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Abstract

Objectives: To investigate the association between cognitive decline and cortical atrophy in 

individuals with mild cognitive impairment (MCI) and chronic subsyndromal symptoms of 

depression (SSD) over a four-year period.

Design: Prospective cohort study.

Setting: Multicenter, clinic-based.

Participants: Within the Alzheimer’s Disease Neuroimaging Initiative repository, the 

Neuropsychiatric Inventory was used to identify MCI individuals with stable endorsement 

(SSD group N=32) or no endorsement (non-SSD group N=69) of depressive symptoms across 

timepoints.

Measurements: Repeated measures of cognitive outcomes, cortical atrophy, and their 

associations were evaluated with mixed effects models adjusting for age, education, gender, and 

APOE genotype.

Results: The SSD group demonstrated accelerated decline on measures of global cognition 

(Alzheimer’s Disease Assessment Scale (df=421, t=2.242, p=0.025), memory (Wechsler Memory 

Scale-Revised Logical Memory II (df=244, t=−2.525, p=0.011), information processing speed 

(Trail Making Test Parts A (df=421, t=2.376, p=0.018) and B (df=421, t=2.533, p=0.012)), and 

semantic fluency (Category Fluency (df=424, t=−2.418, p=0.016), as well as accelerated frontal 

lobe (df=341, t=−2.648, p=0.008) and anterior cingulate (df=341, t=−3.786, p<0.001) atrophy. 

No group differences were observed for rate of decline on measures of attention, learning, and 

confrontation naming or for rate of atrophy in any other regions. Accelerated frontal lobe and 

anterior cingulate atrophy was associated with cognitive decline on measures of global cognition, 

information processing speed, and semantic fluency (all p <0.05), but not memory.

Conclusions: Individuals with chronic SSD may represent an MCI subgroup that is highly 

vulnerable to accelerated cognitive decline, an effect that may be governed by frontal lobe and 

anterior cingulate atrophy.

Keywords

depressive symptoms; mild cognitive impairment; cortical atrophy; cognitive decline; frontal lobe; 
anterior cingulate

Introduction

Mild cognitive impairment (MCI) has been conceptualized as an antecedent to dementia 

onset (1). However, only 10–15% of those with MCI convert to dementia each year, posing 

challenges to accurate prediction of individual long-term outcomes within this population. 

Of note, subsyndromal symptoms of depression (SSD), depressive symptomatology below 
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the frequency and severity for a diagnosis of major or mild depression (2), has been 

associated with more rapid conversion from MCI to Alzheimer’s disease (AD) dementia 

(3), suggesting that SSD may be an etiological risk factor or prodromal manifestation of 

dementia neuropathology (4). Yet, efforts to disentangle the directionality and temporal 

association between SSD and dementia within MCI have been limited by the relapse and 

remitting course of SSD. Within comorbid SSD and MCI populations, 35% of individuals’ 

depressive symptomatology remits, whereas 65% display a stable or worsening course over 

a three-year period (5). Those with stable or progressive depressive symptomatology may 

accumulate increased neuropathological burden over time, heightening the risk for dementia 

conversion. Thus, longitudinal evaluations of chronic SSD in MCI may provide an optimal 

framework for assessing the neurobiological correlates of depressive symptomology on 

cognitive decline.

In accordance with the hypothesis that chronic SSD may confer risk for neuropathology, 

individuals with MCI and chronic SSD have been found to display more rapid deterioration 

in global cognitive functioning as well as accelerated progression to AD dementia (6, 7). 

Lee et al. (2012) (8) found that SSD at baseline was associated with accelerated cognitive 

decline on measures of global cognition, language, processing speed, and executive function 

across a two year period. While the results indicate that SSD may independently accelerate 

cognitive decline, little is known about the underlying etiological processes.

Neuroimaging assessments of cortical atrophy may hold particular promise to elucidate 

the neurobiological mechanisms of SSD-related accelerated cognitive decline in MCI 

populations. Cortical atrophy in the hippocampus and entorhinal cortex has been 

consistently reported in MCI (9). Similarly, late life depression has been associated 

with cortical atrophy, particularly within the anterior cingulate, prefrontal cortex, and 

orbitofrontal cortex (10). Yet, few studies have evaluated the associations of chronic SSD 

with atrophy within MCI samples. The existent literature suggests that atrophy in the 

anterior cingulate and frontal lobe may be characteristic of chronic SSD in individuals with 

MCI (3, 8), indicating that rate of cortical atrophy may be a mechanism linking accelerated 

cognitive decline and depressive symptomatology.

