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Abstract

Late-life depression (LLD) is associated with an increased risk of all-cause dementia and may 

involve Alzheimer's disease pathology. Twenty-one LLD patients who met the Diagnostic and 

Statistical Manual of Mental Disorders, Fifth Edition, criteria for a current major depressive 

episode and 21 healthy controls underwent clinical and neuropsychological assessments, 

magnetic resonance imaging to measure gray matter volumes, and high-resolution positron 

emission tomography to measure beta-amyloid (Aβ) deposition. Clinical and neuropsychological 

assessments were repeated after 10–12 weeks of Citalopram or Sertraline treatment (LLD patients 

only). LLD patients did not differ from healthy controls in baseline neuropsychological function, 

although patients improved in both depressive symptoms and visual-spatial memory during 
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treatment. Greater Aβ in the left parietal cortex was observed in LLD patients compared with 

controls. Greater Aβ was correlated with greater depressive symptoms and poorer visual-spatial 

memory, but not with improvement with treatment. The study of LLD patients with prospective 

measurements of mood and cognitive responses to antidepressant treatment is an opportunity to 

understand early neurobiological mechanisms underlying the association between depression and 

subsequent cognitive decline.
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1. Introduction

A considerable body of evidence has shown that depression in late life is associated with 

cognitive deficits and an increased risk of development of all-cause dementia, including 

Alzheimer's disease (AD) and vascular dementia (Byers and Yaffe, 2011; Diniz et al., 

2013). Approximately 60% of late-life depressed (LLD) patients (aged ≥60 years, who meet 

Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition [DSM-V], criteria for 

major depressive disorder) that do not meet clinical criteria for dementia have deficits in 

one or more cognitive domains (Butters et al., 2004a,b). The cognitive domains affected in 

late-life depression (LLD) include executive function, verbal and visual-spatial memory, and 

processing speed (Butters et al., 2004a; Lockwood et al., 2000, 2000). Cognitive impairment 

commonly persists, even after remission of depressive symptoms with antidepressant 

treatment (Alexopoulos et al., 1993; Bhalla et al., 2006). Persistent cognitive impairment 

has been hypothesized to be associated with a greater risk of dementia and an underlying 

neuropathological process (Butters et al., 2004a,b, 2008a,b). Understanding the cognitive 

domains that respond or fail to respond to antidepressant treatment and their underlying 

neurobiological mechanisms may help to identify patients with incipient dementia and to 

inform the development of more effective treatments (Meyers and Bruce, 1998). Thus, 

studying LLD patients during the course of antidepressant treatment with serial mood 

and neuropsychological assessments and molecular imaging is an important opportunity to 

obtain such information. Importantly, eliminating depression has been estimated to reduce 

the incidence of dementia to a greater extent than other risk factors, such as obesity, 

diabetes, hypertension, and physical inactivity (4% vs. 1%–3%; Livingston et al., 2017; 

Dafsari and Jessen, 2020).

Previous positron emission tomography (PET) studies have identified functional 

neuroanatomic changes associated with LLD and response to antidepressant treatment. 

Increased cerebral glucose metabolism in LLD patients compared with controls was 

observed in cortical regions, including superior and medial frontal gyrus, middle temporal 

gyrus, precuneus, and inferior parietal lobule (Smith et al., 2009). Citalopram treatment 

decreased glucose metabolism in a subcortical-limbic-frontal network that was associated 

with improvement in affect (depression and anxiety), as well as in a medial temporal-

parietal-frontal network that was associated with improvement in cognition (verbal memory 
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and verbal fluency; Diaconescu et al., 2011). The regions that comprise the “cognitive 

network” include regions that demonstrate increased cerebral glucose metabolism as well 

as AD neuropathology, including Tau and beta-amyloid deposition (Aβ; Arnold et al., 

1991; Smith et al., 1992). In contrast, lower cortical and limbic gray matter (GM) volumes 

measured with magnetic resonance imaging (MRI) have not been reported consistently in 

LLD patients compared with controls, particularly in patients without substantial cognitive 

impairment (Colloby et al., 2011; Jamieson et al., 2019). Having identified the neural 

circuitry of LLD and treatment response, the logical next step is to investigate underlying 

neurobiological mechanisms with selective PET radiotracers.

The development of radiotracers to image Aβ deposition has been a major advance in 

understanding the earliest neuropathological changes associated with cognitive decline 

(Mathis et al., 2003; as reviewed by Villemagne, 2014). [11C]-PiB is the best characterized 

and validated of Aβ radiotracers with high affinity and specificity to Aβ in AD brain 

(Mathis et al., 2003; Klunk et al., 2004; Maeda et al., 2007; Ikonomovic et al., 2008). Its 

regional distribution in vivo in AD patients corresponds to that observed in postmortem 

AD brain tissue (Ziolko et al., 2006). The regional distribution of Aβ overlaps with regions 

that comprise the “default mode network” (Buckner et al., 2005). Increased activity of the 

