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ABSTRACT 

 

Patients with late-life depression (LLD) have a more variable response to antidepressant treatment relative to 

patients with mid-life depression. The neurobiological mechanisms underlying the variability in treatment 

response are not well understood and may involve the serotonin system. The focus of this study was to test the 

hypotheses that lower cortical and limbic serotonin transporter (5-HTT) availability in LLD patients relative to 

controls and less 5-HTT occupancy with antidepressant medications would be associated with less 

improvement in mood and cognition with treatment in LLD patients. Twenty LLD patients meeting DSM-IV 

criteria for a current major depressive episode and 20 non-depressed controls underwent clinical and 

neuropsychological assessments, magnetic resonance imaging to measure grey matter volumes and high-

resolution positron emission tomography (PET) scanning to measure 5-HTT before and after 10-12 weeks of 

treatment with Citalopram or Sertraline (patients only). Prior to treatment, 5-HTT was lower in LLD patients 

relative to controls in temporal cortical and limbic (amygdala) regions. Grey matter volumes were not 

significantly different between groups. 5-HTT occupancy was detected throughout cortical, striatal, thalamic 

and limbic (amygdala, hippocampus) regions. The magnitude of regional 5-HTT occupancy by antidepressants 

was 70% or higher, consistent with or greater than the magnitude of 5-HTT occupancy observed in mid-life 

depressed patients. Greater regional 5-HTT occupancy correlated with greater improvement in depressive 

symptoms and visual-spatial memory performance. These data support the hypothesis that serotonin 

degeneration and variability in 5-HTT occupancy may contribute to heterogeneity in mood and cognitive 

responses to antidepressant treatment in LLD patients. 
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1.0 INTRODUCTION 

 

Depression in late life is associated with disability, greater mortality and increased risk of all-cause dementia, 

including Alzheimer’s (AD) and vascular dementia (Alexopoulos et al., 1996; Bruce and Leaf, 1989; Diniz et al., 

2013). While there are effective antidepressant agents these treatments have been developed for the 

treatment of depression in younger patients. More than half of depressed older adults patients have partial 

response to medication or are treatment refractory (Dew et al., 1997).  Even after remission of their depressive 

symptoms, many older adults have persistent cognitive impairment (in executive function, memory and motor 

speed; Alexopoulos et al., 1993; Bhalla et al., 2006). The neurobiological mechanisms underlying variable 

treatment response of mood symptoms and cognitive deficits in late-life depression (LLD) has not been a major 

focus of investigation. For example, decreased gray matter volumes have not been reported consistently in 

LLD patients relative to controls (especially in patients who do not have substantial cognitive deficits)  and 

have not been associated consistently with treatment response (Jamieson et al., 2019). Several lines of 

evidence support the study of the serotonin system as a logical focus. The serotonin system has been 

implicated in the neurobiology of depression and is a primary target for the most commonly used 

antidepressants, selective serotonin reuptake inhibitors (SSRI’s; (Coppen, 1967; Schildkraut, 1965). There is 

considerable evidence for the vulnerability of the serotonin system in aging and neurodegenerative diseases, 

as well as for its role in both neuropsychiatric symptoms and cognitive deficits (Trillo et al., 2013). The 

widespread serotonin innervation in cortical and limbic regions overlaps with regions vulnerable to 

neurodegeneration, as well as to the network changes observed with antidepressant treatment (Varnäs et al., 

2004; Diaconescu et al., 2011). 

 

Molecular imaging methods can be applied to understand the neurobiological mechanisms underlying 

variability in antidepressant treatment response.  The serotonin system has been a major focus of radiotracer 

development for positron emission tomography (PET). Well-validated radiotracers have been developed for the 

serotonin transporter (5-HTT), as well as for serotonin receptors (including 5-HT1a, 5-HT1b, 5-HT2A, 5-HT4 

and 5-HT6 receptors; as reviewed by Kumar and Mann, 2014).  These radiotracers have been used to address 

fundamental questions regarding degeneration of the serotonergic system in aging and in psychiatric and 

neurodegenerative diseases and its role in SSRIs treatment response (Smith et al., 2017, Lanzenberger et al., 

2012; Meyer et al., 2001; Parsey et al., 2006b).  A major application of these radiotracers has been to test the 

serotonin hypothesis of depression (Spies et al., 2015).  Most of these studies have been performed in mid-life 

depressed patients. Initial studies in LLD patients have demonstrated a comparable magnitude and regional 

localization of 5-HTT occupancy by Citalopram as patients with mid-life depression (Smith et al., 2011). The 

relationship of 5-HTT antidepressant occupancy by antidepressants to change in depressive symptoms and 

neuropsychological deficits has been a more limited area of study (Lanzenberger et al., 2012).  5-HTT 

occupancy may play a more important role in variability in treatment response in older adults with depression, 
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which may be due to such factors as age-related pharmacokinetic changes and degeneration of the 

serotonergic system.(Boyce et al., 2012; Trillo et al., 2013). 

 

The focus of the present study was to measure 5-HTT availability using PET in LLD patients and compared to 

demographically matched controls.  5-HTT PET scanning was repeated in the LLD patients during a twelve-

week treatment trial with the antidepressants, Citalopram or Sertraline. Correlations were performed between 

regional 5-HTT availability and occupancy with both depressive symptoms and neuropsychological outcomes. 

The hypotheses were tested that 1) lower 5-HTT availability will be observed in LLD patients relative to 

controls in frontal and temporal cortices and limbic regions (amygdala and hippocampus), in contrast to no 

differences in gray mater volumes, 2) 5-HTT occupancy in frontal, temporal striatal and limbic regions will be 

observed in LLD patients and 3) lower baseline 5-HTT availability and less 5-HTT occupancy after 

antidepressant treatment will correlate with less improvement in depressive symptoms and cognition in LLD 

patients.   

 

2.0 MATERIALS AND METHODS 

 

The LLD patients and healthy controls completed screening assessments and then, magnetic resonance 

imaging (MRI) and 5-HTT PET scanning, as well as clinical and neuropsychological assessments. The, the 

LLD patients underwent a twelve-week treatment trial with the antidepressants Citalopram or Sertraline. 

Clinical and neuropsychological assessments were repeated after 10-12 weeks of treatment, at which time a 

stable clinical response was achieved. 5-HTT PET scans were repeated to measure 5-HTT occupancy by 

SSRIs. 

 

2.1 Participant Screening and Selection 

 

Participants were recruited from advertisements in the community or from the Johns Hopkins University 

Alzheimer’s Disease Research Center (2P50AG005146). The screening procedures included a physical and 

neurological examination, laboratory testing and toxicology screening and psychiatric and neuropsychological 

evaluations. A Structured Clinical Interview for DSM-IV by a clinical psychologist (NG), the antidepressant 

treatment history form (Sackeim, 2001)., Clinical Dementia Rating scale (CDR) and a Mini Mental State 

Examination were administered (MMSE; First et al., 1995; Folstein et al., 1975; Morris, 1993).  LLD patients 

were enrolled who were over age 60 and who had a DSM-IV diagnosis of current major depressive episode 

(non-bipolar, non-psychotic) and a Hamilton Depression Rating Scale Scores of 17 or higher (HAMD; 24 item 

scale; Hamilton, 1960).  Participants were excluded from enrollment based on the following criteria: 1) had a 

history of or active neurological or Axis I psychiatric disorders (including dementia), except for a diagnosis of 

current major depressive episode (non-bipolar, non-psychotic) in the LLD patients; 2) were not medically stable 
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(i.e. poorly controlled medical conditions including hypertension and/or diabetes); 3) a positive toxicology 

screening or use of psychotropic drugs or medications with central nervous system effects (e.g. antihistamines, 

cold medications) within two weeks prior to enrollment and 4) contraindications for undergoing MRI scans (e.g. 

pacemaker, metal implants, aneurism clamps). The study protocol and consent forms were approved by the 

Institutional Review Board and the Radiation Research Committee of the Johns Hopkins University School of 

Medicine. Participants received a transcribed and verbal description of the study and written informed consent 

was obtained. 

