant function 

as a function of distance from axonal origin (p=0.019, Supplemental Figure 2). When sex 

and age were included, the above effects persisted (main effect of diagnosis: p=0.03 and 

diagnosis by location interaction: p=0.018).

In exploratory analyses within the MDD group, 5-HTT BPP in the tract did not associate 

with depression severity (HDRS-17: p=0.74 or BDI: p=0.47), suicide attempt history 

(p=0.44), or suicidal ideation (p=0.93) in separate models for each variable. Also in 

exploratory analyses in the MDD group, 5-HTT BPP in the tract did not vary by 

antidepressant medication exposure across AD Naïve, AD-exposed within 12 weeks of 

scanning, and AD-exposed more than 12 weeks before scanning groups (p=0.49).
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NRU 5-HT Atlas

An example of one participant’s [11C]DASB BPP map, the NRU 5-HT Atlas parcellation, 

and the [11C]DASB tract sampled onto the FreeSurfer fsaverage surface are shown in 

Supplemental Figure 3 for comparison.

Across all NRU 5-HT Atlas regions, a main effect of BPP across diagnoses was absent 

(F=2.50, p=0.12). When we examined the effect of brain region, we found a diagnosis-by-

region effect (F=3.81, p<0.001). Post-hoc testing by region, indicated lower 5-HTT binding 

potential in MDD compared with HVs in all 10 NRU 5-HT regions (Supplemental Table 

1, Figure 4; indicated by negative beta estimates (range −0.06 to −0.15)). The strongest 

effects of lower BPP in MDD were in region 2 (95% Confidence Interval (CI)=[−0.27, 

−0.01], p=0.04), including portions of the supramarginal, superior and transverse temporal, 

and insular cortices, region 6 (95% CI=[−0.27, −0.009], p=0.04), including portions of the 

superior temporal, temporal pole, entorhinal, parahippocampal, insular, rACC, and medial 

and lateral orbitofrontal cortices, and region 7 (95% CI=[−0.28, −0.02], p=0.03), including 

portions of the isthmus cingulate, parahippocampal, and entorhinal cortices (Supplemental 

Table 1; Figure 4). When sex and age were included, the above effects persisted (main 

effect: p=0.16 and interaction with region: p<0.001).

In exploratory analyses within the MDD group, there were no significant relationships 

between BPP and depression severity (HDRS-17 or BDI), suicide attempt history, suicidal 

ideation, or previous antidepressant medication exposure (all p-values>0.05).

DISCUSSION

Within the serotonin axonal tract, there was an MDD [11C]DASB BPP deficit compared with 

HVs (p=0.02) and an effect of MDD deficit by tract length (p=0.02). The MDD 5-HTT 

deficit was strongest in the tract most proximal to the serotonin neuron cell bodies in 

the midbrain raphe nuclei, persisting until the genu of the anterior cingulate, and rapidly 

dissipating through to the tract terminus in occipital pole. We found a region-wise effect 

(p<0.001). 5-HTT BPP was lower in 3/10 regions of distinct serotonergic characteristics 

(p=0.03 to 0.04). We did not find that these deficits correlated with depression severity, 

suicidal ideation, or suicide attempt history.

[11C]DASB Tract Analysis

We found 27.0% lower 5-HTT [11C]DASB BPP averaged over the entire serotonin axonal 

tract in MDD relative to HC, with prior findings of ~10% less 5-HTT binding in many 

brain regions in depression2. When we considered BPP in each parcel along the tract, as 

seen in Figure 3 and Supplemental Figure 2, the MDD BPP deficits were greatest toward 

the proximal section of the tract until the genu of anterior cingulate and dissipated thereafter 

(main effect of diagnosis: p=0.023 and interaction of diagnosis by tract location: p=0.019). 

No other such study has been published and replication of this finding is important, as is 

seeking an explanation of its cause. Perhaps axon transportation impairment or regulation of 

5-HTT levels by low intra-synaptic serotonin levels are more pronounced in more proximal 

parts of serotonin projections.
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A cause of lower 5-HTT binding in MDD may include gene variants such as 5-HTTLPR 

in the upstream regulatory region, some of whose alleles associate with less 5-HTT mRNA 

expression in vitro46, 47, including specifically in depressed suicide decedents48, but with 

mixed findings in vivo16, 49–52. Such a genomic effect in rodents was confined to the 

brainstem and not seen in the hippocampus53. A second related mechanism is epigenetic 

modification and DNA methylation effects from early adversity reducing 5-HTT binding in 

adulthood54. Another mechanism for deficits in 5-HTT binding is accelerated transporter 

internalization at the synaptic level due to less serotonin release from upregulation of 

5-HT1A autoreceptors in depressed suicidal individuals55. This mechanism may be region-

specific. Such 5-HTT internalization due to less serotonin release may be considered 

compensatory instead of causal in the pathogenesis of MDD. Finally, axonal transport of 

mRNA or proteins from the cell body, as exemplified by the transporter deficit, may be 

abnormal in MDD. The mechanisms responsible for these findings have important treatment 

implications.