“default mode network” over the lifespan has been suggested to predispose these brain 

regions to a neurodegenerative process. [11C]-PiB binding is associated with subtle cognitive 

impairment and may predict cognitive decline in individuals who are cognitively normal 

and those with mild cognitive impairment (MCI; Mormino et al., 2009; Pike et al., 2007; 

Sojkova et al., 2008). Recent advances in radiochemistry have led to the development of 

Tau radiotracers (as reviewed by Lois et al., 2019). Molecular imaging studies support a 

model of preclinical AD in which cortical Aβ accumulation begins before symptom onset, 

whereas cortical Tau is more temporally linked to, neuronal dysfunction, and cognitive 

deficits (Dubois et al., 2016; Hanseeuw et al., 2019). Pathologic Tau causes morphologic 

changes in neurites and synapses and impairs cellular trafficking and synaptic function 

(Menkes-Caspi et al., 2015). Tau spreads from transentorhinal cortex to mesial and inferior 

temporal lobe, posterior cingulate, and isocortical brain areas in a transynaptic manner along 

functional networks and disrupts network function, causing neurodegeneration (Arnold et 

al., 1991; Braak et al., 2006). Cerebrospinal fluid (CSF) biomarkers, including lower Aβ42 

and Aβ42:Aβ40 ratio and higher total Tau (t-tau) and phosphorylated Tau (p-tau, especially 

p-tau181), are associated with the development of dementia in normal aging and MCI and 

have shown more reliable findings than blood biomarkers for Aβ and Tau, thus far (as 

reviewed by Blennow and Zetterberg, 2018; Hameed et al., 2020; Hampel et al., 2018; 

Mattsson-Carlgren et al., 2020).

To understand neurobiological mechanisms that underlie the association between LLD and 

cognitive decline, fluid and molecular imaging biomarkers of preclinical AD have been 

studied in cognitively normal individuals with depressive symptoms and LLD patients who 

meet the criteria for major depressive disorder. Many, but not all, molecular imaging studies 

in cognitively normal individuals have shown associations between greater Aβ and Tau and 

depressive symptoms cross-sectionally (Gatchel et al., 2019, 2017; Lavretsky et al., 2009). 

Some studies have shown an association between Aβ measured with PET and higher CSF 

tau:Aβ42 ratios and development of depressive symptoms after 1- to 1.5-year follow-up 

Smith et al. Page 3

Neurobiol Aging. Author manuscript; available in PMC 2022 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Babulal et al., 2016; Donovan et al., 2018). In LLD patients, CSF and plasma measures of 

Aβ biomarkers have shown mixed results. A meta-analysis showed that LLD patients had a 

higher plasma Aβ40:Aβ42 ratio compared with nondepressed participants and a marginally 

significant reduction of CSF Aβ42 levels (Nascimento et al., 2015). PET studies of Aβ in 

LLD patients have shown either no significant difference or less or increased Aβ deposition 

relative to controls in a more limited neuroanatomical distribution (temporal and parietal 

cortices) compared with LLD patients with MCI or individuals with either MCI or AD (De 

Winter et al., 2017; Kumar et al., 2011; Li et al., 2017; Mackin et al., 2020; Butters. et 

al., 2008a; Wu et al., 2014). Greater Aβ was associated with more frequently documented 

episodes of treatment resistance in LLD patients (Li et al., 2017). In a recent PET study 

of cognitively normal individuals, participants with elevated Tau, particularly those who 

were also taking antidepressants, were more likely to be depressed, whereas Aβ did not 

show the same association (Babulal et al., 2020). Factors that may contribute to differences 

between studies in LLD patients include age at onset and history of depressive episodes 

(chronic, early onset vs. late onset), presence or absence of neuropsychological impairment, 

and history of antidepressant treatment response.

The purpose of this study was to measure Aβ using PET in LLD patients compared with 

demographically matched, healthy controls. LLD patients were enrolled with limited or 

no previous antidepressant treatment. The controls and LLD patients were matched as 

a group for apolipoprotein E4 (ApoE4) genotype status. After completing clinical and 

neuropsychological assessments, MRI and Aβ PET scans, LLD patients began treatment 

with the selective serotonin reuptake inhibitor (SSRI) Citalopram or Sertraline. Citalopram 

(later, Sertraline) was used because when the study began, both medications were regarded 

as safe and effective with less possibility of drug-drug interactions than other antidepressants 

used in the treatment of LLD (Solai et al., 2001). The clinical and neuropsychological 

assessments were repeated after reaching a stable change in depressive symptoms by 8–10 

weeks of treatment. Correlations between regional Aβ and baseline depressive symptoms 

or neuropsychological function, as well as change in these outcomes after antidepressant 

treatment, were performed. The hypotheses were tested that (1) LLD patients compared with 

controls would show greater Aβ deposition in frontal, temporal, and parietal association 

cortices and little or no cortical atrophy and (2) greater Aβ would be correlated with 

greater depressive symptoms and greater neuropsychological deficits at baseline and with 

less improvement in these domains after treatment. This study differed from previous 

Aβ studies in LLD patients, as depressive symptoms and multidomain neuropsychological 

function were evaluated before and after antidepressant treatment, and these measures were 

correlated with the regional distribution of Aβ.