 

2.2 Antidepressant Treatment  

 

After the baseline procedures were completed (clinical and neuropsychological assessments, MRI and 5-HTT 

PET scans), LLD patients were started on a one week course of Citalopram (10 mg once daily). All patients 

were followed, on a weekly basis. Clinical ratings for depression and anxiety symptoms and side effects were 

performed (HAMD; Hamilton, 1960) Beck Depression Inventory (BDI; (Beck and Steer, 1993) and the Clinical 

Global Impression Scale (CGI; Guy, 2008). If the LLD patients did not demonstrate significant clinical 

improvement defined by a rating of 3 or greater on the CGI, the dose was increased to 20mg per day. If there 

was no significant improvement on the 20mg dose after 3 weeks, the 20mg dose was increased to 30mg daily 

and then to 40mg daily for a total of 12 weeks of treatment.  During the course of the study, a ‘black’ box’ 

warning was issued for Citalopram (Vieweg et al., 2012). The study protocol was changed at that time to the 

use of the SSRI, Sertraline. The last 3 subjects enrolled were treated with Sertraline. LLD patients received 

25mg per day for two weeks and subsequently had the dose increased by 25mg each week to a maximum 

dose of 150mg, if they did not achieve significant clinical improvement (rating of 3 or greater on the CGI) at 

each dose. The HAMD was performed bi-weekly. Response was determined based on the HAMD ratings from 

weeks 8 to 12.  The criteria for treatment response  was a HAMD score of 10 or below for two consecutive 

weeks (Dew et al., 1997). Plasma Citalopram or Sertraline concentrations were determined every four weeks, 

including a sample obtained immediately prior to injection of the radiotracer for the second 5-HTT PET scan 

(Supplemental data; Øyehaug et al., 1982; Suckow et al., 1992). 

 

2.3 Neuropsychological Testing  

 

A multi-domain neuropsychological test battery was administered to the LLD patients and controls at baseline 

and after 10-12 weeks of pharmacotherapy (patients only), including cognitive domains that are known to be 

affected in LLD patients and those that are shown to improve with antidepressant treatment (Butters et al., 

2004a, 2004b; Lockwood et al., 2002).  The Delis-Kaplan Executive Function System Letter and Category 

Fluency*, Trail Making Test,* Color-Word Interference Test* and Sorting Test*  were used to measure 

executive function (Delis et al., 2006).  The California Verbal Learning Test (CVLT)* and Wechsler Memory 
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Scale*, Logical Memory were used to measure auditory-verbal memory (Delis et al., 1987; Wechsler, 1997). 

The visual-spatial memory tests used were the Brief Visual Memory Test-Revised (BVMT-R)* and the Rey 

Complex Figure Test (Benedict, 1997; Rey, 1941).  The Symbol Digit Modalities Test was used to measure 

attention (Smith, 1968). The Iowa Gambling Test was used to measure attention (Bechara, 2007). For 

repeated testing, alternate forms of the tests were used where available (*).  

 

2.4 MR Imaging Procedures 

 

All participants underwent MRI scanning before the 5-HTT PET scan. MRIs of the brain were acquired at the F. 

M. Kirby Research Center for Functional Brain Imaging of the Kennedy Krieger Institute. A Phillips 3.0T 

Achieva MRI instrument was used with an 8-channel head coil (Philips Medical Systems, Best, Netherlands). 

The magnetization-prepared rapid acquisition with gradient-echo (MPRAGE) pulse sequence (TE = 4, TR = 

8.9, flip angle = 8 degrees, NSA = 1, 0.7mm isotropic voxel size) was used for volumetric analyses and MRI to 

PET co-registration. 

 

2.4 PET Imaging Procedures  

 

PET scans were acquired at the PET Center, Russell H. Morgan Department of Radiology, Johns Hopkins 

University School of Medicine. The scanner used was a second-generation High Resolution Research 

Tomograph scanner (HRRT, Siemens Healthcare, Knoxville, TN), a cerium-doped lutetium oxyorthosilicate 

(Lu25i05[Ce]; LSO) based, dedicated brain PET scanner. Each subject was fitted with a thermoplastic mask 

modeled to their face to reduce head motion during the PET study. Attenuation maps were generated from a 

six-minute transmission scan performed with a [137Cs] point source prior to the emission scans. 

 

A well-characterized radiotracer for 5-HTT availability, employed in the majority of previous 5-HTT PET studies 

was used (Spies et al. 2011). The radiotracer [11C]-3-amino-4-(2-dimethylaminomethyl-phenylsulfanyl)-

benzonitrile ([11C]-DASB), synthesized as previously described, was used to measure 5-HTT availability 

(Wilson et al., 2002). Dynamic scanning began immediately upon a 20 mCi ±10% radiotracer injection and 

lasted for ninety minutes. The data were acquired in list mode.  The images were reconstructed using the 

iterative ordered subset expectation maximization (OS-EM) algorithm (with 6 iterations and 16 subsets), with 

correction for radioactive decay, dead time, attenuation, scatter and randoms, (Rahmim et al., 2005) and re-

binned into thirty frames (four 15 seconds, four 30 seconds, three 1 minute, two 2 minute, five 4 minute, and 

twelve 5 minute frames).  The reconstructed image space consisted of 256 (left-to-right) by 256 (nasion-to-

inion) by 207 (neck-to-cranium) cubic voxels, each 1.22 mm in dimension. The final spatial resolution was less 

than 2.5 mm full width at half-maximum (FWHM) in three directions (Sossi et al., 2005).  
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2.5 MRI Processing and Analysis 

 

The MPRAGE images were analyzed to delineate volumes of interest (VOIs) on the MRI scans that were 

copied onto the PET scan, to develop a study specific mask for spatial normalization of the PET images for 

voxel-wise analyses, and to perform voxel based morphometry (VBM) analyses of between-group differences 

in grey matter volumes.  MRI scans were submitted to Freesurfer (FS v6.0; (Fischl et al., 2002)) for automated 

parcellation of brain regions that consisted of 82 left and right cortical and subcortical volumes of interest 

(VOIs) and the whole cerebellum gray matter. The VOIs were transferred from MRI to PET space using PET-

to-MRI co-registration parameters that were obtained using the co-registration module in SPM12 (SPM12; 

Institute of Neurology, London) running on MATLAB 7.10 (MathWorks, Natick, Massachusetts). 

 

FS-derived gray and white matter (GM and WM, respectively) masks of individual subjects were submitted to 

the “Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra” (DARTEL) algorithm  

(Ashburner, 2007) to obtain a pair of GM and WM templates. The templates were spatially registered to the 

Montreal Neurological Institute (MNI) space and GM and WM masks of individual subjects were spatially 

normalized to the MNI space in the final step of DARTEL. So-obtained GM and WM masks were averaged 

across subjects to obtain FS-based GM and WM templates and inserted to SPM-supplied 6 layer templates 

(i.e., TPM.nii) to be FS-derived 6 layer templates. The FS-derived templates were used for spatial 

normalization of functional images-subject-specific GM and WM templates in Montreal Neurological Institute 

(MNI) space. FS-derived GM masks were spatially normalized to so-obtained GM mask using the ‘preserved’ 

option and smoothed by a Gaussian kernel of 8 mm FWHM (Ashburner, 2007). VBM was performed to 

evaluate group differences in grey matter volumes using SPM12. 

 

2.6 PET Tracer Kinetic Modelling and Image Processing 

 

Regional binding potential (BPND) values of [11C]DASB were obtained using the reference tissue graphical 

analysis (RTGA; Innis et al., 2007; Logan et al., 1996) The cerebellar grey matter excluding the vermis was 

used as the reference region. Briefly, the start of the model assumption (t*; the time for the free-plasma ratio 

approaches time-invariant) was set to 25 minutes. The brain-to-blood clearance rate constant (k2R) of the 

cerebellum was set to 0.048 min-1, which corresponded to a population mean value of k2R from the multilinear 

reference tissue method with 2 parameters (MRTM2;  Ichise et al., 2003) To reduce noise-dependent 

underestimation of BPND seen on BPND maps from RTGA, BPND maps were generated by RTGA using dynamic 

PET frames that were smoothed by a 6mm (FWHM) Gaussian kernel. The VOIs for the cortical lobes were 

averaged and for right and left hemispheres to yield 44 and the brainstem VOIs (Desikan et al., 2006).  

