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Abstract

Effects of Alzheimer’s disease (AD) risk factors on brain volume changes may partly explain what 

happens during the pre-clinical AD stage in people who develop subsequent cognitive impairment 

(SI). We investigated predictors of neurodegeneration, measured by MRI-based volume loss, in 

older adults prior to diagnosis of cognitive impairment. There were 623 cognitively normal and 65 

SI Baltimore Longitudinal Study of Aging participants (age 55–92 years) enrolled in the 

neuroimaging substudy from 1994 to 2015. Mixed-effects regression was used to assess the 

associations of AD risk factors (age, APOE e4 carrier status, diabetes, hypertension, obesity, 

current smoking, and elevated cholesterol) with brain regional volume change among the overall 

sample and by diagnostic status. Older age, APOE e4 carrier status, hypertension, and HDL 

cholesterol were predictors of volumetric change. Among SI participants only, hypertension, 

obesity, and APOE e4 carrier status were associated with greater declines in selected brain regions. 

SI individuals in pre-clinical AD stage are vulnerable to risk factors that have either a protective or 

null effect in cognitively normal individuals.
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1. Introduction

The pathophysiological process of Alzheimer’s disease (AD) likely begins decades before 

symptom onset. A well-established AD biomarker is atrophy on structural MRI, including 

global and hippocampal volume loss and ventricular volume expansion (DeCarli et al., 2007; 

Desikan et al., 2009; Dickerson et al., 2012; Fleisher et al., 2005; Vemuri et al., 2009). 

Longitudinal MRI-based measures provide estimates of trajectories of brain atrophy, a proxy 

for neurodegeneration. Brain atrophy is correlated with neuronal loss (Schuster et al., 2015). 

While longitudinal volume loss and ventricular expansion are observed in both cognitively 

normal and subsequently impaired (SI) individuals, the latter group shows greater rates of 

atrophy (Fjell et al., 2013; Pacheco et al., 2015), signaling impending cognitive impairment.

Longitudinal MRI-based trajectories of brain structural changes can be used to examine the 

associations of AD risk factors on annual rates of regional volumetric change. 

Cardiovascular risk factors (Kivipelto et al., 2001; Snyder et al., 2015) are associated with 

increased AD risk. Age (Jack Jr et al., 2017), sex (Fleisher et al., 2005; Jack Jr et al., 2017; 

Li and Singh, 2014), and the Apolipoprotein E e4 (APOE e4) risk allele (Fleisher et al., 

2005) have also been implicated in the risk of dementia and AD, specifically. Yet, there is 

limited information regarding how these risk factors affect longitudinal brain volumetric 

changes.

To identify patterns of predictors of neurodegeneration during the preclinical stage, we 

investigated a sample of 623 cognitively normal and 65 SI Baltimore Longitudinal Study of 

Aging (BLSA) participants with structural MRIs collected from 1994 onward, making this 

data rich with repeated measures of older adults prior to symptom onset (Driscoll et al., 

2009; Resnick et al., 2003). We first characterized and compared the trajectories of 

volumetric change of brain regions of interest (ROIs) in the overall sample and by diagnostic 

status (SI vs. cognitive normal). Second, we identified predictors of volumetric change in the 

overall sample. Lastly, we examined associations of predictors with volumetric change in 

selected ROIs, stratified by diagnostic status.

2. Materials and Methods

2.1 Characteristics of the Study Sample

There were 889 participants from the BLSA neuroimaging substudy who were followed 

from February 1994 to December 2015. The BLSA imaging and visit schedules have varied 

over time. Participants in the original imaging study had annual imaging assessments from 

1994–2004, and they were enrolled based on enrollment procedures described elsewhere 

(Resnick et al., 2003). Thereafter, participants aged 60 to 79 years had biennial BLSA and 

imaging visits, while participants aged 80 years and older had annual visits. Participants 

were excluded, based on significant health conditions that could affect brain structure or 

function (i.e. stroke, closed head injury, cranial/brain surgery, malignant cancer, gliomas, 

intracranial cysts with brain tissue displacement, seizure and bipolar disorders; n=30). There 

were three participants with myocardial infarction and two participants with angioplasty 

prior to enrollment in the MRI study. These participants were included in main analyses, but 

Armstrong et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



we performed a sensitivity analysis excluding them. The results were unchanged. 

Supplementary Figure 1 shows the inclusion and exclusion criteria of the current study. The 

final sample was 688 participants with 2,137 scans.

The procedures for diagnostic status determination have been detailed previously (Resnick et 

al., 2003), and these are detailed in Appendix I. Briefly, BLSA participants’ serial clinical 

and neuropsychological data were reviewed at each consensus case conference if they had 

≥4 errors on the Blessed Information-Memory-Concentration Test (Fuld, 1978), or if their 

Clinical Dementia Rating Scale total combined score was ≥0.5 (Morris, 1993). Diagnostic 

criteria for Mild Cognitive Impairment (MCI) and dementia are included in Supplemental 

Figure 1 and Appendix I. The local Institutional Review Board approved the research 

protocol for this study, and written informed consent was obtained at each visit from all 

participants.

2.2 Predictors of Neurodegeneration

Demographic characteristics.—Demographic characteristics included baseline mean-

centered age, sex, diagnostic status, race (white vs. non-white), mean-centered years of 

education, and APOE e4 carrier status (≥1 vs. 0 e4 alleles).

Vascular burden.—Baseline vascular burden (Gottesman et al., 2017), the cumulative 

burden of cardiovascular risk factors, was defined by the following: current smoking status 

(current vs. former/never), hypertension diagnosis, diabetes diagnosis, obesity (body mass 

index ≥30 kg/m2 vs. <30 kg/m2), and elevated total cholesterol (≥200 mg/dl vs. <200 mg/dl) 

(Gottesman et al., 2017). Detailed definitions of hypertension and diabetes are listed in Table 

1. Total cholesterol was calculated using Friedewald’s formula: the sum of high-density 

lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol and 20% of triglycerides 

(Friedewald et al., 1972). We also examined each component of total cholesterol. Because 

few had 3–4 cardiovascular risk factors at most, vascular burden was categorized as 0, 1, or 

2+ cardiovascular risk factors.

2.3 Image Acquisition

Scanning was performed on a General Electric (GE) Signa 1.5 T scanner (Milwaukee, WI) 

or a 3T Philips Achieva. GE 1.5-T scans used a high-resolution volumetric spoiled gradient 

recalled acquisition in a steady state (GRASS) series (axial acquisition, repetition 

time=35msec, echo time=5msec, flip angle=45°, field of view=24 cm, matrix=256×256, 

number of excitations=1, voxel dimensions=0.94×0.94×1.5 mm slice thickness). T1-

weighted magnetization-prepared rapid gradient echo (MPRAGE) scans were acquired on a 

3T Philips Achieva (repetition time [TR]=6.8msec, echo time [TE]=3.2msec, flip angle=8°, 

image matrix=256×256, 170 slices, pixel size=1×1mm, slice thickness=1.2mm). There were 

152 participants with 1,035 1.5-T scans and 536 participants with 1,102 3-T scans.

2.4 Harmonization of MUSE Anatomical Labels across 1.5-T SPGR and 3-T MPRAGE

A new automated labeling method specifically designed to achieve a consistent parcellation 

of brain anatomy in longitudinal MRI studies with scanner and imaging protocol differences 

was used to harmonize BLSA MRI data. This method combines the MUSE anatomical 
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labeling approach (Doshi et al., 2016) with harmonized acquisition-specific atlases (Erus et 

al., 2018). The approach is described in more detail in Erus et al. (2018). Briefly, using 35 

labeled 3-T MPRAGE brain MRIs from the OASIS data set (available for download at 

https://masi.vuse.vanderbilt.edu/workshop2012) as atlases, we first performed the MUSE 

labeling method on 3-T MPRAGE images for 32 BLSA participants with 1.5-T spoiled 

gradient recalled (SPGR) images at an earlier time point. Then, for each participant, we 

deformably registered their 1.5-T SPGR image to their 3-T MPRAGE image using a robust 

registration strategy that combines an ensemble of registrations obtained using two different 

algorithms and multiple smoothness parameters. From these steps, we obtained 32 pairs of 

1.5-T SPGR and 3-T MPRAGE images in the same space with common anatomical labels. 