Thus, the overarching goal of the current study was to determine if accelerated cognitive 

decline in MCI participants with chronic SSD is associated with rate of cortical 

atrophy. Based on previous investigations (6–8), we predicted that MCI participants 

with chronic SSD would display accelerated cognitive decline across global cognition, 

memory, information processing speed, and semantic fluency domains. Additionally, it was 

hypothesized that MCI participants with SSD would display more rapid cortical atrophy in 

the frontal lobe and anterior cingulate, but not regions typically associated with MCI due 

to AD such as the posterior cingulate, temporal lobe, hippocampus, and entorhinal cortex 

(9, 11). Finally, we hypothesized that SSD-related accelerated cognitive decline within the 

domains of global cognition, memory, information processing speed, and semantic fluency 

would be associated with rate of frontal lobe and anterior cingulate atrophy.
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Methods and Materials

Participants

Data for the current study was obtained from the September 24, 2015 version of Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI study is 

conducted in accordance with the Declaration of Helsinki and procedures were approved 

by the institutional review boards of all participating sites. All participants provided written 

informed consent at enrollment.

From the larger ADNI database, the present study included individuals with baseline MRI 

data who were diagnosed with MCI by a psychiatrist or neurologist at each study site 

and reviewed by a central review committee. Criteria for MCI diagnosis included 1) Age 

between 55 and 90 years; 2) Subjective memory complaint; 3) Mini-Mental Status Score 

>24; 4) Global Clinical Dementia Rating Scale score = 0.5; 5) Evidence of memory 

impairment on neuropsychological assessment (WMS-R Logical Memory II ≤8 (12), 

adjusted for age and education). Exclusion criteria at baseline included: 1) the presence 

of Major Depressive Disorder or significant symptoms of depression (Geriatric Depression 

Scale (GDS) >6); 2) modified Hachinski ischemia score>5; 3) significant neurological or 

psychiatric illness; 4) use of antidepressant drugs with anticholinergic side effects; and 5) 

high dose of neuroleptics or chronic sedatives or hypnotics, antiparkinsonian medication, 

and use of narcotic analgesics.

Participants were classified as SSD if at least one depressive symptom (i.e. depression/

dysphoria, apathy/indifference, or loss of appetite) was endorsed at each timepoint on 

the informant-based Neuropsychiatric Inventory (NPI) (13). Insomnia was not considered 

an inclusionary symptom of SSD given that older adults have been reported to display 

significant variability in sleep quality over time (14). Participants were included in the 

non-SSD group if no depressive symptoms, as described above, were reported across all 

timepoints.

Procedures

Participants completed clinical, cognitive, laboratory, and neuroimaging assessments every 

six months during the first two study years followed by annual assessments thereafter. 

Neuropsychiatric Assessment

Neuropsychiatric symptoms were evaluated using the informant-based Neuropsychiatric 

Inventory (NPI) (13), which uses a semi-structured interview formant to assess 12 

behavioral domains (delusions, hallucinations, agitation, depression, anxiety, euphoria, 

apathy, disinhibition, irritability, and aberrant motor behavior). If a behavior is endorsed, 

the informant is asked to assess the frequency on a 4-point scale (ranging 1–4) and the 

severity on a 3 point scale (ranging 1–3). For the current study, the the number of endorsed 

depressive symptoms on the NPI was used define the SSD and non-SSD groups.
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Cognitive Assessment

As previously described, participants completed standard clinical neuropsychological 

instruments with established reliability and validity. The assessment included measures of 

1) General cognitive functioning: The Alzheimer’s Disease Assessment Scale- Cognitive 

Scale (ADAS-Cog) total score (15); 2) Verbal Learning: Wechsler Memory Scale (WMS) 

Logical Memory I (12) and Rey Auditory Verbal Learning Test (RAVLT) Immediate Recall 

total scores; 3) Memory: WMS Logical Memory II (12) and RAVLT Delayed Recall total 

scores; 4) Information Processing Speed (IPS): Trail Making Test Parts A & B time to 

completion (16), Digit Symbol Substitution Test total correct responses (17); 5) Semantic 

fluency: Category fluency (animals) total correct responses (18); 6) Attention: Wechsler 

Adult Intelligence Scale-Third Edition (WAIS-III) Digit Span subtest total correct forwards 

and backwards responses (17); 7) Confrontation Naming: The Boston Naming Test-30 item 

(BNT) total correct responses (19).