The VOI data were also analyzed by subdividing the VOIs according to the Braak stages of Tau accumulation. 

(Braak and Braak, 1991; Schöll et al., 2016). The stages were defined as follows: Stage I (Entorhinal cortex), 
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Stage II (Hippocampus), Stage III (Amygdala, Parahippocampus, Fusiform gyrus, Lingual gyrus,), Stage IV 

(Caudal anterior cingulate, Rostral anterior cingulate, Insula, Temporal pole, Middle temporal lobe, Inferior 

temporal lobe, Isthmus/cingulate, Posterior cingulate, Thalamus),  Stage V (Caudal middle frontal, Rostral 

middle frontal, Superior frontal lobe, Frontal operculum, Frontal pole, Bank of the superior temporal sulcus, 

Inferior parietal lobe, Lateral occipital lobe, Lateral orbital gyrus, Medial orbital gyrus, Orbital operculum, Pars 

triangularis, Superior temporal lobe, Transverse temporal, Precuneus, Superior parietal lobe, Supramarginal 

gyrus, Caudate nucleus, Putamen, Ventral striatum) and Stage VI (Precentral gyrus, Postcentral gyrus, 

Paracentral, Pericalcarine gyrus, Cuneus). 

 

Regional 5-HTT occupancy was calculated from the PET VOIs by the following formula: (BPNDB – BPNDT)/ 

BPNDB∙100 (%) where BPNDB and BPNDT stand for BPND values of baseline and post-treatment scans, 

respectively. Scatter plots of occupancy data versus plasma Citalopram concentrations were fitted to the first 

order Hill’s equation: Occupancy = Omax∙ plasma Citalopram concentrations /(half maximal inhibitory 

concentration [IC50 ]+ plasma Citalopram concentrations) where Omax stands for the maximal attainable 

occupancy, and IC50 stands for the plasma Citalopram concentrations that causes 50% of Omax. The 5-HTT 

occupancy- plasma Citalopram relationships were examined in regions whose mean BPND values before 

treatment were greater than 0.5. The Akaike information criterion (AIC; (Akaike, 1974) was used for the model 

selection using the following formula: AIC =  2∙k + n∙log(RSS) where k, n, and RSS stand for the number of 

parameters, number of data point and the residual sum of squares, respectively.   

 

The pre-processing of the parametric [11C]-DASB BPND images was performed with SPM12.  First, as 

mentioned, MRIs were spatially normalized to MNI space using the FS-derived 6-layer template from DARTEL 

in place of the SPM-supplied template. Second, the paired [11C]-DASB BPND images for the LLD patients were 

first co-registered to each other and then, all of the [11C]-DASB BPND images were transferred to MNI space by 

combining spatial normalization and PET-to-MRI co-registration parameters. The BPND images in MNI space 

were smoothed with a 5mm (FWHM) Gaussian kernel. The combination of smoothing of the dynamic PET 

frames with smoothing of the BPND images is equivalent to smoothing the native PET images with an 8mm 

(FWHM) Gaussian kernel. A binarized FS-derived GM + WM mask, after smoothing with a 10mm (FWHM) 

Gaussian kernel (height threshold = 0.2) limited the search area (explicit mask).  

 

2.7 Statistical Analyses 

 

One-way and repeated-measures analyses of variance were used to test between and within group 

differences, respectively, in demographic, clinical and neuropsychological variables and the VOIs for 5-HTT 

availability (SPSS, version 26). Given the number of neuropsychological measures, the most relevant outcome 

measure for each test was used in the statistical analysis and a False Discovery Rate significance correction 
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was used (FDR=0.05; P ≥ 0.001). Exploratory, voxel-wise statistical analyses were performed in SPM12. The 

two-sample t-test option was used to test for between group differences in 5-HTT availability.  The multiple 

regression option was used to correlate baseline 5-HTT with clinical and neuropsychological variables in the 

LLD patients and controls. The paired T-test option was used to compare the 5-HTT PET scans before to the 

scans during SSRI treatment. As the magnitude of 5-HTT occupancy for Citalopram and Sertraline are similar, 

based on prior [11C]-DASB studies, the data for the two treatment groups were combined (Meyer et al., 2004).  

For the LLD patients, the multiple regression option was used to correlate the difference between the 5-HTT 

parametric images before to during treatment with the differences in clinical and neuropsychological variables.    

 

The significance criteria used for reporting the results of the exploratory, voxel-wise analyses for the between-

group t-tests and multiple regression results was a cluster-level, family-wise error (FWE)-corrected threshold of 

P ≤ 0.05 and a peak voxel uncorrected threshold of P ≤ 0.001: Height threshold p=0.01 and extent threshold 

(k) =50 voxels. Given the magnitude of the change in 5-HTT availability with SSRI treatment, results were 

reported at a more stringent, cluster-level FWE-corrected threshold of P ≤ 0.001 and a corrected voxel-level 

threshold of P ≤ 0.001: Height threshold P = 0.001 and extent threshold (k) =50 voxels. The peak voxels within 

anatomical regions belonging to the same cluster are represented on different rows on each of the tables. 

Brain locations are reported as x, y, z coordinates in MNI space with approximate Brodmann areas (BA) 

identified by mathematical transformation into Talairach space with a non-linear mapping approach (Lacadie et 

al., 2008).    

 

3.0 RESULTS 

 

3.1 Demographic, Clinical and Neuropsychological Measures: Twenty LLD patients and 20 healthy controls 

were enrolled. Nineteen patients completed the follow-up cognitive and neuroimaging procedures. 522 patients 

were screened by telephone and 34 in person (14 were screening failures). The reasons for not meeting 

eligibility criteria included 38% for current psychotropic drug use, psychiatric co-morbidities or claustrophobia, 

43% for not being medically stable or having other medical exclusionary criteria and 18% who were not 

interested in medication or neuroimaging or did not have an informant). The demographic characteristics, 

clinical and neuropsychological results are shown in Table 1. Only one patient had been treated with an 

adequate trial of SSRIs previously within two years prior to enrollment. The age at onset was 58 ± 11 years 

(range 33-75 years) and the duration of the present episode was 14 ± 10 months (range 2 to 36 months).  One 

of the controls and none of the LLD patients were left-handed. The groups did not significantly differ in age, sex 

distributions, nor on baseline neuropsychological measures (P > 0.05). One LLD patient received a CDR score 

of 0.5 (mild cognitive impairment [MCI]).  All other subjects received a CDR score of 0 (normal). As expected, 

the LLD group had significantly higher HAMD and BDI scores at baseline (F (1, 39) = 839.95; P = 0.000); F (1, 

39) =30.53, P = 0.000, respectively).  
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3.2 Clinical and Neuropsychological Effects of SSRI Treatment: All but one LLD patient completed the follow-

up clinical and neuropsychological assessments and 5-HTT scan. Sixteen LLD patients were treated with 

Citalopram and three were treated with Sertraline.  The Sertraline treated patients were included in all analyses 

except for the association between 5-HTT occupancy and plasma Citalopram concentrations. At the time of the 

follow-up 5-HTT PET scan, the mean Citalopram dose was 21mg ± 9mg (range 10-40mg) and the mean 

Sertraline dose was 92mg ± 52mg (range 50-150mg). One LLD patients was treated with Citalopram at the 

time of the “black box” warning. The patient responded to the 20mg dose and was able to remain on 

Citalopram treatment as she did not require a further dose increase. Side effects were not reported in the LLD 

patients. SSRI treatment significantly improved depressive symptoms (HAMD: F (1, 18) = 205.6; p = 0.000); 

BDI: F (1, 18) =38.00, p = 0.000; Table 1). The magnitude of change in the HAMD was a mean of -12 ± 4 

(range -1 to -17) and in the BDI was a mean of -15 ± 10 (range -1 to -32).  Eighteen of the 19 patients were 

treatment responders. The number of LLD patients who met response criteria at the following times are:  2 at 

week 4, 7 at week 6, 7 at week 8, 2 at week 10 and 1 at week 12. Only the two visual-spatial memory tests 

showed significant improvement with SSRI treatment. The BVMT-R sum of the first three trials and delayed 

recall measures increased significantly (F (1, 19) = 7.53, P = 0.013; F (1, 19) = 14.06, P < 0.001). The Rey 

Complex Figure immediate and delayed recall, but not the copy condition showed significant increases (F (1, 

19) = 33.80, P = 0.000; F (1, 19) = 61.10, P = 0.00; F (1, 19) = 1.56; P = 0.228). There was no statistically 

significant change in the other neuropsychological measures with SSRI treatment.    