These then served as atlases in the MUSE approach to obtain labels on the entire BLSA 

collection of 1.5-T SPGR and 3-T MPRAGE images. This workflow for anatomical labeling 

has been extensively validated on the BLSA MRI data set (Erus et al., 2018). Stability 

measures for longitudinal volumes were consistent over time, with intraclass correlations 

ranging from 0.89 to 0.99.

2.5 Statistical Analysis

We characterized the sample using means and percentages, and we evaluated differences of 

baseline sample characteristics by diagnostic status, using two-sample t-tests for continuous 

variables and χ2 tests for categorical variables. Type I error level was set to 0.05 for ROI 

analyses, and we applied a more stringent level of p<0.001 for multiple comparisons 

adjustment. Stata SE 15.0 (StataCorp, 2017) was used for all analyses.

2.5.1 Longitudinal Brain Volumetric Change as Function of Diagnostic Status
—Linear mixed-effects models were used to compare longitudinal changes in global and 

lobar regions as well as in specific brain structures in the overall sample. Our base model 

consisted of fixed effects, i.e., baseline intracranial volume (ICV), image type (1.5-T SPGR 

vs. 3-T MPRAGE) (Erus et al., 2018), age, sex, diagnostic status, race, time, and two-way 

interactions of image type, age, sex, diagnostic status, and race with time, and random 

effects (intercept and time) with unstructured covariance. Random effects allowed 

individual-specific baseline brain volumes and rates of volumetric change to vary.

Annual rates of change were estimated from the base model. Also, we further evaluated 

differences in change of unstandardized and standardized ROI volumes by diagnostic status. 

Each ROI volume was converted into z-score standardized to volume at baseline visit (both 

mean and standard deviation [SD]) across all participants. Effect sizes (ES) for difference in 

rates of ROI volumetric changes by diagnostic status were calculated by dividing the 

estimated difference in annual rates of change by the estimated SD of the between-subject 

rates of change. Given that this analysis was exploratory, all results are reported in tables to 

help guide future research.

2.5.2 Predictors of Volumetric Change—To evaluate the associations of predictors 

with annual ROI volumetric change in the overall sample, we added each predictor and its 

interaction with time (predictor*time) to the base model for each brain region. If 

predictor*time was significant, we used likelihood ratio tests to determine whether model fit 
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improved with the inclusion of the terms. Also, we modeled three-way interactions among 

each predictor, diagnostic status, and time to determine whether diagnostic status modified 

the association between the predictor and rate of volumetric change. We included all 

significant predictors, the two-way interactions of each predictor with time, and three-way 

interactions of predictors, diagnostic status, and time to the base model. This model became 

our final model that was used for examining associations of predictors of volumetric change 

in the overall sample. We tested the two-way and three-way interactions that allowed for the 

longitudinal change to accelerate or decelerate as a function of the covariates of interest.

2.5.3 Comparison of Predictors of Volumetric Change by Diagnostic Status—
We then stratified the final model by diagnostic status. ROIs were selected by the 

significance of the interaction of diagnostic status with time. Additional ROIs were selected 

from a previous BLSA study on longitudinal patterns of ROI volumetric changes (Driscoll et 

al., 2009). These were whole brain volume, ventricles, temporal gray matter (GM), 

orbitofrontal cortex, and temporal association cortices, including the hippocampus. As a 

sensitivity analysis, we excluded those with myocardial infarction (n=3) and angioplasty 

(n=2) prior to baseline MRI in these analyses to determine whether these conditions 

confounded the main findings.

3. Results

3.1 Characteristics of Study Sample

Table 1 shows the sample characteristics for the overall sample and by diagnostic status. On 

average, SI (n=65) were older and had fewer years of education, lower HDL cholesterol, 

higher LDL cholesterol, and more follow-up time on study than cognitively normal (n=623) 

(Table 1). Also, SI were more likely to be white and have hypertension, greater vascular 

burden, and elevated cholesterol than cognitively normal. Distributions of sex, APOE e4 

allele, current smoker status, diabetes, obesity, glucose, triglycerides, and ICV were similar 

between SI and cognitively normal groups (Table 1). The average follow-up time for the 

overall sample was 3.7 years (Standard Deviation, [SD]=4.7 years). The mean follow-up 

time for participants with more than one visit (N=266) was 5.5 (SD=5.3) years in the overall 

sample, 5.1 (SD=5.3) years among cognitively normal participants, and 8.3 (SD=4.7) years 

among SI participants. The average time between the last imaging assessment included in 

the study and date of MCI/dementia onset was 3.4 (SD=3.2) years.

3.2 Longitudinal Brain Volumetric Change as Function of Diagnostic Status

Table 2 presents the annual rates of change in global and lobar brain volumes, amygdala, 

hippocampus, entorhinal cortex, and parahippocampal gyrus in the overall sample and by 

diagnostic status. There were significant longitudinal declines in volumes of global and 

lobar regions and ventricular enlargement in the overall sample (Table 2).

There were differences in rates of volumetric declines by diagnostic status. Compared to 

cognitively normal participants, SI participants had steeper rates of annual ventricular 

enlargement (β=0.42, standard error, [SE]=0.14, p<0.01) and steeper rates of annual decline 

in amygdala (β=−0.01, SE=0.00, p<0.01), hippocampus (β=−0.02, SE=0.01, p<0.01), 
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entorhinal cortex (β=−0.02, SE=0.01, p<0.01), parahippocampal gyrus (β=−0.02, SE=0.01, 

p<0.01), temporal lobe (β=−0.23, SE=0.07, p<0.01), temporal GM (β=−0.19, SE=0.06, 

p<0.01), and occipital lobe (β=−0.16, SE=0.06, p=0.01) (Table 2). Standardized ES to 

evaluate the differences by diagnostic status ranged from −0.79 for the entorhinal cortex to 

0.44 for the ventricles. The greatest ES were in the entorhinal cortex (ES=−0.79), amygdala 

(ES=−0.78), and inferior temporal gyrus (ES=−0.64). Supplementary Table 1 contains the 

annual rates of change in all ROI volumes in the overall sample and by diagnostic status.

3.3 Predictors of Neurodegeneration

We assessed demographic characteristics and vascular burden as predictors of 

neurodegeneration in the overall sample. Table 3 shows the adjusted associations of each 

predictor with annual rates of ROI volumetric change, and Supplementary Figure 2 shows 

associations of each predictor with volumetric change in certain ROIs. Baseline age, sex, 

diagnostic status, race, hypertension, elevated cholesterol, and APOE e4 carrier status had 

significant interactions with time. Interaction of elevated cholesterol with time was also 

significant, but HDL could have been affecting rate of volumetric change.

We tested whether there were three-way interactions between predictor, predictor*time, and 

predictor*time*diagnostic status when added to the base model. We found some three-way 

interactions at p<0.10 (Supplementary Table 2). For instance, obesity modified the 

association of diagnostic status with volume change in whole brain, orbitofrontal cortex, and 

fusiform, while APOE e4 carrier status modified the association of diagnostic status with 

volume change in ventricles, amygdala, hippocampus, and entorhinal cortex. Given these 

trends and limited power for detection of higher order interactions, we decided to implement 

the same model across analyses stratified by diagnostic status to determine whether the 

patterns of predictors of neurodegeneration differed by cognitive status.