2. Materials and methods

2.1. Participant screening and selection

Potential participants were recruited from advertisements in the community or from Johns 

Hopkins University Alzheimer's Disease Research Center (2P50AG005146). All potential 

LLD patients and controls underwent screening procedures that included physical and 

neurologic examination, laboratory testing and toxicology screening, and psychiatric and 
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neuropsychological evaluations. The evaluations included the Structured Clinical Interview 

for DSM-V by a clinical psychologist (N.G.), clinical dementia rating (CDR) scale and 

Mini-Mental State Examination (First et al., 1995; Folstein et al., 1975; Morris, 1993). The 

history of antidepresant treatment was determined by the administration of the SCID and 

the antidepressant treatment history form (Sackeim, 2001). LLD patients were enrolled who 

were over age 60 years and who had a DSM-V diagnosis of a current major depressive 

episode (non-bipolar and non-psychotic) and a Hamilton Depression Rating Scale score of 

17 or higher (24-item scale; Hamilton, 1960). The exclusionary criteria were (1) a history of 

or active neurologic or Axis I psychiatric disorders, except for a diagnosis of current major 

depressive episode in LLD patients; (2) medical instability or chronic medical conditions 

that were not well controlled (i.e., hypertension and/or diabetes); (3) a positive toxicology 

screening or use of psychotropic drugs or medications with central nervous system effects 

(e.g., antihistamines and cold medications) that persisted for 2 weeks before enrollment; 

and (4) contraindications for MRI scanning (e.g., pacemaker, metal implants, and aneurism 

clamps). The study protocol and consent forms were approved by the Institutional Review 

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

Medicine. Participants received transcribed and verbal descriptions of the study, and written 

informed consent was obtained.

2.2. Antidepressant treatment

After baseline study procedures were completed, LLD patients began treatment with a 10 

mg/d oral dose of Citalopram (Celexa) for 1 week. If significant clinical improvement was 

not observed at the 10 mg dose, based on a rating of ≥3 on the Clinical Global Impression 

(CGI) scale (Guy, 1976), the dose was increased to 20 mg/d and maintained for 4 weeks. If 

significant clinical improvement was not observed at the 20 mg dose, the dose was increased 

to 30 mg and then to 40 mg/d, depending on CGI ratings. All patients were followed weekly. 

Clinical ratings for depressive symptoms were acquired, including Hamilton Depression 

Rating Scale-24 (HDRS) item (Hamilton, 1960), Beck Depression Inventory (BDI) (Beck 

and Steer, 1993), and CGI. During the course of the study, a “black box” warning was issued 

for Citalopram (Vieweg et al., 2012). LLD patients enrolled after this time were treated with 

Sertraline (Zoloft). LLD patients started at a 25 mg/d oral dose for 2 weeks, and then, the 

dose was increased by 25 mg weekly to a maximum dose of 150 mg, using the same CGI 

threshold for dosage increase as Citalopram.

2.3. Neuropsychological testing

A multidomain neuropsychological test battery was administered to LLD patients at baseline 

and after 10–12 weeks of treatment, based on domains impaired in LLD patients and 

improved with antidepressant treatment (Butters et al., 2004a; Lockwood et al., 2000, 

2002). Sixteen elderly controls who overlapped with controls enrolled in the present 

study were tested twice during the same time interval as the LLD patients. 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., 

2001). California Verbal Learning Test (CVLT)* and Wechsler Memory Scale*, Logical 

Memory (Delis et al., 1987; Wechsler, 1997) were used to measure auditory-verbal memory. 

The visual-spatial memory tests used were Brief Visual Memory Test-Revised (BVMT-R)* 
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and Rey Complex Figure Test (Benedict et al., 1996; Rey, 1941). Symbol Digit Modalities 

Test was used to measure attention (Smith, 1968). Iowa Gambling Test was used to measure 

decision-making (Bechara, 2007). Alternate forms of the tests were used where available (*).

2.4. Genotyping

ApoE genotyping was performed (in the laboratory of DA) using polymerase chain 

reaction amplification of genomic DNA digestion with Hhal restriction enzyme and gel 

electrophoresis, as previously described (Avramopoulos et al., 1996; Wenham et al., 1991).

2.5. MRI procedures

MRI brain scans were acquired before the PET scan at the F. M. Kirby Research Center for 

Functional Brain Imaging of the Kennedy Krieger Institute, as described previously (Smith 

et al., 2017). A Phillips 3.0 T Achieva MRI instrument was used with an 8-channel head 

coil (Philips Medical Systems, Best, the Netherlands). The magnetization-prepared rapid 

acquisition with gradient-echo pulse sequence (TE = 4, TR = 8.9, flip angle = 8°, NSA = 1, 

0.7 mm isotropic voxel size) was used for volumetric analyses and PET image processing.

2.6. PET imaging procedures

PET scans were performed at the PET Center of the Russell H. Morgan Department of 

Radiology, Johns Hopkins University School of Medicine. The scanner used was a second-

generation High-Resolution Research Tomograph scanner (Siemens Healthcare, Knoxville, 

TN, USA), a cerium-doped lutetium oxyorthosilicate (Lu25i05[Ce] or LSO) detector-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 6-minute transmission scan performed with a [137Cs] point source before the 

emission scans.