 

3.3 5-HTT Availability, Correlations with Mood and Neuropsychological Outcomes and Grey Matter Volumes: 

The VOI results demonstrated significantly lower 5-HTT availability in the caudate [F (1,39) =  4.16; P = 0.048], 

hippocampus [F (1,39) =  4.88; P = 0.033], entorhinal cortex [F (1,39) = 15.03; P = 0.000] and 

parahippocampal gyrus [F (1,39) =  7.18; P = 0.011] (Table 2).  The other VOIs did not demonstrate significant 

between group differences. In the analysis of between-group differences in 5-HTT availability in the VOIs 

subdivided by Braak stages, significant differences in Stage I and Stage II only were observed (entorhinal 

cortex and hippocampus, respectively), F (1, 39) =15.03; P = 0.001 and F (1, 39) =4.88; P = 0.033; Table 3). 

5-HTT availability was lower in the LLD patients relative to controls in Stages II to IV and comparable between-

groups in Stages V and VI. The exploratory, voxel-wise analyses demonstrated that the LLD patients relative to 

controls had lower 5-HTT availability in the left lateral orbital gyrus (BA 11), right insula, left superior (BA 22, 

38), right middle (BA 21) and bilateral inferior (BA 20) temporal gyri (BA 22, 21, 20), bilateral parahippocampal 

gyri (BA 36), right amygdala, and bilateral fusiform gyri (BA 37 left and BA 20 right; Table 4; Figure 1). 

Moreover, 5-HTT availability was lower in the left amygdala and left hippocampus at p ≤ 0.002, just below the 

statistical threshold set for this comparison.  No regions demonstrated greater 5-HTT availability in the LLD 

patients relative to the controls.  There were no significant correlations observed between baseline 5-HTT 

availability and the baseline clinical and neuropsychological measures. Likewise, there was no significant 
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correlation between pre-treatment 5-HTT availability and change in the clinical and neuropsychological 

measures with SSRI treatment in the LLD patients. There was no significant between-group difference in gray 

matter volumes. 

 

3.4 5-HTT  Occupancy and the Relationship to Plasma Citalopram Concentrations: Significant 5-HTT 

occupancy with SSRI treatment was observed in the cingulate gyrus (BA 23, 24, 32),  superior frontal gyrus 

(BA 10), left medial and orbital gyrus (BA 10, 11), insula (BA 13), superior temporal (BA 38), right middle 

temporal gyrus (BA 20) and right inferior temporal gyri (BA 38), parahippocampal gyrus (BA 36), amygdala, 

hippocampus, post-central gyrus (BA1), precuneus (BA 23), fusiform (BA 37), left supramarginal gyrus (BA 

41), right pericalcarine gyrus (BA 17, 23), right lingual gyrus (BA 18), cuneus (BA 18), left caudate, ventral 

striatum, putamen and thalamus  (bilateral unless otherwise noted; Supplemental Table 1; Figure 2).  

 

Regional 5-HTT occupancy relative to plasma Citalopram concentrations was calculated (Table 5; Figure 3). In 

the majority of the aforementioned regions, 5-HTT occupancy was greater than 70% across a range of 

observed Citalopram plasma concentrations (28 – 117 ng/mL). In fact, the no change model (y = c) showed a 

better fit than the linear model (y = a∙x + b; p > 0.06). Accordingly, the data fit better when Omax was estimated 

together with IC50 than when IC50 alone was fitted with Omax set at 100%, as exemplified for the thalamus 

(Figure 2). Estimates of Omax ranged from 60 - 97% across regions (Table 3). These observations suggested 

that 5-HTT were almost saturated by Citalopram in these regions, close to the maximal occupancy (mean 

occupancy over Omax; over 95% in some regions). In sum, commonly used doses of Citalopram resulted in 

plasma concentrations that were several-fold greater than observed values of IC50 and occupancies exceeding 

85% (>> 50%).  For this reason, it appeared IC50 had little clinical significance for Citalopram aside from being 

necessary for defining the prediction model. 

 

3.5 Correlations between 5-HTT Occupancy and Mood and Cognitive Outcomes: Among the LLD patients, 

both depression scales (HAMD and BDI) showed significant improvement with SSRI treatment. However, 5-

HTT occupancy with SSRI treatment correlated with improvement in depressive symptoms only with the BDI, 

possibly due to the greater variability in response of the BDI compared to the HAMD (Table 6a; Supplemental 

Figure 1).  Greater BDI improvement correlated with greater 5-HTT occupancy in a limited number of brain 

regions, including the left paracentral lobule (BA 5) and bilateral posterior cingulate gyrus (BA 31). Among the 

five neuropsychological tests that were improved by SSRI treatment, correlations with 5-HTT occupancy were 

performed for the CVLT (total words recalled in the first 5 trials), BVMT-R (total shapes recalled in the first 

three trials) and the verbal fluency (letter and category) tests. Only improvement in BVMT-R was correlated 

with 5-HTT occupancy. Correlations were observed in the bilateral insula (BA 13), right superior, middle and 

inferior temporal gyri (BA 22, 22, 20), bilateral transverse temporal gyri (BA 40/BA41), bilateral precuneus (BA 

23), bilateral posterior cingulate gyri (BA 23), bilateral fusiform gyrus (BA 37), bilateral supramarginal gyri (BA 
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40), right pericalcarine gyrus (BA 17), isthmus/cingulate (BA 18), right lingual gyrus (BA 18), left hippocampus, 

bilateral putamen, right globus pallidus and bilateral thalamus (Table 6b). 

 

4.0 Discussion 

 

The LLD patients relative to controls had lower 5-HTT availability in lateral frontal, insula, temporal and parietal 

cortices, amygdala, entorhinal cortex, parahippocampal gyrus and hippocampus based upon VOI and 

exploratory, voxel-wise analyses. The reduction in 5-HTT availability was observed in the absence of 

significant between-group differences in gray matter volumes, suggesting that serotonin degeneration may be 

observed before widespread neuronal loss. The lack of a difference between LLD patients and controls in gray 

matter volumes is consistent with some published studies (as reviewed by Jamieson et al., 2019). Lower 5-

HTT availability in the LLD patients relative to controls is observed in contrast to the lack of a between-group 

difference reported in serotonin (5-HT1A and 5-HT2A) receptors (Meltzer et al., 2004, 1999). 5-HTT is a more 

specific marker of serotonin degeneration than the 5-HT1A or 5-HT2A receptors that are located on the 

terminals of non-serotonergic neurons (Azmitia and Nixon, 2008). Lower 5-HTT in LLD patients relative to 

controls indicates either less serotonin innervation or greater 5-HTT internalization secondary to lower 

intrasynaptic serotonin levels (Kovachich et al., 1988; Underwood et al., 2018). Relatively normal levels of 

serotonin receptors, in the face of decreased 5-HTT availability, implicates a relatively early stage of serotonin 

neurodegeneration that does not yet involve a compensatory serotonin receptor upregulation. Decreases in 5-

HTT availability might reflect a developing axonal pathology that is known to precede serotonergic neuron loss 

(Wihan et al., 2019).   