MRI Acquisition and Analysis

MRI acquisition and analysis has been previously described (3). Briefly, high resolution 

T1 structural images were obtained using 1.5T General Electric (Fairfield, CT), Philips 

(Andover, MA), or Siemens (Washington, DC) scanners with standardized MRI protocol and 

acquisition parameters (adni.loni.usc.edu/methods/documents/mri-protocols/). ADNI MRI 

quality control was conducted at the Mayo Clinic (20). Cortical thickness quantification 

was conducted using the Freesurfer Version 4.4 longitudinal processing framework (http://

surfer.nmr.mgh.harvard.edu/) (21, 22). Similar to prior literature (3), cortical thickness was 

derived from nine a priori regions of interest that have been associated with late life 

depression and/or MCI (9–11): frontal lobe (medial and lateral orbitofrontal, rostral and 

caudal middle frontal, and superior frontal), anterior cingulate (rostral and caudal regions), 

precuneus, cuneus, posterior cingulate, temporal lobe, parahippocampus, hippocampus, and 

entorhinal cortex. In exploratory analyses, we also examined five separate subregions of 

frontal lobe (medial and lateral orbitofrontal, rostral and caudal middle frontal, and superior 

frontal ) and two subregions of the anterior cingulate (rostral and caudal regions). Thickness 

values in the left and right hemispheres were averaged to obtain one measure for each 

cortical region of interest.

Statistical Analyses

SSD and non-SSD group differences in demographic characteristics (age, gender, APOE 

status, years of education), NPI scores, and GDS scores were analyzed using Mann-Whitney 

U tests for continuous measures and Fisher’s Exact test for categorical measures. The effects 

of missing data on demographics, APOE status, and chronic SSD were evaluated with a 

generalized linear mixed effects regression model (GLME) using a binomial outcome and 

Wald test derived p-values.

In order to assess group differences in the rate of cognitive change, we employed linear 

mixed effects regression for repeated measures of the 12 cognitive outcomes with each 

model separately fit with both a random intercept and slope and an unstructured covariance 

matrix for the random effects. Independent variables in the model included age, gender, 

years of education, APOE status (at least one APOE ε4 allele versus ε4 non-carrier), 

Gonzales et al. Page 5

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2023 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/


depression group (chronic SSD versus non-SSD), time since the initial observation, and an 

interaction between depression group and time since the initial observation.

To examine group differences in rate of cortical atrophy, we modeled repeated measures of 

cortical thickness in nine a priori regions of interest with linear mixed effects regression 

with random intercept and slope with covariates for age, gender, APOE status, depression 

group, time since the initial observation, and an interaction between depression group and 

time since the initial observation. In exploratory analyses, we re-reran the models for the five 

subregions of the frontal lobe and two subregions of the ACC. It should be noted that the 

analyses and sample are similar to previous work by our group (3), but include a slightly 

larger sample size.

Finally, we evaluated whether change in cortical atrophy over time in two regions, the 

frontal lobe and anterior cingulate (selected based on previous literature (3)), was associated 

with the rate of cognitive decline in measures with a significant SSD group effect. This 

analysis was done in two steps. In step one, subject-specific rates of cognition and atrophy 

were estimated separately using mixed effects regression. In step two, rates of cognitive 

decline were then regressed on atrophy rates, adjusting for age, gender, and APOE genotype. 

Steps one and two were repeated in 500 bootstrap samples to estimate the variance of 

the association between atrophy and cognitive decline and test for its significance. In 

exploratory analyses, we also tested the interaction term between atrophy and SSD to predict 

changes in cognition. Additionally, we assessed the correlation between baseline cortical 

thickness and cognition measures to evaluate for potential confounds in our models.