Baseline age was associated with greater declines in GM, amygdala, hippocampus, 

entorhinal cortex, parahippocampal gyrus, orbitofrontal cortex, superior, middle, and inferior 

temporal gyri, and with greater ventricular enlargement (Table 3). Figure 1 shows the t-

values <−3.0 for associations of baseline age and diagnostic status with volumetric declines 

on brain MRI.

Hypertension, APOE e4 carrier status, HDL, and race were also associated with rates of 

volumetric change (Table 3). Hypertension was associated with steeper volumetric declines 

in total brain, WM, and orbitofrontal cortex (Table 3). APOE e4 carrier status was associated 

with steeper declines in the amygdala and hippocampus (Table 3). HDL was associated with 

less steep volume declines in the entorhinal cortex and parahippocampal gyrus. Race was 

associated with greater volumetric declines in hippocampus, parahippocampal gyrus, 

orbitofrontal cortex, and middle and inferior temporal gyri (Table 3). Obesity was not 

associated with volumetric change, but we used this predictor in the subsequent analysis 

(Table 3).

3.4 Predictors of Neurodegeneration Stratified by Diagnostic Status

The associations of predictors with annual rates of change in selected ROI volumes are 

presented by diagnostic status in Table 4. Among SI, older age was associated with steeper 
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declines in total brain, GM, amygdala, and hippocampus. In the cognitively normal group, 

older age was associated with steeper declines in GM, amygdala, hippocampus, entorhinal 

cortex, parahippocampal gyrus, frontal GM, superior, middle, and inferior temporal gyri, and 

ventricular enlargement (Table 4). Among SI, hypertension was associated with greater 

declines in total brain, GM, WM and hippocampus, while hypertension was associated with 

less steep decline in hippocampus among the cognitively normal (Table 4). Among the SI 

only, obesity was associated with greater declines in total brain, GM, orbitofrontal cortex, 

and middle temporal gyrus and ventricular enlargement. APOE e4 carrier status was 

associated with greater declines in amygdala, hippocampus, and entorhinal cortex among SI 

only (Table 4). Among the cognitively normal only, higher HDL was associated with less 

steep decline in entorhinal cortex and parahippocampal gyrus, and race was associated with 

declines in orbitofrontal cortex and inferior temporal gyrus (Table 4). When we excluded 

those with myocardial infarction and angioplasty, the results were unchanged (results not 

shown).

4. Discussion

Our current study extends prior work in the BLSA that examined differences of longitudinal 

patterns of ROI volumetric change by diagnostic status (Driscoll et al., 2009). The current 

study includes an expanded sample size and investigates potential risk factors associated 

with higher (or lower) rates of ROI volumetric change, providing potential mechanistic 

insights into drivers of neurodegeneration. First, we identified patterns of neurodegeneration 

by diagnostic status up to a 21-year follow-up period. Then, we determined predictors of 

these neurodegenerative patterns in the overall sample. We found distinctive patterns of 

volumetric change by diagnostic status and showed that observed changes were associated 

with AD risk factors, e.g., hypertension, in the overall sample. Finally, we found that 

patterns of these predictors of neurodegeneration varied by diagnostic group.

In identifying patterns of neurodegeneration, we found that trajectories of volume loss 

differed between SI and cognitively normal older adults. These associations are consistent 

with prior reports of greater age-related brain volumetric declines in SI than in cognitively 

normal (Driscoll et al., 2009; Karas et al., 2004; Solé-Padullés et al., 2009). SI had steeper 

rates of volumetric decline in amygdala, hippocampus, entorhinal cortex, parahippocampal 

gyrus, temporal and occipital lobes, along with higher rates of increased ventricular 

volumes, compared to cognitively normal. These findings are similar to those of a prior 

study that reported occurrence of GM volume loss in amygdala, hippocampus, and 

entorhinal cortex among amnestic MCI individuals (Whitwell et al., 2007). The effect sizes 

are reported as annual rates of change. Although some may be incrementally small, they can 

be substantial cumulatively over many years.

We next examined predictors of the patterns of neurodegeneration in the overall sample. 

Predictors of volume change included older age, male sex, APOE e4 carrier status, 

hypertension, lower HDL, and race. One study found that sex, APOE e4 status, and 

hypertension diagnosis affected brain shrinkage rates over a 30-month period (Raz et al., 

2010). Another study examined the associations of cardiovascular risk factors with 10-year 

volumetric changes in total brain and temporal horn of the ventricles and found that 
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hypertension and obesity were associated with increased rate of global and hippocampal 

atrophy (Debette et al., 2011). While we did not observe an association of hypertension with 

an increased rate of hippocampal atrophy, we found that hypertension was associated with 

greater declines in total brain, WM, and orbitofrontal cortex, which is consistent with 

previous studies that reported associations of hypertension with WM changes and pre-frontal 

areas (Basile et al., 2006; Raz et al., 2003). We also found that greater HDL cholesterol was 

associated with less steep declines in entorhinal cortex and parahippocampal gyrus, which 

suggests a potential protective effect of HDL in regions affected by early AD pathology.

Additionally, we found that whites had steeper volumetric declines in hippocampus, 

parahippocampal gyrus, orbitofrontal cortex, and middle and inferior temporal gyri than did 

African Americans. Both groups in our sample were of high education and had similar 

numbers of follow-up. Further, these findings were most likely driven by the group that 

remained cognitively normal throughout the follow-up period, since there was only a total of 

eight African Americans who were subsequently impaired and only six had more than a 

single MRI. Finally, we performed stratified analyses and compared patterns of associations 

of the predictors with ROI volumetric changes by diagnostic status. While hypertension, 

obesity, and APOE e4 carrier status were associated with ROI volumetric declines among SI, 

there were no associations of these predictors with volume declines among the cognitively 

normal. This suggests that SI are more vulnerable to potential effects of these predictors, 

since age, sex, hypertension, obesity, and APOE e4 status were associated with volumetric 

decline in a greater number of ROIs. Also, the associations of certain predictors, i.e., 

hypertension, obesity, and APOE e4 status, with volumetric decline in the overall sample 

could be driven predominantly by the SI. From these findings, the stratified analysis showed 

that a number of risk factors were more evident in the SI than cognitively normal group, 

despite more limited power.

Moreover, we found some surprising results in the stratified analysis. For instance, 

hypertension was associated with less steep hippocampal volume decline among only those 

who remained cognitively normal, which could be attributed to sample selection, since we 

had few individuals with severe cardiovascular disease at baseline. The estimated effects of 

baseline age were more widespread in the cognitively normal group than in the SI group. 

These results could be attributed to differences in sample sizes and observations, since the 

cognitively normal group had more serial assessments than the SI group.

The predictors of neurodegeneration identified in our analyses are known AD risk factors 

(Artero et al., 2008; Debette et al., 2011; Yaffe et al., 2009). These findings are consistent 

with a two-hit vascular hypothesis of AD. This hypothesis postulates that microvascular 

damage is the first insult through which blood-brain barrier dysfunction and/or diminished 

brain capillary flow generate secondary neuronal injury, which then leads to amyloid-beta 

accumulation (Zlokovic, 2011). Cardiovascular and genetic risk factors, i.e., hypertension, 

obesity, and APOE e4, can lead to microvascular damage, and these factors are associated 

with volumetric declines in structures of the medial temporal lobe, an area affected by early 

AD pathology, more among SI than among cognitively normal groups. Such findings are 

consistent with studies showing that clinical symptoms of dementia are more likely when 

vascular disease is present in additional to AD pathology (Schneider et al., 2007; Troncoso 
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et al., 2008). Thereby, the cumulative effects of vascular disease and neuropathology 

possibly lead to increased liability to the clinical expression of disease. It is possible that 

vascular disease interacts with amyloid or tau deposition through other mechanisms, which 

may then lead to cognitive decline, or vascular disease may cause cognitive decline 

independently of amyloid, as suggested by the additive effects of these pathologies on 

cognitive impairment. Since some pathological effects are predominant in the medial 

temporal lobe, where tau tends to deposit, there also could be an association of vascular 

disease and tau, which could then lead to cognitive decline. The complex associations 

between vascular disease and AD pathology are an area of active investigation.