 

Neuropathological and neuroimaging studies using SSRI analogs as radiologands/radiotracers (respectively) to 

measure 5-HT in patients with midlife, unipolar major depression (non-suicidal) relative to controls have shown 

mixed results. These studies, as well as neuroimaging studies  have found increases, decreases or no change 

in 5-HTT in patients relative to controls (as reviewed by Spies et al., 2015; Underwood et al., 2018). While the 

direction of the results varies across studies, the regions implicated are consistent and cingulate gyrus, frontal 

cortex, amygdala, thalamus and striatum (Spies et al., 2015).  The one post-mortem study of 5-HTT in LLD 

patients did not detect a decrease relative to controls in the prefrontal cortex (Thomas et al., 2006).  

 

In contrast to mid-life depressed patients, the present study revealed decreased 5-HTT availability mainly in 

temporal and parietal cortical and limbic regions in LLD patients relative to controls. These regional changes 

overlap to some extent with the decreased 5-HTT availability observed in individuals with MCI relative to 

controls (Smith et al., 2017). However, lower 5-HTT availability reported in MCI relative to controls is greater in 

magnitude and is more extensive as additional frontal cortical, limbic and subcortical regions are involved 

compared to the decreases observed in the LLD patients relative to controls.  The pathophysiology of lower 5-
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HTT availability, reflecting decreased serotonin innervation or endogenous serotonin levels, may be different in 

LLD compared to mid-life depressed patients and may be associated with an aging-related neurodegenerative 

process in LLD patients. For example, tau deposition is found in the dorsal raphe in the early Braak stages in 

preclinical AD and early AD patients and then, spreads to the other raphe nuclei and cortical regions in the 

later Braak stages (Rüb et al., 2000; Simic et al., 2010).  In the present study, significant decreases in 5-HTT 

was observed in regions that comprise the earliest Braak stages (Stage I- entorhinal cortex).  Multi-modality 

molecular imaging studies of the neurobiological mechanisms associated with serotonin degeneration (e.g. tau, 

amyloid and neuroinflammation) may also explain the variability in depressive and cognitive responses to 

antidepressants.   

 

There was no significant correlation in this study between baseline 5-HTT availability and baseline (patients 

and controls) or change in depressive symptoms or cognitive function (patients only). The lack of correlation 

between depressive symptoms and 5-HTT prior to treatment is consistent with observations made in the 

majority of studies in mid-life depressed patients (Ichimiya et al., 2002; Meyer et al., 2004; Miller et al., 2013; 

Parsey et al., 2006a).  The lack of correlation between baseline 5-HTT availability and the neuropsychological 

measures may be due to the fact that the LLD patients did not have significant cognitive impairment. In 

contrast, correlations were observed between 5-HTT occupancy and change in depressive symptoms and 

neuropsychological outcomes. 

 

In the present study, the magnitude of 5-HTT occupancy by SSRI’s was greater than 70% for all regions 

(except for the posterior cingulate) and over 80% for most regions. The majority of studies in controls and mid-

life depressed patients have shown 70% or greater occupancy in the striatum and thalamus, to a greater extent 

after chronic rather than acute treatment (Lundberg et al., 2012;  Meyer et al., 2004; Meyer et al., 2001). Thus, 

the magnitude of 5-HTT occupancy in LLD patients is comparable and even greater than that observed in mid-

life depressed patients.  In the LLD patients, regional 5-HTT occupancy by SSRIs was observed in cortical and 

subcortical regions, including frontal, temporal, parietal and association areas, as well as primary sensory 

areas. 5-HTT occupancy was observed in the amygdala and hippocampus, as well as subcortical regions 

including the ventral striatum, putamen and thalamus. The regional pattern of 5-HTT occupancy observed in 

LLD patients was similar to that observed in a previous study of mid-life depressed patients who were scanned 

after 3 weeks of treatment with Citalopram or Escitalopram, (Baldinger et al., 2014), as well as a previous 

study in LLD patients employing voxel-wise analysis methods (Smith et al., 2011). The sample size in the 

present study is comparable to the majority serotonin transporter imaging and occupancy studies that have 

had a sample size of approximately 20 subjects or less. Several papers report data from larger samples of 

patients treated with different antidepressants for comparison  (as reviewed by (Arakawa et al., 2020; Spies et 

al., 2015). 
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The LLD patients in this study demonstrated improvement in depressive symptoms and visual-spatial memory 

with SSRI treatment. Correlations with depressive symptoms were limited to paracentral lobule and posterior 

cingulate and were also observed in temporal and parietal cortices and hippocampus, but not at a cluster-wise 

corrected level. A study of mid-life depressed patients treated with SSRIs for three weeks demonstrated 

significant voxel-wise correlations between improvement in depressive symptoms and greater 5-HTT 

occupancy in anterior and sub-genual cingulate, medial orbitofrontal cortex, habenula, amygdala, angular 

gyrus, putamen and anterior midbrain (Lanzenberger et al., 2012).  Correlations between improved cognition 

with SSRI treatment and 5-HTT occupancy has not been the focus of prior studies. The improvement in visual-

spatial memory with antidepressant treatment in LLD patients, including the tests administered in the present 

study, has been reported previously (Barch et al., 2012). Improvement in visual-spatial memory performance 

correlated with 5-HTT occupancy in temporal and parietal cortices, hippocampus, striatum and thalamus. 

These are regions that have been implicated in visual-spatial memory performance and are representative of 

regions that show correlations between 5-HTT and visual-spatial memory performance in individuals with MCI 

(Smith et al., 2017). These regions of correlation between 5-HTT occupancy and improvement in depressive 

symptoms and visual-spatial memory were similar to the cortical and limbic regions that showed decreases in 

cerebral glucose metabolism by Citalopram in LLD patients (Diaconescu et al., 2011; Smith et al., 2009).  To 

more conclusively establish the role of 5-HTT occupancy in treatment response, LLD patients with more severe 

depressive symptoms and cognitive deficits and a history of variability in treatment response should be 

studied.  It is noteworthy that significant correlations were observed, given the relatively narrow range of 

regional 5-HTT occupancies (70-99%). High levels of 5-HTT occupancy may be relevant to greater mood and 

neuropsychological outcomes. As the magnitude of regional 5-HTT occupancies did not depend on plasma 

SSRI levels (high levels of occupancy were observed at relatively low plasma concentrations), other factors 

may contribute to variability in the observed range of 5-HTT occupancy (e.g. serotonin transporter promoter 

polymorphisms, drug metabolism), as well as other neurobiological effects of SSRIs that might affect treatment 

response (Marshe et al., 2020; Smith et al., 2004). 

 

In conclusion, decreased 5-HTT availability in LLD patients relative to controls was observed that may reflect 

an early stage of serotonin degeneration in LLD patients. The results also support the role of 5-HTT occupancy 

in the response of depression and neuropsychological responses to SSRI treatment. Other serotonergic 

therapeutic targets may be even more effective in treating LLD and associated cognitive deficits, particularly 

treatments that target the pre- and post-synaptic receptors that may not be as affected as 5-HTT (Meltzer et 

al., 2004, 1999). Preclinical studies show that SSRIs and serotonergic receptor compounds (5-HT4 agonists 

and 5-HT6 antagonists) may have effects on neurodegenerative processes such as blocking amyloid precursor 

protein processing and tau deposition, as well as improving both depressive symptoms and cognitive deficits 

(Mattson et al., 2004; Meneses, 2016; Nelson et al., 2007). Serotonergic treatments may have potential benefit 
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in treating and preventing depressive symptoms and cognitive deficits through multiple, relevant, 

neurochemical and molecular mechanisms. 
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Table 1: Demographic Characteristics and Neuropsych ological Results for the Late-Life Depressed 

(LLD) Patients and Controls   

 

 Healthy, Older 

Controls  

(n = 20) 

LLD Patients  

(n = 20) 

at Baseline (Prior to 

SSRI Treatment) 

LLD Patients  

(n = 19) 