N-methyl-[11C]2-(4′-methylaminophenyl)-6-hydroxybenzothiazole ([11C]-PiB) was 

synthesized as previously described (Klunk et al., 2004). Dynamic scanning began 

immediately upon a 15 mCi ±10% radiotracer injection and lasted for 90 minutes. Data were 

acquired in list mode. Images were reconstructed using iterative ordered subset expectation 

maximization (OSEM) 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 30 frames (four 15 seconds, four 30 seconds, three 1 minute, two 2 minutes, 

five 4 minutes and twelve 5 minutes frames). 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. Final spatial resolution is less than 2.5 mm full width at half-maximum 

(FWHM) in 3 directions (Sossi et al., 2005).

2.7. MRI processing and analysis

Magnetization-prepared rapid acquisition with gradient-echo (MPRAGE) images were 

submitted to FreeSurfer (version 6.0) (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 whole cerebellum GM (Desikan et al., 2006). VOIs were transferred from MRI 

to PET space using parameters that were obtained using the coregistration module in SPM12 
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(Institute of Neurology, London) running on MATLAB 7.10 (MathWorks, Natick, MA, 

USA).

FreeSurfer-derived gray and white matter (GM and WM, respectively) masks of individual 

participants were submitted to the “Diffeomorphic Anatomical Registration Through 

Exponentiated Lie Algebra” (DARTEL) algorithm (Ashburner, 2007) to generate a binary 

GM template in Montreal Neurological Institute (MNI) space that preserved features of 

FreeSurfer-derived masks. Then, DARTEL-derived spatial normalization parameters were 

applied to individual GM and WM masks with or without the ‘reserve’ option to generate 

spatially normalized GM and WM masks for voxel-based morphometry (VBM) analysis and 

to generate probabilistic maps, respectively. Instead of using the 6-layer templates supplied 

by SPM12, 6-layer templates were generated from the FreeSurfer-derived GM and WM 

masks that were averaged across subjects. GM masks for VBM analyses were smoothed 

by a Gaussian kernel of 8 mm FWHM. VBM using SPM12 was performed to evaluate 

between-group differences in GM volumes.

2.8. PET tracer kinetic modeling and image processing

Regional distribution volume ratio (DVR) values of [11C]-PiB were obtained by multilinear 

reference tissue method with 2 parameters (MRTM2) with cerebellar GM (excluding 

vermis) as reference region (Ichise et al., 2002; Klunk et al., 2004). Briefly, the assumed 

t* (the time when the free-plasma ratio approaches time-invariant) was set to 25 minutes. 

Brain-to-blood clearance rate constant (k2R) of the cerebellum was set to 0.149 per minute, 

which corresponded to a population mean value of k2R from the initial MRTM2 analyses 

of the dataset. To reduce the number of outliers (voxels with negative values or exceeding 5 

times a subject's maximal regional value), dynamic PET frames were smoothed with a 6 mm 

Gaussian kernel before generating DVR maps.

Preprocessing and voxel-wise statistical analyses of parametric [11C]-PiB DVR images 

were performed with SPM12. First, as mentioned, MRIs were spatially normalized to 

MNI space using the FreeSurfer-derived, 6-layer template from DARTEL in place of the 

SPM12-supplied template. Second, [11C]-PiB DVR images were transferred to MNI space 

by combining spatial normalization and PET-to-MRI coregistration parameters. DVR images 

in MNI space were smoothed with a 5 mm (FWHM) Gaussian kernel. The combination 

of smoothing of dynamic PET frames with smoothing of DVR images is equivalent to 

smoothing native PET images with an 8 mm (FWHM) Gaussian kernel. A binarized 

FreeSurfer-derived GM + WM mask, after smoothing with a 10 mm (FWHM) Gaussian 

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

2.9. Statistical analysis

One-way and repeated measures analyses of variance tested for differences in demographic, 

clinical, and neuropsychological variables between and within groups, respectively. In 

SPM12, 2 sample t-tests tested for differences in Aβ and GM volumes between LLD 

patients and controls. Multiple regression analyses correlated Aβ with baseline depressive 

symptoms and neuropsychological variables in the combined group of LLD patients and 

controls. Multiple regression analyses were performed also to correlate Aβ with change 
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in depressive symptoms and neuropsychological variables from before to during SSRI 

treatment in LLD patients. Significance criteria used for reporting SPM results were a 

cluster-level, family-wise error 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. Peak 

voxels within anatomic 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 nonlinear mapping approach (Lacadie et al., 2008). To determine 

the rates of Aβ positivity, mean cortical values were calculated, and cutoffs were applied 

using a method validated against postmortem data (Villeneuve et al., 2015). A weighted 

mean of the following Freesurfer VOIs (right and left hemispheres) was calculated: 

frontal pole, rostral middle frontal, superior frontal lobe, caudal middle frontal, frontal 

