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Abstract

Introduction—This study incorporates unique error response analyses with traditional measures 

of memory to examine the association between mid-life cardiovascular risk factors (CVRF) and 

later-life memory function.

Methods—The Framingham Stroke Risk Profile (FSRP), a composite score of cardiovascular 

risk, was assessed in 1755 Framingham Offspring participants (54% women, mean age=54±9 

years) from 1991-1995. Memory tests including Logical Memory (LM) and Visual Reproductions 

(VR) were administered from 2005-2008. Linear and logistic regression examined the association 

between FSRP and memory measures. Interaction between presence of the ApoE4 allele and each 

FSRP component on the memory measures was also assessed.

Results—FSRP and the individual components of age, sex, and smoking were related to lower 

standard scores of memory. The new error response analyses reinforced the standard analyses and 
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also identified new relationships. Participants with diabetes were found to make more errors on 

LM, and those with a history of smoking were found to make more errors on VR. Lastly, ApoE4+ 

smokers experienced significant verbal memory loss whereas ApoE4- smokers did not.

Conclusion—Middle-aged healthy adults with CVRF including diabetes, history of smoking, 

and ApoE4 positivity were found to have greater later-life memory impairments.
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Introduction

Epidemiologic studies have linked cardiovascular risk factors (CVRF) at mid-life to 

dementia and Alzheimer's disease (AD) in later life.1 With an increasing focus on 

identifying preclinical markers of dementia/AD, studies have targeted specific cognitive 

endophenotypes of dementia/AD. However, most of these studies find CVRF related to 

executive function,2-4 and few have found relationships between CVRF and memory, the 

loss of which is a hallmark sign of dementia/AD.

There are conflicting results assessing whether CVRF relate to memory. While one study 

reported finding no longitudinal relationship between a composite CVRF measure and 

memory,3 other studies have found a significant inverse association cross-sectionally5 or 

when focused on an elderly cohort.6 For individual CVRF, there is similarly no clear 

evidence supporting mid- to late-life correlations. Studies reporting an association between 

diabetes and memory impairment were again cross-sectional or restricted to the elderly,7,8 

and two recent longitudinal studies with middle-aged baseline cohorts found no 

relationship.9,10 Furthermore, a meta-analysis of studies focused on younger individuals 

found that diabetes had an effect on multiple cognitive domains but spared memory 

function.11 Similarly for other CVRF, studies with elderly cohorts found an association 

between memory impairment and hypertension6,12 and smoking,6,13 while a study with a 

middle-aged baseline cohort failed to identfy any such relationships.9 For CVD, studies have 

again been cross-sectional or focused on an elderly cohort, and have reported varying results 

dependent upon the memory test used.14,15

The apolipoprotein ε4 (ApoE4) allele is a well-documented risk factor of AD16,17 as well as 

memory impairment in the elderly.18 However, it is less clear what effect ApoE4 positivity 

has on those who are still cognitively healthy. While some studies did not find that ApoE4 

positivity correlates with memory decline,19,20 other studies have found that ApoE4 carriers 

perform worse on measures of memory than non-carriers while remaining clinically 

asymptomatic.21,22 Though the ApoE4 allele has been linked to increased cardiovascular 

risk,23,24 there is also evidence that ApoE4 is associated with dementia/AD independent of 

CVRF.25 Finally, recent findings indicate that ApoE4 can modify the effect of CVRF on 

brain aging,26 though further confirmatory research is needed.

The potential insensitivity of current measurement tools in detecting cognitive deficits in 

those who are largely asymptomatic for clinical disease compounds the issue of determining 
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whether CVRF are linked to impaired memory. The Framingham Heart Study (FHS) 

developed a set of new error measures that aims to quantify more subtle differences in 

cognitive performance as well as more accurately define the role non-memory processes, 

such as executive function, play in traditional memory tests.

The primary objective of this study is to determine whether CVRF measured at midlife are 

related to performance indices on memory tests 12-16 years later in the community-based 

FHS Offspring cohort. The inclusion of unique error response analyses allows for the 

examination of relationships not assessed by traditional measures. The study additionally 

examines how the ApoE4 allele modifies these relationships.