Model fits were assessed by examination of the residuals. All p-values were two-tailed 

and cognitive and cortical atrophy outcomes were adjusted for multiple comparisons using 

a false discovery rate (FDR) correction. Statistical analyses were conducted with the R 

Package (v 2.8.1, The R Foundation for Statistical Computing, http:/www.r.project.org/).

Results

Demographic Factors –

The baseline study sample included 32 participants in the SSD group and 69 participants 

in the non-SSD group. Median follow-up time was 3 years with a median of 6 

neuropsychological assessments (with the exception of the WMS (median = 4)) and 5 MRI 

scans. As seen in Table 1, there were no baseline differences between SSD and non-SSD 

groups in regards to sociodemographics (age, gender, years of education), APOE status, or 

baseline MMSE score. The SSD group had significantly higher scores on the GDS and NPI 

than the non-SSD group.

Baseline Cognitive Performance –

There were no baseline differences in cognitive performance between SSD and non-SSD 

groups with the exception of poorer performance of the SSD group on one measure, RAVLT 

Immediate Recall (Table 2)
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Rate of Cognitive Decline in SSD –

As compared to the non-SSD group, the SSD group displayed significantly accelerated 

cognitive decline on 5 out of the 12 cognitive measures in the fully adjusted models (Table 

3): ADAS-Cog, Trail Making Test Parts A and B, WMS Logical Memory Delayed Recall, 

and Category Fluency. With FDR-correction, the results for the Trail Making Test Parts A 

and B, WMS Logical Memory Delayed Recall, and Category Fluency were at the p=0.05 

level.

Baseline Cortical Thickness –

At baseline, the SSD group demonstrated lower temporal lobe and entorhinal cortex 

cortical thickness (Table 4). No other significant differences were observed. Rate of 

Cortical Atrophy in SSD – In the fully adjusted models, the SSD group demonstrated 

accelerated atrophy in the frontal and anterior cingulate relative to the non-SSD group 

(Table 5). Significant findings were also observed in the majority of subregions of 

the anterior cingulate and frontal lobe including the rostral anterior cingulate (df=341, 

β=−0.029, S.E=0.011, t=−2.782, p=0.006); caudal anterior cingulate (df=341, β=−0.042, 

S.E=0.011, t=−3.652, p<0.001), medial orbitofrontal (df=341, β=−0.023, S.E=0.008, 

t=−2.780, p=0.006), rostral middle frontal (df=341, β=−0.018, S.E=0.007, t=−2.459, 

p=0.014), and superior frontal (df=341, β=−0.021, S.E=0.009, t=−2.269, p=0.024). No 

significant group differences were observed in the lateral orbitofrontal (df=341, β=−0.019, 

S.E=0.010, t=−1.897, p=0.059) and caudal middle frontal gyri (df=341, β=−0.017, 

S.E=0.009, t=−1.855, p=0.064). All significant results persisted with multiple comparisons 

correction (FDR p<0.05).

Relation Between Rate of Change in Cognition and Cortical Thickness –

Accelerated frontal lobe atrophy was associated with more rapid decline on the ADAS-Cog, 

Trail Making Test Part B, and Category fluency (Table 6, Figure 1). Accelerated anterior 

cingulate lobe atrophy was associated with faster decline on the ADAS-Cog, Trail Making 

Test Part A and B, and Category fluency (Table 6, Figure 1). No significant interactions 

between rate of atrophy and SSD group were observed across cognitive measures (all 

p>0.05). There were significant baseline correlations between frontal lobe cortical thickness 

and Trail Making Test Parts A &B (Table 6), so these models were re-analyzed statistically 

adjusting for this association. The association between rate of frontal lobe atrophy and 

decline in Trail Making Test Part A remained non-significant (β=−0.430, S.E=1.519, 

t=−0.283, p=0.777) and Trail Making Test Part B was no longer statistically significant 

after this adjustment (β=−1.406, S.E=1.037, t=−1.356, p=0.179).

Discussion

This study evaluated the association between rate of cortical atrophy and cognitive decline 

in participants with MCI and chronic SSD over an extended four-year period. Our results 

demonstrate that MCI participants with chronic SSD display 1) accelerated cognitive decline 

longitudinally on measures of global cognition, memory, information processing speed, and 

semantic fluency, 2) accelerated rate of frontal lobe and anterior cingulate atrophy over 

time, and 3) cognitive decline on measures of global cognition, information processing 
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speed, and semantic fluency was associated with frontal lobe and anterior cingulate atrophy 

independent of SSD.