operculum, orbital operculum, lateral orbital gyrus, medial orbital gyrus, rostral anterior 

cingulate, caudal anterior cingulate, superior temporal lobe, middle temporal lobe, inferior 

temporal lobe, isthmus/cingulate, posterior cingulate, precuneus, superior parietal lobe, 

inferior parietal lobe, supramarginal gyrus, and lingual gyrus. Two cutoffs were used that 

were less (DVR ≥1.08) and more conservative (DVR ≥1.20) to divide mean cortical Aβ 
values into negative and positive Aβ groups . Using the lower Aβ cutoff (DVR ≥1.08) is 

supported by evidence that cognitively normal individuals with levels of Aβ in this range, 

in combination with depressive symptoms, show evidence of subsequent cognitive decline 

(Gatchel et al., 2019). Analysis of variance was performed to determine whether within each 

group (control/LLD patients), Aβ status (positive/negative) was associated with differences 

in mood and cognitive variables. The hypotheses were tested that Aβ positivity would be 

associated with greater depressive symptoms and worse performance on neuropsychological 

measures in controls and LLD patients and that Aβ-positive LLD patients would show less 

change in mood and cognitive variables with antidepressant treatment.

3. Results

Twenty-one LLD patients and 21 healthy controls were enrolled in the study. Means and 

standard deviations for demographic and clinical characteristics are shown in Table 1. 

Groups did not differ significantly in age and sex distribution and years of education or the 

baseline neuropsychological measures (including MMSE, CVLT, BVMT-R, Rey Complex 

Figure, Category, and Letter Fluency). One of the controls and no LLD patients were left 

handed. All controls received a CDR score of 0 (normal). All but one LLD patient received a 

CDR score of 0. This patient received a score of 0.5 (MCI: sum of boxes = 1.5 for memory, 

orientation, judgment, and problem-solving subscales). One patient received a CDR of 0 and 

a sum of boxes = 0.5 (judgment and problem-solving subscale). In addition, groups were 

matched on numbers of ApoE4 alleles (1 subject = 4, 4; 3 subjects = 3, 4 in each group).

As expected, LLD patients showed significantly higher HDRS and BDI scores than controls 

at baseline (F(1,40) = 900.42; p < 0.001); F(1,40) = 35.51, p < 0.001, respectively), 

within a range of moderate to moderate-to-severe depressive symptoms, respectively. Three 

LLD patients were previously treated with SSRIs in late-life, although not within 2 years 

of enrollment. There were no significant differences between control and LLD patient 

groups in baseline neuropsychological measures. All but one LLD patient completed 
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follow-up clinical and neuropsychological assessments. When the follow-up clinical and 

neuropsychological assessments were performed, LLD patients were taking a mean 

Citalopram dose of 21 mg ± 9 mg (range 10–40 mg) or a mean Sertraline dose of 92 

mg ± 52 mg (range 50–150 mg). None of the LLD patients reported any side effects 

from treatment. All but one of 21 LLD patients met the criteria for treatment response 

(HDRS score of 10 or below on HDRS) and remission (HDRS score of 10 or below for 

2 consecutive weeks; Dew et al., 1997; Sheffrin et al., 2009). Significant improvement in 

depressive symptoms (HDRS: F(1,19) = 229.31, p < 0.001; BDI: F(1,19) = 42.52, p < 

0.001) was observed. During SSRI treatment, significant improvement in Verbal (letter) 

fluency was observed (F(1,19) = 4.96; p < 0.05). The 2 visual-spatial memory tests also 

showed significant improvement in immediate and delayed memory components. BVMT-R 

sum of first 3 trials and delayed recall measures showed significant improvement with 

SSRI treatment (F(1,19) = 8.77, p < 0.01; F(1,19) = 16.00; p < 0.01). Rey Complex 

Figure immediate and delayed recall but not copy condition showed significant improvement 

(F(1,19) = 38.30, p < 0.001; F(1,19) = 65.07, p < 0.05; F(1,19) = 1.21 p > 0.05). There 

was no statistically significant change in other neuropsychological measures with SSRI 

treatment. As mentioned, healthy control data were available for 16 subjects tested over a 

10- to 12-week interval, some of whom were enrolled in the present study. A comparison 

of change over time between groups (testing session 2—testing session one for controls and 

LLD patients) revealed that improvement in performance was greater for LLD patients than 

controls for verbal (letter) fluency (controls 2% ± 17%; LLD patients 13% ± 30), BVMT-R 

total recall (controls 16% ± 12%; LLD patients 36% ± 71), and BVMT-R delayed recall 

(control 2% ± 11%; LLD patient 36% ± 62), but not Rey Complex Figure Test (immediate 

recall: control 51% ± 70%; LLD patient ± 53% ± 47; delayed recall: control 82% ± 172; 

LLD patient ±62% ± 53). Improvement in performance was significantly greater for the 

LLD patients compared to controls only for BVMT-R delayed recall (F(1,19) = 8.59, p < 

0.01; Table 1).