Methods

Study Participants

The Framingham Offspring Cohort was initially recruited in 1971 (n=5124).27 Inclusion 

criteria included having at least one biological parent in the Original Framingham Cohort or 

being the spouse of a biological Offspring. Participants have been examined for 

cardiovascular and cerebrovascular disease approximately every four years, with 3799 

attending Exam 5 (1991-1995). In order to assess the relationship between mid-life 

cardiovascular risk and late-life cognition, the study sample was restricted to 2037 

participants who both attended Exam 5 and agreed to neuropsychological (NP) testing at 

Exam 8 (2005-2008). Additionally, subjects with prevalent clinical stroke, dementia, or 

other neurologic illnesses (eg., multiple sclerosis, severe head trauma, etc.) at the time of the 

NP assessment (n=128) and subjects with missing data (n=154) were excluded from the 

analysis, resulting in a study sample size of 1,755 (53.6% women) subjects. The study was 

approved by the Boston University Institutional Review Board and all participants provided 

signed consent at the time of the health and NP examinations.

Stroke Risk Profile

A composite score of cardiovascular risk, the Framingham Stroke Risk Profile (FSRP) 

represents the 10-year probability of a stroke.28 This well-validated risk score is calculated 

based on the subject's age, gender, and specific cardiovascular risk factors including current 

smoking, diabetes, hypertension, cardiovascular disease, atrial fibrillation, and left 

ventricular hypertrophy as measured by EKG. The FSRP, measured at an average age of 

53.6 years (SD=9.1 y), was used as a measure of cardiovascular risk at mid-life, and the 

individual risk factors of current smoking, diabetes, hypertension, and prevalent CVD were 

also considered separately.

Neuropsychological Test Battery

Participants were administered a neuropsychological test battery that included the immediate 

and delayed recall conditions of the Logical Memory (LM-I and LM-D, respectively) and 

Visual Reproductions (VR-I and VR-D, respectively) subtests of the Wechsler Memory 

Scale. Standard test administration and scoring procedures, as described in previous FHS 

publications,29 were used. All testing was also tape recorded to ensure precision and 
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completeness in documenting participants’ responses. This procedure was essential to allow 

the unique identification and characterization of error responses described below.

Logical Memory (LM)—In addition to the traditional measure of total number of correctly 

immediately recalled items (LM-IR), the examiner also tallied the total number of errors that 

were made, including 1) confabulations (extraneous details that were never presented) and 

2) intrusions (details recalled from different tests). For the delayed condition, the same 

standard measure (LM-DR) was obtained, and errors were again counted, differentiating 

between new errors and those repeated from the immediate condition. A percent retention 

score LM-PR was also computed to capture the percentage of total correct responses 

retained from the immediate condition, as follows: (LM-DR/LM-IR) x 100.

Visual Reproductions (VR)—Similar to LM, standard total correct responses were 

scored at immediate and delayed recall (VR-IR and VR-DR). The following types of errors 

were additionally recorded: 1) drew right to left; 2) contaminated the drawing with a motif 

from another design; 3) drew extremely small; 4) had tremors; 5) started to draw before told 

to do so; 6) did not attempt to make any drawing; and 7) reported the location of a design 

while not being able to recall it specifically. A percent retention score VR-PR ((VR-DR/VR-

IR) x 100) was also computed.

Statistical Analysis

Linear regression was used to examine the associations between the FSRP score and its 

components and continuous memory variables. Due to the small number of errors made by 

the participants and the skewed nature of the error variables, all error measurements, except 

for percent retention scores, were dichotomized into ≥75th versus <75th percentile (quartile 4 

versus quartiles 1-3). LM-PR and VR-PR were dichotomized into <25th versus ≥25th 

percentile (quartile 1 versus quartiles 2-4) since lower scores correspond to poorer 

performance. Logistic regression was used to examine the associations between the FSRP 

score and its components and the dichotomous error variables. All analyses were adjusted 

for age at neuropsychological testing, sex, education group (<High school degree, High 

school degree, College degree, >College degree), and time between FSRP measurement 

(Exam 5) and neuropsychological testing (Exam 8). The interaction between the FSRP score 

and its components and ApoE4 was assessed using a Wald test. A p-value of <0.05 was 

considered statistically significant. All statistical analyses were done using SAS version 9.2 

(Cary, NC).