Consistent with the literature indicating that depression is a risk factor for dementia (6, 7) 

within this MCI sample chronic SSD was associated with accelerated decline on measures of 

global cognition, memory, information processing speed, and semantic fluency. The findings 

persisted over and above adjustment for other well-established cognitive decline risk factors 

including age, education, and APOE status (23), indicating that the association of chronic 

SSD with cognition is independent of these factors. The current results support the literature 

suggesting that late life depressive symptomatology is associated with executive dysfunction 

and cognitive slowing (24). Moreover, our data demonstrates that chronic SSD is also 

associated with cognitive decline in the broader domains of global cognition, memory, and 

semantic fluency, which have been less commonly assessed. Finally, by examining an MCI 

sample, the findings indicate that chronic SSD may accelerate cognitive decline within an 

already cognitively vulnerable population and may serve as a useful predictor for future 

cognitive deterioration with this population.

In addition to accelerated cognitive decline, chronic SSD in MCI participants was also 

associated with more rapid frontal lobe and anterior cingulate atrophy independent of 

age, education, and APOE status. Late life depression has been consistently associated 

with structural and functional abnormalities in these two regions including lower task-

related activation (25), cortical thickness (26), white matter integrity (27), and cerebral 

perfusion (28). The current results confirm previous findings (3) by demonstrating that even 

depressive symptomatology below the threshold for clinical diagnosis may be associated 

with accelerated. Thus, chronic SSD may represent an etiological risk factor or biomarker 

for accelerated frontal lobe and anterior cingulate atrophy within MCI populations.

In the current study, no significant group differences in rate of atrophy were observed 

in the regions most commonly associated with MCI and AD including the posterior 

cingulate, precuneus, temporal lobe, parahippocampus, hippocampus, and entorhinal cortex 

(9, 11). Atrophy in these regions may be consistent across the sample since all participants 

had a diagnosis of MCI. In contrast, accelerated degradation in the frontal lobe and 

anterior cingulate was uniquely associated with chronic SSD, indicating that depressive 

symptomatology may reflect cerebral pathology distinct from typical AD pathology (9, 11).

Finally, our results demonstrated that accelerated cognitive decline in global cognition, 

information processing speed, and semantic fluency was associated with rate of frontal 

lobe and anterior cingulate atrophy. The frontal lobe and anterior cingulate act in concert 

with one another and subcortical regions to govern attentional regulation, task switching, 

and response sequencing (29, 30), processes fundamental to performance in the affected 

cognitive domains. Our results suggest that more rapid frontal lobe and anterior cingulate 

atrophy may be an underlying mechanism of SSD-related accelerated cognitive decline in 

MCI.

In contrast to global cognition, information processing speed, and semantic fluency, decline 

in memory performance was not significantly associated with cortical atrophy in either 
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the frontal lobe or the anterior cingulate. Successful memory retrieval is governed by 

concurrent activation of the frontal and medial temporal lobes (31). Within MCI populations, 

there is evidence to suggest that in addition to temporal atrophy, disconnection between 

the entorhinal cortex and higher cortical regions, may underlie impaired memory recall 

(32). Thus, joint examinations of structural neuroimaging with functional connectivity may 

distinguish neural network that can be targeted to prevent or attenuate memory decline in 

comorbid chronic SSD and MCI populations.

While the etiology of advanced atrophy in chronic SSD has yet to be fully defined, several 

potential mechanisms have been proposed. In particular, white matter damage, which has 

been commonly reported in late life depression (27), has been linked with secondary 

grey matter degeneration, hypometabolism, and conversion from MCI to dementia (33). 

Additionally, depressive symptomatology in geriatric populations has been associated with 

reduced cerebral blood within the frontal lobe and anterior cingulate (28). Hypoperfusion 

in these regions may induce neuronal degeneration (34), resulting in cortical atrophy. 