During SSRI 

Treatment 

Age 66 ± 6 67 ± 6  

Sex (F/M) 11/10 11/10  

Education (in years)  15 ± 3 16 ± 2  

MMSE 29 ± 1  29 ± 1  29  ± 1 

HAMD   1 ± 1 18 ± 2a 5 ± 3c* 

BDI 6 ± 12 24 ± 8b 7 ± 2d* 

CVLT Total Recall  

(Sum of first 5 Trials) 

59 ± 12 57 ± 10 58 ± 10 

CVLT Delayed Free Recall  12 ± 2 12 ± 3 13 ± 3 

BVMT-R Total Recall  

(Sum of first 3 Trials) 

19 ± 7 20 ± 8 24 ± 7 e 

BVMT-R Delayed Recall  8 ± 3 7 ± 3 9 ± 3e 

Rey Complex Figure Test -

Copy 

32 ± 3 31 ± 4 32 ± 3 

Rey Complex Figure Test -

Immediate Recall 

17 ± 6  15 ± 7 21 ± 7 f 

Rey Complex Figure Test -

Delayed Recall 

16 ± 5  14 ± 6 21 ± 7 g 

DKEFS™ Letter Fluency  44 ± 12 40 ± 12 46 ± 12 

DKEFS™ Category 

Fluency  

41 ± 8 42 ± 8 42 ± 8 
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BDI, Beck Depression Inventory; BVMT-R, Brief Visual Memory Test-Revised; CVLT, California Verbal 

Learning Test, D-KEFS™, Delis-Kaplan Executive Function System™; HAMD, Hamilton Depression Rating 

Scale; MMSE, modified Mini-Mental State Examination; SSRI, Selective Serotonin Reuptake Inhibitor.  

 

*tests performed prior to the PET scan. 
 

aSignificant between group difference (F(1,18)=205.6, P = 0.000) 
bSignificant between group difference (F(1,18)=38.00, P = 0.000) 
cSignificant difference in the LLD patients before and during SSRI treatment (F(1,18)=229.31, P = 0.000) 
dSignificant difference in the LLD patients before and during SSRI treatment (F(1,18)=42.52, P = 0.000) 
eSignificant difference in the LLD patients before and during SSRI treatment (F(1,18)= 14.06, P = 0.001) 
fSignificant difference in the LLD patients before and during SSRI treatment (F(1,18)=33.80, P = 0.000) 
gSignificant difference in the LLD patients before and during SSRI treatment (F(1,18)= 61.10, P = 0.000) 

 

Table 2: Serotonin Transporter Availability in Late -Life Depressed (LLD) Patients Scanned Prior to 

Starting Antidepressant Treatment Compared to Demog raphically-Matched Controls: Volume of 

Interest Analysis (VOI). Sample Size (Healthy Controls: n=20; LLD patients n=20).    

 

 Healthy Controls  LLD Patients  F Ratio  P Value Effect Size  
BPnd for [ 11C]-
DASB VOI’s 

     

Cortical Regions       
Cingulate Gyrus 0.54 ± 0.16 0.51 ±0.12 0.39 0.537 -0.21 
Frontal Cortex 0.33 ± 0.11 0.32 ±0.10 0.20 0.659 -0.10 
Temporal Lobe 0.32 ± 0.08 0.27 ±0.09 3.24 0.080 -0.58 
Pre-central Gyrus 0.30 ± 0.10 0.32 ±0.12 0.24 0.624 0.18 
Post-Central Gyrus 0.33 ± 0.12 0.34 ±0.14 0.08 0.772 0.08 
Parietal Lobe 0.29 ±0.09 0.31 ±0.11 0.62 0.435 0.19 
Occipital Lobe 0.36 ±0.08 0.34 ±0.12 0.37 0.548 -0.20 
Insula 0.76 ±0.17 0.70 ±0.14 1.76 0.193 -0.37 
Sub-Cortical 
Regions 

      

Caudate 1.17 ±0.33 0.97 ±0.28 4.16 0.048 -0.63 
Putamen 1.67 ±0.33 1.56 ±0.24 1.61 0.212 -0.38 
Globus Pallidus 1.51 ±0.33 1.40 ±0.30 1.15 0.289 -0.35 
Ventral Striatum 1.77 ±0.35 1.65 ±0.22 1.82 0.185 -0.40 
Thalamus 1.46 ±0.28 1.39 ±0.26 0.61 0.439 -0.26 
Brainstem 1.06 ±0.18 0.97 ±0.24 1.68 0.203 -0.42 
Limbic Regions       
Amygdala 1.48 ±0.25 1.33 ± 0.28 3.38 0.074 -0.55 
Hippocampus 0.52 ±0.13 0.43±0.12 4.88 0.033 -0.69 
Entorhinal Cortex 0.56 ±0.13 0.39±0.15 15.03 0.000 -1.03 
Parahippocampal 
Gyrus 

0.46 ±0.12 0.36±0.12 7.18 0.011 -0.78 
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Table 3: Serotonin Transporter Availability in Late -Life Depressed (LLD) Patients Scanned Prior to 

Starting Antidepressant Treatment Compared to Demog raphically-Matched Controls: Volume of 

Interest Analysis (VOI) Sub-Divided into Braak Stag es. Sample Size (n=20).    

 

  Healthy Controls  LLD Patients  F Ratio  P Value  
BPnd for [ 11C]-
DASB VOI’s         

Braak I  0.56 ± 0.13 0.39 ± 0.15 15.03 0.001 
Braak II  0.52 ± 0.13 0.43 ± 0.12 4.88 0.033 
Braak III  0.47 ± 0.10 0.43 ± 0.12 1.894 0.177 
Braak IV  0.60 ± 0.13 0.55 ± 0.12 1.61 0.212 
Braak V  0.39 ± 0.11 0.38 ± 0.10 0.14 0.713 
Braak VI  0.35 ± 0.11 0.36 ± 0.13 0.03 0.876 
 

 

Table 4: Lower Serotonin Transporter Availability i n Late-Life Depressed (LLD) Patients scanned prior 

to starting antidepressant treatment Compared to De mographically-Matched Controls: Voxel Wise 

Analysis. Sample Size (n=20).    

 

Left Hemisphere  Right Hemisphere 

MNI1 

Coordinates 

Talairach  

Coordinates 

Z-

Score   

MNI 

Coordinates 

Talairach  

Coordinates 

Z- 

Score  

 X Y Z 

(mm) 

X Y Z 

(mm)    Structure 

 X Y Z 

(mm) 

X Y Z 

(mm)   

-18 -12 -20 -18 -8 -15 3.63 

Lateral Orbital 

Gyrus (BA 11)     

   Insula   38 -2 -20  3.23 

-48 -14 -24 -45 -14 -17 3.90 

Superior Temporal 

Gyrus (BA 38)     

-44 -4 -14 -42 -7 -8 3.54 

Superior Temporal 

Gyrus (BA 22)    

   

Middle Temporal 

Gyrus (BA 20/21)  66 -16 -22 62 -19 -14 3.10 

-44 -10 -34 -42 -13 -26 3.12 

Inferior Temporal 

Gyrus (BA 20)  56 -12 -32 53 -15 -24 3.52 

-28 -16 -28 -27 -14 -23 4.24 Parahippocampal 30 -12 34 27 -10 -27 4.40 
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Gyrus ( BA 36)  

-26 0 -30 -26 -3 -23 3.09 

Parahippocampal 

Gyrus ( BA 36)    

   Amygdala 30 -6 -14  3.50 

-30 0 -42 -28 2 -34 3.89 

Fusiform Gyrus 

(BA 37/20)  32 0 40 29 2 -31 4.25 

 

Significant between-group comparisons are reported at a cluster-level, family-wise error (FWE) corrected 

threshold of p = 0.000 and a peak voxel uncorrected threshold of p ≤ 0.001: Height threshold p=0.01 and 

extent threshold (k) =50 voxels.  The cluster size (kE) is 6875.  BA, Brodmann area; MNI, Montreal Neurological 

Institute (MNI). Sample Size (n=20).    