Results

Study Sample Characteristics

Table 1 presents the characteristics of the 1755 participants included in the analysis. The 

participants’ mean age at the time of the cardiovascular assessment was 53.6 years (SD=9.1 

y), and at an average of 14.1 years (SD=1.2 y) later, they underwent neuropsychological 

testing at a mean age of 67.2 years (SD=9.1 y). The mean MMSE score at Exam 5 was 29.1 

(SD=1.2) out of a maximum score of 30.

Gupta et al. Page 4

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Table 1 also presents mean values for each neuropsychological test result assessed in the 

study.

Relationship between Cardiovascular Risk Factors and Traditional NP Measures

Table 2 presents the association between the FSRP score and its components and the 

established outcome measures of the neuropsychological tests described above.

There was a statistically significant inverse association between FSRP score and VR-DR 

traditional score. For each one percentage point increase in FSRP score, VR-DR decreased 

by 0.072 units (Beta=−0.072, p=0.007).

When looking at the association between individual FSRP components and traditional 

measures, age and sex were the most predictive but smoking status also displayed a 

significant relationship. Increasing age was related to lower immediate and delayed scores 

from each test: LM-IR (Beta=−0.087, p<0.0001), LM-DR (Beta=-0.10, p<0.0001), VR-IR 

(Beta=−0.15, p<0.0001), and VR-DR (Beta=−0.16, p<0.0001). Women displayed 

significantly higher scores on LM-IR (Beta=0.92, p<0.0001) and LM-DR (Beta=1.06, 

p<0.0001) than men, but no such association was found with VR scores. Conversely, 

participants who smoked at the time of the cardiovascular risk assessment had significantly 

lower scores on VR-IR (Beta=-0.43, p=0.02) and VR-DR (Beta=−0.40, p=0.04) than those 

who did not. There were no other statistically significant associations between FSRP 

components and traditional NP scores.

Relationship between Cardiovascular Risk Factors and Error Response NP Measures

Table 3 presents the association between the FSRP score and its components and the newly-

established error response measures of the same neuropsychological tests.

The composite FSRP score was related to lower VR-PR only (OR=1.05, p=0.02), where 

higher FSRP scores were associated with a greater likelihood of being in the lowest quartile 

of percent retention.

Among the individual FSRP components, increasing age was related to more total errors on 

LMI (OR=1.02, p=0.0009), VR-I (OR=1.08, p<0.0001), and VR-D (OR=1.08, p<0.0001), as 

well as being in the lowest quartile of LM (OR=1.03, p<0.0001) and VR (OR=1.04, 

p<0.0001) percent retention. Women were 34% and 28% more likely than men to have 

repeated errors (OR=1.34, p=0.04) and total errors (OR=1.28, p=0.03) in the highest quartile 

on LM-D, respectively, but they were also less likely to have a lower percent retention score 

on LM (OR=0.73, p=0.008).

The individual factors of smoking and diabetes were associated with several of the new 

outcome measures. Participants who smoked at the time of cardiovascular risk assessment 

were 60% more likely to have VR-D total errors ≥75th percentile than those who did not 

(OR=1.60, p=0.004). Participants with diabetes were 56% more likely to have LM-I total 

errors ≥75th percentile (OR=1.56, p=0.04) than those without diabetes. There was no 

association between hypertension or prevalent CVD and any of the error response outcomes.
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Interaction between ApoE4 Status and Cardiovascular Risk Factors on NP Measures

Table 4 presents the statistically significant interactions between ApoE4 and the FSRP score 

and its components on the NP outcome measures.