Depressive symptomatology and chronic stress have been associated with hypercortisolemia 

(35), which may diminish neurotrophin levels and accelerate atrophy in vulnerable brain 

regions (36). Of note, a prior postmortem study detected higher levels of inflammation 

in the frontal lobe and anterior cingulate within depressed individuals (37). Finally, it has 

been proposed that depressive symptomatology may contribute to neurodegeneration by 

increasing β amyloid and tau-protein accumulation (38), which may extend damage to 

regions typically preserved in MCI such as the frontal lobe and anterior cingulate.

The results of the current study must be considered within the strengths and limitations of 

the study design. The strengths of the study include the relatively large sample size with 

repeated neuropsychological and neuroimaging data over a four-year period. Furthermore, 

the ADNI dataset provides a well-characterized sample and includes strong adherence to 

clinical MCI diagnosis guidelines and thorough quality control for neuroimaging data. 

However, the ADNI cohort is limited to amnestic MCI, and it is possible that effects 

related to SSD may be different in a more heterogeneous MCI sample. Another limitation 

of the current sample is the relatively high educational obtainment, which limits the 

generalizability of the results. Also, the current study was restricted to subsyndromal 

symptoms of depression because more significant depressive symptomology is an exclusion 

criterion for the ADNI study. It is possible that the cognitive and neuropathological profiles 

of individuals with major and minor depression may differ from those in the current study. 

Additionally, at baseline, the SSD group displayed poorer performance on one measure of 

learning and reduced entorhinal and temporal lobe cortical thickness in comparison with 

the non-SSD group, indicating that they may have more advanced disease severity in some 

brain regions. Thus, future studies with longer follow-up periods should examine individuals 

without depressive symptoms at baseline to determine if they display a similar pattern of 

cortical atrophy over time. There was also a significant association between baseline frontal 

lobe thickness and Trail Making Test Parts A & B. Inclusion of this significant baseline 

correlation changed the pattern of results for Trail Making Test Part B, indicating that 

baseline associations between cognition and cortical thickness may exert an influence on 

longitudinal decline for some measures of cognition. Finally, prior studies have reported 

reductions in white matter integrity and cerebral perfusion in older adults with depressive 
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symptomatology (27, 28). Thus, future studies may benefit from incorporation of multi-

modal neuroimaging techniques, including indices of white matter integrity, cerebral blood 

blow, and amyloid beta accumulation, in effort to more fully elucidate the neurobiological 

mechanisms underlying cognitive decline in MCI patient with chronic SSD.

Overall, the current study indicates that chronic SSD was associated with accelerated 

cognitive decline and cortical atrophy within a sample of individuals carrying an MCI 

diagnosis. Moreover, SSD-related accelerated decline in global cognition, information 

processing speed, and semantic fluency domains was associated with rate of frontal lobe 

and anterior cingulate atrophy. Our results suggest that individuals with chronic SSD may 

represent an MCI subgroup with elevated risk for cognitive deterioration and potential 

conversion to dementia. Thus, monitoring depressive symptoms over time, rather than at 

a single occurrence, may be efficacious for identifying cognitively vulnerable individuals 

(39). Additionally, our results indicate that frontal lobe and anterior cingulate atrophy may 

be viable biomarkers for predicting further cognitive decline, underscoring the potential 

importance of treating SSD in effort to preserve cognition.
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Figure 1: 
Linear mixed effects regression results of the relationship between change in cortical 

thickness (column 1: anterior cingulate; column 2: frontal lobe) and cognitive decline across 

the four-year study interval. All p<0.05.
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Table 1:

Demographic and clinical characteristics of SSD groups at baseline (n=101, df=99)

Non-SSD (n=69) SSD (n=32) Mann-Whitney U or Fisher’s Exact p-value

Age, years 73.71±7.99 75.84±7.59 0.278

Gender (M:F) 47:22 24:8 0.640

APOE Status (ε4:non-ε4) 35:34 19:13 0.521

Education, years 15.93±3.01 15.62±2.86 0.547

MMSE 27.19±1.90 27.09±1.69 0.742

GDS Total Score 1.28±1.24 2.19±1.51 0.004

NPI Total Score 0.43±0.83 5.41±4.05 <0.001

Note: Group differences were analyzed using Mann-Whitney U tests for continuous measures and Fisher’s Exact test for categorical measures. 
All values represent mean±standard deviation unless otherwise noted. MMSE= Mini Mental Status Exam, GDS = Geriatric Depression Scale; NPI 
=Neuropsychiatric Inventory
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Table 2:

Linear mixed effects regression results of the relationship between SSD in MCI and cognitive performance 

baseline (df=95)

Non-SSD (n=69) SSD (n=32) B Estimate Standard 
Error

t-value p-value FDR p-
value

Alzheimer’s Disease 
Assessment Scale

10.72±4.31 12.47±3.71 1.277 0.802 1.592 0.115 0.614

WMS Logical Memory I 7.57±3.16 6.75±3.34 −0.676 0.649 −1.042 0.300 0.614

RAVLT Immediate Recall 36.54±11.17 28.72±8.07 −5.669 1.979 −2.864 0.005* 0.067

WMS Logical Memory II 4.30±3.01 3.47±2.29 −0.768 0.632 −1.216 0.227 0.614

RAVLT Delayed Recall 2.94±3.52 2.19±1.96 0.309 0.593 0.521 0.603 0.784

Trail Making Test A 41.91±24.09 45.09±20.16 1.638 4.291 0.382 0.703 0.831

Trail Making Test B 117.17±68.22 151.91±84.69 16.753 14.731 1.372 0.258 0.614

Digit Symbol Substitution Test 39.99±10.46 35.88±9.98 −3.401 2.331 −1.459 0.148 0.614

Category Fluency (animals) 16.00±5.32 15.69±4.43 −0.124 1.056 −0.118 0.907 0.929

WAIS-III Digit Span Forwards 8.67±1.98 8.06±2.14 −0.334 0.398 −0.840 0.403 0.655

WAIS-III Digit Span 
Backwards

6.10±2.10 6.22±2.21 −0.034 0.383 −0.089 0.929 0.929

Boston Naming Test 26.07±3.41 24.44±4.33 −0.778 0.795 −0.978 0.331 0.614

Note: Longitudinal cognitive data was regressed on age, gender, years of education, APOE status, SSD group, time interval from baseline, and the 
interaction between SSD group and time interval from baseline using linear mixed models.

*
p<0.05

SSD=Subsyndromal Depression; WMS = Wechsler Memory Scale, RAVLT= Rey Auditory Verbal Learning Test, WAIS-III= Wechsler Adult 
Intelligence Scale-Third Edition
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Table 3:

Linear mixed effects regression results of the relationship between SSD in MCI and change in cognitive 

performance across the four year interval

Interaction Between SSD and Time

Df β Estimate Standard Error t-value p-value FDR p-value

Alzheimer’s Disease Assessment Scale 421 1.580 0.705 2.242 0.025* 0.061

WMS Logical Memory I 245 −0.300 0.287 −1.046 0.297 0.445

RAVLT Immediate Recall 423 0.290 0.719 0.403 0.687 0.687

WMS Logical Memory II 244 −0.698 0.274 −2.525 0.011* 0.054

RAVLT Delayed Recall 421 0.116 0.248 0.466 0.641 0.687

Trail Making Test A 421 4.681 1.970 2.376 0.018* 0.054

Trail Making Test B 411 12.150 4.796 2.533 0.012* 0.054

Digit Symbol Substitution Test 391 −0.782 0.895 −0.874 0.383 0.503

Category Fluency (animals) 424 −0.855 0.354 −2.418 0.016* 0.054

WAIS-III Digit Span Forwards 392 −0.190 0.154 −1.233 0.218 0.374

WAIS-III Digit Span Backwards 390 −0.133 0.164 −0.809 0.419 0.503

Boston Naming Test 423 −0.466 0.375 −1.242 0.215 0.374

Notes: Longitudinal cognitive data was regressed on age, gender, years of education, APOE status, SSD group, time interval from baseline, and the 
interaction between SSD group and time interval from baseline using linear mixed models.