The greatest MDD 5-HTT BPP deficit encompasses the VTA, which is the origin of the 

mesolimbic dopamine system, mediating reward, motivation, and adaptive behaviors56, 57,58. 

The VTA dopamine neurons are richly innervated by afferent serotonin neurons originating 

in raphe nuclei59–61, that exert excitatory control. Conditioned place preference in rodents, 

a paradigm reflecting motivation and reward, was induced, and dopamine released in the 

nucleus accumbens by VTA activation of 5-HT neurons was subsequently blocked by VTA 

inactivation of serotonin and glutamate receptors62. Lower 5-HTT binding in MDD can have 

effects on limbic and cortical efferent systems through excitatory and inhibitory interactions 

with multiple neurotransmitter systems61.

NRU 5-HT Atlas Analysis

Leveraging serotonergic system anatomy to define ROIs on the basis of more uniform 

serotonin component levels22, 23, we found a significant interaction of diagnosis-by-region 

5-HTT binding potential.

Three of ten regions exhibited 5-HTT BPP deficits in MDD with 95% CIs that excluded a 

zero estimate (p-values=0.03 to 0.04). Interestingly, these regions do not overlap with the 

serotonin axonal tract; NRU 5-HT Atlas region 8 shows the greatest overlap with the tract 

(Supplementary Figure 1); however, does not include the brainstem and medial forebrain 

bundle areas where MDD 5-HTT deficits were greatest in the tract analysis, potentially 

explaining why region 8 did not reach post-hoc significance for MDD deficits. Given the 

relative widespread nature of the three regions with 5-HTT deficit in MDD, it is difficult 

to posit a neuroanatomical hypothesis for their involvement in depression pathophysiology. 

Meta-analyses suggest a widespread pattern of 5-HTT deficiency in depression (e.g., in 

the brainstem, amygdala, hippocampus, thalamus, striatum, frontal cortex, and cingulate 

cortex2, 3). We previously used six Brodmann area-based ROIs overlapping with these 

regions, selected for their history in depression pathophysiology and based on them having 

relatively high 5-HTT PET binding, offering a more robust measurement compared with low 

binding regions16. In those six Brodmann regions, Miller et al. 2013 found no difference 

in 5-HTT binding (outcome measures: VT/fP, BPP, BPND, BPF) in MDD relative to HV16, 
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which disagreed with previous reports of low 5-HTT binding in MDD4–13. A recent study 

using a composite of regions overlapping with those studied in Miller et al. 2013 (amygdala, 

hippocampus, thalamus, striatum, and cingulate cortex) similarly found no difference in 

5-HTT binding (outcome measure: BPND) in MDD relative to HV, but did find potential 

state-specific 5-HTT binding increases after internet-delivered cognitive behavioral therapy 

in the MDD group63. However, using standard ROIs that don’t necessarily account for 

serotonin binding patterns and homogenous binding levels might weaken the ability to detect 

disease-specific effects. The serotonin atlas-based ROIs used here showed a robust region-

dependent 5-HTT binding deficit in MDD relative to HVs; however, no evidence was found 

for cross-sectional state effects of depression severity, suicidal ideation, or antidepressant 

exposure. Future studies should consider the potential advantage of considering anatomical 

binding patterns of a neurotransmitter-specific imaging agent in selecting ROIs for analyzing 

brain imaging data. Such techniques could be applied to longitudinal treatment studies 

aimed at disentangling state from trait effects.

In a meta-analysis, studies reporting higher depression severities had the largest MDD 

5-HTT deficits in the amygdala; however, the authors acknowledge the exploratory nature of 

these analyses given the interstudy and interrater variability in scoring depression severity2. 

Of the five individual studies contributing to this portion of the meta-analysis, the three 

that actually reported depression severity correlations had null findings4, 8, 16. Given the 

absence of depression severity findings in this meta-analysis2, effects of depression severity 

on 5-HTT availability might be small, with individual studies unable to detect effects, even 

after considering serotonin binding patterns.

We previously found an effect of lower midbrain 5-HTT binding in suicide attempters 

relative to both non-attempters and HVs, and no effects in cortical areas (ventral prefrontal 

and anterior cingulate cortices)16. In the present study, we did not examine the midbrain as 

a whole, and likewise found no differences in binding in cortical regions using ROIs from 

the NRU 5-HT atlas between depressed attempters and non-attempters. These results are 

consistent with our previous findings4, 55. Our null findings of suicidal ideation on 5-HTT 

binding are discordant with the positive correlation between ideation and 5-HTT binding 

reported in a small sample of 10 MDD and 10 HV participants by Yeh et al. 201527 and thus, 

requires further follow-up.