 

Table 5. Mean BP ND values (± SD), estimates of O max and IC 50, and mean occupancy values in 10 

representative regions whose mean baseline BP ND values exceeded 0.5. 

 

 BPND of [11C]DASB Omax (%) IC50 (ng/mL) Mean occupancy 

Caudal anterior cingulate 0.57 ± 0.15 85.1 8.25 74.2 ± 11.8 

Rostral anterior cingulate 0.54 ± 0.13 83.3 3.77 78.1 ± 10.4 

Insula 0.71 ± 0.16 85.8 3.48 80.7 ± 8.1 

Posterior cingulate 0.58 ± 0.18 60.3 0.02 60.3 ± 12.7 

Amygdala         1.38 ± 0.30 97.4 5.01 89.4 ± 7.0 

Caudate nucleus  1.00 ± 0.27 95.7 2.94 90.9 ± 10.1 

Putamen          1.58 ± 0.25 75.4 2.08 72.7 ± 5.8 

Globus Pallidus  1.48 ± 0.32 76.7 4.29 71.2 ± 6.8 

Ventral striatum  1.78 ± 0.29 87.8 3.17 83.0 ± 5.5 

Thalamus         1.4 ± 0.27 81.9 3.61 76.9 ± 4.8 

 

Binding potential, BPND; maximal attainable occupancy, Omax; Half maximal inhibitory concentration, IC50. 

Sample size (n=16) LLD patients treated with Citalopram   

 

 

Table 6a: Correlation between 5-HTT Occupancy in La te-Life (LLD) Depressed Patients and the Change 

in Depressive Symptoms (Beck Depression Inventory)  
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Left Hemisphere  Right Hemisphere 

MNI 

Coordinates 

Talairach  

Coordinates 

Z-

Score   

MNI 

Coordinates 

Talairach  

Coordinates 

Z- 

Score  

 X Y Z 

(mm) 

X Y Z 

(mm)    Structure 

 X Y Z 

(mm) 

X Y Z 

(mm)   

-14 -30 44 -13 -28 41 3.20 

Paracentral 

Lobule (BA 5)    

-8 -24 38 -7 -22 36 3.40 

Posterior 

Cingulate Gyrus 

(BA 31) 0 -10 30 0 -9 29 3.57 

 

Significant correlations are reported at a cluster-level, family-wise error (FWE) corrected threshold of p = 0.036 

and a peak voxel uncorrected threshold of p ≤ 0.001: Height threshold p=0.01 and extent threshold (k) =50 

voxels.  The cluster size (kE) is 1509.  BA, Brodmann area; MNI, Montreal Neurological Institute (MNI). Sample 

Size (n=19) LLD patients treated with Citalopram (n=16) and Sertraline (n=3) included. 

 

Table 6b: Correlation between 5-HTT Occupancy in La te-Life Depressed (LLD) Patients and the Change 

in Visual-Spatial Memory (Brief Visual Memory Test- Revised)  

  

Left Hemisphere  Right Hemisphere 

MNI 

Coordinates 

Talairach  

Coordinates 

Z-

Score   

MNI 

Coordinates 

Talairach  

Coordinates 

Z- 

Score  

 X Y Z 

(mm) 

X Y Z 

(mm)    Structure 

 X Y Z 

(mm) 

X Y Z 

(mm)   

       

-32 -10 14 -31 -11 15 3.52 Insula (BA 13) 38 -14 12 36 -14 14 3.63 

-32 -22 8 -30 -22 10 3.36 Insula (BA 13) 42 6 -16 40 1 -9 3.09 

-38 0 8 -36 -2 10 3.24 Insula (BA 13)    

   

Superior Temporal 

Gyrus (BA 22)  46 -10 -8 43 -12 -2 3.67 

   Middle Temporal 52 -16 -12 49 -18 -6 3.40 
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Gyrus (BA 22) 

   

Inferior Temporal 

Gyrus (BA 20) 56 -28 -26 53 -30 -18 4.07 

-48 -26 10 -45 -26 12 3.08 

Transverse 

Temporal Gyrus 42 -18 6 40 -19 9 3.85 

-8 -58 10 -7 -56 12 3.39 Precuneus (BA23) 14 -52 24 14 -50 24 3.85 

-2 -12 30 -1 -11 29 3.09 

Posterior Cingulate 

(BA 23) 10 -24 36 10 -22 34 4.03 

-34 -48 -16 -32 -49 -9 3.08 

Fusiform Gyrus 

(BA 37) 48 -44 -16 46 -45 -9 3.41 

-48 -26 10 -45 -26 12 3.08 

Supramarginal 

Gyrus (BA 40)  56 -24 20 54 -23 21 3.73 

   

Supramarginal 

Gyrus (BA 40) 44 -24 16 42 -24 17 3.25 

-2 -12 30  3.09 Posterior Cingulate    

   Pericalcarine Gyrus 24 -66 10 24 -64 12 3.71 

   Pericalcarine Gyrus 22 -68 6 22 -66 9 3.68 

   

Pericalcarine Gyrus 

(BA 23) 18 -60 8 18 -58 11 3.24 

   

Isthmus/Cingulate 

(BA 18) 10 -42 4 10 -42 7 3.17 

   

Lingual Gyrus  

(BA 18) 14 -54 4 14 -53 7 3.14 

-28 -20 -8 -27 -21 -3 3.34 Hippocampus    

-26 6 4   3.42 Putamen 28 4 6   3.91 

   Putamen 30 -14 4   3.43 

-26 -16 -4  3.31 Globus Pallidus 20 -6 6   3.08 

-24 -10 8  3.22 Globus Pallidus    

-22 -24 12   3.83 Thalamus 22 -28 2   3.22 

-14 -16 4    3.24  Thalamus    
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Significant correlations are reported at a cluster-level, family-wise error (FWE) corrected threshold of p = 0.000 

and a peak voxel uncorrected threshold of p ≤ 0.001: Height threshold p=0.01 and extent threshold (k) =50 

voxels.  The cluster size (kE) is 15029.  BA, Brodmann area; MNI, Montreal Neurological Institute (MNI). 

Sample Size (n=19) LLD patients treated with Citalopram (n=16) and Sertraline (n=3) included. 

 

Figure 1 Decreased Serotonin Transport Availability in Late-Life Depressed Patients and Healthy Controls. 

Voxel-wise Analysis of Parametric [11C]-DASB Images. Statistically significant voxel-wise results are displayed 

on an MRI.  

 

 

 

 

 

 

 

 

 

Figure 2 Serotonin Transporter Occupancy by Antidepressants in Late-Life Depressed Patients Voxel-wise 

Analysis of Parametric [11C]-DASB Images. Statistically significant voxel-wise results are displayed on an MRI. 

(n = 16 Late-Life Depressed Patients treated with Citalopram and 3 with Sertraline). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  5-HTT occupancy in the thalamus versus plasma Citalopram concentrations. The data fit best when 

Omax was estimated (dotted curve) than when Omax was fixed at 100% (dashed curve). N=16 LLD patients 

treated with Citalopram   
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Supplemental Materials 

 

Plasma Citalopram and Metabolites 

 

Plasma Citalopram and two metabolites desmethyl- and didesmethylCitalopram were measured using a 

previously published liquid chromatographic method (Oyehaug,  et.al., 1982). The procedure was modified 

slightly by using a more polar reversed-phase column (trimethylsilyl bonded silica) and altering the mobile 

phase to 72: 28 phosphate buffer:acetonitrile with the pH adjusted to 3.2 with phosphoric acid and n-

butylamine with a flow rate at 1.5 ml/min. A fluorescence detector set at 235nm excit. and 300nm emiss. produced 

clean chromatograms with no interference from other drugs or endogenous material.  The method was 

validated from 300 ng/ml to the lower limit of quantitation (2.5 ng/ml) resulting in an intra-day variation of no 

more than 10% for all 3 compounds at 7 concentrations of the calibration curve. Inter-day variation did not 

exceed 6.8% for the 3 quality controls over 16 consecutive days.   