There are many strengths of this study. First, this study consists of an extensively 

characterized large sample of older adults with repeated measures up to 21 years. Second, 

we were able to examine the longitudinal brain changes during the preclinical period prior to 

cognitive impairment diagnosis. Third, our image processing pipeline uses state-of-the-art 

and validated multi-atlas approaches for regional definition, yielding high measurement 

stability over time.

There were also several limitations. First, our sample is highly educated, mostly Caucasian, 

and relatively healthy, thus limiting generalizability. We excluded participants with stroke 

and other significant health conditions that could affect brain structure and function. This 

may have contributed to the relatively low prevalence of hypertension and diabetes in the 

sample at baseline. Nevertheless, prior BLSA studies showed similar rates of AD onset 

(Kawas et al., 2000) and similar rates of brain changes over time, relative to other studies 

(Resnick et al., 2003). Second, since the BLSA is ongoing, 38.8% of the sample had a single 

assessment during the current analysis, but are included, as they contribute to stability of 

cross-sectional associations. Third, 34.4% of the SI group converted to MCI/dementia one 

year after the last visit, so group effects observed for the SI group could be underestimated. 

Fourth, we evaluated self-identified race in this study, as a way to adjust for differences in 

the prevalence of risk factors and socioeconomic exposures. These results neither infer 

causality nor racial biologic differences when none exist, and more research is needed to 

further assess these associations. Fifth, we did not evaluate the potentially beneficial effects 

of APOE e2 on volume change in our study, since we found no significant differences in e2 

genotypes across cognitively normal and SI groups.

Sixth, the average follow-up times provided in the manuscript are the follow-up over time 

points included in the MRI study, which represent a snapshot in time. While we cannot rule 

out the fact that some who were cognitively normal at the last MRI visit will subsequently 

develop cognitive impairment, we would expect this to attenuate differences between 

cognitively normal and SI groups. Lastly, mean enrollment age was ≥65 years, so 

information on midlife risk factors is limited. The timing of the predictors in relation to age 

and dementia onset is crucial. Total cholesterol decreases with age (Postiglione et al., 1989), 

yet decreased cholesterol, influenced by APOE e4, could be a consequence of dementia 

(Duron and Hanon, 2008; Evans et al., 2000). Several years before dementia onset, blood 

pressure and BMI begin to decline (Panza et al., 2006). Through the lengthy prospective 

follow-up in our study, we were able to minimize, but not eliminate, the impact of 

preclinical disease.
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In summary, age, sex, race, APOE e4 carrier status, and hypertension were associated with 

greater longitudinal declines in regional brain volumes in the overall sample. Hypertension, 

obesity, and APOE e4 status were associated with greater rates of neurodegeneration among 

the SI only, suggesting that there could be increased vulnerability to pathologic change with 

these risk factors among those in the pre-symptomatic stages of dementia. Greater 

understanding of the ways in which multiple risk factors interact together to increase 

dementia risk would help identify those most likely to benefit from lifestyle counseling 

and/or medications as preventative measures. Our findings highlight the importance of 

considering preclinical disease within cognitively normal samples.

Supplementary Material
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Figure 1. 
Associations of diagnostic status (subsequently impaired vs. cognitively healthy) and 

baseline age with gray matter volume change in the overall sample from the Baltimore 

Longitudinal Study of Aging (N=688). The color bar represents t-values from the results of 

the linear mixed effects models. These models consisted of fixed effects (baseline 

intracranial volume (ICV), image type [1.5-T SPGR vs. 3-T MPRAGE], age, sex, diagnostic 

status, race, time since first MRI, and two-way interactions of image type, age, sex, 

diagnostic status, and race with time) and random effects (intercept and time) with 

unstructured covariance. We used a threshold of ±1.96 to highlight areas of either volume 

expansion (positive t-values) or volume loss (negative t-values). Note that the colors are 

uniform within regional labels since the figures depict ROI rather than voxel-based analyses.
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Table 1.

Sample Characteristics from the Baltimore Longitudinal Study of Aging (N=688)

Overall Cognitively
Normal

Subsequently
Impaired

p-value for
difference by

diagnostic
statusBaseline Characteristics N=688 N=623 N=65

Age, in years, mean(SD) 71.4 (8.6) 71.20 (8.7) 73.83 (7.7) 0.019

Male, n(%) 332 (48.3) 295 (47.4) 37 (56.9) 0.181

White, n(%) 513 (74.6) 456 (73.2) 57 (87.7) 0.016

Education, in years, mean(SD) 16.8 (2.6) 16.87 (2.5) 16.17 (3.4) 0.037

APOE e4 allele, n(%) 148 (27.3) 129 (26.8) 19 (30.6) 0.627

APOE e2 allele, n(%) 84 (12.2) 76 (12.2) 8 (12.3) 1.000

Hypertension*, n(%) 158 (23.0) 133 (21.3) 25 (38.5) 0.003

Diabetes**, n(%) 28 (4.1) 28 (4.5) 0 (0.0) 0.157

Elevated Cholesterol, n(%) 268 (39.2) 232 (37.4) 36 (57.1) 0.004

Obese, n(%) 171 (25.0) 155 (25.0) 16 (25.0) 1.000

Current Smoker, n(%) 24 (3.5) 20 (3.2) 4 (6.2) 0.381

Vascular Burden, n(%) 0.005

 0 conditions 236 (34.3) 221 (35.5) 15 (23.1)

 1 condition 287 (41.7) 263 (42.2) 24 (36.9)

 2+ conditions 165 (24.0) 139 (22.3) 26 (40.0)

Glucose, mean(SD) 97.6 (14.2) 97.4 (14.1) 99.0 (15.6) 0.403

HDL Cholesterol, mean(SD) 59.0 (17.6) 59.8 (17.5) 50.7 (15.6) <0.001

LDL Cholesterol, mean(SD) 106.3 (32.2) 105.3 (32.0) 115.7 (32.1) 0.013

Triglycerides, mean(SD) 100.0 (56.4) 99.62 (55.95) 103.8 (61.1) 0.569

Intracranial Volume, mean(SD) 1393.1 (144.0) 1392.6 (143.2) 1398.2 (152.5) 0.763

Follow-up Time, mean (SD) 3.7 (4.7) 3.5 (4.7) 4.6 (4.3) <0.001

Number of Follow-up Visits, n(%) <0.001

1 688 (100.0) 623 (100) 65 (100)

2 422 (61.3) 372 (59.7) 50 (76.9)

3 218 (31.7) 175 (28.1) 43 (66.2)

4 143 (20.8) 102 (16.4) 41 (63.1)

5 124 (18.0) 84 (13.5) 40 (61.5)

6 112 (16.3) 74 (11.9) 38 (58.5)

7 104 (15.1) 68 (10.9) 36 (55.4)

8 83 (12.1) 60 (9.6) 23 (35.4)

9 71 (10.3) 50 (8.0) 21 (32.3)

10 55 (8.0) 42 (6.7) 13 20.0)

11 40 (5.8) 34 (5.5) 6 (9.2)

         12+ 77 (11.2) 63 (10.1) 14 (21.5)

SD – standard deviation, ICV – intracranial volume, HDL – high-density lipoprotein, LDL – low-density lipoprotein
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Note: We used t-tests for continuous variables and chi-squared tests for categorical variables. There were 145 (21.1%) missing for APOE e4 
genotype, 6 (0.9%) missing for baseline diabetes, 5 (0.7%) missing for baseline elevated cholesterol, and 4 (0.6%) missing for baseline obesity 
status.

*
Hypertension diagnosis was defined as a systolic blood pressure ≥140 mm Hg and/or diastolic blood pressure ≥90 mm Hg or treatment with 

antihypertensive medications.