When examining the traditional outcome measures, there was an interaction between ApoE4 

and smoking on LM-IR score (p-value for interaction=0.01). Among ApoE4- participants, 

there was no association between smoking and LM-IR score (Beta=0.37, p=0.15), while 

among ApoE4+ participants, those who smoked were more likely to have a lower LM-IR 

score (Beta=−1.10, p=0.049).

For the error response NP measures, there was an interaction between ApoE4 and age for 

LM-I total errors (p-value for interaction=0.048). Older participants were more likely to 

have LM-I errors ≥75th percentile, but only among those without ApoE4 (OR=1.03, 

p=0.0002). There was also an interaction between ApoE4 and sex for LM-D new errors (p-

value for interaction=0.03). Among ApoE4- participants, there was no association between 

sex and LM-D new errors (OR=0.96, p=0.71), while among ApoE4+ participants, women 

were more likely to have LM-D new errors ≥75th percentile than men were (OR=1.74, 

p=0.02).

Discussion

Analyses of cardiovascular risk on traditional measures of memory yielded similar results to 

previous studies and the new error response analyses revealed additional significant 

associations. In determining the impact of overall cardiovascular risk on memory, higher 

midlife FSRP score was associated with reduced visual memory function. The finding from 

the error analyses that FSRP score was inversely associated with visual memory retention 

further reinforced this result. The absence of significant findings related to verbal memory 

suggests that the visuospatial aspects of the test may account for this relationship, 

corroborating previous studies suggesting that cardiovascular risk is linked to frontal 

systems.2,9,13,30

For individual FSRP components, a novel relationship between diabetes and more errors on 

immediate verbal recall was found, which was not detected for traditional delayed recall 

measures – further illustrating why the impact of diabetes on memory remains an on-going 

debate.7-11 The finding that those with diabetes are more likely to generate erroneous 

content at immediate verbal recall suggests that the impact of diabetes on memory may be at 

the acquisition stage. Additionally, smoking earlier in life was related to lower traditional 

recall and error measures of visual memory function, but not visual memory retention, 

reflecting the lack of clearly established findings in the literature.6,9,13

Demographic factors of the FSRP, as expected, were inversely associated with both verbal 

and visual memory. Age was positively associated with total errors for both verbal and 

visual memory, and negatively with verbal and visual retention. The low number of total 

errors at delay did not allow determination of whether the persistence of these errors for 

visual memory was related to the production of new errors or the retention of previously 

created errors. Women remembered more verbal information than men, a pattern reported 
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previously in the neuropsychological literature.31 However, it is interesting that while 

women did better than men on verbal memory using traditional measures and were less 

likely to be in the lowest quartile of verbal retention, they were also more likely to include 

recall of previous errors in the verbal memory error analyses. This suggests that they did not 

in fact retain more correct information over time but were actually more fully integrating 

embellished information into their long-term memory.

Stratified analyses confirmed ApoE4 status has a modifying effect on previously-examined 

traditional memory scores and identified additional relationships involving new memory 

measures. Smoking was related to poorer performance only in visual memory in the primary 

analyses, but in those who are ApoE4+, it was also related to poorer performance on verbal 

memory. This finding is consistent with previous research that has suggested a link between 

ApoE4 and cardiovascular risk.23,24

While previous studies have also shown that ApoE4 confers additional risk for poorer 

cognition,21,22,32 the finding that those who were ApoE4- were more likely to produce 

erroneous content at verbal recall raises the question of a greater awareness of missing 

information, and the possible use of compensatory strategies that lead to more errors but 

better mask the lack of recalled information. Another interesting finding was that women 

who were ApoE4+ were significantly more likely to have more new verbal memory errors 

than ApoE4+ men, again suggesting a compensatory strategy for lower recall of presented 

information.