 

Plasma Sertraline and DesmethylSertraline 

 

Plasma Sertraline and its main metabolite desmethylSertraline are quantitated using liquid chromatography 

with fluorescence detection following pre-column derivatization with dansyl chloride.  The method is based 

upon a previously published procedure for fluoxetine and norfluoxetine with some minor modifications (Suckow 

et al., 1992).  In short, one ml of plasma sample containing 150 ng of the bromo analog of Sertraline as the 

internal standard is rendered alkaline with carbonate buffer and extracted with 6 ml of 20% ethyl acetate in n-

heptane.  After mixing and centrifuging, the organic phase is back-extracted with 150 µl of dilute HCl.  

Following mixing and centrifuging, the organic phase is aspirated and discarded, and the aqueous phase 

evaporated to dryness.  The residue is derivatized with 1% dansyl chloride for 45 minutes at room temperature, 

evaporated to dryness and reconstituted with mobile phase.  Chromatography is carried out using a Supelco 

LC-18 (250 x 4.6 mm, 5µ) column and a mobile phase of 17:10:73 phosphate buffer: methanol: acetonitrile at a 

flow rate of 2.0 ml/min.  The eluent is monitored using a fluorescence detector with the excitation and emission 

wavelengths set at 255 nm and 515 nm, respectively.  The calibration curve is linear between 800 and 10 

ng/ml and the minimum quantifiable level is about 5 ng/ml.  Total chromatographic analysis time is less than 15 

minutes with an intra-day imprecision error not exceeding 4.3% and 3.8% for Sertraline and 

desmethylSertraline, respectively (n = 12 for each calibration concentration).  Inter-day imprecision based upon 

the three levels of quality controls that are included with each run did not exceed 4.3 % for Sertraline and 8.9% 

for desmethylSertraline (n = 10 days). 
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Oyehaug E, Ostensen ET, Salvesen B, Determination of the antidepressant agent Citalopram and metabolites 

in plasma by liquid chromatography with fluorescence detection, J. Chromatogr., 227, 129-135(1982). 
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Supplemental Table 1: Serotonin Transporter Occupan cy by Antidepressant Treatment in Late-Life 

Depressed (LLD) Patients 

 

Left Hemisphere  Right Hemisphere 

MNI 

Coordinates 

Talairach  

Coordinates 

Z-

Score   

MNI 

Coordinates 

Talairach  

Coordinates 

Z- 

Score  

 X Y Z 

(mm) 

X Y Z 

(mm)    Structure 

 X Y Z 

(mm) 

X Y Z 

(mm)   

0 -46 32 0 -44 -31 6.12 

Isthmus/ 

Cingulate  

(BA 23) 2 -32 34 2 -30 32 6.34 

-4 -2 44 -3 0 40 6.97 

Cingulate Gyrus 

(BA 24) 4 -6 42 4 -4 39 6.84 

-2 36 18 -2 34 17 7.77 

Rostral Anterior 

Cingulate  

(BA 32) 0 42 8 0 38 7 7.21 

-4 22 -10 -4 18 -7 7.59 

 Rostral Anterior 

Cingulate  

(BA 32/BA 11) 2 24 -10 1 20 -7 7.36 

-2 36 -10 -2 31 -9 7.02 

Rostral Anterior 

Cingulate  

(BA 32)    

-2 12 38  7.21 

Caudal Anterior 

Cingulate  

(BA 32)    

-14 62 14  -14 58 11 5.40 

Superior Frontal 

Gyrus (BA 10) 18 64 -10 17 58 -10 5.32 
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-2 28 -20 -2 23 -17 7.42 

Medial Orbital 

Gyrus (BA 11)     

-2 58 -2 -2 52 -4 6.47 

Medial Orbital 

Gyrus (BA 10)    

-24 40 -16 -24 35 -14  5.65 

Lateral Orbital 

Gyrus (BA 11)  14 16 -16 13 12 -11 7.78 

-40 -14 12 -38 -15 13 7.09 Insula (BA 13) 40 -6 4 38 -8 0 7.57 

    Insula  (BA 13) 40 -6 -4 38 -8 6 7.57 

   Insula (BA 13) 38 6 -14 36 2 -8 7.31 

   Insula (BA 13) 36 20 -2 34 17 2 6.81 

-40 20 -28 -39 14 -22 6.77 

Superior Temporal 

Gyrus (BA 38)  44 18 -26 42 12 -18 6.46 

   

Anterior Temporal 

Lobe (BA 38) 36 14 -30 35 8 -22 6.65 

   

Middle Temporal 

Gyrus (BA 20)  46 10 -36 44 4 -27 5.75 

   

Inferior Temporal 

Gyrus (BA 38)  32 8 -44 31  2 -35 5.79 

-28 -18 -28 -27 -20 -20 6.66 

Parahippocampal 

Gyrus ( BA 36)  28 -4 -34 27 -7 -25 7.16 

-20 2 34 -20 -2 -26 6.64 

Parahippocampal 

Gyrus ( BA 36)    

-20 -2 -24  6.75 Amygdala 24 -4 -20  7.44 

-20 -24 -18  7.31 Hippocampus 24 -12 -18  7.48 

-20 -14 -18  7.31 Hippocampus    

-34 -18 -22 -32 -20 -15 6.61 Hippocampus    

-34 -26 64 -34 -22 58 5.68 

Post-Central 

Gyrus (BA 1) 22 -34 74 23 -29 66 6.30 

-20 -58 8 -19 -57 11 6.42 

Precuneus  

(BA 23) 20 -56 6 20 55 9 5.82 

-44 -44 -26 -42 -40 -24 5.47 

Fusiform Gyrus 

(BA 37)  24 -36 -20 21 -34 -17 6.31 

-52 -28 12 -49 -28 14  6.01 Supramarginal    
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Gyrus (BA 41) 

   

Pericalcarine 

Gyrus (BA 17) 12 -64 -12 12 -62 14 5.87 

   

Pericalcarine 

Gyrus (BA 23) 22 -66 8 22 -64 11  5.76 

   

Lingual Gyrus (BA 

18) 20 -48 0 20 -47 4 6.11 

-2 -66 12 -1 -64 14 6.09 

Cuneus  

(BA 18)    

 -8 -72 22 7 -69 22 5.48 

Cuneus  

(BA 18) 14 -60 14 14 -58 16 5.87 

-12 -2 12 -11 -3 13 6.62 Caudate    

-18 10 -10  Inf Putamen 22 14 -6   7.83 

-34 -6 -2  7.73 Putamen    

-26 -12 -8  7.72 Putamen    

-10 12 -8  Inf Ventral Striatum 10 10 -6  7.83 

-8 22 0  7.75 Thalamus 16 -26 4  Inf 

 

 

Significant within-subject comparisons are reported at a cluster-level, family-wise error (FWE) corrected 

threshold of p = 0.000 and a peak voxel corrected threshold of p ≤   0.001: Height threshold p=0.001 and 

extent threshold (k) =50 voxels.  The cluster size (kE) is 123749.  Given the great number of significant peak 

voxels, the voxels within each brain region are reported with the highest z score that could be localized to a 

Talairach coordinate according to the atlas of Lacadie et al., (2008).  BA, Brodmann area; MNI, Montreal 

Neurological Institute (MNI). Sample Size (n=19) LLD patients treated with Citalopram (n=16) and Sertraline 

(n=3) included. 
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Supplemental Figure 1 

 

Correlation between Serotonin Transporter Occupancy  in the Left Posterior Cingulate Gyrus  
And Change in Beck Depression Inventory Score in LL D patients treated with SSRI’s (Sample Size 
n=16 LLD patents treated with Citalopram and n=3 LL D patients treated with Sertraline)  
 

 

 

 

Serotonin Transporter Occupancy in the Left Posterior 
Cingulate Gyrus  

Change in Beck  
Depression  
Inventory Score  

r2 = 0.498 P < 0.05 
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LLD patients show lower temporal cortical serotonin transporter binding than controls 

 

5-HTT occupancy by antidepressant treatment is observed in cortical and limbic regions 

 

5-HTT occupancy is correlated with improvement in visual-spatial memory 
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