**
Diabetes diagnosis was defined by fasting glucose >125 mg/dL, a pathologic oral glucose tolerance test, or a positive history of a diagnosis plus 

treatment with oral anti-diabetic drugs or insulin.

Neurobiol Aging. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Armstrong et al. Page 16

Ta
b

le
 2

.

A
nn

ua
l r

at
es

 o
f 

ch
an

ge
 in

 r
eg

io
na

l b
ra

in
 v

ol
um

es
 (

cm
3 )

 in
 th

e 
B

al
tim

or
e 

L
on

gi
tu

di
na

l S
tu

dy
 o

f 
A

gi
ng

 (
N

=
68

8)

U
ns

ta
nd

ar
di

ze
d 

B
ra

in
 V

ol
um

es
St

an
da

rd
iz

ed
 B

ra
in

 V
ol

um
es

O
ve

ra
ll 

Sa
m

pl
e

SI
C

og
ni

ti
ve

ly
N

or
m

al

D
if

fe
re

nc
e

be
tw

ee
n 

SI
 

an
d

C
og

ni
ti

ve
ly

N
or

m
al

SI
C

og
ni

ti
ve

ly
N

or
m

al

D
if

fe
re

nc
e 

be
tw

ee
n

SI
 a

nd
 

C
og

ni
ti

ve
ly

N
or

m
al

B
ra

in
 R

eg
io

ns
 o

f
In

te
re

st
β

SE
p-

va
lu

e
β

SE
β

SE
β

SE
p-

va
lu

e
E

ff
ec

t
Si

ze
β

SE
β

SE
β

SE
p-

va
lu

e
E

ff
ec

t
Si

ze

To
ta

l B
ra

in
−4

.3
1

0.
38

<0
.0

1
−

4.
67

0.
49

−
4.

27
0.

38
−

0.
40

0.
37

0.
28

−
0.

21
−

0.
03

8
0.

00
4

−
0.

03
5

0.
00

3
−

0.
00

3
0.

00
3

0.
28

−
0.

21

G
M

−3
.7

9
0.

29
<0

.0
1

−
4.

29
0.

38
−

3.
73

0.
30

−
0.

56
0.

29
0.

05
−

0.
34

−
0.

06
4

0.
00

6
−

0.
05

6
0.

00
4

−
0.

00
8

0.
00

4
0.

05
−

0.
34

W
M

−1
.5

9
0.

16
<0

.0
1

−
1.

72
0.

22
−

1.
58

0.
17

−
0.

14
0.

16
0.

39
−

0.
16

−
0.

03
2

0.
00

4
−

0.
03

0
0.

00
3

−
0.

00
3

0.
00

3
0.

39
−

0.
16

V
en

tr
ic

le
s

1.
25

0.
11

<0
.0

1
1.

63
0.

17
1.

21
0.

11
0.

42
0.

14
<0

.0
1

0.
44

0.
07

8
0.

00
8

0.
05

8
0.

00
5

0.
02

0
0.

00
7

<0
.0

1
0.

44

A
m

yg
da

la
−0

.0
2

0.
00

<0
.0

1
−0

.0
3

0.
00

−0
.0

1
0.

00
−0

.0
1

0.
00

<0
.0

1
−0

.7
8

−0
.0

90
0.

01
1

−0
.0

52
0.

00
8

−0
.0

38
0.

00
8

<0
.0

1
−0

.7
8

H
ip

po
ca

m
pu

s
−0

.0
5

0.
01

<0
.0

1
−0

.0
7

0.
01

−0
.0

5
0.

01
−0

.0
2

0.
01

<0
.0

1
−0

.6
1

−0
.0

79
0.

00
8

−0
.0

54
0.

00
6

−0
.0

25
0.

00
6

<0
.0

1
−0

.6
1

E
nt

or
hi

na
l C

or
te

x
−0

.0
2

0.
01

<0
.0

1
−0

.0
4

0.
01

−0
.0

2
0.

01
−0

.0
2

0.
01

<0
.0

1
−0

.7
8

−0
.0

66
0.

01
1

−0
.0

30
0.

00
9

−0
.0

35
0.

00
9

<0
.0

1
−0

.7
9

Pa
ra

hi
pp

oc
am

pa
l G

yr
us

−0
.0

3
0.

01
<0

.0
1

−0
.0

4
0.

01
−0

.0
3

0.
01

−0
.0

2
0.

01
<0

.0
1

−0
.4

8
−0

.0
48

0.
00

9
−0

.0
30

0.
00

7
−0

.0
18

0.
00

6
<0

.0
1

−0
.4

8

Fr
on

ta
l L

ob
e

−2
.0

5
0.

15
<0

.0
1

−
2.

17
0.

19
−

2.
04

0.
15

−
0.

13
0.

14
0.

35
−

0.
19

−
0.

05
4

0.
00

5
−

0.
05

0
0.

00
4

−
0.

00
3

0.
00

4
0.

36
−

0.
20

Fr
on

ta
l G

M
−1

.3
3

0.
10

<0
.0

1
−

1.
44

0.
13

−
1.

32
0.

10
−

0.
12

0.
10

0.
23

−
0.

22
−

0.
06

9
0.

00
6

−
0.

06
3

0.
00

5
−

0.
00

6
0.

00
5

0.
23

−
0.

22

Fr
on

ta
l W

M
−0

.6
8

0.
07

<0
.0

1
−

0.
70

0.
09

−
0.

68
0.

07
−

0.
02

0.
07

0.
75

−
0.

06
−

0.
03

3
0.

00
4

−
0.

03
2

0.
00

3
−

0.
00

1
0.

00
3

0.
75

−
0.

06

Te
m

po
ra

l L
ob

e
−0

.9
7

0.
08

<0
.0

1
−1

.1
8

0.
10

−0
.9

4
0.

08
−0

.2
3

0.
07

<0
.0

1
−0

.5
6

−0
.0

49
0.

00
4

−0
.0

40
0.

00
3

−0
.0

10
0.

00
3

<0
.0

1
−0

.5
6

Te
m

po
ra

l G
M

−0
.6

7
0.

06
<0

.0
1

−0
.8

4
0.

08
−0

.6
5

0.
06

−0
.1

9
0.

06
<0

.0
1

−0
.5

6
−0

.0
67

0.
00

6
−0

.0
52

0.
00

5
−0

.0
15

0.
00

5
<0

.0
1

−0
.5

7

Te
m

po
ra

l W
M

−0
.2

8
0.

04
<0

.0
1

−
0.

31
0.

06
−

0.
27

0.
04

−
0.

03
0.

04
0.

40
−

0.
19

−
0.

02
5

0.
00

5
−

0.
02

2
0.

00
3

−
0.

00
3

0.
00

3
0.

40
−

0.
19

Pa
ri

et
al

 L
ob

e
−0

.8
9

0.
08

<0
.0

1
−

0.
99

0.
10

−
0.

87
0.

08
−

0.
12

0.
08

0.
13

−
0.

30
−

0.
04

9
0.

00
5

−
0.

04
3

0.
00

4
−

0.
00

6
0.

00
4

0.
13

−
0.

30

Pa
ri

et
al

 G
M

−0
.5

9
0.

06
<0

.0
1

−
0.

67
0.

07
−

0.
58

0.
06

−
0.

09
0.

06
0.

12
−

0.
32

−
0.

06
2

0.
00

7
−

0.
05

4
0.

00
5

−
0.

00
8

0.
00

5
0.

12
−

0.
32

Pa
ri

et
al

 W
M

−0
.2

7
0.

04
<0

.0
1

−
0.

29
0.

05
−

0.
27

0.
04

−
0.

02
0.

04
0.

55
−

0.
10

−
0.

02
7

0.
00

5
−

0.
02

5
0.

00
4

−
0.

00
2

0.
00

4
0.