Recent research suggests regional associations between sub-regions of the hippocampus and 

stages of memory processing. The additional relationships involving greater error production 

at immediate recall implicate the hippocampus’ CA3 sub-region and dentate gyrus, both of 

which have been linked to acquisition of new information.33-35 The novel finding of new 

error production at delayed recall is consistent with functional MRI studies also reporting 

that CA1 and subicular cortices36,37 and projections to the medial prefrontal cortex are 

linked to retrieval38 and differentiation of new from old information.39 The posterior 

parahippocampal cortex has also been postulated to be involved in retrieval of contextual 

information.40 Our results further suggest that genetic risk may mediate these potential 

pathways.

The strengths of this study include the established community-based FHS cohort and the 

prospective design in which assessment of cardiovascular risk factors can be compared to 

cognitive function 10-15 years later, as well as the measurement of error performance on 

standard memory tests. The limitations of this study include the low variability of FSRP and 

its components as well as total errors in the study population, which is predominantly 

Caucasian, highly educated, and relatively healthy. Low overall cardiovascular risk reduces 

the generalizability of our study to a more ethnically-diverse population in which 

cardiovascular risk is generally higher. Another limitation is that adjustment could not be 

made for the chronicity of exposure, and thus results that are attributed to mid-life exposure 

may in fact be contaminated by ongoing, long-term exposure occurring between the vascular 

risk and cognitive assessments. Of interest was also the absence of a significant relationship 

between hypertension and any of the memory measures. It is unclear whether this resulted 
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from the relatively high proportion of those who are hypertensive who are on anti-

hypertensive medications or from the overall level of hypertension being lower than it may 

be in other studies. Lastly, further research comparing the relationship between traditional 

scoring and error response analyses, as well as longitudinal follow-up of cognitive status, is 

needed to assess the potential clinical importance of error-based rates.

In conclusion, the new error response analyses expanded upon relationships seen with 

traditional scoring methods on standardized memory tests. These results suggest the added 

value that error analyses may provide in detecting cognitive change and identifying potential 

underlying substrates. Further research is needed to verify these findings and longitudinal 

study will be necessary to determine whether there is long-term clinical relevance.
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Table 1

Baseline Characteristics of Offspring Cohort Participants with FSRP and NP measures

N=1755

Categorical characteristics, n (%)

    Female sex 941 (53.6)

    Education group

        <High school 60 (3.4)

        High school graduate 996 (56.8)

        College graduate 369 (21.0)

        >College graduate 330 (18.8)

    Current smoking 287 (16.4)

    Diabetes 94 (5.4)

    Hypertension 476 (27.1)

    Hypertension treatment 239 (13.6)

    History of CVD 83 (4.7)

    ApoE4 carriers 364 (21.1)

Continuous characteristics, mean (SD)

    Age at exam 5 (years) 53.6 (9.1)

    Age at NP exam (years) 67.2 (9.1)

    Time between exam 5 and NP exam (years) 14.1 (1.2)

    FSRP score at exam 5 3.6 (3.7)

    MMSE score at exam 5 29.1 (1.2)

    Logical Memory-Immediate recall score (LM-IR) 12.1 (3.8)

    Logical Memory-Delayed recall score (LM-DR) 11.1 (4.0)

    Visual Reproductions-Immediate recall score (VR-IR) 8.8 (3.1)

    Visual Reproductions-Delayed recall score (VR-DR) 7.9 (3.4)

Categorical characteristics, median (25th, 75th percentile)

    Logical Memory-Immediate total errors 1 (0, 2)

    Logical Memory-Delayed new errors 1 (0, 2)

    Logical Memory-Delayed repeated errors 0 (0, 1)

    Logical Memory-Delayed total errors 2 (1, 2)

    Logical Memory percent retention score (LM-PR) 92.3 (81.8, 100)

    Visual Reproductions-Immediate total errors 0 (0, 1)

    Visual Reproduction-Delayed total errors 1 (0, 1)

    Visual Reproductions percent retention score (VR-PR) 92.3 (77.8, 100)

Abbreviations: FSRP = Framingham Stroke Risk Profile; NP = neuropsychological; CVD = cardiovascular disease; ApoE4 = apolipoprotein ε4; 
SD = standard deviation; MMSE = Mini-Mental State Examination

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2016 April 01.
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