*
= p≤0.05

SSD=Subsyndromal Depression; WMS= Wechsler Memory Scale, RAVLT= Rey Auditory Verbal Learning Test, WAIS-III= Wechsler Adult 
Intelligence Scale-Third Edition

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2023 April 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gonzales et al. Page 17

Table 4:

Linear mixed effects regression results of the relationship between SSD in MCI and cortical thickness in a 

priori regions of interest at baseline (df=95)

β Estimate Standard Error t-value p-value FDR p-value

Frontal Lobe −0.050 0.034 −1.460 0.148 0.542

Anterior Cingulate −0.001 0.551 0.017 0.987 0.987

Precuneus −0.038 0.040 −0.947 0.832 0.659

Cuneus 0.006 0.026 0.212 0.532 0.915

Posterior Cingulate −0.051 0.044 −1.164 0.247 0.659

Temporal Lobe −0.119 0.045 −2.655 0.009* 0.051

Parahippocampus −0.030 0.067 −0.451 0.653 0.896

Hippocampus −98.919 107.474 −0.920 0.356 0.659

Entorhinal Cortex −0.279 0.102 −2.729 0.008* 0.051

Note: Longitudinal cortical atrophy was regressed on age, gender, APOE status, SSD group, time interval from baseline, and the interaction 
between SSD group and time interval from baseline using linear mixed models.

*
= p<0.05

SSD=Subsyndromal Depression
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Table 5:

Linear mixed effects regression results of the relationship between SSD in MCI and change in cortical 

thickness in a priori regions of interest over the four-year study interval (df=341)

Interaction Between SSD and Time

β Estimate Standard Error t-value p-value FDR p-value

Frontal Lobe −0.020 0.007 −2.648 0.008* 0.040

Anterior Cingulate −0.036 0.009 −3.786 <0.001* <0.001

Precuneus −0.009 0.007 −1.238 0.217 0.380

Cuneus −0.003 0.005 −0.626 0.532 0.760

Posterior Cingulate −0.015 0010 −1.518 0.130 0.320

Temporal Lobe −0.018 0.010 −1.706 0.089 0.300

Parahippocampus −0.012 0.010 −1.212 0.226 0.380

Hippocampus −5.924 14.530 −0.408 0.684 0.860

Entorhinal Cortex 0.001 0.019 0.042 0.967 0.970

Note: Longitudinal cortical atrophy was regressed on age, gender, APOE status, SSD group, time interval from baseline, and the interaction 
between SSD group and time interval from baseline using linear mixed models.

*
= p<0.05

SSD=Subsyndromal Depression
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Table 6:

Associations between change in cortical thickness and change in cognition over time

Cognitive Measure Cortical 
Thickness 
Region

Baseline Cognition 
& Thickness 
Correlation

Association Between Change in Cortical Thickness and Change in 
Cognition

Rho (p-value) β Estimate Standard 
Error

t-value p-value

Alzheimer’s Disease 
Assessment Scale

Frontal Lobe −0.156 (0.120) −0.993 0.362 −2.743 0.007*

WMS Logical Memory 
II

Frontal Lobe 0.033 (0.886) 0.114 −1.803 1.390 0.168

Trail Making Test A Frontal Lobe −0.277 (0.005*) −2.376 1.318 2.376 0.075

Trail Making Test B Frontal Lobe −0.303 (0.002*) −5.639 1.795 −3.142 0.002*

Category Fluency 
(animals)

Frontal Lobe 0.187 (0.062) 0.247 0.111 2.225 0.028*

Alzheimer’s Disease 
Assessment Scale

Anterior 
Cingulate

−0.149 (0.139) −1.119 0.378 −2.960 0.004*

WMS Logical Memory 
II

Anterior 
Cingulate −0.078 (0.439) 0.110 0.073 1.507 0.134

Trail Making Test A Anterior 
Cingulate 0.003 (0.977) −2.581 1.127 −2.290 0.024*

Trail Making Test B Anterior 
Cingulate −0.100 (0.321) −5.253 1.528 −3.438 0.001*

Category Fluency 
(animals)

Anterior 
Cingulate

0.108 (0.286) 0.207 0.103 2.010 0.046*

Notes: This analysis was done in two steps. In step one, subject-specific rates of cognition and atrophy were estimated separately using mixed 
effects regression. In step two, rates of cognitive decline were then regressed on atrophy rates, adjusting for age, gender, and APOE genotype. Steps 
one and two were repeated in 500 bootstrap samples to estimate the variance of the association between atrophy and cognitive decline and test for 
its significance. Please refer to Tables 3 and 5 for degrees of freedom in each of the models for cognitive and cortical atrophy analyses, respectively.

*
= p<0.05

WMS= Wechsler Memory Scale
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