Regions of greater Aβ in LLD patients compared with controls are shown in Table 2 and 

Fig. 1. Aβ was greater n LLD patients than controls in left superior parietal lobule (BA 

7) and left inferior parietal lobule (BA 39). There were no significant differences in GM 

volumes between groups. For correlation analyses, mood outcomes were used , HDRS and 

BDI, represent core depressive/vegetative and cognitive aspects of depression, respectively. 

Cognitive outcomes included CVLT (total number of words recalled without perseverations 

and intrusions over the first 5 trials) and BVMT-R (number of shapes, and their location 

recalled over 3 learning trials) to represent auditory-verbal and visual-spatial memory, 

respectively. No covariates were used in the analysis, as groups were well-matched for 

age, sex, and ApoE4 status. Greater Aβ was correlated with greater severity of depressive 

symptoms (HDRS) in left superior parietal lobule (BA 7), left inferior parietal lobule (BA 7, 

39) and left supramarginal gyrus (BA 39; Table 3). Greater Aβ was correlated with worse 

visual-spatial memory performance (BVMT-R) in left precentral gyrus (BA 6), left superior 

temporal gyrus (BA 22), and left middle temporal gyrus (BA 21; Table 4). Significant 

correlations were not observed between Aβ and change in these measures during SSRI 

treatment in LLD patients. However, correlations were observed between greater Aβ and 
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less change in BVMT in left temporal and parietal cortical regions that were significant at 

the voxel (p ≤ 0.001), not cluster level (p ≥ 0.05).

Using a cutoff of DVR ≥1.08, 17 of 21 controls (81%) and 14 of 21 LLD patients (76%) 

were Aβ positive. Using a cutoff of DVR ≥1.2, 4 of 21 controls (19%) and 6 of 21 LLD 

patients (29%) were Aβ positive. Using cutoffs of DVR ≥1.08 or DVR ≥1.20, there was 

no significant difference in any of mood or neuropsychological measures in comparing 

Aβ-positive to Aβ-negative participants within control or LLD patient groups (Supplemental 

Table 1a and b). For both cutoffs, Aβ positive compared with Aβ negative in both groups 

showed lower scores on neuropsychological measures (Supplemental Table 1a and b). There 

were no significant differences between magnitude change from treatment to baseline for 

measures of depressive symptoms or neuropsychological function for Aβ-positive compared 

with Aβ-negative LLD patients (Supplemental Table 2a and b). Although Aβ-positive LLD 

patients showed improvement with treatment, scores on some of the tests were lower when 

comparing testing during treatment for 2 groups, especially for verbal fluency, CVLT, and 

Rey Complex Figure Test.

4. Discussion

Greater left parietal cortical Aβ in LLD patients compared with controls was observed 

using PET and the radiotracer [11C]-PiB. Previous studies that show greater Aβ in LLD 

patients failing to meet criteria for MCI or dementia observe Aβ in parietal cortex, with 

some studies also showing Aβ in frontal and temporal cortices (Kumar et al., 2011a,b; Li et 

al., 2017; Wu et al., 2014). The percentage of Aβ-positive LLD patients was 76% using a 

cutoff that was comparable to most studies (DVR ≥1.08) and 29% using a more conservative 

criterion (DVR ≥1.20), relative to 81% and 19% of controls, respectively. Other studies 

have reported lower Aβ positivity rates, 19% of LLD patients and 30% of controls using 

a relatively less restrictive threshold (SUVR = 1.11; Mackin et al., 2020) and comparable 

rates with a more stringent threshold, 21% of LLD patients and 23% of controls (SUVR 

= 1.37; De Winter et al., 2017). As lower levels of Aβ (DVR ≥1.06) in combination with 

depressive symptoms may be associated with longitudinal cognitive decline (Gatchel et al., 

2019), the continuum of Aβ and the relationship to depressive symptoms and cognitive 

decline in LLD patients should be evaluated. In the present study, poorer baseline cognitive 

functioning in both LLD patients and controls was observed in Aβ positive compared to Aβ 
negative- participants, but the magnitude of improvement with treatment in LLD patients 

did not differ based on Aβ status, consistent with results of voxel-wise analyses that did 

not show a correlation between and change in mood and neuropsychological outcomes . For 

both Aβ cutoffs, Aβ-positive LLD patients showed lower scores in most baseline measures 

compared with Aβ-negative LLD patients. Using more conservative criteria, despite Aβ-

positive LLD patients showing improvement with treatment, their scores during treatment 

remained lower compared to scores of Aβ-negative LLD patients for measures of verbal 

fluency, auditory-verbal, and visual-spatial memory. In individuals who meet criteria for 

major depressive disorder compared with individuals with depressive symptoms, similarities 

and differences in regional distributions of Aβ and their clinical correlates may be observed. 

Thus, a voxel-wise analysis of Aβ was used in the present study. GM volumes were not 

significantly different between LLD patients and healthy controls. Lower GM volumes in 
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LLD patients compared with controls have not been consistently reported (Jamieson et al., 

2019). Thus, it is possible that Aβ deposition may occur in advance of significant cerebral 

atrophy in LLD patients.