55
−

0.
11

O
cc

ip
ita

l L
ob

e
−0

.5
5

0.
06

<0
.0

1
−0

.6
9

0.
09

−0
.5

3
0.

06
−0

.1
6

0.
06

0.
01

−0
.3

9
−0

.0
45

0.
00

6
−0

.0
35

0.
00

4
−0

.0
10

0.
00

4
0.

01
−0

.3
9

O
cc

ip
ita

l G
M

−0
.4

3
0.

06
<0

.0
1

−
0.

53
0.

07
−

0.
42

0.
06

−
0.

11
0.

06
0.

05
−

0.
36

−
0.

05
3

0.
00

7
−

0.
04

2
0.

00
6

−
0.

01
1

0.
00

6
0.

05
−

0.
36

O
cc

ip
ita

l W
M

−0
.1

0
0.

03
<0

.0
1

−
0.

13
0.

04
−

0.
09

0.
03

−
0.

04
0.

03
0.

17
−

0.
23

−
0.

02
2

0.
00

6
−

0.
01

6
0.

00
5

−
0.

00
6

0.
00

4
0.

17
 

−
0.

23

SI
 –

 s
ub

se
qu

en
tly

 im
pa

ir
ed

, G
M

 –
 g

ra
y 

m
at

te
r, 

W
M

 –
 w

hi
te

 m
at

te
r, 

SE
 =

 s
ta

nd
ar

d 
er

ro
r, 

N
ot

e:
 A

ll 
bo

ld
ed

 v
al

ue
s 

m
ea

n 
p≤

0.
01

. L
in

ea
r 

m
ix

ed
-e

ff
ec

ts
 m

od
el

s 
th

at
 in

cl
ud

ed
 b

as
el

in
e 

IC
V

, s
ca

n 
ty

pe
, a

ge
, s

ex
, 

di
ag

no
st

ic
 s

ta
tu

s,
 r

ac
e,

 ti
m

e,
 a

nd
 tw

o-
w

ay
 in

te
ra

ct
io

ns
 o

f 
sc

an
 ty

pe
, a

ge
, s

ex
, d

ia
gn

os
tic

 s
ta

tu
s,

 a
nd

 r
ac

e 
w

ith
 ti

m
e 

w
er

e 
us

ed
 to

 d
et

er
m

in
e 

an
nu

al
 r

at
es

 o
f 

ch
an

ge
. C

on
tin

uo
us

 v
ar

ia
bl

es
 w

er
e 

m
ea

n-
ce

nt
er

ed
.

Neurobiol Aging. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Armstrong et al. Page 17

Ta
b

le
 3

.

Pr
ed

ic
to

rs
 o

f 
ne

ur
od

eg
en

er
at

io
n 

fo
r 

th
e 

ov
er

al
l s

am
pl

e 
in

 B
al

tim
or

e 
L

on
gi

tu
di

na
l S

tu
dy

 o
f 

A
gi

ng
 (

N
=

68
8)

A
ge

*T
im

e
H

yp
er

te
ns

io
n*

T
im

e
O

be
si

ty
*T

im
e

A
P

O
E

 e
4 

C
ar

ri
er

St
at

us
*T

im
e

H
D

L
 C

ho
le

st
er

ol
*T

im
e

R
ac

e*
T

im
e

B
ra

in
 R

eg
io

ns
of

 I
nt

er
es

t
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e

W
ho

le
 B

ra
in

−
0.

03
75

0.
02

04
0.

06
6

−0
.8

07
5

0.
32

36
0.

01
3

−
0.

23
74

0.
23

02
0.

30
3

−
0.

23
34

0.
33

05
0.

48
0

−
0.

00
48

0.
01

03
0.

64
2

−
0.

71
18

0.
39

81
0.

07
4

G
ra

y 
M

at
te

r
−0

.0
74

5
0.

01
64

<0
.0

01
−

0.
48

90
0.

26
01

0.
06

0
−

0.
16

31
0.

18
72

0.
38

3
−

0.
17

53
0.

26
51

0.
50

8
0.

00
12

0.
00

82
0.

88
5

−
0.

60
76

0.
31

93
0.

05
7

W
hi

te
 M

at
te

r
0.

00
91

0.
00

90
0.

31
2

−0
.3

04
5

0.
14

19
0.

03
2

−
0.

00
45

0.
10

56
0.

96
6

−
0.

06
20

0.
14

43
0.

66
7

−
0.

00
20

0.
00

45
0.

66
4

−
0.

23
45

0.
17

51
0.

18
0

V
en

tr
ic

le
s

0.
03

40
0.

00
67

<0
.0

01
−

0.
01

74
0.

11
41

0.
87

9
−

0.
02

35
0.

04
17

0.
57

3
0.

11
56

0.
11

92
0.

33
2

−
0.

00
37

0.
00

34
0.

26
9

0.
23

70
0.

12
95

0.
06

7

A
m

yg
da

la
−0

.0
00

5
0.

00
01

<0
.0

01
0.

00
01

0.
00

21
0.

95
9

0.
00

10
0.

00
13

0.
40

4
−0

.0
04

2
0.

00
21

0.
05

0
0.

00
01

0.
00

01
0.

30
0

−
0.

00
04

0.
00

25
0.

88
1

H
ip

po
ca

m
pu

s
−0

.0
01

8
0.

00
03

<0
.0

01
0.

00
42

0.
00

46
0.

36
3

0.
00

23
0.

00
30

0.
44

4
−0

.0
13

0
0.

00
48

0.
00

7
0.

00
01

0.
00

01
0.

63
6

−0
.0

14
3

0.
00

57
0.

01
2

E
nt

or
hi

na
l C

or
te

x
−0

.0
00

8
0.

00
03

0.
01

6
0.

00
05

0.
00

51
0.

92
5

0.
00

12
0.

00
35

0.
73

0
−

0.
00

42
0.

00
52

0.
42

8
0.

00
03

0.
00

02
0.

04
5

−
0.

01
19

0.
00

62
0.

05
7

Pa
ra

hi
pp

oc
am

pa
l G

yr
us

−0
.0

01
2

0.
00

03
<0

.0
01

0.
00

38
0.

00
52

0.
46

5
0.

00
13

0.
00

37
0.

71
9

−
0.

00
21

0.
00

53
0.

69
5

0.
00

04
0.

00
02

0.
03

0
−0

.0
14

2
0.

00
63

0.
02

5

O
rb

ito
fr

on
ta

l C
or

te
x

−0
.0

01
9

0.
00

07
0.

00
4

−0
.0

20
8

0.
01

05
0.

04
7

0.
00

26
0.

00
84

0.
75

3
−

0.
00

25
0.

01
05

0.
81

3
−

0.
00

01
0.

00
03

0.
87

1
−0

.0
29

9
0.

01
29

0.
02

1

Su
pe

ri
or

 T
em

po
ra

l G
yr

us
−0

.0
01

0
0.

00
05

0.
03

3
−

0.
00

62
0.

00
74

0.
40

7
−

0.
00

47
0.

00
61

0.
44

2
−

0.
00

16
0.

00
74

0.
82

8
0.

00
00

0.
00

02
0.

97
0

−
0.

01
66

0.
00

92
0.

06
9

M
id

dl
e 

Te
m

po
ra

l G
yr

us
−0

.0
04

2
0.

00
11

<0
.0

01
−

0.
01

86
0.

01
80

0.
30

3
0.

00
08

0.
01

33
0.

95
3

0.
00

28
0.

01
83

0.
88

1
−

0.
00

02
0.

00
06

0.
72

8
−0

.0
55

7
0.

02
22

0.
01

2

In
fe

ri
or

 T
em

po
ra

l G
yr

us
−0

.0
04

5
0.

00
10

<0
.0

01
−

0.
01

93
0.

01
54

0.
21

1
0.

01
30

0.
01

20
0.

27
9

−
0.

00
45

0.
01

55
0.

77
3

−
0.