Strengths, Limitations, and Future Directions

Strengths of this study include a large sample size for an in vivo PET study, employing 

full quantification approach with an input function and ROIs based on serotonin system 

anatomy. A strength of the axonal tract analysis is that it only required two statistical tests 

to determine if a diagnosis effect was present and if it varied as a function of tract location, 

in contrast to voxel-level analyses employing thousands of tests and complex multiple 

comparisons correction techniques. There are also limitations. A larger sample size should 

be used for replication of these findings. The high-binding VT threshold used to generate the 

serotonin axonal tract was selected empirically based on binding level. This threshold could 

be further optimized and estimated in a data-driven manner in future work, which could even 
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include individualized thresholding to obtain tracts that better conform to individual-level 

serotonin system anatomy.

Conclusion

Understanding the mechanisms by which the serotonin transporter plays a role in major 

depressive disorder onset and progression can assist prevention and treatment development. 

We found evidence for 5-HTT deficits in MDD in a midline serotonin axonal tract and 

region-specific serotonergic pathology. Such serotonin-specific anatomical specificity may 

offer new treatment targets in MDD.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Average volume of distribution (VT) across all participants (top), 3D rendering of the 

serotonin axonal tract in MNI space as a standard ROI (middle; blue), and the parcellated 

tract for analyses with the pattern of binding along the tract (bottom; multi-colored). All are 

shown sagitally (left) and rotated (right) to show the tract depth.
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Figure 2: 
Mean [11C]DASB binding potential BPP (y-axis) in each of the 56 parcels within the 

serotonin axon tract plotted as a function of distance from the origin of the tract in 

centimeters. Diagnostic group averages plotted in thick, bold lines with HV = healthy 

volunteer in pink and MDD = major depressive disorder in blue. Additionally, spaghetti 

plots of each participant are plotted with thin lines according to their group designation. 

Below plot is a depiction of the x-axis regions according to their location on the tract.
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Figure 3: 
Diagnostic group difference test: The estimated difference in 5-HTT BPP between MDD = 

major depressive disorder and HV = healthy volunteer groups is shown plotted against the 

distance along the tract. The group difference in the original dataset is plotted with a thick, 

solid red line. Permutation testing, examining the area under the curve for the main effect of 

diagnostic group yielded a p-value of 0.02. Black lines show the 95% confidence intervals 

obtained via bootstrapping. Locations along the tract with both confidence intervals above or 

below 0 indicate locations of significant group differences.
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Figure 4: 
Displaying the estimated lower 5-HTT binding potential in MDD relative to the HV group 

found within the NRU 5-HT Atlas, where 5-HTT binding potential (BPp) is plotted for all 

regions in the NRU 5-HT Atlas, broken down by diagnosis (HV=healthy volunteer with 

circles, MDD = major depressive disorder with triangles) (top). Regions with p<0.05 in post 

hoc analysis denoted with * and p-value is shown. The color-coding for each region in the 

top graph matches the corresponding region in the NRU 5-HT Atlas shown at bottom with 

labeling for region number.
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Table 1:

MDD and Healthy Volunteer Participant Characteristics

MDD (n=60) HV (n=31) p-value

Age (yrs.) 39.2 ± 11.2 31.7 ± 10.4 p=0.003

% Female 53.3% 51.6% p=1

% Hispanic 20.0% 9.7% p=0.26

% Race 75.0% White
6.7% Asian

11.7% Black
5.0% More than one race

1.7% American Indian/Alaskan Native

48.4% White
19.4% Asian
19.4% Black

3.2% More than one race
9.7% unknown/not reported

p=0.02

Years Education 15.6 ± 2.6 16.1 ± 1.9 p=0.27

BDI 22.6 ± 9.9 1.4 ± 2.1 p<0.001

HDRS-17 18.1 ± 4.4 1.2 ± 2.0 p<0.001

SSI Total Score 5.3 ± 6.7 0 ± 0 p<0.001

% Suicide Attempt History* 31.7% 0% p<0.001

[11C]DASB Injected Dose (mCi) 16.2 ± 2.3 16.1 ± 2.4 p=0.92

Lifetime Axis I Disorders - -

 At least one comorbid Axis I disorder 67.8% - -

 Generalized anxiety disorder 6.8% - -

 Post-traumatic stress disorder 18.6% - -

 Obsessive compulsive disorder 8.5% - -

 Attention-deficit hyperactive disorder 5.08% - -

 Panic disorder 10.2% - -

 Social phobia 16.9% - -

At least one lifetime substance use disorder 15.3% - -

Abbreviations: BDI = Beck Depression Inventory32, HDRS-17 = Hamilton Depression Rating Scale 17-item64, SSI = Scale for Suicidal 

Ideation35; data missing from 14 participants, MDD=major depressive disorder, HV=healthy volunteer
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