Although this study is limited in sample size, the focus on (1) LLD in a homogeneous group 

of patients with limited to no prior antidepressant treatment history and (2) prospective 

assessment of both depressive symptoms and multi-domain neuropsychological function 

before and during antidepressant treatment are unique aspects. The treatment duration of 

3 months may be considered to be relatively short. However, a 3-month antidepressant 

trial is consistent with previous research studies that have repeatedly shown mood, 

neuropsychological, and neurobiological effects of antidepressant treatment in LLD after 

3 months of treatment (e.g., Barch et al., 2012; Smith et al., 2011). Another study 

limitation is the possibility of practice effects in the repeated neuropsychological measures. 

A comparison of change in neuropsychological assessments performed before and during 

treatment in patients was compared with a healthy control sample tested during a similar 

interval. A significantly greater increase in visual-spatial memory only (BVMT-R, delayed 

recall) was observed in LLD patients relative to controls. The use of alternate forms may 

not completely address the impact of practice effects on measuring relatively short-term 

outcomes of antidepressant treatment.

Previous molecular imaging studies of Aβ in LLD have shown variable results. LLD 

patient heterogeneity and differences in PET data analysis strategies (region of interest or 

voxel-wise analyses or using an Aβ-positive/Aβ-negative dichotomy) may have contributed 

to differences between studies. The initial Aβ imaging study in LLD patients reported 

greater Aβ relative to controls, mainly in LLD patients who also met criteria for amnestic 

MCI, in contrast to those meeting criteria for nonamnestic MCI or those who were 

cognitively normal (Butters et al., 2008a). Using the radiotracer [18F]-FDDNP that detects 

AD pathology including beta-Aβ and tau, higher global binding, as well as higher binding 

in lateral temporal and posterior cingulate cortices, was observed in LLD patients compared 

with controls (Kumar et al., 2011). Several subsequent studies using selective radiotracers 

for Aβ did not show higher Aβ in LLD patients, including LLD patients with cognitive 

deficits (Diniz et al., 2015; Morin et al., 2019; Youn et al., 2019). In a sample of mainly 

early onset LLD patients, higher Aβ relative to controls was not observed and such 

depression history variables such as greater number of lifetime episodes and longer duration 

of SSRI treatment exposure were not associated with greater Aβ (Mackin et al., 2020). 

The investigators suggested that greater risk of cognitive decline may be observed in late-

onset depressed patients. Higher Aβ was correlated with greater antidepressant treatment 

resistance determined retrospectively in LLD patients (Li et al., 2017). Associations 

between greater AD neuropathology and depressive and anxiety symptoms have been more 

consistently shown in cognitively normal subjects using the radiotracer [18F]-FDDNP, as 

well as selective radiotracers for Aβ and Tau (Babudal et al., 2020; Gatchel et al., 2019, 

2017; Lavretsky et al., 2009). Furthermore, greater Aβ has been associated with an increase 

in depressive symptoms over time in cognitively normal individuals (Babulal et al., 2016; 

Donovan et al., 2018). These results suggest that depressive symptoms with a late-life 

onset compared with early onset may be more likely to reflect an underlying AD or other 

neuropathological process associated with increased risk for cognitive decline.
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The present study also revealed that greater left parietal cortical Aβ correlated with greater 

depressive symptoms, as reported in some previous studies in cognitively normal individuals 

(Yasuno et al., 2016). Greater Aβ deposition in motor and temporal cortices correlated 

with greater deficits in visual-spatial memory. Previous studies have shown correlations 

between higher global Aβ and worse visual-spatial memory performance (Konijnenberg 

et al., 2019). Correlations observed in temporal cortex may be expected, given the role 

of temporal cortical pathology in memory and because Aβ deposition in temporal cortex 

has been observed in some studies in LLD patients with memory deficits (Butters et al., 

2008a). Significant associations in pre-central gyrus are unexpected, as Aβ is not typically 

observed in primary sensory and motor regions until later in the course of AD (Butters et 

al., 2008a; Ziolko et al., 2006). However, increased cerebral glucose metabolism in LLD 

patients compared with controls has been observed in precentral gyrus, as well as temporal 

and parietal cortices (Smith et al., 2009). Higher glucose metabolism was correlated with Aβ 
deposition in a study in MCI (a negative correlation was observed in AD patients) (Cohen 

et al., 2009). Higher glucose metabolism in LLD patients may represent a compensatory 

response to an underlying neurodegenerative process. Associations were not observed 

between Aβ and improvement in depressive symptoms or cognition with SSRI treatment. 

LLD patients enrolled in this study had no or only limited prior history of antidepressant 

treatment. Furthermore, the majority of LLD patients were antidepressant responders, and as 

a group, they did not have significant cognitive impairment. Limited variability in treatment 

response and in improvement in cognition may have affected the ability to detect the 

association between Aβ and treatment response.