00
03

0.
00

05
0.

60
0

−0
.0

60
3

0.
01

89
0.

00
1

Fu
si

fo
rm

−0
.0

02
0

0.
00

07
0.

00
4

−
0.

00
23

0.
01

10
0.

83
4

0.
00

19
0.

00
77

0.
80

8
−

0.
01

26
0.

01
12

0.
26

1
0.

00
01

0.
00

03
0.

77
1

−
0.

02
52

0.
01

35
0.

06
1

SE
 –

 s
ta

nd
ar

d 
er

ro
r, 

N
ot

e:
 A

ll 
bo

ld
ed

 v
al

ue
s 

m
ea

n 
p<

0.
05

. L
in

ea
r 

m
ix

ed
-e

ff
ec

ts
 m

od
el

s 
in

cl
ud

ed
 e

ac
h 

pr
ed

ic
to

r 
an

d 
an

 in
te

ra
ct

io
n 

w
ith

 th
at

 p
re

di
ct

or
 a

nd
 ti

m
e.

 T
he

se
 m

od
el

s 
w

er
e 

ad
ju

st
ed

 b
y 

ba
se

lin
e 

IC
V

, 
sc

an
 ty

pe
, a

ge
, s

ex
, d

ia
gn

os
tic

 s
ta

tu
s,

 r
ac

e,
 ti

m
e,

 a
nd

 tw
o-

w
ay

 in
te

ra
ct

io
ns

 o
f 

sc
an

 ty
pe

, a
ge

, s
ex

, d
ia

gn
os

tic
 s

ta
tu

s,
 a

nd
 r

ac
e 

w
ith

 ti
m

e.
 C

on
tin

uo
us

 v
ar

ia
bl

es
 w

er
e 

m
ea

n-
ce

nt
er

ed
.

Neurobiol Aging. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Armstrong et al. Page 18

Ta
b

le
 4

.

Pr
ed

ic
to

rs
 o

f 
ne

ur
od

eg
en

er
at

io
n 

st
ra

tif
ie

d 
by

 d
ia

gn
os

tic
 s

ta
tu

s 
in

 th
e 

B
al

tim
or

e 
L

on
gi

tu
di

na
l S

tu
dy

 o
f 

A
gi

ng

A
ge

*T
im

e
H

yp
er

te
ns

io
n*

T
im

e
O

be
si

ty
*T

im
e

A
P

O
E

 e
4 

C
ar

ri
er

St
at

us
*T

im
e

H
D

L
 C

ho
le

st
er

ol
*T

im
e

R
ac

e*
T

im
e

B
ra

in
 R

eg
io

ns
 o

f
In

te
re

st
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e

SU
B

SE
Q

U
E

N
T

L
Y

 I
M

PA
IR

E
D

 O
N

L
Y

 (
n=

65
 w

it
h 

39
0 

ob
se

rv
at

io
ns

)

W
ho

le
 B

ra
in

−0
.1

05
7

0.
04

24
0.

01
3

−1
.3

34
8

0.
49

18
0.

00
7

−1
.2

12
6

0.
39

25
0.

00
2

−
0.

27
63

0.
59

58
0.

64
3

0.
01

80
0.

01
57

0.
25

1
−

1.
35

58
0.

77
02

0.
07

8

G
ra

y 
M

at
te

r
−0

.0
95

5
0.

03
58

0.
00

8
−0

.9
91

2
0.

42
20

0.
01

9
−1

.0
91

9
0.

33
44

0.
00

1
−

0.
66

16
0.

50
67

0.
19

2
0.

00
52

0.
01

36
0.

70
0

−
0.

50
64

0.
66

06
0.

44
3

W
hi

te
 M

at
te

r
0.

00
01

0.
01

95
0.

99
5

−0
.5

81
0

0.
22

74
0.

01
1

−
0.

13
60

0.
17

29
0.

43
2

0.
00

95
0.

27
50

0.
97

3
0.

00
71

0.
00

73
0.

33
1

−
0.

60
46

0.
35

64
0.

09
0

V
en

tr
ic

le
s

0.
00

45
0.

02
00

0.
82

1
0.

30
97

0.
25

24
0.

22
0

0.
20

17
0.

08
78

0.
02

2
0.

48
93

0.
29

79
0.

10
0

0.
00

70
0.

00
84

0.
40

8
−

0.
18

15
0.

38
50

0.
63

7

A
m

yg
da

la
−0

.0
01

2
0.

00
04

0.
00

1
−

0.
00

67
0.

00
43

0.
12

3
−

0.
00

15
0.

00
26

0.
57

1
−0

.0
19

5
0.

00
52

0.
00

0
0.

00
01

0.
00

01
0.

69
9

−
0.

00
10

0.
00

68
0.

87
7

H
ip

po
ca

m
pu

s
−0

.0
02

8
0.

00
09

0.
00

2
−0

.0
21

2
0.

01
08

0.
04

9
0.

00
00

0.
00

67
0.

99
7

−0
.0

40
1

0.
01

29
0.

00
2

0.
00

00
0.

00
04

0.
92

8
−

0.
02

16
0.

01
68

0.
20

1

E
nt

or
hi

na
l C

or
te

x
−

0.
00

17
0.

00
09

0.
06

1
−

0.
00

93
0.

01
10

0.
39

4
−

0.
00

88
0.

00
73

0.
22

5
−0

.0
37

8
0.

01
32

0.
00

4
0.

00
01

0.
00

04
0.

81
9

−
0.

01
09

0.
01

72
0.

52
7

Pa
ra

hi
pp

oc
am

pa
l G

yr
us

−
0.

00
15

0.
00

08
0.

05
1

−
0.

00
14

0.
00

88
0.

87
3

0.
00

06
0.

00
68

0.
93

5
−

0.
01

58
0.

01
06

0.
13

7
−

0.
00

03
0.

00
03

0.
34

2
−

0.
01

37
0.

01
38

0.
32

1

O
rb

ito
fr

on
ta

l C
or

te
x

−
0.

00
28

0.
00

16
0.

07
8

−
0.

03
14

0.
01

90
0.

09
9

−0
.0

38
8

0.
01

57
0.

01
4

−
0.

01
71

0.
02

27
0.

45
2

−
0.

00
03

0.
00

06
0.

58
7

−
0.

00
20

0.
02

95
0.

94
5

Su
pe

ri
or

 T
em

po
ra

l G
yr

us
−

0.
00

01
0.

00
13

0.
94

0
0.

00
41

0.
01

54
0.

78
8

−
0.

01
45

0.
01

20
0.

22
8

0.
00

01
0.

01
84

0.
99

6
−

0.
00

01
0.

00
05

0.
78

2
0.

00
96

0.
02

40
0.

69
0

M
id

dl
e 

Te
m

po
ra

l G
yr

us
−

0.
00

42
0.

00
28

0.
12

7
−

0.
03

27
0.

03
21

0.
30

8
−0

.0
51

3
0.

02
56

0.
04

5
−

0.
06

38
0.

03
89

0.
10

1
−

0.
00

13
0.

00
10

0.
20

3
−

0.
04

75
0.

05
03

0.
34

5

In
fe

ri
or

 T
em

po
ra

l G
yr

us
−

0.
00

29
0.

00
30

0.
33

3
−

0.
04

32
0.

03
56

0.
22

5
−

0.
01

57
0.

02
55

0.
53

8
−

0.
05

22
0.

04
28

0.
22

3
−

0.
00

08
0.

00
12

0.
50

7
−

0.
07

77
0.

05
59

0.
16

4

Fu
si

fo
rm

−
0.

00
16

0.
00

17
0.

35
0

−
0.

02
30

0.
01

96
0.

23
9

−
0.

00
92

0.
01

42
0.

51
8

−
0.

03
59

0.
02

36
0.

12
8

0.
00

03
0.

00
06

0.
69

3
0.

00
88

0.
03

07
0.

77
5

C
O

G
N

IT
IV

E
L

Y
 N

O
R

M
A

L
 O

N
L

Y
 (

n=
62

3 
w

it
h 

1,
74

7 
ob

se
rv

at
io

ns
)

W
ho

le
 B

ra
in

−
0.

02
27

0.
02

40
0.

34
4

−
0.

67
66

0.
40

25
0.

09
3

0.
16

92
0.

28
07

0.
54

7
−

0.
34

98
0.

40
50

0.
38

8
−

0.
00

87
0.

01
33

0.
51

6
−

0.
63

63
0.

47
39

0.
17

9

G
ra

y 
M

at
te

r
−0

.0
74

2
0.

01
92

<0
.0

01
−

0.
33

73
0.

32
38

0.
29

8
0.

14
94

0.
22

63
0.

50
9

−
0.

04
45

0.
32

50
0.

89
1

0.
00

02
0.

01
07

0.
98

6
−

0.
54

94
0.

38
01

0.
14

8

W
hi

te
 M

at
te

r
0.

01
57

0.
01

06
0.

13
9

−
0.

20
80

0.
17

72
0.

24
0

0.
08

69
0.

12
89

0.
50

0
−

0.
17

98
0.

17
77

0.
31

2
−

0.
00

24
0.

00
59

0.
68

3
−

0.
24

77
0.

20
93

0.
23

7

V
en

tr
ic

le
s

0.
03

89
0.

00
71

<0
.0

01
−

0.
14

45
0.

12
53

0.
24

9
−

0.
07

16
0.

04
81

0.
13

6
0.

02
38

0.
12

92
0.

85
4

−
0.

00
67

0.
00

37
0.

07
4

0.
23

51
0.

13
69

0.
08

6

A
m

yg
da

la
−0

.0
00

5
0.

00
01

<0
.0

01
0.

00
12

0.
00

23
0.

60
2

0.
00

16
0.

00
14

0.
27

7
−

0.
00

13
0.

00
24

0.
57

7
0.

00
01

0.
00

01
0.

17
0

0.
00

04
0.

00
27

0.
88

5

H
ip

po
ca

m
pu

s
−0

.0
01

8
0.

00
03

<0
.0

01
0.

01
19

0.
00

49
0.

01
5

0.
00

29
0.

00
33

0.
39

2
−

0.
00

79
0.

00
49

0.
11

2
0.

00
02

0.
00

02
0.

18
3

−
0.

01
04

0.
00

58
0.

07
0

E
nt

or
hi

na
l C

or
te

x
−0

.0
00

9
0.

00
03

0.
00

7
0.

00
05

0.
00

55
0.

93
0

0.
00

23
0.

00
40

0.
56

3
0.

00
28

0.
00

54
0.

61
2

0.
00

04
0.

00
02

0.
01

3
−

0.
01

01
0.

00
64

0.
11

5

Pa
ra

hi
pp

oc
am

pa
l G

yr
us

−0
.0

01
2

0.
00

04
0.

00
1

0.
00

52
0.

00
63

0.
41

6
0.

00
19

0.
00

45
0.

67
1

0.
00

10
0.

00
64

0.
87

9
0.

00
06

0.
00

02
0.

00
6

−
0.

01
08

0.
00

75
0.

14
7

O
rb

ito
fr

on
ta

l C
or

te
x

−
0.

00
15

0.
00

08
0.

05
9

−
0.

01
69

0.
01

29
0.

18
9

0.
01

89
0.

01
01

0.
06

0
−

0.
00

77
0.

01
27

0.
54

4
0.

00
00

0.
00

04
0.

99
2

−0
.0

37
1

0.
01

52
0.

01
5

Neurobiol Aging. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Armstrong et al. Page 19

A
ge

*T
im

e
H

yp
er

te
ns

io
n*

T
im

e
O

be
si

ty
*T

im
e

A
P

O
E

 e
4 

C
ar

ri
er

St
at

us
*T

im
e

H
D

L
 C

ho
le

st
er

ol
*T

im
e

R
ac

e*
T

im
e

B
ra

in
 R

eg
io

ns
 o

f
In

te
re

st
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e
β

SE
p-

va
lu

e

Su
pe

ri
or

 T
em

po
ra

l G
yr

us
−0

.0
01

4
0.

00
05

0.
00

7
−

0.
00

94
0.

00
81

0.
24

5
0.

00
22

0.
00

70
0.

74
7

0.
00

57
0.

00
79

0.
46

8
0.

00
00

0.
00

03
0.

98
8

−
0.

01
84

0.
00

96
0.

05
4

M
id

dl
e 

Te
m

po
ra

l G
yr

us
−0

.0
04

7
0.

00
13

<0
.0

01
−

0.
01

48
0.

02
10

0.
48

0
0.

02
07

0.
01

56
0.

18
4

0.
02

61
0.

02
09

0.
21

2
−

0.
00

01
0.

00
07

0.
88

8
−

0.
04

06
0.

02
47

0.
10

0

In
fe

ri
or

 T
em

po
ra

l G
yr

us
−0

.0
05

3
0.

00
10

<0
.0

01
−

0.
01

39
0.

01
63

0.
39

3
0.

02
41

0.
01

34
0.

07
2

0.
01

28
0.

01
60

0.
42

4
−

0.
00

01
0.

00
06

0.
86

8
−0

.0
46

7
0.

01
92

0.
01

5

Fu
si

fo
rm

−0
.0

02
3

0.
00

08
0.

00
2

0.
00

09
0.

01
30

0.
94

5
0.

00
33

0.
00

92
0.

72
2

−
0.

00
44

0.
01

30
0.

73
4

0.
00

00
0.

00
04

0.
91

8
−

0.
02

93
0.

01
53

0.
05

5

G
M

 –
 g

ra
y 

m
at

te
r, 

W
M

 –
 w

hi
te

 m
at

te
r, 

SE
 –

 s
ta

nd
ar

d 
er

ro
r, 

N
ot

e:
 A

ll 
bo

ld
ed

 v
al

ue
s 

m
ea

n 
p<

0.
05

. L
in

ea
r 

m
ix

ed
-e

ff
ec

ts
 m

od
el

s 
in

cl
ud

ed
 e

ac
h 

pr
ed

ic
to

r 
an

d 
an

 in
te

ra
ct

io
n 

w
ith

 th
at

 p
re

di
ct

or
 a

nd
 ti

m
e.

 
T

he
se

 m
od

el
s 

w
er

e 
ad

ju
st

ed
 b

y 
ba

se
lin

e 
IC

V
, s

ca
n 

ty
pe

, a
ge

, s
ex

, r
ac

e,
 ti

m
e,

 a
nd

 tw
o-

w
ay

 in
te

ra
ct

io
ns

 o
f 

sc
an

 ty
pe

, a
ge

, s
ex

, a
nd

 r
ac

e 
w

ith
 ti

m
e.

 C
on

tin
uo

us
 v

ar
ia

bl
es

 w
er

e 
m

ea
n-

ce
nt

er
ed

.

Neurobiol Aging. Author manuscript; available in PMC 2020 March 01.


	Abstract
	Introduction
	Materials and Methods
	Characteristics of the Study Sample
	Predictors of Neurodegeneration
	Demographic characteristics.
	Vascular burden.

	Image Acquisition
	Harmonization of MUSE Anatomical Labels across 1.5-T SPGR and 3-T MPRAGE
	Statistical Analysis
	Longitudinal Brain Volumetric Change as Function of Diagnostic Status
	Predictors of Volumetric Change
	Comparison of Predictors of Volumetric Change by Diagnostic Status


	Results
	Characteristics of Study Sample
	Longitudinal Brain Volumetric Change as Function of Diagnostic Status
	Predictors of Neurodegeneration
	Predictors of Neurodegeneration Stratified by Diagnostic Status

	Discussion
	References
	Figure 1.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