Similar to molecular imaging studies, postmortem studies have shown that AD pathology 

is observed mainly in LLD patients meeting criteria for MCI or dementia (Sweet et al., 

2004; Tsopelas et al., 2011). In patients with depressive symptoms or major depression, AD 

pathology was not associated with incident dementia (Wilson et al., 2016). A population-

based sample of LLD patients not meeting criteria for dementia before death did not 

find greater AD pathology or cerebrovascular disease (strokes, lacunar infarctions, or 

small vessel disease) relative to controls (Tsopelas et al., 2011). In contrast to the lack 

of AD pathology, other findings are observed in LLD patients not meeting criteria for 

dementia compared with controls, including greater cell loss in hippocampus, nucleus 

basalis, substantia nigra and raphe nucleus, and subcortical Lewy bodies in brainstem 

monoaminergic neurons (locus coeruleus, substantia nigra, and dorsal raphe nucleus; 

Tsopelas et al., 2011; Wilson et al., 2013). Heterogeneity observed in neuroimaging and 

neuropathological studies of LLD is consistent with hypotheses regarding the multi-factorial 

nature of LLD that includes vascular and neurodegenerative mechanisms, for example 

(Butters et al., 2004b, 2008b), and calls for studies that precisely control such factors that 

otherwise impede interpretation of findings.

5. Conclusion

In summary, greater Aβ in left parietal cortex was observed in LLD patients relative to 

controls in LLD patients with limited or no previous antidepressant exposure. Higher 

cortical Aβ deposition correlated with greater depressive symptoms and worse visual-

spatial memory performance before treatment. Although LLD patients improved with 
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antidepressant treatment in depressive symptoms, verbal (letter) fluency, and visual-spatial 

memory, magnitude of improvement was not correlated with Aβ pathology. Neurobiological 

mechanisms associated with antidepressant treatment response may involve neurochemical 

or other neurodegeneration processes (e.g., monoamine degeneration, Tau, and alpha-

synuclein). Proteomic studies have identified additional neurobiological mechanisms (e.g., 

inflammation, neurotrophic responses) that should be investigated further in relation 

to treatment response and cognitive outcomes (Diniz et al., 2015). Further molecular 

imaging studies in LLD patients with a history of poor mood and cognitive responses 

to antidepressant treatment may further elucidate neurodegenerative processes underlying 

vulnerability to cognitive decline (Li et al., 2017). Integration of serial assessment 

of depressive symptoms and neuropsychological outcomes and molecular imaging into 

treatment studies will provide critical mechanistic information that could inform the 

development of more effective intervention and prevention strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Greater beta-amyloid (Aβ) deposition in late-life depressed (LLD) patients compared with 

healthy controls. Statistically significant voxel-wise results (T-maps generated in SPM12) 

are displayed on a three-dimensional MRI rendering.
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Table 2

Greater beta-amyloid (Aβ) deposition in late-life depressed (LLD) patients compared with controls

Left hemisphere Structure

MNI coordinates Talairach coordinates Z score

X Y Z (mm) X Y Z (mm)

−26 −74 54 −26 −69 49 3.36 Superior parietal lobule (BA 7)

−40 −72 46 −40 −68 43 3.53 Inferior parietal lobule (BA 39)

−28 −72 44 −28 −68 41 3.33 Inferior parietal lobule (BA 39)

The results are reported at a significance level of 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. The cluster size (kE) is 2280. Note: No effects 

in the right hemisphere were observed.

Key: BA, Brodmann area; MNI, Montreal Neurological Institute (MNI).
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Table 3

Positive correlations between greater beta-amyloid (Aβ) deposition and greater depressive symptoms 

(Hamilton Depression Rating Scale) in late-life depressed (LLD) patients and healthy controls

Left hemisphere Structure

MNI coordinates Talairach coordinates Z-score

X Y Z (mm) X Y Z (mm)

−50 −52 54 −50 −49 50 3.07 Supramarginal gyrus (BA 39)

−24 −74 56 −24 −69 51 3.50 Superior parietal lobule (BA 7)

−26 −72 42 −26 −68 39 3.41 Inferior parietal lobule (BA 7)

−38 −76 46 −38 −72 43 3.30 Inferior parietal lobule (BA 39)

The results are reported at a significance level of 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. The cluster size (kE) is 2276. Note: No effects 

in the right hemisphere were observed.

Key: BA, Brodmann area; MNI, Montreal Neurological Institute (MNI).
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Table 4

Negative correlations between greater Beta-(Aβ) deposition and poorer visual-spatial memory performance 

(Brief Visual Memory Test-Revised
a
) in late-life depressed (LLD) patients and healthy controls

Left hemisphere Structure

MNI
coordinates

Talairach
coordinates

Z score

X Y Z (mm) X Y Z (mm)

−62 −2 14 −59 −3 15 3.34 Precentral gyrus (BA 6)

−54 −4 −10 −51 −7 −5 3.31 Superior temporal gyrus (BA 22)

−68 −14 −20 −64 −17 −14 3.43 Middle temporal gyrus (BA 21)

The results are reported at a significance level of 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. The cluster size (kE) is 2580.

Key: BA, Brodmann area; MNI, Montreal Neurological Institute (MNI). Note: No effects in the right hemisphere were observed.

a
Total number of shapes recalled on the first 3 trials.
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